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1. Introduction 

1.1. Motivation 

(In my early youth, walking with my father,) “See that bird?” he says. “It’s a Spencer’s warbler.” (I 

knew he didn’t know the real name.) “Well, in Italian, it’s a Chutto Lapittida. In Portuguese, it’s a 

Bom da Peida. In Chinese, it’s a Chung-long-tah, and in Japanese, it’s a Katano Tekeda. You can 

know the name of that bird in all the languages of the world, but when you’re finished, you’ll know 

absolutely nothing whatever about the bird. You’ll only know about human in different places, and 

what they call the bird. So let’s look at the bird and see what it’s doing – that’s what counts.” (I 

learned very early the difference between knowing the name of something and knowing something.) 

 Richard P. Feynman 

In modern optics, there is nearly nothing else comparable to lasers that have significantly altered the 

way that we perceive the world. It has been almost 60 years since the first laser was constructed 

[1.1], not to mention that the theoretical foundation of the laser was laid more than one century ago 

[1.2]. Nonetheless, the pursuit for lasers with extreme properties (e.g. high-power, high repetition 

rate, short pulse duration, broadband spectrum) has never ceased for a moment in scientific and 

industrial world. For most of us, we learned “laser” for the first time through books and other media 

or from knowledgeable people. It is known as an acronym of light amplification by stimulated 

emission of radiation, which serves as a source of intense coherent light [1.3]. Even though we have 

heard thousands of times of the name or concept of a laser from all sorts of resources, it does not 

necessarily mean that we really know the entity unless we observe attentively what it is and what it 

is doing, unless we play with it to find more, like the story from Feynman at the beginning implies. 

Hence, we will first primarily attempt to know it by observing, constructing as well as interacting 

with it, subsequently explore what it is capable of in our work. As illustrated in Fig.1-1, what 

especially interests us is pulsed lasers, because the short optical pulse extends our vision into a 

downscaled world (e.g. nanostructures, molecules, cells) where intriguing physical, chemical and 

biological phenomena take place on ultrashort time scales [1.4]. 

Pulsed lasers emit a periodical train of optical pulses or a single optical pulse usually at the 

wavelength ranging from ultraviolet to infrared, depending on the active gain media [1.5]. Due to the 

wide optical gain bandwidth of laser materials along with intra-cavity or extra-cavity pulse 

compression techniques, the laser pulse can be as short as a few femtoseconds [1.6,1.7] and even 

falls into attosecond range via high harmonic generation [1.8]. This implies that ultrafast lasers 

exhibit high temporal and spatial resolution, high bandwidth and high-intensity, which is beneficial 

to a variety of applications from all-optical clocks to earth-like planets searching 

[1.9,1.10,1.11,1.12]. Ultrafast lasers are mainly realized by mode-locking (ML) techniques 

[1.13,1.14] among which passive Kerr-lens ML by use of solids as fast saturable absorber has led to 

the shortest pulse generation [1.6]. Typically, the Kerr-lens media of Ti3+ doped Al2O3 crystals are 

employed in Kerr-lens ML lasers. On the one hand, Ti3+ doped Al2O3 crystals have been long 

preferable in many applications mainly due to their broad emission bandwidth (~180 nm) and broad 

wavelength tunability (approximately 670-1070 nm) [1.15]. On the other hand, Ti:sapphire lasers are 

bulky and expensive because they are usually pumped by frequency-doubled Nd3+ doped solid state 

lasers. In addition, an active cooling system is required to sustain stable laser operation for 

Ti:sapphire lasers. Although diode-pumped Ti:sapphire lasers are under active study in recent years, 

they still show a limited optical-to-optical efficiency and limited available pump power [1.16]. We 
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thus dedicate to develop cost-efficient and compact laser sources for practical and extensive 

applications. Due to the fast development of diode lasers emitting at ~980 nm which can serve as 

pump sources, Yb3+ doped monoclinic double tungstates such as KY(WO4)2 (KYW) and 

KGd(WO4)2 (KGW) crystals as laser gain media drew considerable attention [1.17]. In addition, 

Yb3+ doped double tungstates also exhibit a very low quantum defect and relatively high thermal 

conductivity [1.17], enabling effective lasing without active cooling by water or Peltier modules. 

Lastly, the high nonlinear refractive index n2 in Yb3+ doped monoclinic double tungstates (higher 

than n2 in Ti:sapphire) induces strong a Kerr-lens effect [1.18], which is favorable for mode-locking 

operation to generate ultrashort pulses. 

 

Fig.1-1 Knowing a warbler bird & knowing a pulsed laser. 

By virtue of “perceptive-eyes” of ultrafast lasers, their most prevailing application is probably 

ultrafast time-resolved spectroscopy that exhibits not only the general optical spectroscopy merits 

such as being non-invasive, non-contact, applicable to kinds of materials (transparent and opaque) 

but also unique attractiveness. Although time-dependent spectroscopy and non-time-dependent 

spectroscopy might specify different measurements and possess their own pros and cons, only a few 

bright sides of time-resolved spectroscopy are singled out in the following to present a general 

impression of this method. By using ultrafast lasers, time-resolved spectroscopy attains its most 

fascinating aspect that the sufficiently high time resolution enables the access to fast dynamical 

processes which are unreachable by other methods. Besides, a time domain measurement is faster 

than spectral domain measurement when a scanning monochromator is used due to “Fellgett”s 

advantage [1.19]. It also offers more discernible information by some properties such as life time 

when two emission wavelengths are spectrally overlapped [1.20]. Lastly, time-resolved 

spectroscopies can easily describe complex time-dependent processes (e.g. superposition of a great 

number of eigenstates) where it is much more complicated or not possible to measure by a spectrally 

resolved spectroscopy [1.21]. Hence, ultrafast time-resolved spectroscopies stir not only the 

exploration from fundamental ultrafast dynamics such as spin, energy relaxation, charge carriers, 

plasmons, phonons, chemical reactions and brain nerve pulses, but also industrial applications such 

as material inspection and sensing devices, on time scales of femtosecond-to-picosecond. Many 

time-resolve spectroscopy experiments are conducted in a pump-probe configuration where one 

intense laser pulse is incident to bring the sample into a non-equilibrium state and another weaker 

laser pulse is sent to monitor the induced sample response via its property change (e.g. transmission, 

reflectivity, absorptance). The conventional time-resolved spectroscopy configuration which uses a 

mechanical translation stage to introduce the time delay between pump and probe light [1.22], giving 

rise to a low scanning speed as well as other issues such as beam size variations, and beam pointing 
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imperfections, which can be circumvented by a high-speed asynchronous optical sampling (ASOPS) 

technique. Without employing a mechanical delay line, ASOPS employs one pump laser and one 

probe laser with a small repetition rate difference to realize a varying time delay between them, 

which enables a high scan rate ( 1 kHz), leading to a detection level close to shot noise [1.23]. Sub-

GHz repetition rate lasers are widely used in time-resolved spectroscopy, which induces long time 

window length and could be redundant for dynamics occurring on a sub-nanosecond time scale, thus 

GHz lasers are well suited and applicable for such measurements. In addition, a laser with a high 

repetition rate ( 1 GHz) helps to keep simultaneous high temporal resolution and high scan rate at a 

given electronic device bandwidth [1.24]. Hence, a pair of GHz Yb:KYW lasers pumped by laser 

diodes will be developed for high-speed ASOPS systems which will be in turn applied to investigate 

ultrafast dynamics, especially acoustic phonon dynamics. 

The lattice vibrations induced by a laser pulse, well-known as phonons referring to quantized 

lattice waves, are particularly interesting for us in time-resolved spectroscopy, because they 

incarnate much importance and uniqueness in several technological and scientific aspects. Firstly, in 

condensed matters, sound, ultrasound and hypersound are caused by low-frequency (kilohertz to 

gigahertz) phonons which can be applicable to acoustic diodes, ultrasound imaging, etc., whereas 

main carriers of heat are high-frequency (terahertz) acoustic phonons which are important to heat 

management in thermoelectric devices [1.25], thermal diodes [1.26], etc.. Secondly, acoustic 

phonons are intimately related to phenomena like chemical potential [1.27], superconductivity 

[1.28], and phase transition [1.29], therefore, they open a way to the deep microscopic understanding 

of novel materials and offer a channel to monitor relevant material properties. Thirdly, Laser-

induced acoustic phonons are also very useful in non-destructive inspections/testing [1.30] and 

nanostructure imaging [1.31] with high spatial resolution. Fourthly, enhanced phonon-photon 

interaction can be realized in a simultaneous acoustic and optical nano-cavity, which encourages 

further investigations in fields such as the phonon laser [1.32], light modulation [1.33], and laser 

cooling [1.34]. Lastly, it is important to understand underlying new physics in certain materials or 

structure via electron-phonon interactions [1.35]. Because nanometer range is reachable by the 

wavelength of acoustic phonons, multilayer nanostructures and thin films are well suited to be 

investigated by them. Semiconductor saturable absorber mirrors (SESAM) composed of multilayer 

structures are extensively applied to mode-locked lasers construction for permitting a self-starting 

operation in SESAM mode-locking or aiding Kerr-lens mode-locking [1.36,1.37]. The time-resolved 

fs-ps-ns dynamics in SESAMs is important for revealing properties such as thermalization, 

recovering (recombination) time, defect trapping, and layer structure, in order to improve ultrashort 

pulse generation. Moreover, both the saturable absorber (single quantum well (QW) or multiple 

quantum wells (MQW)) and the distributed Bragg mirror of a SESAM could be interesting from a 

perspective of acoustic phonons generation, propagation and detection, leading to a deep 

understanding of phonon dynamics in complex structures when specific optical wavelengths are 

chosen. Thin films composed of a few layers are good candidates for investigation of acoustic 

lifetime, homogeneity and interface adhesion which are critical for circuit elements fabrication and 

testing [1.38], thus laser-induced coherent acoustic phonons in thin films will be also investigated to 

get further understanding of acoustic dynamics. There also exist many other materials or structures 

which are of great interest for acoustics exploration to reveal heat transport and material properties 

alteration under high pressure or temperature, e. g. semiconductor nanowires [1.39], graphene [1.40], 

and phase-transition materials [1.41]. With the aid of a new system – the high-speed ASOPS system 

based on a pair of GHz femtosecond Yb:KYW lasers emitting at the wavelength of ~1 μm, new 

insights concerning coherent acoustic phonon from various materials will be expected and probably 

contribute a bit to the deep understanding of what is going on in certain materials on a picosecond 

scale when irradiated by a laser light.  

Resembling photonics, it is also worthwhile devoting to phonon manipulation other than phonon 

generation and detection, in order to make extensive use of phonons such as heat and sound in novel 

devices [1.42,1.43], and to realize the control over other collective ultrafast processes such as phase 

transition [1.44], and also to shape phonon waves for further advanced devices [1.45]. Even though 

numerous investigations on different materials have been conducted via non-optical control [1.46] or 

optical control [1.47] in existing pump-probe systems, the coherent optical control of acoustic 
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phonons in our new ASOPS system will potentially offer new applications and enable further 

understanding of acoustic dynamics through thorough exploration.      

1.2. Overview 

The structure of this thesis is organized as follows. To begin with, the fundamentals of Yb:KYW 

oscillators, ultrafast time-resolved spectroscopy and coherent acoustic phonons are given in Chapter 

2. In this chapter, firstly, the Yb3+ doped gain materials, Kerr-lens mode-locking, and wave 

propagation equation are introduced. Secondly, we focus on ASOPS techniques when time-resolved 

spectroscopy is introduced. Lastly, the theory of eigen acoustic phonon modes in superlattice is 

given and we briefly discuss the acoustic phonon generation and detection in multilayer solid 

structures. 

In Chapter 3, the design, construction and characterization of Yb:KYW oscillator are given. The 

bandwidth, pulse duration, continuous wave (CW)-ML operation, pulse repetition rate, and bi-

directional mode-locking behavior of laser output are characterized. 

In Chapter 4, a pair of Yb:KYW oscillators based ASOPS system is given and the temporal 

resolution and the detection sensitivity of this system are characterized. 

After characterizing the ASOPS system, coherent acoustic phonons are investigated by this 

system in different structures.  

Firstly, the generation, propagation and detection of coherent acoustic phonons in semiconductor 

multi-layer structures are investigated in Chapter 5. We mainly focus on phonon dynamics in 

SESAMs with multiple In0.27Ga0.73As QWs as a saturable absorber. For comparison, the similar 

MQW structures without distributed Bragg reflector are investigated. We also discuss the optical 

influences such as the optical power, the probe wavelength shift, and prism insertion on the acoustic 

phonons. The measurements on SESAMs with multiple In0.3Ga0.7As QWs irradiated by N-ions as a 

saturable absorber are also conducted in both one-colour and two-colour ASOPS systems. In 

addition to semiconductor multilayered structures, the bilayered aluminum/silicon membranes with 

different thicknesses draw our interest and are briefly studied. 

Secondly, the optical manipulation of coherent acoustic phonons by a double-pump-pulse 

configuration in a MQW structure is investigated in Chapter 6. Both tunable time delay and tunable 

optical intensity ratio of two pump pulses are applied to modulate coherent acoustic phonons. The 

influence of a long-term time delay of the second pump pulse delay up to 300 ps on coherent 

acoustic phonons is also demonstrated. 

In the end, the work involved in this thesis is summarized and potential improvements of current 

work and future work are proposed in Chapter 7. Additionally, experiments regarding spectral 

broadening effect of Yb:KYW laser and an alternative way of implementing double-pump-pulse 

control and given in the Appendix. 
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2. Fundamentals of Yb:KYW oscillator, ultrafast time-
resolved spectroscopy and coherent acoustic phonons 

2.1. Yb:KYW oscillators 

2.1.1. Yb3+-doped laser gain materials 

A transition takes place among discrete energy states in atomic systems (e.g. atoms, ions, and 

molecules), when photons are absorbed or emitted. At thermal equilibrium, according to Boltzmann 

statistics, a lower-energy state is always more densely populated than a higher-energy state. 

However, to realize optical amplification, a so-called “population inversion” is required. A pump 

source provides the energy to populate a higher-energy state so that the population becomes higher 

in a higher-energy state than that in a lower-energy state. When the atoms (or ions, molecules) are in 

a higher-energy state and an electromagnetic wave with a proper frequency is incident on the 

system, the atoms (or ions, molecules) experience transition from a higher-energy state to a lower-

energy state, thus stimulated emission of photons takes place. 

 A wide variety of energy level schemes of trivalent rare-earth-doped gain media lead to rich 

potential laser transitions. For trivalent Yb3+ ions, they exhibit two energy states, namely, the 2F7/2 

ground state and the 2F5/2 excited state, with a gap of approximately 10000 cm-1 which falls into near 

infrared range. Although a two-energy-level system cannot be used for laser gain media, the Stark 

effect induced by the electric field of the host crystal makes it possible by splitting the ground state 

and the excited state into multiple sub-levels. As shown in Fig. 2-1, for Yb3+ ions hosted by a 

monoclinic double tungstate KY(WO4)2 (KYW) crystal, the ground state 2F7/2 splits into four Stark 

sub-levels and the excited state 2F5/2 splits into three sub-levels. Due to varying electric fields in 

different host crystals, the Stark splitting also varies from crystal to crystal, while the energy 

separation between the ground state and the excited state is independent on the host crystals. The 

existence of sub-levels in Yb3+:KYW gain media enables a quasi-three level scheme that is between 

an ideal three-level scheme and an ideal four-level scheme. The absorption induces a transition from 

a lower level at (0) of the ground manifold to higher levels at (0’), (1’) and (2’) of the excited 

manifold, depending on the supplied photon energy. For the transition of (0)→(0’) in Yb3+-doped 

lasers, it corresponds to a high absorption peak at ~981 nm, which can be readily supplied by the 

well-developed InGaAs diode lasers. The rapid nonradiative thermalization in the excited manifold 

drives excited ions to the lowest level at (0’). If the decay time τ2’0’ (τ1’0’) in the range of 10-8 – 10-11s 

is much faster than the laser transition time τ0’3 (τ0’2, τ0’1) in the range of 10-5 – 10-3s, laser action 

takes place under the condition of population inversion with the relation of N0’ > N3 (N2, N1). We 

take the transition of (0’)→(3) for instance, then the rate equation can be expressed as  

 
𝑑

𝑑𝑡
𝑁0′ = −𝛾0′3𝑁0′ − 𝜎0′3(𝑁0′ − 𝑁3)𝐼 + 𝑅pump, (2-1) 

 
𝑑

𝑑𝑡
𝑁3 = −𝛾30𝑁3 + 𝛾0′3𝑁0′ + 𝜎0′3(𝑁0′ − 𝑁3)𝐼, (2-2) 

 
𝑑

𝑑𝑡
𝑁0 = 𝛾30𝑁3 − 𝑅pump. (2-3) 
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In the above equations, σ0’3 denotes the cross section for stimulated emission between level (0’) and 

level (3), I denotes the photon flux at the transition wavelength λ0’3, γ0’3 and γ30 denote the transition 

rate in the process of (0’)→(3) and the relaxation rate in the process of (3)→(0), respectively,  Rpump  

denotes the pump rate. If the relaxation time τ30 is much shorter than τ0’3, then we can assume N3  0 

and the rate equation for the upper laser state can be written as  

 

Fig. 2-1 Energy levels of Yb3+:KYW crystal as well as the potential absorption, emission, 

and intraband decay. 

 
𝑑

𝑑𝑡
𝑁0′ = −𝛾0′3 (𝑁0′ −

𝑅pump

𝛾
0′3

) − 𝜎0′3𝑁0′𝐼. (2-4) 

In Eq. (2-4), Rpump/γ0’3 represents the equilibrium upper state population, γ0’3 is the inverse upper 

state lifetime due to radiative and nonradiative processes. However, in the quasi-three-level scheme, 

the lower state at (3) is very close to the ground state at (0) (E3 is small compared to kT where k and 

T are Boltzmann constant and temperature, respectively), leading to a non-negligible thermal 

population at the level (3) in the thermal equilibrium. Therefore, the unpumped region of the gain 

media causes reabsorption of the laser radiation, giving rise to high lasing threshold. The high-

power, high-brightness, good-beam-quality diodes are demanded for efficiently pumping Yb3+-

doped lasers to deplete the ground sate and prevent reabsorption. Nonetheless, there is sometimes a 

silver lining in the dark cloud. The Yb3+-doped gain media usually exhibit a long upper-state 

lifetime, which means that the population inversion can be well maintained in low pump power. The 

long upper-state lifetime, however, also means that much energy is stored in the gain media to easily 

induce Q-switching instabilities, which is often a problem in mode-locking lasers. In Fig. 2-1, we 

can see the pump band and the upper state manifold overlap in the quasi-three-level scheme, the 

energy gap between the pump photons and the laser photons is rather small, leading to an extremely 

small quantum defect that can be defined as  

 𝑞 =
𝐸pump−𝐸laser

𝐸pump 
=

𝜆laser − 𝜆pump

𝜆laser
. (2-5) 

The small quantum defect enables efficient pump, which is close to the upper limit of the power 

efficiency. In addition, only small energy transfers to lattice vibration in the gain media, thus heat 

loading is no longer an issue that requires special care to maintain laser action. The host materials 

have an impact not only on the Stark splitting but also on the upper-level lifetime, the quantum 

defect, absorption and emission cross sections, as well as thermo-mechanical properties, therefore, to 

realize a desired Yb3+-doped laser, a host crystal has to be carefully selected based on multiple 

factors. The above discussions are referred to [2.1,2.2,2.3].   
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2.1.2. Kerr-lens mode-locking 

In passive mode-locking techniques, a saturable absorber is introduced to cause intensity-dependent 

loss. A saturable absorber is a device that exhibits high absorption at low incident optical intensity 

while low absorption at high incident optical intensity. Thus, a pulse operation rather than 

continuous wave (CW) operation is favoured in the laser resonator, leading to the build-up of a 

periodic pulse train to achieve mode-locking. A saturable absorber can be made of various 

materials/structures such as semiconductor saturable absorber mirrors, few-layered carbon 

nanotubes, and single- or multi-layered graphene. Kerr-lens media can be viewed as an artificial 

saturable absorber, because Kerr-lens effect also introduces similar intensity-dependent losses. The 

Kerr-lens effect is a third-order nonlinear effect that gives rise to refractive index changes due to the 

displacement of the electrons in the media when an electric field E(r,t) propagates through the 

media. The intensity-dependent refractive index can be expressed as [2.4,2.5] 

 𝑛(𝐼) = 𝑛0 + 𝑛2𝐼, (2-6) 

where n0 is the linear refractive index and n2 is the second-order nonlinear refractive index. I is the 

time- and space-dependent light intensity, which can be obtained by I(r,t) =|E(r,t)|2/Aeff where Aeff 

denotes the effective mode area in the media. Due to the extremely small n2 (typically on the order 

of 10-20 m2/W), Kerr-lens effect only occurs for high intensity pulses. As a consequence, if a 

Gaussian beam is assumed, the radiation undergoes self-focusing due to the fact that the center of the 

beam experiences the largest refractive index and the refractive index decreases away from the 

center (see Fig. 2-2). The Kerr-lens medium acts as an intensity-dependent graded-index lens, 

leading to a small spot size. Due to the fact that low intensity components exhibit a larger spot size 

than that of the high intensity components, if an aperture with a size close to the mode size is 

introduced, the intensity-dependent loss/gain can then be realized to generate self amplitude 

modulation (SAM) and the pulse operation is preferred over the CW operation. With the assumption 

of a parabolic index variation and a focal length much longer than the Kerr-lens medium, the 

nonlinear focal length can then be written as  

 𝑓𝑁𝐿 =
𝜔2

4𝛾𝑛𝐿𝑐𝐼0
, (2-7) 

where ω is the beam waist, γn is the nonlinear refractive coefficient, I0 is the peak intensity,  Lc is the 

length of the Kerr-lens medium. One important issue caused by the self-focusing effect is 

catastrophic beam collapse breaking up the beam into filaments. The onset power (critical power) 

inducing the beam collapse can be defined as as  

 𝑃𝑐𝑟 =
𝑎𝜆0

2

8𝜋𝑛0𝛾𝑛
, (2-8) 

where a is a constant, λ0 is the central wavelength of the laser in vacuum. Assuming a 1050-nm 

Yb:KYW laser, the estimated critical power is ~1.7 MW. The peak power in the laser cavity has to 

keep below the critical power while it still should be large enough to induce nonlinear effects.     

 

Fig. 2-2 Refractive index variation in a Kerr-lens medium. 
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2.1.3. Wave propagation equation 

Before discussing wave propagation in the laser cavity, a few important effects including self-

amplitude modulation, self-phase modulation (SPM), group velocity dispersion (GVD), Raman 

effect, and self-steepening effect will be briefly mentioned first, because those effects together 

contribute to the formation of pulses in the laser resonator. The Kerr-lens media can be regarded as a 

fast saturable absorber, a simple lumped model will be used to express SAM effect in the wave 

propagation equation, which will be shown in Chapter 3. 

Self-phase modulation 

As shown in Eq. (2-6), the refractive index is time-dependent due to Kerr-lens effect, thus a 

nonlinear phase shift is generated across the pulse center, leading to the emergence of new frequency 

components, which means that the optical spectrum is broadened. The nonlinear phase shift 

accumulated over a propagation distance z can be simply written as  

 𝜑(𝑡) =
2𝜋

𝜆0
𝑛(𝑡)𝑧. (2-9) 

Based on Eq. (2-9), the instantaneous frequency can be written as  

 𝜔(𝑡) = 𝜔0 −
𝜕𝜑(𝑡)

𝜕𝑡
= 𝜔0 −

2𝜋

𝜆0
𝑛2𝑧

𝜕𝐼

𝜕𝑡
 , (2-10) 

where ω0 is the central angular frequency. Equation (2-10) indicates that the time-dependent 

intensity shifts the frequency up and down on the leading edge and the trailing edge of the pulse. 

This effect will be visualized in Chapter 3. Note that only SPM effect is considered here, although in 

a physical cavity, multiple effects coexist so that the nonlinear phase shift may be affected due to the 

variation of intensity profiles.   

Group delay dispersion 

In the gain media or other dispersive elements in the laser cavity, the pulse experiences broadening 

because of frequency-dependent group velocity. Although the gain media might be thin or exhibit 

small GVD, after a large number of roundtrips, the total GVD could significantly broaden the pulse, 

which should be avoided by means such as dispersion compensation. The propagation constant β can 

be expressed using a Taylor series expansion  

 𝛽(𝜔) ≈ 𝛽(𝜔0) + 𝛽1(𝜔 − 𝜔0) +
𝛽2

2
(𝜔 − 𝜔0)2 +

𝛽3

6
(𝜔 − 𝜔0)3 , (2-11) 

The constants β1, β2, and β3 have the following relation with GD, GVD, TOD, and φ(ω)  

 𝛽1 = 𝐺𝐷 ∝
𝑑𝜑(𝜔)

𝑑𝜔
,  𝛽2 = 𝐺𝑉𝐷 ∝

𝑑2𝜑(𝜔)

𝑑𝜔2 ,  𝛽3 = 𝑇𝑂𝐷 ∝
𝑑3𝜑(𝜔)

𝑑𝜔3 ,  (2-12) 

where GD represents group delay and TOD represents third-order dispersion. GD only causes a 

delay in time domain without affecting the pulse shape, and TOD stems from the frequency 

dependence of GVD. When the pulse duration is approximately below 100 fs, it is necessary to 

compensate TOD so that the ultrashort pulse can be realized.  

Raman effect 

The Raman effect induced by strong electric field converts a photon into another photon with lower 

energy and lattice vibration – a phonon. The response function R(t) can be expressed as  

 𝑅(𝑡) = (1 − 𝑓𝑅)𝛿(𝑡) + 𝑓𝑅𝑇𝑅(𝑡) , (2-13) 

where fR is the fractional contribution of the Raman response to the nonlinear polarization and TR is 

the Raman response function. The first term of the right hand of Eq. (2-13) indicates instantaneous 

Kerr-lens effect and the second term indicates Raman effect. The Fourier transform of TR(t) is 
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associated with Raman-gain spectrum. Raman effect can induce an asymmetric spectrum causing 

energy transfer from high frequency to low frequency. 

Self-steepening effect 

Equation (2-6) indicates that the refractive index is time dependent, thus the phase velocity is 

dependent on the time (intensity), which can be expressed as  

 𝑣𝑝(𝑡) =
𝑐

𝑛(𝑡)
 , (2-14) 

where c is the light speed in vacuum. The time-dependent phase velocity temporally causes the 

modification of the pulse shape. The center of the pulse experiences large refractive index thus it is 

slower than other parts, as a consequence, the peak of the pulse leans towards trailing edge and the 

spectrum becomes asymmetric. 

 After considering all important effects that potentially exist in a mode-locking laser, we 

introduce an extended generalized nonlinear Schrödinger equation (GNLSE) including all the 

possible effects to describe the wave propagation in the cavity (note that the gain and the linear loss 

are also included for a general use in Chapter 3.) 

 

𝜕𝐴(𝑧,𝑡)

𝜕𝑧
=

1

2
(𝑔 − 𝑙)𝐴(𝑧, 𝑡) +

−𝑖𝛽2

2

𝜕2𝐴(𝑧,𝑡)

𝜕𝑡2 +
1

2

𝑔

(Δ𝜔)2

𝜕2𝐴(𝑧,𝑡)

𝜕𝑡2

+ 𝑖𝛾|𝐴(𝑧, 𝑡)|2𝐴(𝑧, 𝑡) − 𝑞𝑎𝐴(𝑧, 𝑡) −
𝛾

𝜔0

𝜕|𝐴(𝑧,𝑡)|2𝐴(𝑧,𝑡)

𝜕𝑡
− 𝑖𝛾𝑇𝑅

𝜕|𝐴(𝑧,𝑡)|2𝐴(𝑧,𝑡)

𝜕𝑡

 , (2-15) 

where g, l, ∆ω, γ,  qa, and TR denote gain, loss, gain bandwidth, nonlinear coefficient, time-

dependent loss, and Raman response, respectively. On the right-hand of Eq. (2-15), the second term 

implies GVD, the third term implies spectral filter, the fourth term implies SPM, the fifth term 

implies SAM, the sixth term implies self-steepening effect, and the last term implies Raman effect. 

The equation can be solved by spit-step Fourier method which can be generally expressed as  

 
𝜕𝐴

𝜕𝑧
= (�̂� + �̂�)𝐴 , (2-16) 

where �̂� and �̂� are linear operator and nonlinear operator, respectively. The linear operator is treated 

in the Fourier domain while the nonlinear operator is performed in the time domain. The above 

discussion is based on [2.5,2.6,2.7,2.8]. 

2.2. Ultrafast time-resolved spectroscopy 

2.2.1. Pump-probe methods 

In this section, the general pump-probe methods including the experimental scheme and the 

mathematical treatment will be concerned. There are a wide variety of lasers that can be utilized as 

pump/probe sources. If the pump spectrum overlaps with the probe spectrum, the measurements are 

mona-color or degenerate, otherwise, the measurements are two-color or nondegenerate. In the 

conventional pump-probe approach, the pump and the probe pulses are supplied by the same laser. 

The nondegerate scheme can be realized via optical nonlinear process such as second harmonic 

generation, sum frequency generation, optical parametric amplification, and white continuum 

generation. Depending on the probed properties of samples, the laser geometries vary from set-up to 

set-up. We take a degenerate transmission measurement for instance. As shown in Fig. 2-3, both the 

probe and pump pulse are split from a common laser, thus they are synchronous. To create an 

increasing time delay between the pump pulse and the probe pulse, a retroreflector mounted on a 

translation stage driven by a stepper motor is inserted in the pump path, thereby, the probe pulse is 

able to monitor the transmissivity/absorptance change of the sample. A chopper is usually used to 
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modulate the pump light and a lock-in amplifier is used to detect the average power of the 

modulated probe light. As a consequence, only the change induced by the pump light is measured. 

The discussion is based on [2.9,2.10]. 

 

Fig. 2-3 Conventional degenerate pump-probe measurement set-up. 

Upon irradiation, the absorption coefficient of the sample can be written as  

 𝛼(𝑡) = 𝛼0 + ∆𝛼(𝑡), (2-17) 

where α0 and ∆α(t) are the static change and the absorption change resulting from the optical pump 

field, respectively. The absorption change is a result of the convolution between the excitation 

optical intensity I(t) and an impulse response function hα(t), which can be expressed as  

 Δ𝛼(𝑡) = − ∫ 𝐼(𝑡′)ℎ𝛼(𝑡 − 𝑡′) 𝑑𝑡′. (2-18) 

Given a sample with a thickness of Lsa, the absorption leads to the following change of the incident 

optical field   

 𝐸𝑜 = 𝐸𝑖𝑒−𝛼𝐿𝑠𝑎/2 ≈ 𝐸𝑖[1 − (𝛼0 + Δ𝛼)𝐿𝑠𝑎/2]. (2-19) 

By introducing the expression of the incident pump field Epump and the incident probe field Eprobe as 

follows  

 𝐸𝑝𝑢𝑚𝑝(𝒓, 𝑡) = Re {𝑎𝑝𝑢𝑚𝑝(𝑡)𝑒𝑗(𝜔0𝑡−𝒌𝒑∙ 𝒓)}, (2-20) 

and 

 𝐸𝑝𝑟𝑜𝑏𝑒(𝒓, 𝑡) = Re {𝑎𝑝𝑟𝑜𝑏𝑒(𝑡)𝑒𝑗(𝜔0𝑡−𝒌𝒑∙ 𝒓)}. (2-21) 

In Eqs. (2-20) and (2-21), aprobe(t) = apump(t - τ) is satisfied. The total incident optical fields Epump(r,t) 

+ Eprobe(r,t) then substitute Ei in Eq. (2-19). Finally, the induced change in probe energy Ut can be 

simplified as  

 ∆𝑈𝑡(𝜏) = 𝐿𝑠𝑎(1 −
𝛼0𝐿𝑠𝑎

2
)[𝛾(𝜏) + 𝛽(𝜏)], (2-22) 
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where  

 
𝛾(𝜏) = ∫ |𝑎𝑝𝑟𝑜𝑏𝑒(𝑡)|2| 𝑑𝑡 ∫ ℎ𝛼(𝑡 − 𝑡′)|𝑎𝑝𝑢𝑚𝑝(𝑡′)|2𝑑𝑡′

= ∫ ℎ𝛼(𝜏 − 𝜏′) 𝑑𝜏′ ∫ |𝑎𝑝𝑢𝑚𝑝(𝑡)|2|𝑎𝑝𝑢𝑚𝑝(𝑡 − 𝜏′)|2𝑑𝑡
, (2-23) 

 𝛽(𝜏) =
1

2
∫ 𝑑𝑡{𝑎𝑝𝑟𝑜𝑏𝑒𝑎𝑝𝑢𝑚𝑝

∗ (𝑡) ∫ 𝑑𝑡′ℎ𝛼(𝑡 − 𝑡′)𝑎𝑝𝑢𝑚𝑝(𝑡′)𝑎𝑝𝑟𝑜𝑏𝑒
∗ (𝑡′) + 𝑐. 𝑐.}. (2-24) 

The top line of Eq. (2-23) indicates that the absorption is saturated by the pump intensity, which is 

monitored by the probe light. In addition, in the bottom line in Eq. (2-23), the second integral 

represents the intensity autocorrelation of the pump pulses, the width of which is a limitation of 

temporal resolution. The whole function is the convolution between the response function and the 

intensity autocorrelation. The second term indicates that the pump light enters into probe light 

direction, induced by scattering from a spatially modulated intensity pattern.  

2.2.2. Asynchronous optical sampling 

 

Fig. 2-4 The diagram of asynchronous optical sampling working principle. 

As we have briefly mentioned in Chapter 1, unlike the traditional pump-probe set-up (see Fig. 2-3), 

high-speed asynchronous optical sampling (ASOPS) system employs two lasers instead of one laser 

to perform measurements. One laser is used for the pump source while another laser is used for the 

probe source. The pump laser and the probe laser work at the nearly identical pulse repetition rate f 

with a small offset ∆f at multi-kHz. The small offset enables an increment of time delay between the 

pump pulse and the probe pulse over the measurement window, as shown in Fig. 2-4, thus the probe 

pulse is able to scan the signal in the range of 100 μs corresponding to the inverse of ∆f = 10 kHz. It 

is noteworthy that the scan is realized without using any mechanical delay lines, which is why a high 

scanning rate at 10 kHz can be achieved, whereas the scanning speed is limited below 1 kHz in the 

set-ups using mechanical delay lines.  Due to the small repetition rate offset, the time delay τ 

between the pump pulse and the probe pulse is linearly stretched over the real time window between 

0 and 1/∆f. This enables the ultrafast dynamics that occurs on the order of fs-ps to be accessible for 

electronic detection devices. The linear relation between the time delay τ and the real time t can be 

expressed as [2.11] 

 𝜏(𝑡) =
∆𝑓

𝑓
𝑡. (2-25) 

In principle, the scanning rate ∆f can be chosen freely, however, it is still limited by the temporal 

resolution of ASOPS system. In addition to the laser pulse duration, two other factors including the 

time delay increment between the pump pulse and the probe pulse ∆f /[(f  + ∆f)f], and the time 

resolution given by the detection bandwidth ∆f /[(f  + ∆f)∆B], have impact on the temporal resolution 
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as well. If the bandwidth of electronic detection devices is given (e.g. at ~100 MHz), to achieve a 

high temporal resolution, a low-repetition-rate ASOPS system requires lower scanning speed than 

that required by a high-repetition-rate ASOPS system, that is to say, it is hard to achieve a high 

temporal resolution and a high scanning speed at the same time for systems with low repetition rate 

(e.g. sub-GHz).  Hence, ASOPS systems with high-repetition rates is preferred in our later 

experiments. One issue deriving from two-laser system is the requirement of offset-locking, which 

has been solved by introducing a phase-locked loop. The principle of such devices will be briefly 

described in Chapter 4.  The experimental ASOPS set-up will be also shown in Chapter 4. Thorough 

discussions about the limitation factors of temporal resolution and the bandwidth influence on the 

measurements can be found in the work of N. Krauß [2.12]. We will not give further discussion on 

those topics in this Chapter. However, it could be informative to introduce a pair of equations from 

[2.12] to aid the interpretation of ASOPS measurements. The measured differential reflectivity can 

be described by the following equations 

 
∆𝑅(𝜏)

𝑅
∝ 𝐷𝑒𝑓𝑓(𝜏) ∗ 𝐶𝐶(𝜏) ∗ ∆𝑅𝑝𝑟𝑜𝑏𝑒(𝜏), (2-26) 

and  

 
∆�̃�(𝑓)

𝑅
∝ �̃�𝑒𝑓𝑓(𝑓) ∙ 𝐶�̃�(𝑓) ∙ ∆�̃�𝑝𝑟𝑜𝑏𝑒(𝑓). (2-27) 

Equations (2-26) and (2-27) represent the response in the time domain and in the Fourier domain, 

respectively. Deff (τ), CC(τ), and ∆Rprobe(τ) denote the effective detector function, cross-correlation 

function of the pump and the probe pulses, and the response function of the sample monitored by the 

probe light, while �̃�𝑒𝑓𝑓(𝑓),  𝐶�̃�(𝑓), and ∆�̃�𝑝𝑟𝑜𝑏𝑒(𝑓) are their counterparts in the frequency domain. 

The numerical methods including moving average, multi-exponential fitting, and second derivative 

can be applied to extract small superimposed dynamics on the electronic and thermal background. 

Moving average produces nice results. However, due to a certain span is chosen, it is more suitable 

for a few or single frequency extraction. Multi-exponential fitting is suited for extracting multiple 

oscillations. Second derivative method is more suitable to cope with high-frequency signals. 

Usually, multiple methods can be used to ensure the measurement credibility. The detailed analysis 

of the numerical treatment can be found in the work of M. Hettich [2.13]. We take an example from 

our ASOPS measurements, as shown in Fig. 2-5. Based on Eq. (2-26) and the relevant analysis in 

[2.12], the detector function contributes to the shape of the excitation curve and the scanning speed 

has an impact on the detection function, thus a distortion appears in the case of relatively low 

scanning speed. This explains the slow oscillation at around 60 ps in Fig. 2-5. The sharp peak 

appears at zero time delay indicates the cross-correlation of the pump and the probe pulse. By using 

a moving average method, a fast oscillation with very small amplitudes is extracted from the 

background (see the inset picture in Fig. 2-5).   

 

Fig. 2-5 The pump-probe measurements. 
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2.3. Coherent acoustic phonons 

2.3.1. Acoustic eigenmodes in multilayered structures 

A periodic multi-layered structure induces the modification of dispersion properties. In order to 

calculate the dispersion in an infinite superlattice (SL), a transfer matrix method can be utilized. A 

superlattice is a structure composed of alternating layers with different thicknesses di, densities ρi, 

and longitudinal sound velocities vi. If we assume a SL structure with two layers A and B in each 

period, then layer A is characterized with dA, ρA, and vA while layer B is characterized with dB, ρB, 

and vB. Along the direction z which is perpendicular to the SL surface, the equation of elasticity is 

expressed as [2.13,2.14] (all the following equations are based on these references) 

 𝜌(𝑧)
𝜕2𝑢(𝑧,𝑡)

𝜕𝑡2 =
𝜕𝜎(𝑧,𝑡)

𝜕𝑧
, (2-28) 

where u denotes the displacement in the direction z, and σ denotes the zz component of the elastic 

stress tensor. u and σ are linked by the following relation  

 𝜎(𝑧, 𝑡) = 𝜌𝑣2𝜂(𝑧, 𝑡) = 𝜌𝑣2 𝜕𝑢(𝑧,𝑡)

𝜕𝑧
, (2-29) 

where η and v are the zz component of the elastic strain tensor and the longitudinal sound velocity, 

respectively. A propagating wave should have the form of u(z,t) = u(z)e-iωt. If we assume a structure 

with m layers and the multilayer starts from zm, the general solution in the mth layer can be obtained 

as follows  

 𝑢(𝑧) = 𝐴𝑚 sin[𝑘𝑚(𝑧 − 𝑧𝑚)] + 𝐵𝑚 cos[𝑘𝑚(𝑧 − 𝑧𝑚)], (2-30) 

where Am and Bm represent amplitudes, and km = ω/vA or ω/vB. At the interface between two adjacent 

layers, the boundary condition must be satisfied, that is to say, the displacement and the stress must 

be continuous at the interface. As a consequence, a transfer matrix T can be produced to describe the 

propagation of the field at the interface. The matrix T can be defined as  

 [
𝐴𝑚+2

𝐵𝑚+2
] = 𝑇 [

𝐴𝑚

𝐵𝑚
]. (2-31) 

The matrix T is composed of elements T11, T12, T21, T22, which satisfy the following relation  

 𝑇 = [
𝑇11 𝑇12

𝑇21 𝑇22
] = [

𝑎𝐴𝑎𝐵 − 𝑝−1𝑏𝐴𝑏𝐵 −𝑏𝐴𝑎𝐵 − 𝑝−1𝑎𝐴𝑏𝐵

𝑏𝐴𝑎𝐵 − 𝑝𝑎𝐴𝑏𝐵 𝑎𝐴𝑎𝐵 − 𝑝𝑎𝐴𝑏𝐵
], (2-32) 

where aA = cos(kAdA), aB = cos(kBdB), bA = sin(kAdA), bB = sin(kBdB), p = ZA/ZB, Zi = ρivi. Due to detT = 

1, the eigenvalue can be expressed by eiθ and e-iθ. If Bloch theorem is applied to a propagating mode 

in the infinite superlattice, θ can be defined as θ = qd, where q is the wave number, and d is the 

superlattice period with the relation of d = dA + dB. The trace of T can be written as   

 𝑇11 + 𝑇22 = 𝑒𝑖𝑞𝑑 + 𝑒−𝑖𝑞𝑑 = 2cos (𝑞𝑑). (2-33) 

Finally, the following dispersion relation can be obtained    

 cos(𝑞𝑑) = cos (
𝜔𝑑𝐴

𝑣𝐴
) cos (

𝜔𝑑𝐵

𝐵
) −

1

2
(

𝜌𝐵𝑣𝐵

𝜌𝐴𝑣𝐴
+

𝜌𝐴𝑣𝐴

𝜌𝐵𝑣𝐵
) sin (

𝜔𝑑𝐴

𝑣𝐴
) sin (

𝜔𝑑𝐵

𝑣𝐵
). (2-34) 

Equation (2-34) can be modified into the following expression   

 cos(𝑞𝑑) = cos [𝜔 (
𝑑𝐴

𝑣𝐴
+

𝑑𝐵

𝑣𝐵
)] −

𝜖2

2
sin (

𝜔𝑑𝐴

𝑣𝐴
) sin (

𝜔𝑑𝐵

𝑣𝐵
). (2-35) 

with   
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 ϵ =
|𝜌𝐴𝑣𝐴−𝜌𝐵𝑣𝐵|

(𝜌𝐴𝑣𝐴𝜌𝐵𝑣𝐵)1/2. (2-36) 

A general dispersion relation in a multilayer-period superlattice can also be obtained through transfer 

matrix, which can be found in the work of M. Hettich [2.13]. Equation (2-34) describes the folding 

dispersion relation of the phonon spectrum in the two-layer-period superlattice. A new boundary of 

π/d is introduced due to the periodicity of the superlattice, thus the dispersion branch is back-folding 

to a reduced Brillouin zone. In Fig. 2-6, we demonstrate a folding phonon dispersion relation 

calculated from a long period superlattice. The experimental demonstration will be shown in Chapter 

5.   

 

Fig. 2-6 The folding of acoustic branches into the first Brillouin zone of a semiconductor 

superlattice. 

2.3.2. Optical generation and detection  

The generation and detection mechanisms vary from material to material and it is also possible that 

multiple origins are involved in the process of coherent acoustic phonon generation and detection. In 

semiconductors, if a laser pulse is absorbed, electrons are exited from valance band to conduction 

band, thus the electronic distribution is modified. In turn, the interatomic forces are changed, 

indicating the equilibrium position in the lattice is also affected. Hence the crystal is deformed and 

stress waves are excited. Such a mechanism is called deformation potential. If different energy levels 

are considered, the deformation potential can be described as    

 𝜎𝐷𝑃 = ∑ 𝛿𝑛𝑒(𝑘)
𝜕𝐸𝑘

𝜕𝜂𝑘 , (2-37) 

where 𝛿ne(k) denotes the electronic concentration change at the level k. The Grüneisen coefficient is 

γk = -(1/Ek)∂Ek/∂η, where η is strain and ∂Ek/∂η is the deformation potential parameter. In 

semiconductors, the laser heating induced stress through thermoelasticity also takes place, although 

it is much smaller compared to deformation potential in semiconductors. The thermoelastic stress 

can be described as    

 𝜎𝑇𝐸 = −3𝐵𝛽∆𝑇𝐿, (2-38) 

where B, β and ∆TL are the bulk modulus, linear thermal expansion coefficient, the lattice 

temperature increase. In metals, this is an important driving mechanism for acoustic excitation. The 

detection of coherent acoustic phonons can be enabled by photo-elastic effect, Fabry-Perot like 

effect, or surface tilting. Photoelastic effect is the most common mechanism for coherent acoustic 

phonon detection, which is associated with the refractive index perturbation. In thin membranes, 

Fabry-Perot like effect can become significant due to the fact that the optical penetration length is 
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comparable to the probed layer thickness. The brief discussion here is based on [2.13,2.15] and the 

in-depth discussions can be found in those references. We will also have discussions concerning 

acoustic generation and detection in Chapter 5.     
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3. Design, construction and characterization of Yb:KYW 
oscillator 

As briefly demonstrated in Chapter 1, diode-pumped solid-state lasers are very promising in both 

scientific and industrial fields due to their compactness and affordability to users. Depending on the 

users’ need, the active gain medium can be selected based on three factors: the host material, the 

activator, and the optical pump source [3.1]. The sapphire crystals (Al2O3) exhibit excellent thermal 

conductivity and are suitable for hosting transition-metal ions such as Cr3+ and Ti3+ so that the well 

known Ruby (Cr3+: Al2O3) laser and Ti:sapphire (Ti3+: Al2O3) laser have emerged. Due to the fact 

that the Ruby laser is a three-level system, high intensity is required to achieve at least inversion, 

thus the induced low efficiency prevents its wide application. Ti:sapphire laser  is, however, a four-

level system and exhibits a very broad emission band (~180 nm) which leads to very short pulse. In 

addition, the well separated broad absorption and emission band allows to generate a broad 

tunability range (~300 nm) [3.2]. Those are most attractive aspects from Ti:sapphire lasers, leading 

to their popularity in many fields such as time-resolved spectroscopy. However, Ti:sapphire lasers 

are commonly pumped by frequency doubled Nd:YAG or Nd:YLF solid-state lasers [3.3], which 

leads to high cost, low electric-to-optical conversion efficiency and a bulky system. Although the 

green-diode-pumped Ti:sapphire lasers have been gradually realized in the laboratories [3.4,3.5], the 

issues concerning limited pump power (~1-3 W) and the low optical-to-optical conversion efficiency 

(~10%) remain. 

The rare earth ions such as Yb3+, Nd3+, Ho3+ and Er3+ are well suited for active ions in solid state 

lasers, however, rare earth ions can not be hosted by sapphire crystals because the Al site is too 

small. The ideal hosts are garnet (Y3Al12O5), tungstates (KY(WO4)2 and KGd(WO4)2), fluorides 

(CaF2), borates (YCa4O(BO3)3),  gadolynate (CaGdAlO4), vanadate (YVO4), and so on [3.6]. Due to 

the fast progress of powerful 940/980 nm InGaAs diode lasers which have been directly 

commercially available, the Yb3+ doped above host media raise increasing interest in scientific and 

industrial fields. For example, a diode-pumped Yb3+:CaGdAlO4 (Yb:CALGO) laser with a ultrashort 

pulse width of ~50 fs and a tuneable wavelength range of ~30 nm at the sub-GHz repetition rate was 

developed, and the one with high peak power by use of a multimode diode, working at GHz 

repetition rate, was also built [3.7,3.8,3.9]. As for garnet laser, diode-pumped Yb:Y3Al12O5 

(Yb:YAG) lasers with ~300 fs and ~170 fs pulse-width and a Yb:YAG cemamic laser with high 

slope efficiency of 76% were demonstrated [3.10,3.11,3.12]. The tungstates lasers - Yb3+:KY(WO4)2 

(Yb:KYW) and Yb3+:KGd(WO4)2 (Yb:KGW) have also undergone active investigations. A 

multimode diode-pumped 110-MHz Yb:KYW laser emitted pulses with a sub-100 fs pulse-width at 

the output power of 120 mW [3.13]. A 1-GHz Yb:KYW laser pumped by a single-mode diode 

generated  pulses with a pulse-width of ~200 fs and a output power of ~100 mW (24% optical-to-

optical conversion efficiency) [3.14].  Muti-GHz Yb:KYW and Yb:KGW lasers up to 4.8 GHz also 

emerged, with a pulse width of ~150 fs and ~400 fs, respectively [3.15,3.16]. Thus, in general, (1) 

Yb-doped solid-state lasers are able to provide ultrashort pulse and a high optical-to-optical 

efficiency, however, it highly depends on individual laser resonator and component properties; (2) 

both the multi-mode and single-mode diode pump light permit mode-locking (ML), however, single 

mode pump light in our case will be still preferred to generate a Gaussian-like beam and gain higher 

conversion efficiency; (3) the successfully achieved ~5-GHz pulse repetition rate of Yb:KYW (or 

Yb:KGW) laser implies the possibility to scale it up to 10 GHz. Compared to other materials, 
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Yb:KYW crystals exhibit moderately long upper-state lifetime (0.3 ms) [3.17], which ensures that, 

on the one hand, the potential Q-switching instabilities are not too strong, on the other hand, low 

lasing threshold can be still achieved. Moreover, employing a Yb:KYW crystal has shown sufficient 

flexibilities to realize a high-repetition-rate Kerr-lens mode-locked (KLM) laser with ultrashort 

pulses and high conversion efficiency. Therefore, Yb-doped crystals rather than other crystals are 

selected as the active gain medium in our research. Compared to the Ti:sapphire laser, (1) the major 

attractiveness of the Yb:KYW laser lies in compactness and low cost. (2) In addition, the quasi-

three-level scheme of Yb:KYW active medium permits a very low quantum defect (~4%, the 

quantum defect for Ti:sapphire medium is 34%) and prevents the laser from excited-state absorption, 

up-conversion and concentration quenching [3.18,3.19,3.20]. Along with the high thermal 

conductivity, the low quantum defect enables high optical-to-optical conversion efficiency in 

Yb:KYW lasers, making it possible to operate Yb:KYW lasers without actively cooling the gain 

crystal. The inevitable cooling system of Ti:sapphire lasers further enhances the complexity of 

maintenance as well as the system footprint. (3) The available output power of Yb:KYW laser 

pumped by single-mode diodes is in the range of a few hundred milliwatts, which can be directly 

scaled by ytterbium-doped fiber amplifiers [3.21], leading to a comparable power to Ti:sapphire 

lasers. (4) Although the achievable pulse-width of Yb:KYW laser is much less than that of 

Ti:sapphire lasers, ~300 fs pulse-width is sufficient to investigate ultrafast dynamics that occurs on 

the order of picoseconds. 

In terms of Kerr-lens effect for mode-locking, a Yb:KYW crystal exhibit a nearly three-fold 

higher nonlinearity than that of a Ti:sapphire crystal,  which indicates that it is well suited for 

realizing a Kerr-lens mode-locking laser [3.22]. Apart from Kerr-lens mode-locking, saturable 

absorber mirror (SESAM) mode-locking is also extensively used, due to the fact that the mode-

locking can be self-starting owing to the slow recovery time of SESAM [3.23]. The slow recovery 

time, on the other hand, is prone to induce Q-switching. The SESAM parameters are also required to 

match the laser properties, which raise complexity to design and build the laser. Thus a pure Kerr-

lens mode-locking Yb:KYW laser has been considered. The newly built laser together with the 

previously built one [3.24] will be applied to time-resolved spectroscopy which will be presented in 

Chapter 4.  

In the following, the laser design, laser construction, and laser characterization will be 

demonstrated.    

3.1. Laser design 

3.1.1. Laser cavity and transverse/longitudinal modes 

Due to the requirement of compactness to realize GHz pulse repetition rate for a solid-state laser, the 

laser cavity that we will design is based on a symmetric four mirror bow-tie ring structure, which 

consists of two concave mirrors, two plane mirrors, and a gain medium/Kerr-lens medium placed 

between two concave mirrors, as sketched in Fig. 3-1. One of concave mirrors (M1) is used as pump 

mirror where the pump beam transmits through to focus on the Yb:KYW crystal which acts as both 

gain medium and Ken-lens medium. One of concave mirrors is a partial transmission mirror at the 

laser wavelength as an output coupler (OC). All other mirrors are high-reflection mirrors at the laser 

wavelength. 
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Fig. 3-1 Schematic of four-mirror ring laser cavity. 

The fundamental concern to design a laser is whether the laser is stable. For a stable laser, the 

radiation should remain in the cavity after numerous roundtrips. The stability criterion is directly 

related to the radii of curvature of concave mirrors (R) and the distance between them (L).  

Therefore, it is critical to analyze the stability performance of the laser for given concave mirrors. In 

addition, the crystal is placed at Brewster angle, which on the one hand leads to minimum reflection, 

on the other hand, introduces undesired astigmatism that gives rise to different stability regions for 

different beam planes and a non-circular beam. As a solution to balancing the crystal-induced 

astigmatism, the folding angle θ of concave mirrors is required to be chosen properly. The following 

calculations are based on the model of Gaussian beams propagation through paraxial optical systems 

evaluated by ray formalism matrix ABCD. In the implemented model, M1 is treated as the reference 

element and the round-trip matrices are described by the product of ray matrices of all elements (M1, 

crystal, M2, M3, OC, propagation between them) for both tangential plane and sagittal plane. TEM00 

modes are assumed in the calculations.  

 

Fig. 3-2 (a) Beam radius at crystal, (b) divergence angle in the arm of OC, and (c) beam 

radius at OC as the radius of curvature of curve mirrors M1 and M2 changes. L denotes the 

distance between M1 and M2. 

The radius of curvature (ROC) of concave mirrors strongly affects the beam size at the crystal 

when the laser operates in the stability zone, as shown in Fig. 3-2(a). The longer radius of curvature 

induces bigger beam radius at the crystal, which indicates that self-amplitude modulation (SAM) 

could be weak when Kerr-lens effect is applied if concaves mirrors with long radius of curvature are 

used. The weak SAM can prevent mode-locking. A relatively short radius of curvature is preferred 

in the Kerr-lens mode-locking laser, however, if the radius of curvature is too short, the stability 

zone will be extremely narrow to lead to high-order Gaussian modes and difficulty of mode-locking 

operation in practice. The radius of curvature of concaves mirrors also has a mild impact on the 

divergence angle (see Fig. 3-2(b)) and an obvious impact on the beam radius at OC (see Fig. 3-2(c)). 

A big output beam size can be observed if concave mirrors with a short radius of curvature are 

chosen. In addition, it is also worth pointing out that, when the cavity is adjusted close to the lower 
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edge of the stability zone, the beam radius at the crystal is smaller and the divergence angle is also 

smaller, while the output beam size is larger.  This indicates that, in order to generate Gaussian 

beams with small divergence in the arm of the output coupler, the laser has to be operated close to 

the lower edge of the stability zone, which also potentially induces stronger Kerr-lens effect for 

mode-locking process. For a desired beam radius ωc  25 μm at the center of the crystal, M1 and M2 

with a ROC of 30 mm should be the option.  

Under the condition of a pair of concave mirrors with ROC of 30 mm in the cavity, the stability 

zone of the laser cavity is explored. The stability parameter [3.25] 

 𝑃 = 1 − [(𝐴 + 𝐷)/2]2 (3-1) 

is applied to evaluate whether the laser works in a stable status. The laser is stable if 0 < P ≤ 1. 

Various folding angles are used to visualize the stability zone for both tangential plane and sagittal 

plane, as shown in Fig. 3-3.  It implies that the stability zones of tangential plane and sagittal plane 

are not overlapped when there is no astigmatism compensation (see Fig. 3-3(a)), while their stability 

zones move towards each other to decrease the gap when the folding angle is increased to a certain 

amount (see Fig. 3-3(b)). However, their gap is enlarged if the folding angle is large enough and 

eventually their stability zones are no longer overlapped (see Figs. 3-3(c) and (d)). The specific 

folding angle θ = θ0 = 2  6.76° is obtained based on the crystal length lc, the crystal refractive index 

n0, and the focal length of concave mirrors fM [3.26]. When θ = θ0, the overlapped stability zone is 

from LLower = 30.5 mm to Lupper = 34.3 mm, corresponding to ∆Z = 3.75 mm, which indicates that the 

alignment adjustment is only available in a few millimeters for the distance between M1 and M2. 

Compared to a linear cavity, where two stability zones usually are observed, the ring cavity only 

supports one stability zone, which simplifies the cavity analysis. The output beam size is also varied 

across the stability zone, as shown in Fig. 3-4. The beam radius at both ends of the stability zone 

converges and it vanishes beyond the stability zone, which offers a sign for alignment adjustment 

when the laser operates close to the stability edge or out of the stability scope.  When the 

astigmatism is properly compensated at θ = θ0, the output beam size keeps nearly equivalent in the 

overlapped stability zone, indicating a circular beam, while this is not the case when the folding 

angle is smaller or larger than θ0. In principle, it is flexible to tune the M1 and M2 distance within 

the stability zone, however, in practice, in order to obtain stable mode-locking operation and optimal 

beam properties, more factors have to be taken into account. We have discussed that a location close 

to the lower edge of the stability zone is probably preferable, aiming to a strong Kerr-lens effect at 

the crystal and a low-divergence output beam. However, for a ring laser, operating near the lower 

edge also means a converged high misalignment sensitivity [3.27], on the contrary, the misalignment 

sensitivity achieves a minimum value at the upper edge of stability zone. Therefore, the balance 

among those factors has to be achieved at an optimal M1 and M2 distance.      

For a soft-aperture Kerr-lens mode-locking laser, the pump beam is more focused than the laser 

mode inside the gain medium, acting as a soft aperture. Due to the self-focusing effect induced by 

the Kerr-lens medium (in our case, it is also the gain medium), the pulsed mode-locked mode with 

high-intensity experiences a shrinkage while the effect on low-intensity CW mode can be neglected. 

Thus, the pulsed mode reaches better overlap with pump beam than the CW mode, indicating an 

increased gain for the mode-locked mode. Mode-locked modes can then be favored in the lasing 

process. In order to get a steady-state mode-locked beam, the initial CW beam (without Kerr-lens 

effect) is input into a round-trip ABCD matrix with Kerr-lens effect. The ABCD matrix of the Kerr-

lens medium tilted at Brewster angle can be expressed as [3.28,3.29] (all the following equations are 

based on these references) 

 𝑀𝑘𝑠 = [
cos (𝛽𝑠𝑙𝑐)

1

𝑛0
′ 𝛽𝑠

sin (𝛽𝑠𝑙𝑐)

−𝑛0
′ 𝛽𝑠sin (𝛽𝑠𝑙𝑐) cos (𝛽𝑠𝑙𝑐)

] (3-2) 

and  
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 𝑀𝑘𝑡 = [
cos (𝛽𝑡𝑙𝑐)

1

(𝑛0
′ )3𝛽𝑡

sin (𝛽𝑡𝑙𝑐)

−(𝑛0
′ )3𝛽𝑡sin (𝛽𝑡𝑙𝑐) cos (𝛽𝑡𝑙𝑐)

] (3-3) 

 

Fig. 3-3 Stability of the laser cavity given different incident angles θ/2 on curve mirrors. (a) 

θ/2 = 0°; (b) θ/2 = 6.76°; (c) θ/2 = 10°;  (d) θ/2 = 20°. 

 

Fig. 3-4 Beam radii at OC dependences on the curve mirror distance at different incident 

angles angle θ/2 on curve mirrors. (a) θ/2 = 0°; (b) θ/2 = 6.76°; (c) θ/2 = 10°;  (d) θ/2 = 20°. 

for the sagittal plane and the tangential plane, respectively. lc denotes the thickness of the crystal. 

The Kerr-lens medium can be regarded as a gradient-index lens with a parabolic index change across 

the center of beam profile as follows  

 𝑛(𝑟) =  𝑛0
′ (1 −

1

2
𝛽2𝑟2) (3-4) 
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where  

 𝑛0
′ = 𝑛0 + 𝑛2

2𝑃0

𝜋𝜔2 (3-5) 

and   

 𝛽 =
1

𝜔2 √
8𝑛2𝑃0

𝑛0
′ 𝜋

. (3-6) 

In Eqs. (3-5) and (3-6), P0, n0, and n2 denote the peak power of the pulse, linear refractive index of 

the crystal, and nonlinear refractive index, respectively. For a Kerr-lens medium placed at the 

Brewster angle, the beam size ω is replaced by ω2 = ωsωt, where ωs and ωt represent the beam size at 

sagittal plane and the tangential plane, respectively. This indicates βs = βt = β in Eqs. (3-2) and (3-3). 

For a GHz laser with an Yb:KYW crystal as Kerr-lens medium, P0 = 0.5 MW, 0 = 1050 nm, n0 = 

2.01, n2 = 8.7  10-20 m2/W, lc = 1 mm, are used in the modelling. The resulted beam size from the 

first round-trip ABCD matrix with Kerr-Lens effect is then treated as the initial input for the second 

round-trip ABCD matrix with Kerr-lens effect. The process will be repeated until a steady-state 

beam size is obtained. As shown in Fig. 3-5, a decreased beam size for Kerr-lens mode-locked 

(KLM) mode takes place inside the crystal compared to CW mode. By using a linear optical system 

composed of a collimator, a focusing lens, and a crystal, the pump beam size inside the crystal is 

also calculated by the ray matrix. The input parameters are p = 980 nm, ωP = 5.5 μm. In Fig. 3-5, 

the pump beam size is smaller than the beam size of the laser modes, which ensures that the pump 

beam can be used as a soft aperture to support the mode-locking process in such a ring cavity.   

 

Fig. 3-5 Beam radii in the region of crystal in the laser cavity in the (a) tangential plane and 

(b) sagittal plane. 

So far only the propagation of transverse modes are discussed, but it is also necessary to discuss 

the longitudinal modes. The longitudinal modes are shaped by the gain profile and the resonator 

properties. Although there are a large number of equally-spaced longitudinal modes determined by 

the cavity length as follows  

 ∆ =
𝜆0 

2

𝐿𝑐
     or     ∆𝜈 =

𝑐

𝐿𝑐
,           (3-7) 

only a limited number of modes are able to oscillate in the resonator due to the finite net gain-

bandwidth. If the atomic transition of a Yb:KYW laser is homogeneously broadened, a Lorentzian 

line-shape will be induced, which can be expressed as [3.30] 
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 𝑔(𝜈) = (
Δ𝜈𝑔

2𝜋
) [(𝜈 − 𝜈0)2 + (

Δ𝜈

2
)2]

−1
,           (3-8) 

where ν0 and ∆νg denote the central frequency and the linewidth, respectively. A round-trip cavity 

optical length of 300 mm (geometrical length 299.8 mm) is designed to achieve 1 GHz pulse 

repetition rate. As shown in Figs. 3-6(a) and (b), the longitudinal modes with 1 GHz (0.0037 nm) 

spacing at the central frequency of 285 THz (wavelength of 1050 nm) are generated and around 

2700 modes in the vicinity of 1050 nm eventually can lase if a laser bandwidth of 10 nm is given. 

When self-amplitude-modulation in the Kerr-lens medium takes effect, mode-locking operation can 

be built up to generate a periodic intensity pulse train with an ultrashort bandwidth-limited pulse 

duration of ~115 fs (see Fig. 3-6(c)), otherwise, the laser works in CW mode where the phase 

between longitudinal modes are not locked thus a random noisy output is observed (see Fig. 3-6(d)). 

Usually a free-running KLM laser stays in CW operation and mode-locking operation is not self-

starting unless a disturbance is enforced in the resonator to create a fluctuation of the intensity, so 

that the induced strong intensity parts receive more gain than the low intensity parts due to the Kerr-

lens effect, thus favoring pulsed operation can be initiated. Another concern is that the reaction time 

of the Kerr-lens crystal should keep up with the artificially-induced fluctuation time, which can be 

obviously fulfilled because the Kerr-lens effect of nonlinear crystal responses instantaneously (< 5 

fs).     

 

Fig. 3-6 (a) Longitudinal modes of a ring laser with cavity length (optical length) of 300 

mm. (b) Output modes after the product of laser gain. The mode separation in the upper part 

of (a) and (b) is not to scale. (c) Temporal pulse train output when the laser is mode-locked. 

(d) CW output. 

3.1.2. Key optical components and pulse dynamics 

For a stable ring resonator, the initiated pulse by Kerr-lens mode-locking mechanism travels through 

a dispersive crystal and is bounced at mirrors M1, M2, M3, and OC for multiple roundtrips, which 

indicates that the pulse will potentially experience variations caused by those elements. By travelling 

through the laser crystal, the pulse undergoes group delay dispersion (GVD), which has an impact 

on broadening the pulse. Thus the ultrashort pulse formation can be difficult or stopped if the pulse 

passes through the crystal in several roundtrips. In order to sustain a short pulse in the laser cavity, 
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GVD has to be properly compensated by opposite dispersions. The higher-order dispersions also 

exist in the laser crystal, however, due to a small contribution to the pulse broadening, usually they 

are neglected in the pulse propagation analysis.  Not only GVD but also nonlinear effects in the 

crystal play an important role in the ultrashort pulse propagation. However, in order to understand 

the complex pulse formation process, GVD and nonlinear effects will be initially considered 

separately. The following calculations are realized by the aid of split-step Fourier method and 

improved accuracy of calculation can be achieved by the 4th order Runge-Kutta method.    

If the pulse propagates in a dispersive medium without nonlinear effect and higher-order 

dispersion, the generalized nonlinear Schrodinger equation (GNLSE) described in Chapter 2 can 

then be simplified as [3.31,3.32,3.33] (all the following equations are based on these references) 

 𝑖
𝜕𝐴(𝑧,𝑡)

𝜕𝑧
+ 𝑖𝛽1

𝜕𝐴(𝑧,𝑡)

𝜕𝑡
−

𝛽2

2

𝜕2𝐴(𝑧,𝑡)

𝜕𝑡2 = 0, (3-9) 

where A(z,t) is the complex envelope of the optical field, which varies with time t and the 

propagation length z. β1 and β2 are the first and second dispersion coefficient. The above equation 

can be normalized by setting the following relations: 

 𝑈(𝜉, 𝜏) =
1

√𝑃0
𝐴(𝑧, 𝑡),    𝐿𝐷 =

𝑇0
2

|𝛽2|
,      𝜏 =

𝑡−𝛽1𝑧

𝑇0
,      𝜉 =

𝑧

𝐿𝐷
, (3-10) 

where LD is the dispersive length, T0 and P0 are the pulse duration and the peak power of the input 

pulse, respectively. The expressions Eq. (3-10) then are substituted into Eq. (3-9), so that it can be 

normalized as  

 
𝜕𝑈(𝜉,𝜏)

𝜕𝜉
=

−𝑖sign(𝛽2)

2

𝜕2𝑈(𝜉,𝜏)

𝜕𝜏2 . (3-11) 

 

Fig. 3-7 (a) Pulse evolution, (b) spectrum evolution, and (c) corresponding pulse and 

spectrum broadening ratio in a dispersive medium given GVD = 203 fs2/mm and -203 

fs2/mm. (d) The instantaneous frequency shift from the central frequency across a pulse at z 

= 10LD. 

By applying Fourier-transform, an analytical solution in the frequency domain can be expressed as  



 

Chapter 3 Design, construction and characterization of Yb:KYW oscillator 

24 

 

 �̃�(𝜉, 𝜔) = �̃�(0, 𝜔) exp (
𝑖sign(𝛽2)

2
𝜔2𝜉), (3-12) 

where  �̃�(0, 𝜔) is the Fourier-transform of the incident pulse. The incident pulse can be assumed as 

a chirp-free hyperbolic secant shape as follows  

 𝑈(0, 𝜏) = sech(𝜏). (3-13) 

The parameter of the dispersive medium is set as β2 = 203 fs2/mm which equals the GVD of the 

Yb:KYW crystal. The pulse duration is set as TFWHM0 = 200 fs corresponding to T0 = TFWHM0/1.76, 

and the peak power P0 is set as 0.4785 MW. As shown in Figs. 3-7(a)-(c), the pulse is continuously 

broadened with the propagation distance, while the spectral shape remains the same. After 

propagating through a distance of 10LD, the pulse duration exceeds 1 ps. The broadening ratio 

derived from the inverse Fourier-transform of Eq. (3-12) has the following (1 + x2)1/2 relation with 

the propagation distance:  

 
𝑇𝑜𝑢𝑡

𝑇0
= (1 + 𝜉2)1/2. (3-14) 

The negative dispersion GVD = -203 fs2/mm is also applied to the same input pulse for comparison. 

As a result, the negative GVD has the same effect on the pulse broadening and spectral shape for a 

chirp-free pulse as the positive GVD. However, the most intriguing part lies in the relative 

instantaneous frequency across the pulse, as shown in Fig. 3-7(d), where distinct effects are induced 

by positive GVD and negative GVD.  For negative GVD, the leading edge of the pulse undergoes a 

blue-shift while the trailing edge undergoes a red-shift, which is a key reason to sustain a soliton-like 

pulse in a nonlinear Kerr-lens medium. Further discussions will be given later.   

 

Fig. 3-8 (a) Pulse evolution, (b) spectrum evolution, and (c) corresponding pulse and 

spectrum broadening ratio in a nonlinear media given γ = 3.24  10-4 (W∙m)-1 and GVD = 0. 

(d) The instantaneous frequency shift from the central frequency across a pulse at z = 5LN 

and z = 10LN. 

If the pulse propagates in a non-dispersive nonlinear medium such as a Yb:KYW crystal, due to the 

intensity-dependent refractive index, the instantaneous phase of the pulse is modulated, known as 

self-phase-modulation (SPM), has an effect of broadening the spectrum. For an ultrashort pulse, 

other nonlinear effects such as Raman scattering and self-steepening probably also occur along with 
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SPM effect, however, for simplicity, only SPM is taken into account in the calculation. By defining 

a nonlinear length  

 𝐿𝑁 =
1

𝛾𝑃0
, (3-15) 

where the nonlinear coefficient γ is defined as length  

 𝛾 =
𝑛2𝜔0

𝑐𝐴𝑒𝑓𝑓
, (3-16) 

where ω0 and Aeff denote the central circular frequency of the laser mode and the laser mode size in 

the crystal, respectively.  The GNLSE equation can be normalized in such a nonlinear medium as 

follows (in this case ξ = z/LN) 

 
𝜕𝑈(𝜉,𝜏)

𝜕𝜉
= 𝑖|𝑈(𝜉, 𝜏)|2𝑈(𝜉, 𝜏), (3-17) 

whose general solution can be expressed as   

 𝑈(𝜉, 𝜏) = 𝑈(0, 𝜏)exp[𝑖|𝑈(0, 𝜏)|2𝜉]. (3-18) 

The pulse shown in Eq. (3-13) serves as the incident pulse again in the calculation. The nonlinear 

coefficient γ is given by γ = 3.24  10-4 (W∙m)-1 based on a mode size Aeff = 22 μm along with 

previously defined n2 and ω0. As can be seen in Figs. 3-8(a)-(c), the pulse shape remains unchanged 

while the spectrum experiences broadening and bifurcation depending on the propagation distance 

(or maximum nonlinear phase shift). It is noteworthy that, due to SPM effect, the instantaneous 

frequency shift is time-dependent, leading to an “up-chirping” across the center of the pulse, as 

depicted by the curves at z = 5LN and 10LN in Fig. 3-8(d). This means that the leading edge of the 

pulse becomes red-shifted while the trailing edge of the pulse becomes blue-shifted, which indicates 

an opposite tendency to the pulse experiencing negative GVD. Thus the simultaneous presence of 

negative GVD and SPM in a medium allows the possibility to generate soliton-like pulses. However, 

the laser crystals are usually normally dispersive, therefore, negative (or anomalous) GVD has to be 

provided by other elements in the laser cavity. There are many ways to introduce negative GVD, 

however, Gires-Tournois interferometer (GTI) mirrors are preferred in the Yb:KYW laser, due to 

low loss and low sensitivity to misalignment as well as sufficient available group delay dispersion 

(GDD). The negative GDD can then be distributed into mirrors M2 and M3. 

The propagation of a pulse in a medium where only GVD and SPM exist is governed by the 

well-known nonlinear Schrödinger equation (NLSE). If the soliton order N is defined as  

 𝑁2 =
𝐿𝐷

𝐿𝑁
=

𝑇0
2𝛾𝑃0

|𝛽2|
, (3-19) 

the NLSE can be normalized as follows  

 
𝜕𝑈(𝜉,𝜏)

𝜕𝜉
=

−𝑖sign(𝛽2)

2

𝜕2𝑈(𝜉,𝜏)

𝜕𝜏2 + 𝑖𝑁2|𝑈(𝜉, 𝜏)|2𝑈(𝜉, 𝜏), (3-20) 

whose analytical solution for fundamental soliton N = 1 under the condition of anomalous GVD can 

be written as   

 𝑈(𝜉, 𝜏) = sech (𝜏)exp (𝑖𝜉/2). (3-21) 

If a fundamental soliton with TFWHM0 = 200 fs and P0 = 0.4785 MW is incident into a medium with 

parameters γ = 3.24  10-4 (W∙m)-1 and GVD = -2000 fs2/mm, as shown in Fig. 3-9, both the pulse 

shape and the spectral shape remain unaffected after travelling 10LD, in fact, the pulse shape and the 

spectral shape will be distance-independent, revealing that the propagation of a soliton is well 

supported in such a medium where the anomalous GVD and SPM interplay. 
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Fig. 3-9 (a) Pulse evolution, (b) spectrum evolution, and (c) corresponding pulse and 

spectrum broadening ratio in a nonlinear media given γ = 3.24  10-4 (W∙m)-1 and GVD = -

2000 fs2/mm. (d) The instantaneous frequency shift from the central frequency across a pulse 

at z = 5LD and z = 10LD. Input pulse is assumed with N = 1. 

In the following, more factors including gain, loss, spectral filtering and self amplitude modulaton 

(SAM) will be taken into account in the pulse propagation in the laser resonator for multiple 

roundtrips, which requires to interpret the “master-equation” of mode-locking [3.34]. The 

normalized master-equation can be expressed as  

 

𝜕𝑈(𝜉,𝜏)

𝜕𝜉
=

−𝑖sign(𝛽2)

2

𝜕2𝑈(𝜉,𝜏)

𝜕𝜏2 +
1

2
(𝑔 − 𝑙)𝐿𝐷𝑈(𝜉, 𝜏) +

1

2

𝑔

(2πΔ𝜈𝑔)2

𝐿𝐷

𝑇0
2

𝜕2𝑈(𝜉,𝜏)

𝜕𝜏2

+ 𝑖𝑁2|𝑈(𝜉, 𝜏)|2𝑈(𝜉, 𝜏) − 𝑞𝑎𝐿𝐷𝑈(𝜉, 𝜏)
, (3-22) 

where g and l represent gain and loss, respectively. qa introduces the SAM effect, which can take the 

following form for a fast saturable absorber [3.35]:  

 𝑞𝑎 =
𝑞0

1+𝑃0|𝑈(𝜉,𝜏)|2/𝑞𝑠𝑎𝑡
,  (3-23) 

where q0 and qsat denote the modulation depth and the saturation power of the fast saturable 

absorber, respectively. In Kerr-lens mode-locked solid-state lasers, gain and loss probably are small, 

which satisfies a non-dissipative approximation. Proper parameters are set to keep the pulse energy 

approximately conserved in the calculation. The input pulse is chosen not to precisely match a 

soliton, so that the soliton building up process can be observed. A hyperbolic secant pulse with 

TFWHM0 = 338 fs and P0 = 0.2831 MW serves as the incident pulse. The resonator parameters are set 

as lc = 1 mm, γ = 3.24  10-4 (W∙m)-1 and total GVD = -2000 fs2/mm. As illustrated in Fig. 3-10(a), 

the pulse experiences monotonous variation and slowly reaches a steady-state after a few thousands 

of roundtrips. The output pulse after 5000 roundtrips is narrowed down compared to the initial pulse 

(see Fig. 3-10(b)), indicating a steady-state pulse-width of ~210 fs. In the spectrum (see Fig. 3-

10(c)), visible sidebands arise when the nonlinear phase shift is large enough, known as Kelly 

sidebands [3.36], which result from the periodic perturbations during each roundtrip such as gain 

and loss. The consequence is the transfer of excessive energy into dispersive waves which will not 
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further influence the soliton propagation. The output spectrum shown in Fig. 3-10(b) (red curve) 

exhibits symmetric Kelly sidebands which have a defined distance with respect to the central 

wavelength. In addition, the output spectrum is broadened, corresponding to the pulse compression 

in the temporal domain.    

 

Fig. 3-10 (a) Pulse evolution, (b) input (blue) and output (red) pulse, (c) spectrum evolution 

and (d) input (blue) and output (red) spectrum in a ring laser after 5000 roundtrips, given γ = 

3.24  10-4 (W∙m)-1 for crystal and total GVD = -2000 fs2/mm in the cavity. Crystal 

thickness: 1 mm. Input pulse: TFWHM0 = 338 fs, P0 = 0.28 MW. 

Although the net GVD = -2000 fs2/mm has permitted a soliton-like pulse formation, it is still 

unclear in which GVD range the soliton can be built up in such a laser resonator, which is important 

for GTI mirror selection. Therefore, the pulse propagation in a wide range of GVD is calculated as 

shown in Fig. 3-11(a).  When the absolute GVD is approximately in the range of 0 < GVD <1500 

fs2/mm, the output pulse width decreases with the increase of absolute GVD, while the output pulse 

keeps broadening when the absolute GVD rises in the range of 1500 < GVD <10000 fs2/mm. The 

peak power exhibits the opposite change compared to the pulse width. The corresponding soliton 

order in the decreasing range of pulse width is from 1.5 to 4, indicating that the SPM effect 

dominates, thus multi-pulsing behavior shows up. When GVD = -200 fs2/mm and -600 fs2/mm, the 

output pulse exhibits three and two peaks, respectively, as can be seen in Fig. 3-11(b). In the high 

negative GVD range (1 < N ≤ 0.58), it means GVD dominates. In consequence, the laser still works 

in the single-pulse regime, although the stead-state pulse width can be substantially large at high 

negative GVD (see curves of GVD = -2400 fs2/mm and -6400 fs2/mm in Fig. 3-11(b)). In fact, a 

steady-state pulse can no longer be reached when the absolute value of the negative GVD is too 

small. The image in Fig. 3-11(c) indicates periodical pulse shape variations for GVD = -600 fs2/mm, 

showing no sign of convergence. On the contrary, the pulse has a converging tendency for GVD = -

2400 fs2/mm. To sum up, in order to keep the laser in the single-pulse regime, the net negative GVD 

applied in the cavity should roughly satisfy GVD < -1500 fs2/mm.  Moreover, the compensated 

GVD should be kept close to the boundary value, so that shorter pulses can be obtained for the 
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subsequent ultrafast dynamics investigation. At the same time, multi-pulsing instability should be 

avoided due to the fact that it is detrimental to high-resolution measurements.   

 

Fig. 3-11 (a) Pulse-width and peak power as a function of GVD. (b) Output pulse at GVD = 

-200, -600, -2400, -6400 fs2/mm. (c) Pulse evolution within 2000 roundtrips at GVD = -600, 

-2400 fs2/mm. 

3.2. Laser construction 

The laser resonator is put in an aluminum box to keep away from the fluctuations induced by air 

flow and other disturbances. The extra-cavity optics are composed of collimator, mirrors, half-wave 

plate, and focusing lens, to deliver the pump light into the laser cavity. The pump laser is a fiber-

coupled 14-pin butterfly module (1999CHP, 3S Photonics) which is connected with a diode driver 

and a temperature controller (ITC133, Thorlabs). The pump diode operates at a typical wavelength 

of 981 nm for most efficiently pumping Yb-doped monoclinic double tungstate lasers. Due to that 

fact that Kerr-lens mode-locking has a high requirement for beam overlap of the pump and the 

resonator mode inside the crystal, a single-mode pump light is used, which confines the pump power 

below 1 W (operating power: 750 mW).  

The four-mirror bow-tie ring laser is built by use of the components listed in Table 3-1. The 

layout of the laser cavity can be seen in Fig. 3-12. The pump light is focused into the crystal by a 

lens with a focal length of 30 mm behind the mirror M1. The crystal Yb3+:KY(WO4)2 exhibits a 

doping concentration of 10 at. % with a thickness of 1 mm. The crystal is Np-cut (polarization is 

parallel to Nm), shaped at Brewster angle (θB = 63° at 1050 nm). The crystal is placed on a copper 

holder at Brewster angle with respect to the light propagation direction between mirrors M1 and M2 

which have a ROC of 30mm. M2 and M3 are GTI mirrors with a GDD of -1200 fs2 for each to 

compensate dispersion from the crystal, producing a total GDD of ~ -2200 fs2. M3 with less GDD of 

-1000 fs2 was also used in order to get shorter pulse during the construction. An output coupler with 
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~0.6% transmission and slight GDD of ~20 fs2 is employed. An alternative one with a transmission 

of ~0.5% was also used for testing the optimal laser performance. Due to the very low quantum 

defect of Yb:KYW crystal as well as high thermal conductivity, no active cooling system is  

introduced in the laser cavity.   

Table 3-1 Parameters of laser components. 

Pump laser M1 Crystal  M2 M3 OC 

1999CHP                 

3S Photonics 

Emission wavelength 

981 nm 

Operation power     

750 mW 

Single-mode fiber 

coupled 

Fiber Bragg grating 

stabilized 

Layertec 

ROC                         

30 mm 

S1: AR                

(0°, 800-1000 nm) 

< 0.2% 

S2: HR       

(0°,1020-1200 nm) 

>99.9% 

Eksma 

Yb3+:KY(WO4)2 

Doping             

10% 

Dimension    

551 (mm) 

Np-cut           

Brewster cut        

 

Layertec 

ROC                

30 mm         

S2: HR                

(0°-14°, 970-

1170 nm) 

>99.9% 

GDD              

(0°-14°, 1045)    

~ -1200 fs2 

Layertec 

S2: HR        

(0°-14°, 970-

1170)             

> 99.9 % 

GDD           

(0°-14°,1045)       

~ -1200 fs2 

Layertec 

S1: AR 

(0°,1000-1100) 

< 0.25% 

S2:  R    

(0°,1000-1100 

nm)                  

= 99.40.3% 

GDD < 20 fs2 

 

Fig. 3-12 Constructed Yb:KYW laser. 

The constructed laser will serve as the pump laser in the asynchronous optical sampling 

(ASOPS) measurements, which requires the pulse repetition rate offset between the pump laser and 

the probe laser to be locked. For locking the offset, the pulse repetition rate of the pump laser is 

required to be controlled via high-bandwidth piezoelectric transducer (PZT) attached to laser 

mirrors, so that the stabilization unit can send error-signal-forced DC voltage to the transducer, 

leading to a phase-locked stable situation. A fast PZT (1000 kHz, amplitude  200nm, Thorlabs) is 

attached to mirror M3 and a slow PZT (144 kHz, amplitude  5 μm, PI) is attached to the holder of 

OC. The quarter-inch mirror M3 is cut down to 2 mm thick to make sure that the speed of the fast 

piezo crystal is not affected.  

After accomplishing strict alignment for both the first round trip and the second round trip beam 

in the cavity, the laser starts to radiate CW light, which is companied by a sudden power change and 

two bright beam spots behind the output coupler. In order to achieve mode-locking, the CW power is 

optimized to more than 100 mW by adjusting the intra-cavity components and external mirrors. In 

the meantime, M2 is moved along the beam propagation axis to find the optimal regime for Kerr-

lens mode-locking operation. Mode-locking operation can be initiated by tuning the output coupler 
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or knocking the mount of M2. Mode-locking is accompanied by a suddenly unstable CW power, a 

merge from bidirectional to unidirectional propagation, and a sudden spectrum broadening. 

3.3. Characterization  

3.3.1. CW-ML operation 

The Yb:KYW laser works in a CW-ML status. Unless an external disturbance is properly introduced 

in the favored ML regime, the laser usually stays in CW mode. When the laser works in CW mode, 

the light emits in both the clockwise and the counter-clockwise direction. Apart from external 

disturbances, increasing pump power is also able to transfer CW mode to ML mode if the alignment 

is already optimized for ML mode. To do so, the CW and KLM regime can be also discovered in 

terms of the pump power. In the KLM regime, it is easier to achieve mode-locking when the pump 

power is higher due to an enhanced Kerr-lens effect. 

 

Fig. 3-13 (a) Laser output power dependences on the pump power.  (b) The beam profile of 

mode-locked laser. 

The output power and the pump power relation is measured as shown in Fig. 3-13(a). The laser 

shows a lasing threshold at ~60 mW. Strikingly, the laser jumps from CW mode to KLM mode at a 

pump power of 438 mW, which is much lower than the onset pump power (~550 mW) for mode-

locking of the previously built Yb:KYW laser. The abrupt output power change is caused by uni-

directional mode-locking behavior, which usually occurs due to the strong competition between 

counter-propagating waves in the homogeneously broadened active medium [3.37]. The slope 

efficiency in the KLM regime is 40.4% and the maximum output is 275 mW at 710 mW of incident 

pump power, which means an optical-to-optical conversion efficiency of ~40%. The relatively high 

conversion efficiency can be interpreted by the extremely low quantum defect for Yb-doped 

tungstates, as well as the good overlap between the Gaussian-like laser mode and the pump mode. 

The maximum output power is limited by the available pump power and the multi-pulsing 

instability, which can be resolved by using an already available 1-W pump diode and building a six-

mirror cavity to introduce more negative group delay dispersion. Not only a pulsed mode-locking 

mode but also a desired transverse Gaussian beam should be achieved for efficiently exciting 

samples with high intensities in ASOPS measurements. As shown in Fig. 3-13(b), the beam profile 

of ML mode is captured by a CCD camera. Firstly, it shows that the ML mode profile fits well with 

a Gaussian profile TEM00 in both the horizontal and the vertical direction. Secondly, the circular-like 

beam indicates the astigmatism caused by the laser crystal is properly compensated by tilting the 

folding mirrors. 
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3.3.2. Spectrum and pulse width 

Since the Yb:KYW laser is expected to emit femtosecond pulses, it is important to find out the pulse 

width, which directly limits the achievable temporal resolution in pump-probe experiments. The 

spectral characteristics are also indispensable information for implementing such measurements. In 

addition, the spectral information offers direct indications of mode-locking operation of a laser 

through the broadening behavior. Although the pulse-width can be estimated from the spectral 

bandwidth, it is still necessary to measure the pulse width in the time domain due to the fact that 

usually the bandwidth-limited pulse width cannot be reached, the fact that multi-pulsing behavior 

sometimes cannot be identified by a low-resolution spectrum analyzer, and the fact that multi-

pulsing is in principle not observed in an autocorrelation trace while a long pulse may be observed.  

 

Fig. 3-14 (a) Pump laser spectrum.  (b) Yb:KYW laser KML and CW mode spectrum. 

Pump: λ0 = 981 nm, Δλ = 2.1 nm; CW: λ0 = 1047.7 nm, Δλ = 2.1 nm; KML: λ0 = 1047.6 nm, 

Δλ = 3.2 nm. Total GDD ≈ -2000 fs2, OC: R 95.5%. Input 710 mW, output KML: 241 mW. 

(c) The KML mode bandwidth dependences on the output power by adjusting the pump 

power.  

At the beginning, GTI mirror M3 with a GDD = -1000 fs2 and M2 with a GDD = -1200 fs2 are 

employed. The spectrum of the pump laser, laser CW mode, and KML mode is given in Figs. 3-

14(a) and (b), which is measured by a spectrometer with a resolution < 1 nm (StellarNet). The laser 

emission experiences spectrum broadening at the central wavelength of 1047 nm when ML occurs 

compared to the CW opteration. However, the bandwidth of KLM mode (only 3.2 nm) is far from 

satisfying, which could be a sign of multi-pulsing, leading to a decreased bandwidth. The bandwidth 

is not substantially improved via alignment adjustment. 

There are several ways that can be used to check multi-pulsing instabilities.  

Firstly, the pump power can be decreased to monitor if the bandwidth of the output mode 

increases. As shown in Fig. 3-14(c), it implies that the bandwidth of the ML mode decreases with an 

increased pump power, which is abnormal. 

Secondly, the strong modulation of the pulse repetition rate harmonics indicates multi-pulsing. A 

13.2 GHz radio-frequency spectrum analyzer (Agilent, E4405B) is used to monitor high harmonics 

of the pulse repetition rate. When the laser is mode-locked, the envelope of the repetition rate 

harmonics is changing unpredictably from one shape to another, which reveals the evolution of the 

multi-pulsing mode, i.e., the number of pulses or pulse spacing is changing. As can be seen in the 

left image in Fig. 3-15(a), the harmonics are superimposed with an evidently oscillating envelope, 

which is observed when the bandwidth is 3.5 nm. It is surprising when the pulse repetition rate is 

actually doubled as shown in the right image of Fig. 3-15(a). This emerges under the condition of 

equally spaced double pulses, which can be rarely captured since the multi-pulsing mode is indeed 

very unstable. 

Thirdly, the spectrum exhibits well-separated fringes due to the emergence of multi-pulsing. In 

order to resolve spectrum fringes, a high resolution (0.06 nm) fiber-coupled optical spectrum 

analyzer (Agilent, 86142B) is used. In Fig. 3-15(b), spectra with evident fringes are observed when 
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the bandwidth is 4.2 nm. The different fringe spacing indicates that the time delay between adjacent 

two pulses changes. 

 

Fig. 3-15 Multi-pulsing instability measurements. (a) Higher harmonics of repetition rate 

modulation measured by a 13.2 GHz radio frequency spectrum analyzer (Agilent, E4405B). 

(b) Spectrum modulation measured by an optical spectrum analyzer with RBW = 0.06 nm 

(Agilent, 86142B). (c) Multi-peaks detected by Yb:KYW based ASOPS system. 

Lastly, the time trace of ASOPS measurements can show direct consequences induced by multi-

pulsing due to the high-resolution on femtosecond scales. When the bandwidth is 3.9 nm, double 

peaks show up in the exponentially decaying reflectivity time trace, which is a result of excitation of 

the sample by two subsequent pulses. We will show the typical curve with only one peak in later 

chapters when multi-pulsing is eliminated. 

  

Fig. 3-16 (a) Modulation of pulse repetition rate spectrum by Q-switching instabilities, and 

(b) pulse repetition rate spectrum without Q-switching measured by a 1.6-GHz spectrum 

analyzer (Rohde & Schwarz, HMS1000E).  
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Apart from the multi-pulsing instability, Q-switching instability is also an unwanted behavior of 

KLM lasers. As discussed in Chapter 2, the long upper-state lifetime of the active medium – 

Yb:KYW crystal is inclined to induce Q-switching, which will induce additional modulations.In 

consequence, ASOPS measurements will not work because of the unstable repetition rate. In Fig. 3-

16(a), the pulse repetition rate spectrum shows sidebands due to the emergence of Q-switching, 

which can be simply eliminated by slight alignment adjustments (see Fig. 3-16(b)). Because two 

piezoelectric transducers are incorporated in the laser cavity, precautions should be taken to avoid 

the emergence of Q-switching due to disturbances induced by the transducers.  

Concerning preventing the laser from multi-pulsing, more negative dispersion is required to be 

introduced in the resonator. A GTI plane mirror with a GDD of -1200 fs2 is used to replace the 

previous one with a GDD of -1000 fs2. During optimization of the laser, it turns out that only slight 

adjustment of the mirrors has a direct influence on the output power, the central wavelength, the 

bandwidth, and the pulse repetition rate. For example, the bandwidth can be increased by 2 nm via 

only slight screw adjustments. Alignment plays an important role in optimizing the laser. 

It is necessary to provide a general map of output power - bandwidth in the alignment 

adjustment, so that an optimal output can be obtained. As shown in Figs. 3-17(a)-(f), when the OC 

and the crystal are adjusted in a certain range, the bandwidth in general is in the range of 4 nm < Δλ 

< 5 nm and the output power is in the range of 300 mW < Pav < 400 mW. When M2 is adjusted in 

the range of ~100 µm, two featured areas are shown. One area exhibits high bandwidth in the range 

of 5 nm < Δλ < 6 nm while low output power in the range of 250 mW < Pav < 300 mW. On the 

contrary, another area exhibits a low bandwidth in the range of 4 nm < Δλ < 5 nm while a high 

output power approximately in the range of 300 mW < Pav < 400 mW. This implies that a high 

bandwidth (> 5 nm) should be acquired at a relatively low output power (<300 mW) through 

alignment controls. It is also noticeable that mode-locking in the counter-clockwise direction is more 

likely to take place.  In Figs. 3-17(g)-(i), the spectra with the achieved maximum bandwidth by OC, 

crystal and M2 are given. It implies that the achievable bandwidth can reach up to ~6 nm, which is 

greatly improved compared to the one in Fig. 3-14(b).  

Another solution to get rid of multi-pulsing is to introduce more loss in the cavity. Lower intra-

cavity power can be helpful to avoid the emergence of multi-pulsing. An output coupler with higher 

transmission of 0.6% is used to replace the one with 0.5%. However, changing the output coupler is 

not effective for keeping high bandwidths in all positions as shown in Fig. 3-18(a). Nonetheless, it is 

found that realizing mode-locking is easier when the new OC (transmission of 0.6%) is used. For 

comparison, the bandwidth-output power relation of the old Yb:KYW (with 0.5% transmission of 

OC) is also shown in Fig. 3-18(b) which displays a similar bandwidth range but a little higher output 

power compared to those of  the current laser. 
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Fig. 3-17 KML mode bandwidth variation with output power for c-clockwise direction 

when the position of (a) output coupler, (b) crystal, and (c) M2 is adjusted. The position 

value given are the absolute value of the micrometer crews. KML mode bandwidth variation 

with output power for clockwise direction when the position of (d) output coupler, (e) 

crystal, and (f) M2 is adjusted. The spectrum with maximum bandwidths in the tuning range 

of (g) output coupler, (h) crystal, and (i) M2. Total GDD ≈ 2200 fs2, OC: R 95.5%. Input 

pump power: 710 mW. 

 

Fig. 3-18 KML mode bandwidth variations with the output power by alignment 

adjustments. (a) New Yb:KYW laser with OC of R = 99.4%. (b) Previously built Yb:KYW 

laser with OC of R = 99.5%. 
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Fig. 3-19 (a) Interferometric autocorrelation of the pulse when the output power is 360 mW. 

Hyperbolic secant squared fit pulse duration: 298 fs, bandwidth: 4.6 nm. (b) KML mode 

bandwidths and pulse duration variations with output power by tuning the pump power. The 

bottom green stars represent the corresponding time-bandwidth product. 

 

Fig. 3-20 (a) Spectrum and (b) pulse width measurements by interferometric autocorrelation 

for the newly built Yb:KYW laser. (c) Spectrum and (d) pulse width measurements by 

interferometric autocorrelation for the previously built Yb:KYW laser. Bandwidth limited 

pulse duration: new: 195 fs, old: 226 fs. 

Finally, the pulse width is measured by interferometric autocorrelation (IFAC). As shown in Fig. 

3-19(a), with a hyperbolic secant squared fit and consideration of the coefficient (1.54 for sech2-

pulse), the pulse width of 298 fs is obtained for the KLM mode with a bandwidth of 4.6 nm. By 

increasing the pump power, the measured pulse duration decreases while the bandwidth increases, 

which confirms that the laser does not suffer from multi-pulsing in this range. The time-bandwidth 

product also is very close to the ideal value of 0.315. 
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For achieving a high-resolution ASOPS measurement, both the pulse widths of the probe laser 

and the pump laser play an important role. Therefore, the characterization results for both lasers are 

given in Fig. 3-20. The high bandwidth above 5 nm at the relatively low output power should be 

preferred to avoid multi-pulsing instabilities and acquire a high resolution. By optimizing the new 

laser, a bandwidth of Δλ = 5.9 nm at the central emission wavelength of λ0 = 1047.5 nm is achieved. 

The IFAC measurement shows a pulse width of τ0 = 210.8 fs. For the old Yb:KYW laser, a pulse 

width of τ0 = 280.4 fs  is obtained from the IFAC measurement when its bandwidth is 5.1 nm at the 

central wavelength of  λ0 = 1048.3 nm.  

3.3.3. Pulse repetition rate 

The compact ring resonator enables the Yb:KYW laser to work at a high pulse repetition rate of 

around 1 GHz. A radio-frequency spectrum analyzer with a bandwidth of 13 GHz is employed to 

measure the pulse repetition rate. As shown in Fig. 3-21(a), a fundamental pulse repetition rate at 

1.00025 GHz is obtained. There is only very slight modulation of the high-harmonics amplitude, 

indicating that the laser works in the single-pulse regime. The measured fundamental pulse 

repetition rate of the old Yb:KYW laser is 1.00024  GHz (see Fig. 3-21(b)), whose harmonics show 

negligible modulation. The repetition rate of both lasers are in the operation range of the 

stabilization unit. The offset of them can be stabilized in the range of 1 k – 20 kHz, depending on the 

desired scanning speed.  

 

Fig. 3-21 Pulse repetition rate measurement by a radio frequency spectrum analyzer (13.2 

GHz, Agilent, E4405B) for (a) newly built Yb:KYW laser, pulse repetition rate: 1.00025 

GHz (b) previously built Yb:KYW laser, pulse repetition rate: 1.00024 GHz. 

3.3.4. Long-term stability 

Since the laser is considered as a light source of time-resolved spectroscopy measurements, it is very 

important to achieve a stable laser working at mode-locking mode to support reliable long-time 

measurement. The newly built Yb:KYW laser shows in average a few hours of stable mode-locking 

working status, which is sufficient to conduct fast time-resolved spectroscopy which can already 

reach a very high sensitivity in a few seconds. 

Without man-made disturbances, the pump Yb:KYW oscillator can keep mode-locking for the 

whole day at the most. The power change of the oscillator is recorded within 90 minutes as shown in 

Fig. 3-22. The fluctuation of the output power is related to the change of input pump diode power 

and heating of the Yb:KYW crystal. Although active cooling is not implemented for the crystal, the 

oscillator works in a stable ML regime, which yields a mean power of 258.7 mW with a standard 

deviation of 0.32 mW. 
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Fig. 3-22 Output power measurements of the new mode-locked Yb:KYW laser within 90 

minutes. 

3.3.5. Bi-directional mode-locking behaviour 

Even though CW-ML solid-state lasers usually are uni-directional in the mode-locking operation, 

the newly-built Yb:KYW laser exhibits a surprisingly stable bi-directional mode-locking behavior 

when the position of resonator elements is carefully adjusted. This probably results from the reduced 

competition between the clockwise mode and the counter-clockwise mode in the relative broadband 

active medium. Despite the potential lock-in effect, it is still promising to achieve a stable bi-

directional mode-locking Yb:KYW laser. The lock-in effect [3.38] means that counter-propagating 

waves are strongly phase-coupled so that they keep synchronous. Because once the phase-locking is 

eliminated by (1) alignment control [3.39], or (2) inserting a saturable absorber [3.38], or (3) 

dithering motion [3.38], or (4) implementing external magnetic field to the crystal [3.40], the 

counter-propagating waves from the same Yb:KYW laser can serve as the pump source and the 

probe source for ASOPS measurements without active stabilization. Due to the limited time for 

conducting such experiments, only the simplest way – alignment control is explored to reduce the 

lock-in effect. 

 

Fig. 3-23 Comparison of spectra among the continuous wave mode, the bi-directional ML 

mode, and the uni-directional ML mode. 
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Table 3-2 Comparison of the bi-directional ML mode, the uni-directional ML mode, and the 

CW mode.  

Mode Bi-directional mode-

locking 

Uni-directional mode-

locking 

Continuous wave  

Parameter P
av 

 

[mW] 

λ
0 

  

[nm] 

λ
 
 

[nm] 

P
av 

 

[mW] 

λ
0 

 

[nm] 

λ
 
 

[nm] 

P
av 

 

[mW] 

λ
0 

  

[nm] 

λ
 
 

[nm] 

Beam 1 149 1046.8 3.9 - - - 169 1046.6 2.0 

Beam 2 136 1046.8 3.8 250 1047.3 5.8 134 1046.6 2.0 

3.3.5.1. Spectrum 

When the laser works in the bi-directional ML mode, the spectrum of both counter-propagating 

waves are broadened, although the broadening ratio is less than that of the uni-directional ML mode 

due to weaker SPM effects. The comparison of spectra among the bi-directional ML mode, the uni-

directional ML mode, and the CW mode, is shown in Fig. 3-23 and Table 3-2. The bi-directional 

modes exhibit a very similar spectrum as well as a nearly equal output power, which are good 

indications to achieve a stable and robust bi-directional mode-locking laser. 

3.3.5.2. Pulse repetition rate difference 

Due to the fact that the power and the beam waist of two counter-propagating ML waves are slightly 

different, they experience slightly different nonlinearities when they travel through the Kerr-lens 

medium. Thus the optical lengths of them differ slightly as well, leading to a slight pulse repetition 

rate offset between them. The offset and the roundtrip cavity optical length variation satisfy the 

following relation [3.38]:  

 
∆𝑓R

𝑓R
=

∆𝐿c

𝐿c
, (3-24) 

where ΔfR, fR, ΔLc, and Lc denote the offset, the pulse repetition rate, the cavity optical length 

variation, and the cavity optical length, respectively. Equation (3-24) indicates that only 0.3-µm 

cavity optical length variation is required to achieve a 1 kHz offset for the 1-GHz Yb:KYW laser. 

The cavity optical length difference can be tuned by the alignment adjustment which influences the 

beam size and the power of counter-propagating waves inside the crystal.  

The offset should be monitored during the alignment control. Several ways of offset 

measurements can be applied. Firstly, both beams can be collinearly combined to a slow photo-

detector to get beat signal. Secondly, the signal of sum frequency generation from a nonlinear crystal 

(e.g. BBO) with both beams as the incident fundamental light can be measured. Thirdly, the pulse 

repetition rate of both beams can be measured simultaneously by a high-resolution spectrum 

analyzer, so that their repetition rate difference can be derived. Fourthly, the ASOPS stabilization 

unit which is able to monitor the error signal can be utilized, so that the offset can be derived. In the 

following, the last two approaches will be used to acquire the small offset. 

Concerning the fourth method, due to the fact that the stabilization works at the 10th harmonic 

of pulse repetition rate, small changes of repetition rate are expected to be monitored. Based on the 

measured error signal, the offset can be calculated as follows 

 ∆𝑓R = ∆𝑓set − 0.1∆𝑓error, (3-25) 

where Δfset and Δferror denote the set offset and the error signal (equal the difference between real 

offset and the set offset). 
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Fig. 3-24 Pulse repetition rate difference measurements. The stabilization unit TL-1000-

ASOPS is used to get the error signal. The pulse repetition rate difference measured at 

different ∆fset when (a-1) M2, (b-1) crystal, and (c-1) lens are adjusted. The mean values of 

the pulse repetition rate difference at different displacements of (a-2) M2, (b-2) crystal, and 

(c-2) lens. The measured error signals at different ∆fset when the displacements of (a-3) M2, 

(b-3) crystal, and (c-3) lens equal zero. 

As shown in Fig. 3-24, the offset over the M2 displacement range of 75m, over the crystal 

displacement range of 200 m, and over the lens range of 180 m, is measured respectively. The 

tuning range of laser components are comparable to that of 1-GHz Ti:sapphire laser which has 

achieved approximately 1-kHz offset of bi-directional ML modes via mere alignment control [3.39]. 

Surprisingly, the measured repetition rate offset is only at the level of 10-3 – 10-2 Hz, indicating a 

synchronized repetition rate between the counter-propagating waves. The ineffective reduction of 

lock-in effect can be attributed to the narrower bandwidth of Yb:KYW crystals than that of 

Ti:sapphire lasers. 

In order to verify the result measured by the stabilization unit, a spectrum analyzer (N9340B, 

Agilent) with a resolution of 30 Hz is also used to measure the repetition rate of counter-clockwise 

and clockwise beams. The repetition rate is measured over the M2 range of 75 μm, the crystal range 

of 200 μm, the focusing lens range of 180 μm in 60 minutes. The position of cavity mirror M2 is 

tuned and the pulse repetition rate of both counter-propagating pulses are recorded alternatively 

every other 1 minute by the same photo-receiver. Therefore, in the long-term measurement, the 

repetition rate difference between the two beams can be obtained. As shown in Fig. 3-25(a-1), the 

repetition rate of counter-propagating pulses drift slowly by around 4 kHz in one hour, but they are 

always closely connected. Figure 3-25(b-1) shows that the average repetition rate is a few Hz and the 

maximum difference is around 19 Hz. In the same way, the repetition rate is examined in various 

crystal and focus lens positions as shown in Figs. 3-25(b-1)-(c-2). The mean value and the standard 

deviation over the tunable range are summarized in Fig. 3-26. In general, we can conclude that the 

average repetition rate difference is a few Hz over the wide tuneable range of M2, crystal, and lens. 
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Fig. 3-25 Pulse repetition rate difference measurements. A spectrum analyzer with RBW = 

30 Hz is used to measure the pulse repetition rate of bi-directional mode-locked beam1 

(CCW) and beam2 (CW). Pulse repetition rates of counter-propagating beams within one 

hour at different displacements of (a-1) M2, (b-1) crystal, and (c-1) lens. The corresponding 

pulse repetition rate difference of counter-propagating beams within one hour at different 

displacements of (a-2) M2, (b-2) crystal, and (c-3) lens. 
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Fig. 3-26 The Mean value and the standard deviation of the repetition rate difference over 

the relative tunable displacement range of (a) M2, (b) crystal, and (c) lens. 

 

Fig. 3-27 Comparison of pulse repetition rate differences in the bi-directional ML operation 

and in the uni-directional ML operation. The measurements are conducted at the same cavity 

position: M2: 35 μm, X: 100 μm, lens: 0 μm. (a-1) Pulse repetition rates of counter-

propagating beams within one hours in the bi-directional ML operation. (a-2) The 

corresponding pulse repetition rate difference derived from (a-1). (b-1) Pulse repetition rates 

of counter-propagating beams within two hours in the uni-directional ML operation. (b-2) 

The corresponding pulse repetition rate difference derived from (b-1). 

Finally, the pulse repetition rate differences of counter-propagating pulses of the bi-directional 

ML laser and those of the uni-directional ML laser in two directions are compared as shown in Fig. 

3-27. The direction of uni-directional mode-locking is manipulated only by blocking the cavity beam 

swiftly every other 2 minutes, so the alignment is not influenced and the pulse repetition rate drifting 

happens naturally. The bi-directional mode-locking operation and the uni-directional mode-locking 

operation are realized at the same cavity position. The repetition rate difference of the bi-directional 

ML laser shows a constant feature with a small average value of 1.517 Hz in 1 hour. It shows an 

average value of 3.4 Hz at the first 20 min. The repetition rate difference of the uni-directional ML 

operation shows a linearly increasing feature with a slope of 3.51 Hz/min and an increment of 420.9 
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Hz in 2 hours. An average value of 321.3 Hz at the first 20 min is evaluated for the uni-directional 

mode-locking, which is much higher than the one for bi-directional mode-locking operation. 

Therefore, the result indicates that the cavity element displacement is adequate to induce a repetition 

rate difference up to a few hundreds Hz between the counter-propagating beams. The repetition rate 

difference in the uni-directional mode-locking operation should be induced by asymmetrical Kerr 

nonlinearity. Since the uni-directional mode-locked pulses with alternative direction change do not 

travel through the laser crystal at the same time, the repetition rate difference is not affected by 

coupling. In the case of the bi-directional mode-locking, the phase coupling between counter-

propagating waves is still strong so that the repetition rate difference stays as a constant at the level 

of a few Hz (<1Hz if measured by the stabilization unit), no matter how alignment changes by 

tuning M2, crystal and lens. Intensity inequality could be detrimental to realize a beat signal regime 

between counter-propagating pulses, so efforts have been made to achieve an equal intensity. 

However, the power ratio of two beams varies from 1:1.014 to 1:1.385 and the average ratio is 

1:1.123, which is quite close to 1:1 (see Fig. 3-28). Another reason that could induce phase coupling 

is the scattering light from clockwise pulses into counter-clockwise pulses (or vice versa). This can 

be avoided by keeping crossing pulses away from the scattering surface. In principle, this could be 

realized by alignment control through M2, crystal and lens, since the tuning range is on the scale of a 

few hundreds µm. Therefore, the most possible reason for preventing the lock-in effect is the 

spectral characteristic of the active medium, which is probably not sufficiently broad.  

 

Fig. 3-28 Output power distribution of bi-directional mode-locking when lens, crystal, and 

M2 are adjusted. 

In summary, the strong coupling in the bi-directional mode-locking mode is so far not 

effectively reduced by alignment control. However, the repetition rate difference between two 

counter-propagating pulses is still acquired in the range of a few Hz (< 30 Hz, taking into account 

the resolution bandwidth of the spectrum analyzer). The bi-directional mode-locking feature in our 

laser could be still useful, since the total output power of bi-directional mode-locking generally is 

higher than uni-directional mode-locking power by around 50 mW, without inducing multi-pulsing. 

Lastly, a new method is introduced for measuring low frequency difference by use of offset 

stabilization unit. Other solutions can be tried in the future to reduce the phase coupling between 

counter-propagating pulses, e. g. inserting a saturable absorber in the laser cavity. 
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3.3.5.3. Long-term stability 

It is surprising that our laser is very stable in the bi-directional mode-locking operation for a few 

hours if external disturbances do not interfere. As shown in Fig. 3-29, the counter-clockwise beam 

shows an average power of 135 mW with a standard deviation of 207 w, while the clockwise beam 

shows an average power of 126 mW with a standard deviation of 90 w. Such a stable bi-directional 

KML Yb:KYW exhibits the full potential to be applied in high-speed ASOPS measurements without 

active stabilization, once the repetition rate offset can reach up to 1 kHz. 

 

Fig. 3-29 Comparison of spectra in the continuous wave mode, the bi-directional mode-

locking mode, and the uni-directional mode-locking mode. 

3.4. Conclusions 

In summary, a diode-pumped Kerr-lens mode-locking Yb:KYW laser with a repetition rate of ~1 

GHz is developed. The laser works in the single-pulse regime without Q-switching and multipulsing 

instabilites. A pulse duration of ~210 fs is determined by interferometric autocorrelation, 

corresponding to a bandwidth of ~6 nm at the central wavelength of 1047 nm. In the mode-locking 

regime, the laser exhibits a high optical-to-optical conversion efficiency of ~40% at the maximum 

output power of 275 mW. The mode-locked Yb:KYW laser can remain stable for a long time once 

mode-locked is initiated. The home-built laser is ready to be implemented in the high-resolution 

time-resolved spectroscopy. It is worth mentioning that the laser exhibits a stable bi-directional 

mode-locking behavior due to the reduced competition between counter-propagating pulses. The two 

pulses possess a nearly identical spectrum and an almost equal power. The potential repetition rate 

offset between them is measured by two approaches, yielding a small repetition rate close to zero, 

which can be attributed to the lock-in effect. More attempts to reduce the lock-in effect can be 

implemented in the future. 
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4. Yb:KYW oscillators based ASOPS set-up and 
characterization 

When it comes to capturing fast reaction or fast relaxation processes, a superior time resolution (<1 

ns) is demanded. However, this is far beyond the reach of most electronic detectors. Although the 

streak cameras are able to provide a typical time resolution of 5-10 ps, they suffer from issues such 

as a low sensitivity and a limited dynamic range [4.1]. Fortunately, the emergence of the pump-

probe technique that employs ultrafast pulsed lasers as light sources, overcame the limitation of 

conventional detectors [4.2,4.3,4.4,4.5,4.6]. Due to the fact that in the pump-probe technique the 

time resolution is mainly limited by laser pulse widths, a time resolution in the range of picoseconds 

to femtoseconds can be achieved. For the carrier dynamics in semiconductors such as bulk GaAs 

[4.7], carrier-carrier scattering and momentum relaxation occur in the coherent regime (<200 fs), and 

carrier-lattice interaction to thermalize carriers happens in the nonthermal regime (<2 ps), and 

further cooling of hot carriers by emitting various phonons takes place in the hot carrier regime (~1-

100 ps). As for the multilayer semiconductor saturable absorbers, a typical time for intraband 

thermalization is ~100 fs and interband recombination time is a few nanoseconds [4.8]. Thus such 

ultrafast dynamics which involves intriguing multiple processes falls into the detection capability of 

pump-probe techniques with a time resolution up to tens of femtoseconds [4.9]. 

Unquestionably, the most important component for a pump-probe configuration is the laser 

source. Q-switched lasers are beyond our consideration, because they exhibit a long pulse width on 

the order of 10 ns [4.10]. Passive mode-locked dye lasers were in the early ’80s used in pump-probe 

spectroscopy [4.11], however, dye lasers require inconvenient maintenances due to the liquid active 

medium [4.12], which directly limits their further widespread applications in optical spectroscopy. 

The fast development of Kerr-lens mode-locking techniques [4.13,4.14,4.15] has enabled the 

shortest pulses down to a few femtoseconds, moreover, such type of lasers are robust, easy to 

construct, and highly efficient, compared to dye lasers. Among all types of Kerr-lens mode-locked 

solid-state lasers, Ti:sapphire lasers have been especially prevailing and preferred in most time-

resolved spectroscopy measurements since the early ’90s [4.16]. Ti:sapphire lasers have been 

applied to investigate versatile phenomena  such as chemical reactions, energy transfer in light-

harvesting complexes, charge dynamics in DNA complexes, and phonon dynamics 

[4.17,4.18,4.19,4.20]. However, due to the reason that has been given in Chapter 3, Kerr-lens mode-

locked Yb:KYW lasers raise interest for serving as light sources in pump-probe spectroscopy 

compared to the commonly used Ti:sapphire lasers.               

For accomplishing a pump-probe experiment, whether the pump pulse and the probe pulse are 

delivered from the same laser source or two laser sources, leads to a major difference in terms of the 

detection accuracy. The conventional set-up usually employs one laser source to provide the pump 

pulse and the probe pulse, whose time interval is manipulated by a mechanical delay line driven by 

stepper motors or rotating mirrors in the path of pump or probe pulses. This limits the scan speed 

well below 1 kHz [4.21,4.22]. Due to the fact that technical noises in the range up to 1 kHz can be 

present in the signal if the measurement is slow [4.23]. Noise issues raise at low scanning speed, 

leading to a typical detection level at 10-3-10-4 [4.1]. The experimental implementation of two-laser 

based pump-probe spectroscopy was already reported in ’70s [4.24]. In this setup, two mode-locked 

optically coupled dye lasers with 7-ps pulse-widths were used to measure the decay time of several 
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organic dyes. However, the term asynchronous optical sampling (ASOPS) for describing this kind of 

technique was only proposed a decade later by Elzinga et al. [4.25]. In their research, a mode-locked 

frequency-doubled Nd:YAG laser and a dye laser with a beat frequency of 10 kHz at a repetition rate 

of ~80 MHz served as the pump laser and the probe laser, respectively, which were used to 

determine the lifetime of rhodamine B.  It is noticeable that in this case the scan speed can be 

flexibly exceed 1 kHz limitation by mechanical parts and work on the level of tens of kHz, which is 

the essential reason why ASOPS techniques are attractive to us. Due to more and more sophisticated 

techniques and inherent merits, Ti:sapphire lasers rapidly replaced the cumbersome dye lasers to 

undertake most ASOPS investigations [4.26,4.27,4.28]. In high-speed ASOPS measurements, the 

detection can be realized at the level of 10-6-10-7 (in terms of relative transmission or reflectivity 

changes) [4.23], which represents a few order improvement compared to that in the conventional 

pump-probe spectroscopy. 

Although Ti:sapphire lasers are still the workhorse in high-speed ASOPS spectroscopy, 

Yb:KYW lasers based ASOPS configurations have shown their feasibilities and promising 

prospects. In the year 2011,2014 and 2015, a pair of Yb:KYW lasers with slight repetition rate offset 

(≤ 500 Hz) at the repetition rate of ~94 MHz, ~48 MHz, ~50 MHz, respectively, were reported to be 

applied to opto-acoustic imaging or dual-comb spectroscopy [4.29,4.30,4.31]. The reduced sub-kHz 

scanning speed is a consequence of the tradeoff of improved time resolution for a repetition rate of fR 

< 1 GHz [4.32], which is why we have interest to build GHz Yb:KYW lasers to permit a 

simultaneous a high scanning rate and a relative high time resolution in ASOPS measurements. In 

addition, 1-ns time window is already enough for the fast phonon dynamics that occurs in the regime 

of picoseconds, a longer time window is not necessary and could accumulate more noise.  

In the following, a 1-GHz Yb:KYW oscillators based ASOPS set-up will be shown  and the 

system will be characterized for the preparation of subsequent investigations of picosecond coherent 

acoustic phonons in various materials.  

  

Fig. 4-1 Schematic of Yb:KYW oscillators based ASOPS system. PD1 and PD1: 

photodetectors with 12.5-GHz bandwidth (ET-3500, Electro-optics, Soliton). PD3: 

photodetector with a bandwidth of 130-MHz (PR130, Laser Quantum). PD4: photodetector 

with a bandwidth of 125MHz (1811 FS-AC, NewPort). HWP: half wave plate. PBS: 

polarizing beam splitter. [Reprinted] with permission from [4.33] © SPIE Press.  
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4.1. Yb:KYW ASOPS setup 

Pump and probe oscillators 

In the constructed high-speed ASOPS system, both the pump source and the probe source are 

Yb:KYW oscillators, as illustrated in Fig. 4-1. The following results has been published in [4.34] 

and the text is a bit adaped. The two oscillators are pumped by fiber-Bragg-grating stabilized single-

mode fiber-coupled diodes emitting at the central wavelength of 980 nm. The pump diodes can 

provide a maximum operation power of ~750 mW. The two oscillators which are built based on the 

same four-mirror bow-tie ring structure and mode-locked by pure Kerr-lens effect of Yb:KYW 

crystal (1-mm thickness, 10 at. % concentration), exhibit very similar characteristics in terms of the 

central wavelength, the bandwidth, the pulse duration, and especially the pulse repetition rate. The 

detailed description of oscillator components can be found in Chapter 3. The similar pulse repletion 

rate at ~1 GHz of the pump and the probe oscillators means that there is a small offset at the level of 

kHz which enables the time-delay scanning without the involvement of mechanical parts and 

permits a high scanning speed in ASOPS measurements. Both oscillators work at the central 

wavelength of ~1050 nm and deliver femtosecond pulses with  a pulse duration of ~210 fs for the 

pump oscillator and 280 fs for the prober oscillator (characterized by interferometric 

autocorrelation). The measured bandwidth is 5.9 nm for the oscillator laser and 5.1 nm for the probe 

oscillator. The bandwidth and pulse duration of oscillators during the implementation of 

measurements in Chapters 5 and 6, have slight variations compared to those values presented here. 

However, the bandwidth always keeps above 5 nm through alignment adjustment of laser resonators, 

so that the pulse duration of both oscillators never exceeds 300 fs.    

Offset stabilization 

In order to accomplish ASOPS measurements, the pulse repetition rate offset between the pump 

oscillator and the probe oscillator is required to be stabilized. The stabilization unit (TL-1000-

ASOPS, Laser Quantum GmbH) is employed to lock the offset. The detailed working principle of 

the stabilization unit can be found in [4.35]. A small amount of the pump light and the probe light is 

split by pellicles from the laser output and is delivered to 12.5-GHz photodetectors. The detected 

signals are connected with the stabilization unit which generates an error signal proportional to the 

phase between the outputs of two bandpass-filters inside the unit (one is at 10 × f + f/2, another one 

is at 10 × (f + Δf) + f/2 - (10 × Δfset)). The error signal is amplified by a high voltage amplifier to 

manipulate piezoelectric transducers attached to the mirror M3 and the output coupler in the pump 

resonator, so that the pulse repetition rate of the pump laser can be controlled. When Δf  = Δfset, the 

laser offset is phase-coherently locked. The stabilization unit works at the 10th harmonic of the 

repetition rate, thus a higher feedback loop sensitivity can be realized compared to the one at the 

fundamental repetition rate. 

Trigger setup  

The following results has been published in [4.34] and the text is bit adapted. Due to the fact that the 

trigger signal generated by two photon absorption (TPA) consumes too much power [4.36], the 

trigger signal is provided by sum frequency generation (SFG) to preserve more power for 

measurements in the set-up. Based on the calculation, to generate SFG signal, the thickness of a 

BBO crystal limited by group velocity mismatching is 1.64 mm, assuming an incident pulse duration 

of 200 fs at the wavelength of 1050 nm. A 1-mm type I BBO crystal is finally used to generate the 

green (525 nm) SFG signal by taking into account mainly the conversion efficiency. Approximate 

50-mW light from each laser is delivered to the BBO crystal by passing through a half wave plate 

(HWP), a polarizing beam splitter (PBS), and a focusing lens. A long focal-length of 100 mm is 

chosen to achieve better overlap of two fundamental beams, thus a high conversion efficiency can be 

realized. The generated SFG signal is then sent to an AC-coupled 130-MHz high-speed 

photodetector (PR130, Laser Quantum) after a shortpass filter. The detected signal is finally 
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delivered to trigger data acquisition. When the pulse repetition rate offset is set to 5 kHz and locked 

by the stabilization unit, the trigger signal obtained by using 50-mW fundamental power of each 

beam is displayed in Fig. 4-2, which indicates that the incident fundamental power of 50 mW is 

already sufficient to generate a trigger signal with a amplitude of 0.3 V, that is to say, approximate 

200 mW power of the pump light is available for the measurement. Too much incident fundamental 

power leads to photodector saturation with a fast oscillating tail. The generated SFG signal by a 

lower incident fundamental power of 10 mW still enables to trigger the measurement once the 

trigger-setup is optimized. 

 

Fig. 4-2 Trigger signals measured by a 130-MHz photodetector (Laser Quantum, PR130), 

input fundamental power: 2 × 50 mW. 

Measurement setup 

The following results has been published in [4.34] and the text is a bit adapted. Most portions of the 

pump light and the probe light are delivered to the measurement branch. After passing through a 

HWP, a PBS, and a focusing lens with a focal length of 30 mm, the pump light is incident on the 

sample in the normal direction with respect to the sample, while the probe light is focused on the 

sample by a lens with a focal length of 50 mm at the incident angle of ~30°. The pump light and the 

probe light are overlapped on the sample with a spot size of ~50 µm. The reflected or the transmitted 

probe light is received by a 125-MHz AC-coupled photodetector (FS-1811, NewFocus) and the 

detected signal is subsequently sent to a 100-MHz A/D converter. 

4.2. Characterization 

For time-resolved pump-probe spectroscopy, temporal resolution and detection sensitivity are two 

key factors that determine its ability to explore ultrafast dynamics. Thus, it is necessary to 

characterize the Yb:KYW ASOPS system before any measurements are conducted. The results in 

Section 4.2 has been published in [4.34] and the text is a bit adapted. 

4.2.1. Temporal resolution 

To measure the temporal resolution of the Yb:KYW ASOPS system, a TPA cross-correlation signal 

is utilized. A 200-µm GaP crystal is placed at the position of the sample in Fig. 4-1 to generate a 

TPA cross-correlation signal which is the convolution of the pump pulse and the probe pulse. The 

offset is set to 5 kHz. In order to consider the impact on pulse width from timing jitter, a retro-

reflector structure is inserted in one branch of trigger set-up to control the delay of TPA signal 

within 1-ns time window. The retro-reflector is mounted on a variable translation stage. When the 

time delay of the TPA signal peak is close to zero, a hyperbolic secant squared fit to the cross-
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correlation signal exhibits a pulse width of 405 fs (see Fig. 4-3), corresponding to 263 fs after 

deconvolution, which indicates that laser pulse duration limits the temporal resolution. By tuning the 

translation stage, the TPA cross-correlation signal is measured over 1-ns time window in steps of 

~67 ps, as shown in Fig. 4-4(a). The corresponding pulse duration can be seen in Fig. 4-4(b). The 

TPA pulse experiences a broadening by 100 fs, leading to a ~500 fs temporal resolution in the end. 

The broadening effect can be attributed to timing jitter between the two oscillators. For comparison, 

the pulse duration of convoluted probe pulse and probe pulse is calculated, producing a value of 380 

fs based on the laser pulse measured by interferometric auto-correlation, which is in agreement with 

the measured temporal resolution close to zero time delay. Due to the fact that different group delay 

dispersion is introduced in the auto-correlation and in the TPA cross-correlation measurements, the 

measured temporal resolution deviates slightly from the calculation. In order to improve the 

temporal resolution, we can, firstly, reduce the timing jitter by stabilizing the probe laser such as 

locking it to a reference optical source, secondly, compensate group delay dispersion to realize 

bandwidth-limited laser pulse duration. Once the above condition is fulfilled, a temporal resolution 

of 325 fs can be expected in the Yb:KYW ASOPS system.  

 

Fig. 4-3 TPA cross-correlation signal when time delay is close to zero. [Adapted] with 

permission from [4.34] © The Optical Society. 

 

Fig. 4-4 (a) TPA signals within 1 ns time window. (b) Temporal resolution obtained from 

TPA signals. [Adapted] with permission from [4.34] © The Optical Society. 

4.2.2. Detection sensitivity 

Apart from temporal resolution, detection sensitivity also plays an important role in the ASOPS 

system performance, thus the noise floor is required to be measured. In the noise measurement 

configuration, the reflected probe light is received by a 125-MHz photodetector with a cut-off 

frequency of 25 kHz, which means the detection band is from 25 kHz to 100 MHz by taking into 

account the bandwidth of the A/D converter. The power of the incident probe light is 4.5 mW and 

the power of the incident pump light is zero. The pulse repetition rate offset is set to 5 kHz.  The 
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noise floor is calculated based on the standard deviation of noise time traces at a given number of 

averages N. By increasing the number of averages, the noise floor is obtained as shown in Fig. 4-

5(a). It shows that the noise floor is very close to the shot noise, which can be explained by the high 

scanning speed (>1 kHz) that prevents low frequency technical noise from being present in the 

ASOPS measurement results. The noise floor is reduced by a factor of N-1/2 with the increased 

number of averages. A noise floor of 10-6 can be already achieved in a few seconds (N ≈ 104). Since 

the laser has a good long-term stability, more number of averages can be simply applied to further 

reduce the noise floor. In the later measurements in Chapter 5, it turns out that the system is even 

able to detect a signal at the level of 10-8, owing to the extremely low noise floor. The noise power 

spectral density at N = 1, 1000, 5 × 106 is shown in Fig. 4-5(b). In the detection range of 25 kHz – 

100 MHz, no evident frequency spikes are present, which can be attributed to the low-pass filter 

effect of Yb:KYW crystal with a long upper-state lifetime of ~0.3ms. Moreover, pump-induced 

noise is not found in the presented spectrum. To sum up, the Yb:KYW ASOPS measurements can be 

conducted at the level of 10-6 (ΔR/R) in a few seconds and at even higher level by applying more 

averages.  The detection is only limited by shot-noise. 

 

Fig. 4-5 (a) Noise floor with the increasing number of averages of time traces. (b) Power 

spectral density at N = 1, 1000, 5106. [Adapted] with permission from [4.34] © The Optical 

Society. 

4.3. Conclusions 

In summary, a GHz Yb:KYW lasers based asynchronous optical sampling  system is proposed. A 

pair of Yb:KYW lasers that exhibits slight repetition rate offset at a few kilohertz, serves as the  

pump source and the probe source. As a consequence, such a system reaches a temporal resolution 

of ~500 fs mainly limited by the laser pulse duration. The increment caused by timing jitter in a 1-ns 

window is 100 fs. The system is able to detect at a level very close to shot noise due to the high 

scanning speed. A noise floor can be reduced down to 10-6 (ΔR/R) only in a few seconds. No 

significant noise components are found in the spectrum in the range of 25 kHz-100 MHz.  Thus the 

system is ready and well suited for the investigation of ultrafast dynamics.  



 

50 

 

 

5. Coherent acoustic phonons in multi-quantum-well 
SESAMs and thin films 

Picosecond laser ultrasonic methods have established their intimate ties with exploring the 

fundamental physical properties in solid media and have shown their ongoing progress in both 

techniques and science discoveries [5.1,5.2,5.3,5.4,5.5]. In the widely used femtosecond pump-probe 

technique, the incident ultrashort pump laser pulse induces a stress wave in solids either by 

transferring energy directly from light fields or through photo-excited carriers toward acoustic 

phonons which usually exhibit a frequency ranging from 10 GHz to 1 THz. The launched 

picosecond coherent acoustic waves subsequently propagate in the media, thus provide a way to 

inspect solids with nanometer spatial resolution. A second ultrashort laser pulse is sent to monitor 

the time-dependent change induced by the presence of coherent acoustic phonons (CAPs). In 

picoseconds laser ultrasonics, the basic excitation and generation principles are of great interest 

since they reveal the nature in light-matter interaction through microscopic processes e.g. electron-

phonon coupling, phonon-phonon coupling. Depending on the incident light properties such as 

wavelengths and intensities, as well as on the material and structure of the targeting solid media, the 

excitation and the detection mechanisms can be rather diverse. In terms of the solid nanostructures, 

due to the fast development of growth techniques such as molecular beam epitaxy (MBE) and metal-

organic chemical vapor deposition (MOCVD), and many other advanced techniques, the artificial 

planar periodic nanostructrues such as semiconductor superlattices (SLs) [5.6] and multiple quantum 

wells (MQWs) [5.7], and even lower dimensional structures including quantum wires [5.8] and 

quantum dots [5.9], can be fabricated. They open a way to fascinating semiconductor physics, due to 

the modified electronic and vibrational properties stemming from their low dimensions and 

symmetries [5.10]. Nonetheless, some planar periodic structures are especially attractive in the scope 

of our CAP investigations, i.e. semiconductor saturable absorber mirrors (SESAMs) and thin films.   

Semiconductor saturable absorber mirrors 

As indicated by the terminology, SESAMs are widely employed as saturable absorber elements to 

introduce intensity-dependent loss in mode-locking lasers [5.11,5.12,5.13]. A SESAM structure 

mainly consists of a distributed Bragg reflector (DBR) and a saturable absorber which can be a bulk 

semiconductor, a (multiple) quantum well layer(s), or a layer containing quantum dots [5.14]. The 

saturable absorber causes more loss at lower input power thus enables higher reflectivity at higher 

input power, which is essentially caused by the bleaching of fundamental states and still occupied 

upper state of quantum wells (QWs) at a strong pump power. On the one hand, a static nonlinear 

reflectivity as a function of incident pulse fluence can be characterized by a single pulsed laser 

[5.14], which reveals important properties such as modulation depth, saturation fluence, 

nonsaturable loss, and possible roll-over induced by inverse saturation absorption. On the other hand, 

a dynamic reflectivity change as a function of time delay is able to reveal other key properties such 

as fast intraband thermalization time and slow electron-hole recombination time, and superimposed 

phonon dynamics. A fast recovery time is very crucial for sub-picosecond pulse formation in mode-

locking lasers while relatively slow recovery time compared to that of a Kerr-lens media (where the 

recovery response is instantaneous) also permits a reliable self-starting mode-locking process, thus 

recovery time characterization through techniques such as pump-probe spectroscopy and recovery 

time optimization are highly required. Moreover, exploring carrier dynamics and phonon dynamics 
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in the process of intraband relexation, interband decay, and defect trapping is rather interesting in 

such devices, which not only helps to gain deep understanding on the fundamental physics in 

complex materials and systems, but also promotes engineering applications [5.15,5.16]. Due to the 

strong absorption of ~1 µm light in III-V QWs, Yb:KYW lasers are well suited for the direct 

excitation of CAPs in QWs mainly through deformation potential or piezoelectric screening in 

piezoelectric materials [5.7,5.17,5.18]. Folded longitudinal CAPs in the DBR consisting of 

GaAs/AlAs pairs in a SESAM structure with different Bragg-mirror annealing temperatures have 

been observed by a Ti:sapphire lasers based ASOPS system [5.19]. However, the current 

investigations of CAPs in SESAM structures are not as common as in MQWs or SLs, thus a deeper 

and extensive exploration of CAPs in MQW-SESAM structures is still demanded. Due to the 

dissimilar constituent materials consisting of imbedded QWs and the DBR as well as periodic 

structures, the excitation and detection of phonons in SESAM structures can be rather complicated. 

Especially, when the light properties change (wavelength, intensity, phase), the resulted CAPs can 

be modified in a complex manner, for example, by dominating excitation origins, spatial 

decoupling/coupling of excitation and excitation, interplay of different modes. Another interesting 

aspect is the effect of growth properties as well as post-growth procedures. The techniques for 

reducing recovery time have drawn much attention, for example, low-temperature growth [5.20], 

heavy-ion implantations [5.21], surface or interface defects [5.22]. However, the effects on the laser-

induced CAPs have not thoroughly explored. The third interesting aspect is the influence of the 

electric field intensity distribution. Since the electric field is optimized in the saturable absorber 

regions at the targeted stop-band wavelength, not only carrier dynamics but also CAPs can be 

significantly affected. 

Hence, CAPs in MQW-SESAM structures with various growth temperatures and different N-ion 

irradiation, as well as modified MQW structures, will be studied by one or several of the 525 

nm/800nm/1050nm ASOPS systems. The acoustic variations induced by the pump light and the 

probe light properties such as the incident power, the wavelength, and the modulation introduced by 

additional dispersive media, will be also discussed.  

Thin films 

Owing to ultrasonic echo methods, thin films have become convenient tools to measure attenuation, 

sound velocity, and elastic moduli [5.23]. The attenuation could arise from phonon-phonon 

scattering, interface or surface roughness, absorption, as well as diffraction, coupling loss. In a two-

layer thin film system such as Al/Si, the interface adhesion becomes influencial to the decay time of 

a sub-THz acoustic pulse lauched by a laser pulse [5.24]. The damping time can be evidently 

increased when a self-assembled molecular layer is introduced between thin gold film (Au) and the 

silicon substrate, indicating reduced mechanical contact between Au layer and Si layer [5.25]. Hence, 

the picosecond phonon measurements are very sensitive to the interfacial layer. The acoustic phonon 

pulse amplitude is also dependent on the thickness of the thin film due to interference in Au/Si and 

GaP/Si systems [5.25,5.26]. Ultrasonics in other materials such as Sb2S3 photovoltaic thin films and 

SrTiO3 ferroelectrics further enriches the possibilities for thin film to get access to the efficiency of 

photovoltaic material and ferroelectric properties [5.27,5.28]. Nonetheless, we will confine our 

following investigations on double-layered Al/Si thin films and proceed with only primitive analysis 

on the limited aspects such as structure inspection, thinkness influence, and damping.  For a better 

understanding, the results proformed in Yb:KYW ASOPS system are compared with those acquired 

in Ti:sapphire ASOPS system.  

MBZ modes in light-transparent media 

In semiconductor media, when the laser light is absorbed, due to electron-hole excitation via inter-

band light absorption, CAPs are excited mainly via the deformation potential interaction or the 

inverse piezoelectric effect [5.1,5.29]. The thermo-elastic effect probably dominates in CAP 
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excitation in semiconductors through energy transfer from excited hot electrons to phonons, when 

the deformation potential mechanism is suppressed by the process of ultrafast electron-hole 

recombination as in amorphous semiconductors [5.29]. When the light absorption is absent, CAP 

excitation can be attributed to electrostriction enabled by the optical electric field in the media 

[5.29]. In light absorbing periodic media, folded longitudinal CAPs have been widely reported 

[5.30,5.31]. In cavity optomechanical semiconductor devices, CAPs have also been excited near the 

absorption region [5.32,5.33]. However, the occurance of those CAP is caused by deformation 

potential interactions rather than electrostriction. Acoustic phonon excitation via electrostriction 

indeed takes place in ferroelectric materials and liquids [5.34,5.35]. Nonetheless, experimental CAP 

observations through electrostriction mechanism have not been reported in transparent 

semiconductor heterostructures and SLs, where both mini-Brillouin-zone (MBZ) center modes and 

MBZ-edge modes are present. Due to a much larger period introduced by artificial periodic structure 

than the lattice constant of bulk materials, the original Brillouin zone is folded into a MBZ with a 

new boundary at k = /dSL, where k denotes the wavevector and dSL denotes the SL period. The 

folding process enables multiple high frequency modes to appear at and near the MBZ-zone center. 

Based on wavevector conservation selection rule [5.36], only the folded modes with wavevectors 0 

≤ k ≤ 2qprobe, where qprobe denotes the wavevector of the probe light in the SL, can be active in 

optical spectroscopy. When the wavevector 2qprobe is beyond MBZ edge, Umklapp processes are 

required to detect modes with a wavevecotr of k = |2qprobe - 2mπ/dSL|, where m is an integer [5.37]. 

Because the wavevector conservation rule cannot be satisfied at k = kmax = /dSL, MBZ-edge modes 

usually cannot be observed in optical spectroscopy. 

However, for some reason, MBZ-edge modes have been observed in a few structures 

[5.38,5.39,5.40,5.41]. Firstly, in quantum cascade laser structures consisting of SL formed by a 

doped and non-doped GaAs and AlGaAs layers with a thickness ranging from several nm to around 

35 nm, edge modes were observed, which is explained by a symmetry breakdown and the effects of 

partial doping of constituting layers [5.38]. Secondly, edge modes were observed in an n+-

GaAs/AlAs SL at low temperature and free-carriers in the SL were considered to resitute momentum 

conservation through photon-phonon scattering [5.39]. The electrons confined in QWs can absorb a 

momentum that is less than kmax  /LQW, where LQW denotes the thickness of the QW. Thus, the 

excess momentum k - 2qprobe in the backward scattering of probe light can be absorbed if |/dSL - 

2qprobe| ≤ /LQW. Thirdly, in stationary or frequency-domain Raman experiments on thermal 

phonons, the observations of MBZ-edge phonons are attributed to disorder-induced qz-non-

conserving scattering which can be induced by interface roughness and interface defects in 

GaAs/AlAs superlattices [5.40,5.41]  Finally, in KTaO3 and TiO2 crystals, Brillouin zone edge 

phonons are observed in coherent anti-Stokes Raman scattering (CARS) spectroscopy where crossed 

two near-infrared laser lights coherently and resonantly induce those modes [5.42,5.43,5.44,5.45]. 

This observation is supported the hypothesis that X-point phonons are folded onto the -point due to 

grating formation by coherent phonons.         

In our MQW-SESAM structure, when ASOPS measurements are performed at ~1050 nm for 

both the pump light and the probe light, the MQW is the light-absorbing region while the DBR is 

transparent for the incident light. The light can be strongly reflected back by the DBR. Due to the 

high detection sensitivity of our pump-probe system, we have observed not only very pronounced 

CAPs excited in the MQW region through light absorption but also much weaker folded acoustic 

phonon contributions potentially stemming from DBR for some reason. The experimental details 

and the interpretation will be discussed later. 

Overview of Chapter 5 

In this chapter, the coherent acoustic phonons in a SESAM with In0.27Ga0.73As MQWs named sample 

A will be investigated in Section 5.1. Firstly, both the MQWs regime related to the broadband 

acoustic frequency combs and the DBR regime related to MBZ-zone and –center modes will be 
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discussed in Section 5.1.1. The complexity of structure-related phonon spectrum will be also 

described in Section 5.1.1.4. Coherent acoustic phonons generated in samples named A, B and C 

with similar structures grown at different temperatures will be compared in Section 5.1.1.5. 

Secondly, for comparison, coherent acoustic phonons in two In0.27Ga0.73As MQW samples without 

DBR will be discussed in Section 5.1.2. The measurements were conducted in both reflection and 

transmission configurations. Thirdly, the influence of pump power, the probe power and the probe 

wavelength shift on the measurements of sample A will be discussed in Section 5.1.3. Fourthly, the 

acoustic wave change induced by a prism in the pump path will be discussed in Section 5.1.4. 

Lastly, the results of two-color measurements on sample A, based on the second harmonic 

generation of the Yb:KYW probe laser and the fundamental light of the Yb:KYW pump laser, will 

be given in Section 5.1.5. 

 In Section 5.2, the coherent acoustic phonons in SESAMs with four In0.3Ga0.7As QWs named 

sample D, E and F will be investigated. The measurements on the samples with different N-

irradiated QW number, based on two Yb:KYW lasers, will be compared in Section 5.2.1. Two-color 

measurements based on a Ti:sapphire laser and a Yb:KYW laser on samples E and F will be given in 

Section 5.2.2. 

In Section 5.3, the measurements on aluminum/silicon membrane with different thickness will be 

given. The results obtained by Yb:KYW laser based ASOPS will be compared with those obtained 

by Ti:sapphire laser based ASOPS which were reported in [5.46]. 

The initial proof-of-concept results on the sample A for ASOPS system was published in [5.47]. 

The results in Sections 5.1.1.1, 5.1.1.2, 5.1.1.3, 5.1.1.4 and the introduction of MBZ modes in light-

transparent media have been published in [5.48] and the text is a bit adapted. Figures. 5-1–5-8 and 

Tables 5-1–5-4 are reprinted with permission from [5.48] ©MDPI. The results in Sections 5.1.1.5 

and 5.3 have been published in [5.49] and the text is a bit adapted.  

5.1. Measurements on SESAMs with In0.27Ga0.73As MQWs 

5.1.1. In0.27Ga0.73As multi-quantum-well structure with DBR 

5.1.1.1. Sample structures 

 

Fig. 5-1 The schematic structure of sample A. The beige-colored areas denote GaAs 

layers. The violet areas denote In0.27Ga0.73As QW layers while the green areas denote 

Al0.95Ga0.05As layers. Optical pump and probe pulses are incident from the left side of the 

sample. 

The schematic structure of the sample that raises our main interest is shown in Fig. 5-1. For 

exploring phonon dynamics, this sample named sample A is under investigation by Yb:KYW laser 

based high-speed ASOPS in Section 5.1.1. As a SESAM structure, sample A consists of a GaAs cap 

layer, a saturable absorber composed of nine In0.27Ga0.73As QWs separated by GaAs barriers, and a 

DBR composed of 23 pairs of GaAs/ Al0.95Ga0.05As. The sample is grown on GaAs substrate along 

the (100) direction. In the MQW region, there are three equally spaced triple-QW stacks by 112-nm 

GaAs layers. Each triple-QW stack consists of alternative 7-nm In0.27Ga0.73As layer and 6-nm GaAs 
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layer. The cap layer has a thickness of 55-nm, which is roughly half of the GaAs spacing between 

neighboring triple-QW stacks. The MQW region and the DBR region are separated by a 9.6-nm 

GaAs layer and a 68.7-nm Al0.95Ga0.05As layer.  

The ASOPS set-up shown in Chapter 4 is employed to measure this sample. The pump and 

probe lasers were characterized in Chapter 3. The main parameters of the two lasers are summarized 

in Table 5-1. Both pump and probe lasers emit light at a central wavelength of ~1050 nm with a 

pulse width of 210 fs and 280 fs, respectively. Both lasers work at a pulse repetition rate of 1 GHz 

with an offset of 5 kHz stabilized by an electronic stabilization device. The pump light with 100-

mW power and the probe light with 4.5-mW power are incident on the air/cap layer surface of the 

sample at a normal angle and an angle of ~30°, respectively. The reflected probe light is received by 

a 125-MHz photodetector and the detected signal is subsequently sent to an A/D converter for data 

acquisition. In the time-resolved spectroscopy, the photo-induced reflectivity change of the sample is 

recorded as a function of time delay between the pump pulse and the probe pulse. All experiments 

are conducted in room temperature. In Table 5-2, the reflectivity, the extinction coefficient, the 

energy gap, the acoustic velocity, and the density of constituent materials of sample A are listed. By 

checking the photon energy and the energy gap in Table 5-1 and Table 5-2, it is easy to find out that, 

the pump light and the probe light can be only absorbed in the QWs because the photon energy of 

~1.18 eV is above the bandgap of In0.27Ga0.73As while much lower than the bandgap of GaAs and 

Al0.95Ga0.05As. Based on the calculation by nextnano GmbH, for the strained QW, the absorption 

edge is shifted to higher energies with respect to the bulk bandgap due to the quantization energies 

of electrons and holes by ~ 0.125 eV with a small reduction of a few meV through excitonic effects. 

However, the QW bandgap of 1.177 eV is still slightly below the photon energy. Whether the pump 

and the probe light are absorbed in the MQW region or the DBR region strongly affects acoustic 

excitation and detection, which will be discussed in detail in the following subsections.    

Table 5-1 Parameters of pump and probe Yb:KYW lasers. 

Laser Central 

wavelength 

λ
0 
[nm] 

Bandwidth 

Δλ [nm]/ ΔE 

[meV] 

Pulse 

width Δτ 

[fs] 

Output 

power 

P [mW] 

Repetition rate 

frep 

 

Photon 

Energy 

Ep [eV] 

Pump laser 1047.5 5.1/6 210 260 1 GHz + 5 kHz 1.184 

Probe laser 1048.3 5.9/7 280 310 1 GHz 1.183 

Table 5-2 Properties of sample A at a wavelength of λ = 1048.3 nm. 

Material Refractive 

index 

n 

Extinction 

coefficient 

K 

Energy gap 

Eg [eV] 

Acoustic 

velocity v 

[m/s] 

Density 

 [g/cm
3
] 

GaAs 3.48 [5.50] 0 

( = 7.4×10
-3 cm

-1
 ) 

[5.50] 

1.424 [5.51] 4730 [5.51] 5.317 [5.52] 

In
0.27

Ga
0.73

As 3.60 

[5.53,5.54] 

0.028  

( = 3.4×10
3
 cm

-1
 ) 

[5.55] 

1.052 [5.56] 

(1.177 

quantization) 

4487 [5.57] 5.410 [5.57] 

Al
0.95

Ga
0.05

As 2.98 [5.58] 0 [5.59] 2.148 [5.50] 5592 [5.60] 3.838 [5.60] 

DBR 

(GaAs/Al
0.95

Ga
0.05

As) 

3.22 [5.10]   5160 [5.10]  

QW-heterostructures 

(GaAs/In
0.27

Ga
0.73

As) 

3.54 [5.10]   4596 [5.10]  
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It is necessary to point out that the experimental acoustic signals in this chapter are numerically 

processed in order to improve the visibility of small signals. A moving average method is used to 

remove the thermal and electronic background (∆R/R ~ 10-4), so that the superimposed acoustic 

signal with an amplitude of ∆R/R ~ 10-7 can be seen. The acoustic extraction procedure is adjusted to 

adapt to different frequency regimes for the visibility purpose, without introducing artifacts in the 

acoustic phonon spectrum. 

5.1.1.2. Broadband acoustic phonon frequency combs 

Generation and detection mechanism 

As explained in Section 5.1.1.1, due to the fact that the photon energy of the pump light is above the 

bandgap of QW while below the bandgap of other materials in sample A, the pump light is only 

absorbed in the QW layers. Thus, the photo-excited stress waves could in principle originate from 

three mechanisms, namely, the inverse piezoelectric effect, the thermo-elastic effect and the 

deformation potential. The induced stress can be expressed in the following form  

(z,t) = PE(z,t) + TE(z,t) + DP(z,t). (5-1) 

If the contribution amount from each mechanism is preliminarily evaluated, the form can be 

simplified. Firstly, the inverse piezoelectric effect does not play an important role in the tested 

sample, because the [100] growth direction in this sample is not piezo-electric. The large built-in 

electric fields can be only present if the semiconductor heterostructure is grown in a high index 

piezo-electrically active direction, for example, in the [111] direction [5.61]. Secondly, the thermo-

elastic effect usually dominates in metals rather than semiconductor structures. In semiconductor 

structures, the thermo-elastic effect is much weaker than the deformation potential effect, especially 

in the semiconductors whose bandgap is comparable to the photon energy of the pump light [5.62]. 

Therefore, considering the negligible contribution from the thermo-elastic effect and the inverse 

piezoelectric effect, the light-absorption induced stress in sample A can be simply represented by the 

stress induced by the deformation potential effect, which can be expressed as  

DP(z,t) = -dehN(z,t), (5-2) 

where deh denotes the electron-hole phonon deformation potential parameter and N(z,t) denotes the 

photo-excited carrier concentration [5.29]. In sample A, the absorbed photon energy of the pump 

light is only a few meV above the bandgap of QWs, which matches the prerequisite of Eq. (5-2). 

Thus, the excitation of coherent acoustic phonons highly relies on the concentration of photo-excited 

electrons and holes in the bottom of the conduction band and in the top of the valence band. In a 

reflection configuration, the reflected probe light monitors phonon waves through optical reflectivity 

change (∆R/R). The optical reflectivity change can be attributed to two factors – the photoelastic 

effect and the interferometric effect. The former one refers to the effect that the presence of the 

phonon field induces the refractive index variations of the sample materials. Due to the fact that the 

probe light is absorbed in the QW layers, the detection of acoustic waves takes place in the QWs via 

photoelastic effect. The latter one refers to the effect that the presence of coherent acoustic phonons 

causes a displacement of surface and interface of the multilayer structures. This effect can participate 

in the detection of acoustic waves in sample A as well. The further explanation of excitation and 

detection mechanisms in light-absorbing semiconductors can be found in Chapter 2. In the following 

part, the experimental observations of coherent acoustic phonons in sample A will be given. 

   

Overview of experimental results 

In the main panel of Fig. 5-2(a), a decaying acoustic wave-packet sequence is shown. The strikingly 

high signal-to-noise ratio can be attributed to two factors. Firstly, the designed SESAM structure 

enables the peak of electric field to locate at the imbedded saturable absorber – roughly at each QW-
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stack given the central optical wavelength of ~1030 nm, which leads to efficient light absorption 

thus efficient generation and detection of acoustic waves in the QW areas. Secondly, the noise floor 

of the high-speed ASOPS set-up is close to the shot noise limit which is down to 10-7-10-8 if 

sufficient time trace average number is implemented in the measurement. The upper inset of Fig. 5-

2(a) shows a prominent peak at zero time delay followed by a decaying tail, which stems from the 

ultrafast carrier excitation in QWs and subsequent relaxation due to carrier-carrier interaction and 

carrier-phonon interaction, and further cooling of hot carriers. The long-time scale decay results 

from the interband electron-hole recombination. Due to the excitation of electron-hole pairs, the 

impulsive stress is induced via deformation potential effect, thus the coherent acoustic phonons are 

generated and subsequently detected by the probe light as shown in the main panel of Fig. 5-2(a). In 

general, the detected acoustic wave-paket can be regarded as the convolution of the generated stress 

wave fg(z,t)  and the detection sensitivity function fd(z) at each triple-QW stack, thus wave-packet-

like acoustic oscillations (the lower inset of Fig. 5-2(a)). The further explanation of the acoustic 

wave-packet train build-up will be given in the next part with illustration – generation, propagation 

and detection of acoustic waves in MQW region. 

     In the frequency domain, the dominant feature is five equally-spaced frequency components (∆f  

33 GHz) enveloped by a Gaussian-like shape at the central frequency of 366.5 GHz, as shown in 

Fig. 5-2(b). Due to the resemblance between the obtained acoustic results and the optical frequency 

comb, we “borrow” the terminology – central frequency and comb spacing. In our context, the 

central frequency means the frequency of oscillatory wave-packet (the frequency of carrier in optics) 

and the comb spacing equals the inverse of the time delay between neighboring wave-packets (the 

pulse repetition rate in optics). Therefore, the central frequency can be in theory calculated based on  

𝑓0 = (𝑑QW/𝑣eff)
−1, (5-3) 

where dQW denotes the well-to-well distance within each triple-QW stack and veff denotes the 

effective longitudinal acoustic velocity in the heterostructure GaAs/In0.27Ga0.73As. The inverse of the 

central frequency indicates the well-to-well acoustic phonon travelling time. The effective velocity 

in the periodic structures can be in general calculated as follows [5.10]  

(𝑣eff)
−1 = 

1

𝑑0
∑

𝑑𝑖

𝑣𝑖

𝑛
𝑖=1 , (5-4) 

where d0 denotes the spatial period of the structure. di and vi denote the thickness and the 

longitudinal acoustic velocity in individual constituent layer within each period, respectively. 

According to the nominal dimension shown in Fig. 5-1 and the calculated effective acoustic velocity 

in the heterostructure GaAs/In0.27Ga0.73As, a central frequency of f0 = 353.5 GHz is obtained. The 

experimental central frequency is in good agreement with the calculation. The gap between them can 

be attributed to the uncertainty of determination of the longitudinal acoustic velocity and the 

nominal distance. A direct application of the spectroscopic results is non-invasive structure 

inspection. Based on the experimental central frequency (f0 = 366.5 GHz) or the period of 

oscillations within each wave-packet (τ = 2.7 ps), a well-to-well distance can be calculated as dQW = 

veff /f0  12.5 nm (or dQW = veff  τ  12.4 nm), which is very close to the nominal distance of 13 nm. 

The comb spacing can be approximated as follows 

∆𝑓 = (𝑑ss/𝑣GaAs)−1, (5-5) 

where dss denotes the stack-to-stack distance and vGaAs denotes the longitudinal acoustic velocity in 

GaAs. The inverse of the comb spacing indicates the travelling time of acoustic waves between two 

neighboring triple-QW stacks, which is also equal to the round trip travelling time between the first 

triple-QW stack and the air/GaAs interface. Based on Eq. (5-5), a comb spacing of 32.6 GHz is 

obtained. By using the experimental comb spacing (∆f = 33 GHz) or the travelling time between 

neighboring triple-QW stacks (T = 30.25 ps), the distance between neighboring triple-QW stacks can 

be measured as dss  143 nm, which is also in good agreement with the nominal value of 145 nm. 

Therefore, the detection of the main feature of coherent acoustic phonons has approved that, firstly, 
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the ~500 fs temporal resolution of the Yb:KYW ASOPS system is sufficient to resolve the acoustic 

waves with a few picoseconds period; secondly, the high detection sensitivity of this system enables 

the detection of signal at the level of ∆R/R  10-7; thirdly, such measurements can be applied to non-

destructive structure inspection for multilayer nanostructures. 

So far only a preliminary interpretation of acoustic waves in the MQW region of sample A has 

been given, thus, in the following, further explanation will be given to answer two questions: (1) 

how is the acoustic wave-packet sequence built up via generation, propagation and detection in 

space-time domain? (2) Why does the acoustic spectrum seem so rich and broad?    

 

Fig. 5-2 (a) Main panel: coherent acoustic phonon wave-packets after numerical 

background removal. Top inset: the original time trace. Bottom inset: zoom in of the wave-

packet at around 30 ps. (b) Acoustic spectrum and dispersion relation in GaAs/In0.27Ga0.73As 

SL. The brown line represents the acoustic spectrum. The magenta curve depicts the FFT of 

the wave-packet at ~30.25 ps. The z-like blue line represents the dispersion relation and the 

horizontal blue line indicates the wavevector position k = 2q
probe
GaAs/InGaAs. The vertical gray 

lines are spaced by the comb spacing of 33.15 GHz. 

Generation, propagation and detection of acoustic waves in MQW region 

When the sample is irradiated by the pump light, the stress pulse is excited in every QW layer via 

deformation potential effect, as illustrated in the first line of Fig. 5-3. Subsequently, the excited 

stress burst in each triple-QW stack propagates simultaneously forward (red) and backward (blue). 

Due to the multilayer structure, the stress waves in principle experience reflections on the internal 

interface, then the analysis of the propagation of the stress waves would be rather complicated. 

However, in the III-V semiconductor multilayer structures, the acoustic impedance mismatch 

between constituent materials is very small, so that the reflections on the interface will be ignored in 

our initial explanations in Fig. 5-3. The reflection coefficient of the GaAs/ In0.27Ga0.73As interface 

can be obtained by use of the following formula  

 = |
GaAs𝑣GaAs −InGaAs𝑣InGaAs

GaAs𝑣GaAs + InGaAs𝑣InGaAs
| , (5-6) 

where ρGaAs and ρInGaAs denote the density of  GaAs and In0.27Ga0.73As, respectively. vGaAs and vInGaAs 

denote the longitudinal acoustic velocity in GaAs and In0.27Ga0.73As, respectively. Based on the 

relevant parameters listed in Table 5-2, a reflection coefficient of 1.8  10-2 is obtained. Therefore, it 

is reasonable to just consider the acoustic transmissions inside the sample and reflections on the 

air/GaAs interface.  
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Fig. 5-3 The illustration of the generation, propagation, and detection of acoustic stress 

bursts in the MQW region of sample A. Beige areas represent GaAs, violet areas represent 

QWs. Green area represents Al0.95Ga0.05As. Sir and Sib (i = 1, 2, 3) denote the backward and 

forward emitted from the i-th triple-QW stack stress bursts represented by red and blue 

colors, respectively. 

When the counter-propagating stress bursts (Sib and Sir, i = 1, 2, 3) are moving across their local 

triple-QW stacks, the probe light also detects them in the local triple-QW stacks, which explains the 

first wave-packet at zero time-delay. However, this wave-packet is not shown in Fig. 5-2(a), because 

it is difficult to remove the background at the place where the pump pulse and the probe pulse 

overlap. The second line of Fig. 5-3 shows that the further propagation leads to the detection of in 

total five stress bursts in the neighboring triple-QW stack (for S1r, detection is in the first triple-QW 

stack after reflection on the air/GaAs interface). Due to the fact that the cap layer thickness is 

approximately half the distance between two neighboring triple-QW stacks, the five stress bursts 

arrive at the individual stacks at the same time. The combination detection at all stacks contributes to 

the second wave-packet at ~30.25 ps shown in Fig. 5-2(a). Subsequently, three stress bursts (S2r 

generated in the second stack, S3r generated in the third stack, S1r generated in the first stack) can be 

detected at triple-QW stacks after propagation a distance of ~145 nm (line 4 in Fig. 5-3), which 

accounts for the fourth wave-packet at ~60.5 ps. Likewise, the detection of two stress bursts (S3r and 

S2r, line 5 in Fig. 5-3) leads to the formation of the fifth wave-packet at ~90.75 ps. In the end, only 

one stress burst (S3r) is detected (line 6 in Fig. 5-3) to contribute to the sixth wave-packet at ~121 ps. 

The further propagation of all stress bursts will not lead to any detection in the MQW region, taking 

into account the negligible reflections in the DBR region. Based on this simplified model, in total six 

wave-packets should be present (including the one at zero time delay). However, Fig. 5-3(a) clearly 

shows more than six periodic wave-packets. In order to explain the presence of unexpected wave-

packets, one has to consider the effect caused by the small reflections on the interface of GaAs and 

In0.27Ga0.73As. The reflections of acoustic waves between two neighboring triple-QW stacks yield the 

ringing of wave-packets at the period of T  30.25 ps, which can last longer than the round-trip 

travelling time of S3r in the MQW region. The decaying of acoustic wave-packets can be mainly 

explained by the detection of less and less stress bursts, along with the loss induced by scattering. In 

Chapter 6, a theoretical model will be given to further explain the generation, propagation and 

detection of coherent acoustic phonons in the MQW region of sample A. 
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Broadband acoustic spectrum 

In this part, the broadband acoustic spectrum shown in Fig. 5-2(a) will be inspected. We will first 

focus on the broad range and then the amplitude envelope of the frequency comb, at last, the 

generation of coherent acoustic phonons will be explained from the perspective of superlattice. 

A broadband spectrum draws our attention after sufficient amplitude magnification in the range 

of 0 – 232 GHz and in the range of 497 GHz – 1000 GHz. The frequency comb components are 

equally distributed from ~30 GHz to ~800 GHz, as the gray lines indicate. The comb spacing of ~ 33 

GHz (determined by the acoustic travelling time between two adjacent triple-QW stacks) fits well 

with all the visible frequency components, especially those in the vicinity of 365 GHz. The small 

offset between the position of the experimental frequency components and the gray lines (expected 

positions) in the low frequency range (<230 GHz) and the high frequency range (>490 GHz), stems 

from several reasons. Firstly, the amplitudes of frequency components in the aforementioned two 

low and high frequency ranges are more than one order of magnitude lower than that in the middle at 

~365 GHz. The small amplitude leads to the inaccuracy of determination of the component position. 

Secondly, the low-frequency comb components probably degenerate with the mini-Brillouin-zone 

modes which exhibit a small difference from frequency components excited in MQWs. The mini-

Brillouin-zone modes will be investigated in Section 5.1.1.3. In the experiment, up to 24 frequency 

components spaced by ~33 GHz are detected over the range 30 -800 GHz. By simply using f = mΔf 

(m is an integer, Δf is the comb spacing calculated based on Eq. (5-5)), one obtains the frequency of 

comb components as shown in Table 5-3. There is around ~6 GHz deviation between the 

experimental frequency and the calculated frequency in the vicinity of the central frequency, which 

can be attributed to the uncertainty to determine the longitudinal acoustic velocity in the MQW 

region and the stack-to-stack distance.    

The strong modulation of frequency comb components is also noticeable. The modulation 

matches with the envelope derived from the first wave-packet FFT (see the magenta curve in Fig. 5-

2(b)). The main lobe of the envelope centered at ~365 GHz with a bandwidth of ∆B = 109.6 GHz 

(full width at half maximum) leads to five pronounced frequency combs. The side lobes of the 

envelope are more than one order of magnitude lower than the main lobes, which accounts for the 

negligible contribution of high frequency components and low frequency components  (~700 GHz 

and <100 GHz) to the acoustic oscillations. One can also notice that a few expected comb 

components are absent (e.g. ~132 GHz, ~597 GHz). The absence of those components can be 

attributed to the amplitude suppression at the dip of the envelope. As previously discussed, the 

acoustic wave-packet can be regarded as the convolution of the excited stress burst and the detection 

sensitivity function of the triple-QW stack, which means that the amplitude modulation stems from 

the acoustic generation and detection processes. If we assume a rectangular spatial shape with 33-nm 

width (triple-QW stack thickness) for both generation and detection functions, due to the spatial 

constriction, the calculated FFT envelope shows a sampling-function-like shape with a main lobe at 

the center of ~359 GHz and several sidelobes. Thus comb components only at certain locations close 

to the minima of the envelope are suppressed and even vanish.  

It is also interesting to analyze the CAP spectrum from the perspective of a SL rather than 

individual QWs. The triple-QW stack can be also regarded as a SL formed by alternative 7-nm 

In0.27Ga0.73As layers and 6-nm GaAs layers. The dispersion relation of folded acoustic modes in a SL 

composed of alternative layer A and layer B in the slightly modified Rytov model can be expressed 

as [5.10] 

cos(kd) = cos [ω (
dA

vA
 + 

dB

vB
)]  - 

ε2

2
sin (

ωdA

vA
) sin (

ωdB

vB
), (5-7) 

where ε is expressed as  

ε = 
ρBvB - ρAvA

(ρBvBρAvA)
1/2. (5-8) 
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In Eqs. (5-7) and (5-8), k, d, ω, dA, vA, dB, vB, A and B denote the wavevector, the SL period, the 

angular frequency, the thickness of layer A, the longitudinal sound velocity in layer A, the thickness 

of layer B, the longitudinal sound velocity in layer B, the density of layer A and the density of layer 

B, respectively. The dispersion relation in the SL (GaAs/In0.27Ga0.73As) is calculated based on Eq. 

(5-7) and graphically shown in Fig. 5-2(b) (represented by the blue curve). A typical triplet-like 

mode structure usually shows up in pump-probe experiments with a reflection geometry, because of 

the detection of k = 0 mode at the mini-Brillouin-zone center and the detection of two (lower and 

upper) additional modes of the nearby dispersion branches. As indicated by the solid dots in Fig. 5-

2(b), the calculation produces triplet mode frequencies at 323.7, 354.7, and 386.2 GHz. The mode at 

354.7 GHz is Raman active MBZ-center mode (k = 0) while 323.7 GHz and 386.2 GHz modes 

belong to the lower branch p = -1 and the upper branch p = +1 at k = 2q
probe
GaAs/InGaAs = 0.176/dQW, 

respectively, where p represents the acoustic phonon order and k represents the wavevector. As can 

be seen, the calculated triplet (323.7, 354.7, 386.2 GHz) fits well with three frequency components 

(332.1, 364.6, 397.1 GHz). The deviation between them can be potentially attributed to the 

uncertainty in determination of dGaAs, vGaAs, dInGaAs, vInGaAs, GaAs and InGaAs. Besides, the calculated 

unfolded mode of 31.2 GHz at k = 0.176/dQW is close to the experimental frequency at ~33 GHz. 

However, it is difficult to distinguish the contribution of SL (folded/unfolded modes) from the 

contribution of MQWs (broadband frequency comb) since they spectrally overlap. In order to 

distinguish them, a modified sample, for example, a sample with the same triple-QW stack structure 

but with different stack-stack distance, will be required.   

Table 5-3 Acoustic phonon spectrum in the high frequency region. 

Experiment   Calculation 

MQWs 

Calculation 

InGaAs/GaAs SL [5.10,5.63,5.64] 

f
0
 [GHz] Comb [GHz] f

0
 [GHz] Comb [GHz] f

c
, f

e
 
 
[GHz] f

2q
 

(k = 2q
probe

) 

(0.176𝜋/d
QW

) 

366.5 299.9 633.0 353.5 293.4 619.4 k = π/d
QW

 

L1 175.5 

U1 179.4 

Lowest 

31.2 

∆B 

[GHz] 

332.1 666.1 ∆B 

[GHz] 

326.0 652.0 k = 0 

L 354.7 

U 355.3 

p = -1  323.7 

p = +1  386.2 

109.6 364.6 700.1 86.9 (G2) 

124 (R2)  

358.6 684.6 k = π/d
QW

 

L 530.5 

U 534.3 

 

∆f [GHz] 397.1 732.0 ∆f  [GHz] 391.2 717.2 k = 0 

L 709.3 

U 710.6 

p = -2  678.7 

p = +2  741.2 

32.6, 

33.3 

430.3 766.0 32.6 423.8 749.8 k = π/d
QW

 

L 885.7 

U 889.3 

 

1 L denotes the lower frequency of phonon bandgap, while U denotes the upper frequency of phonon 

bandgap. 2 G stands for Gaussian profile and R stands for rectangular profile of triple-QW in the calculation. 

To sum up, due to the light absorption in the periodic In0.27Ga0.73As QW region of sample A, a 

broadband acoustic frequency comb is produced. The frequency comb consisting of ~24 components 

with an equal spacing of ~33 GHz, covers a broad range from ~30 GHz to ~800 GHz. The comb 

amplitude is strongly modulated and thus yields a few dominant components in the vicinity of 365 

GHz. The rich frequency comb components are detected because the spectral sensitivity functions 

are nearly identical to the spectral generation functions in the MQW region by using almost 

degenerate pump and probe laser. The measurements of sample A indicate the immediate application 
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on non-invasive multilayer nanostructure inspection. With a wavelength of ~1050 nm, the system is 

also well suited for exploring phonon dynamics in III-V semiconductor multilayer structure, 

especially SESAM samples where the electric field is optimized in the imbedded QWs at this 

wavelength to ensure efficient acoustic generation and detection. 

In the following, we move on to the low frequency regime which involves non-light-absorbing 

DBR region of the sample.  

 

Fig. 5-4 (a) Coherent acoustic phonon oscillation from 70 ps to 800 ps when background 

subtraction is optimized for low frequencies extraction. (b) FFT of (a) and dispersion 

relations in SL formed by DBR with period dDBR = 160.4 nm as well as SL formed by 

MQWs and GaAs spacers with period dMQW-SL = 145 nm. Brown line represents FFT, where 

MBZ-center modes at 32.0 GHz, 63.1 GHz and 95.1 GHz and MBZ-edge modes at 15.1 

GHz, 78.3 GHz and 110.1 GHz are marked. Blue line represents dispersion relation in the 

DBR (horizontal blue line represents k = |2q
probe
DBR  - 2/dDBR| = 0.028/d

DBR
 in the DBR). 

Magenta line represents dispersion relation in MQWs and GaAs spacers formed SL 

(horizontal magenta line represents k = |2q
probe

MQW-SL
 - 2/dMQW-SL| = 0.066/d

MQW-SL
 in the SL 

formed by MQWs and GaAs spacers). (c) Calculated electric intensity field (red line) in the 

MQW-SESAM structure given the incident pump wavelength of 1047.5 nm. The interface of 

air/cap layer is at position 0. Beige areas denote GaAs. Violet areas denote In0.27Ga0.73As. 

Green areas denote Al0.95Ga0.05As. 

5.1.1.3. MBZ center and edge modes 

Overview of experimental results 

Interestingly, unlike the short-period wave-packet discussed in Section 5.1.1.2, a damped long-

period oscillation is revealed by applying a background removal procedure optimized for low 

frequency, as shown in Fig. 5-4(a). The long period oscillation is caused by the low frequency (<100 

GHz) acoustic components. At the first glance, based on the sample structure, the long-period DBR 

could potentially support the generation of low frequency acoustic phonons. Because of the SL 
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period in DBR dDBR = 160.4 nm, a folded longitudinal CAP starting from 32 GHz can be in theory 

induced under proper condition. As marked by solid dots in Fig. 5-4(b), the harmonics and 

subharmonics of 32 GHz mode are proposed to be photo-induced in the DBR in our hypothesis. The 

excitation and detection of those modes will be explored in the later sections. We will now check the 

experimental results with the aid of acoustic dispersion relation in the DBR (represented by the blue 

curve in Fig. 5-4(b)). The calculated modes and experimental modes are also listed in Table 5-4. 

Hence, it is clear that the experimental modes at 32.0 GHz, 63.1 GHz, and 95.1 GHz (marked by 

blue dots) have a good agreement with the MBZ-center modes in the DBR at 32.17/32.18 GHz, 

64.33/64.35 GHz and 96.50/96.53 GHz at k = 0. However, it is hard to identify whether the 

experimental modes locate at upper dispersion branch or lower dispersion branch, because of the 

small forbidden gap at the level of 0.01 GHz. In the reflection geometry, usually the modes at k = 

2qprobe can be also detected. However, in the long-period DBR, an Umklapp process is required for 

the wavevector k = 2q
probe
DBR  and a wavevector of k = |2q

probe
DBR  -2/dDBR|= 0.028/dDBR is obtained after 

the Umklapp process. As a result, this wavevector (indicated by the horizontal blue line) is very 

close to k = 0, so that the experimental modes at k = 0.028/dDBR probably merges into the modes at 

k = 0, which accounts for the absence of two additional modes in the triplet-like structure. As for 

those experimental modes marked by green dots at 15.1 GHz, 78.3 GHz, and 110.1 GHz, they agree 

well with the MBZ-edge modes in the DBR at 15.28 GHz, 79.62 GHz, and 110.8 GHz at k = π/dDBR. 

However, as described in Section 5.1.1.1, the DBR is not light-absorbing region for a pump light at 

~1050 nm, so that folded longitudinal acoustic modes are normally not supposed to be excited in this 

DBR. In addition, MBZ-edge modes normally are not detectable due to the fact that the wavevector 

conservation rule can not be fulfilled at the edge k = π/dDBR. In order to interpret the unexpected 

presence of MBZ-center and –edge modes in the experimental results, potential mechanisms for 

permitting their excitation and detection will be proposed in the following. 

MBZ-center mode excitation 

We will start from the driving mechanism that facilitates the excitation of MBZ-center mode in the 

DBR. Due to the involvement of material transparency, the most likely mechanism for the MBZ-

center mode is electrostriction. If the acoustic phonons are excited via electrostriction mechanism, 

the energy is directly coupled from the pump light field to the acoustic field without the mediation of 

photo-induced carriers. When two oblique pump laser beams are incident on the transparent medium, 

the optical interference pattern is created to excite counter-propagating acoustic waves [5.66]. In this 

situation, the excited phonon momentum matches the interference light field based on the 

momentum conservation rule of k⃗g = +/-(k⃗1 - k⃗⃗⃗2), where the subscripts g, 1, and 2 denote generated 

acoustic phonon and two incident photons, respectively. If the two pump lights have the same 

wavelength, the generated phonon wavenumber (wavelength) matches the light field wavenumber, 

which can be written as kg = 2q
pump

sin(θ/2), where kg, qpump, and θ denote the wavenumber of the 

generated phonon, the wavenumber of the pump light, and the angle between two incident pump 

lights. The phonon wavevector is thus tunable by angle θ adjustment. When the angle is arranged at 

180°, that is to say, two pump lights propagate in opposite directions, the generated phonon 

wavenumber acquires the maximum value at kg = 2qpump, which also indicates that the phonon 

wavelength is equal to half of the pump wavelength. 
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Table 5-4 Acoustic phonon spectrum in the low frequency region. 

Experiment Calculation DBR 

[5.63,5.64] 

(dDBR = 160.4 nm) 

Calculation 

QW stacks formed SL 

(dMQW-SL = 145 nm) 

Calculation 

Brillouin 

frequency 

[5.65] 

fc, fe 

[GHz] 

∆B 

[GHz] 

fc, fe  

[GHz] 

f2k [GHz] 

(k = 2qprobe ) 

(0.028𝜋/dDBR) 

fc, fe 

[GHz] 

f2k [GHz] 

k = 2qprobe 

(0.066𝜋/dMQW_SL) 

fB in GaAs 

[GHz] 

15.1 2.1 k = π /dDBR 

L 15.28 

U 16.90 

Lowest 

0.65 

k = π/dDBR 

16.20 

Lowest 

1.02 

31.4 

32.0 2.2 k = 0 

L 32.17 

U 32.18 

p = -1  31.56 

p = +1  32.53 

q = 0 

L 32.40 

U 32.41 

p = -1  31.20 

p = +1  33.54 

fB in 

In0.27Ga0.73As 

[GHz] 

- - k = π/dDBR 

L 47.45 

U 49.07 

 k = π/dDBR 

48.61 

 30.8  

63.1 2.2 k = 0 

L 64.33 

U 64.35 

p = -2  63.82 

p = +2  64.68 

k = 0 

L 64.808 

U 64.814 

p = -2  63.67 

p = +2  65.86 

fB in 

Al0.95Ga0.05As 

[GHz] 

78.3 3.4 k = π/dDBR 

L 79.62 

U 81.24 

 k = π/dDBR 

L 81.01 

U 81.02 

 31.8 

95.1 2.2 k = 0 

L 96.50 

U 96.53 

p = -3  95.97 

p = +3  96.94 

k = 0 

97.22 

p = -3  96.18 

p = +3  98.23 

 

110.1 1.8 k = π/dSL 

L 111.80 

U 113.40 

 k = π /dSL 

L 113.41 

U 113.43   

  

 

Due to the high reflectance of DBR (99.7%) in sample A at the pump wavelength of ~1050 nm, 

two evanescent counter-propagating light fields with comparable amplitudes are created through 

multiple scattering of the incident pump light in the DBR structure, so that the folded longitudinal 

CAP can be potentially excited through electrostriction. In Fig. 5-4(c), the pump light field in sample 

A is shown. The pump light field in the whole DBR contains oscillating components and the 

evanescent average components. The oscillating components of the light field leads to the generation 

of the acoustic phonons with a wavenumber of k = kg = 2q
pump
DBR , where q

pump
DBR  denotes the 

wavenumber of the pump light in the DBR modelled as an infinite SL. The DBR can be treated as a 

phononic crystal with the first Brillouin zone boundary of π/dDBR. The calculation shows the 

wavenumber of acoustic phonon kg exceeds the boundary, hence, Umklapp processes should be 

applied in the generation of phononic crystal eigenmodes by the oscillating components of pump 

interference field. By Umklapp processes, the wavenumber of the generated acoustic phonon 

becomes  

 k = k'g = |2q
pump
DBR  - 2/dDBR|  = 

0.026π

dDBR
 << 

π

dDBR
.  (5-9) 

Equation (5-9) implies that the wavenumber of the pump light is very close to the MBZ edge, in 

other words, half of the pump light wavelength is nearly equal to the DBR period, leading to the 

generated phonons very close to the MBZ center at k = 0. However, not only the periodically 

oscillating components but also the averaged components of the pump light interference field can 

excite longitudinal CAPs. This happens in the spatially periodic structure (DBR in our structure) 

where the electrostriction parameter is periodically modulated at the presence of the averaged light 
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field. On the contrary, this mechanism can not contribute to the CAP excitation in the spatially 

homogeneous non-structured media. In theory, the periodic modulation of the electrostriction 

parameter in the phononic DBR can generate all k = 0 modes. Due to the fact that in the DBR 

λpump
DBR /2 ≈ dDBR can be satisfied, it makes the constructive generation of the lowest energy k ≅ 0 

modes in the DBR via the aforementioned two channels possible. In the following, the 

electrostriction force is used to derive the two channels that induces CAP excitation in the DBR. The 

local electrostriction force f⃗  in a medium can be expressed as [5.67] 

f⃗
es

 = 
1

2
∇(ρ

dϵ

dρ
E2), (5-10) 

where  denotes the total mass per unit volume, 𝜖 denotes the permittivity and 𝐸 denotes the electric 

field. The right side of Eq. (5-10) can be expanded into two terms 

f⃗
es

 = 
1

2
ρ

dϵ

dρ
∇E2 + 

1

2
E2∇(ρ

dϵ

dρ
). (5-11) 

The first term indicates the first channel that stems from the spatial modulation of the electric 

intensity 𝐸2; the second term indicates the second channel that stems from the spatial modulation of 

the electrostriction coefficient ρ
dϵ

dρ
. Therefore, due to λpump

DBR
/2  dDBR in the DBR, the combination of 

the two channels drives the excitation of MBZ modes near the center at k  ≅  0 in the DBR (as listed 

in Table 5-4, including the fundamental ~32 GHz mode and its high harmonics at ~64 GHz, ~96 

GHz, ~112 GHz). With a good agreement with the theoretical results, the experimental frequency 

components at 32.0 GHz, 63.1 GHz and 95.1 GHz (marked by blue dots) can be attributed to the 

MBZ-center modes, which are resonantly coherently excited by the pump light field in the DBR by 

virtue of two mechanisms – periodically spatial modulation of electric field intensity and 

periodically spatial modulation of the electrostriction coefficient.   

In Fig. 5-4(b), as can be seen, higher order MBZ-center modes are excited, but the second order 

center mode at 63.1 GHz has apparently higher amplitude than other center modes (0.2:1:0.05), 

which violates our expectation that the amplitudes of MBZ-center modes should show a monotonic 

decrease with increasing order. By taking into account the acoustic frequency comb generated in the 

MQW and Brillouin frequency, we may have a reasonable explanation for this peculiar result. 

In terms of the effect caused by the acoustic frequency comb, the comb components at low 

frequency region are nearly coincident with the MBZ-center modes. Given a comb spacing of ∆f  

33 GHz, the first three comb components locate at ∆f, 2∆f and 3∆f, respectively, therefore, the 

frequency components that we observed in Fig. 5-4(b) at 32.0 GHz, 63.1 GHz and 95.1 GHz 

probably are contributed by both acoustic phonons excited in MQW region and folded acoustic 

phonons excited in the DBR. As shown in Fig. 5-2(b), the amplitude of the comb components at the 

low frequency is modulated by the envelope which exhibits a peak at around 2∆f but dips close to ∆f 

and 3∆f, which means that the second comb component contributes considerably to the frequency at 

~63 GHz. As a consequence, the joint amplitude shows that the frequency at ~63 GHz (the 2nd order 

in MBZ modes) rather than the first one at ~32 GHz (the 1st order in MBZ modes) dominates in the 

phonon spectrum. 

 In terms of the presence of Brillouin frequency in the sample, the amplitude of observed MBZ 

acoustic phonon modes can be affected in the detection process when the Brillouin frequency 

overlaps with the MBZ center mode. It is worth pointing out that the MBZ-center modes could be 

potentially detected both in the DBR region and in the MQW region. The fundamental mode at ~32 

GHz can be additionally generated and detected in the homogeneous individual constituent layers of 

the structure. The presence of optical interference field resulting from the counter-propagating pump 

lights in those areas enables the excitation of acoustic phonons at ~32 GHz through stimulated 

Brillouin scattering, in other words, by the electrostriction mechanism due to electric field intensity 

modulation. Therefore, the probe light can be efficiently scattered by the propagating acoustic waves 

at ~32 GHz in the sample via acousto-optic effect when the wavevector of the probe light and 
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acoustic waves are matched through momentum conservation law in the backward Brillouin 

scattering process. The Brillouin frequency can be calculated by using the following formula [5.65] 

f
i
 = 2nivi/λprobe, (5-12) 

where ni , vi , and λprobe  denote the refractive index, the longitudinal sound velocity in sample 

constituent materials, and the probe light wavelength in vacuum, respectively. The subscript i is used 

to identify different materials in the sample. As a result, the Brillouin frequencies in all constituent 

materials of sample A are very close to the fundamental 32-GHz MBZ-center mode at k  ≅  0. As 

listed in Table 5-4, the Brillouin frequencies are 31.4 GHz in GaAs, 30.8 GHz in In0.27Ga0.73As, and 

31.8 GHz in Al0.95Ga0.05As. Therefore, it is possible that the MBZ-center mode at ~32 GHz is 

suppressed via the destructive interference with Brillouin frequency if the phase difference is close 

to π. This can lead to the amplitude ratio between the first order MBZ-center mode and the second 

one much less than 1. 

MBZ-edge mode excitation and detection 

The interesting experimental result in Fig. 5-4(b) lies in that not only MBZ-center modes but also 

MBZ-edge modes are observed in the DBR region. In order to find out the possible explanation for 

the detectability of MBZ-edge modes in our sample, we will discuss several scenarios/hypotheses 

first. 

The first one is associated with momentum conservation fulfillment due to the presence of free 

carriers in the doped SL sample [5.68]. In this scenario, it is proposed that the excess momentum can 

be absorbed by the free carriers in the sample when |/dSL- 2qprobe|  ≤  /LQW (LQW denotes the 

thickness of QW layer in SL). Due to the fact that the DBR in our sample has long period of dDBR = 

160.4 nm which is more than one order of magnitude larger than the GaAs/AlAs SL period 

mentioned in [5.68], the wavenumber of the probe photon turns out to be nearly equal to the 

wavenumber of the MBZ-edge mode which can be expressed as qprobe ≅ /dDBR. If we estimate qprobe 

by use of the effective refractive index nDBR  3.22 (see Table 5-2), then the photon wavevector is 

within the MBZ, so the relation |/dDBR - 2qprobe| ≅ /dDBR < /LGaAs is acquired (LGaAs denotes the 

thickness of GaAs layer in the DBR). If nGaAs  3.48 is used to estimate qprobe, then the photon 

wavevector is beyond the MBZ, so Umklapp process is required, leading to a photon wavenumber of  

q’probe = qprobe - 2/dDBR. The photon with above wavenumber could be scattered by the MBZ-edge 

phonon mode with a wavenumber of k’ = -/dDBR, so that the excess momentum is |k’ - 2q’probe| ≅ 

/dDBR < /LGaAs. From the above analysis, it is clear that the prerequisite for absorbing excess 

momentum can be satisfied in our structure.  Compared to the SL sample used in [5.68], however, 

the DBR in our structure is non-doped and the constituent layers are very thick (close to 100 nm), 

which means that the electron confinement effect can not be induced and strong interactions between 

electrons in adjacent GaAs layers are not possible, so that absorbing excess momentum will not 

occur in our sample. 

 The second one refers to disorder-induced partial breakdown of momentum conservation in 

semiconductor SL [5.69]. In this scenario, the layer thickness fluctuations induced by roughness 

could cause a distribution of electronic confinement energies, so that the confined electrons in 

individual wells make Raman scattering possible, without satisfying the momentum conservation 

law. However, firstly, the fabrication of SL has been significantly improved in terms of precision; 

secondly, the atomic-scale thickness fluctuations are negligible due to the thick individual layers in 

our DBR. 
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Fig. 5-5 Illustration of zone folding induced by a pair of phonons on the opposite MBZ 

edges forming phonon grating. A pair of phonons is excited by the subharmonic decay of 

mode (0). In the DBR, at the MBZ edge wavevector is expressed as k = kmax = π/dDBR. The 

mirror symmetry operation with respect to ±kmax/2 boundaries enables the MBZ-edge modes 

((0)/2 + ∆, +kmax ) and ((0)/2 - ∆, -kmax ) to be folded into the MBZ-center k ≅ 0. In 

our situation, due to ∆ ≪ ω(0)/2, the difference between (0)/2 + ∆,(0)/2 and (0)/2 + 

∆ are not given in the plot. We assume that all those modes are ≅ ω(0)/2. 

The third one proposes that the detectability of zone-edge mode is enabled by Brillouin zone 

(BZ) folding that transfers the Brillouin edge to the -point in crystals [5.42,5.43,5.44,5.45]. By 

introducing the dynamic BZ folding, the originally Raman-inactive phonons at the opposing X-

points become Raman-active, thus observable in the experiment. This hypothesis is considered to be 

the most plausible explanation for the observation of MBZ-edge modes in our experiments. Hence, 

in the following, we will elaborate the hypothesis and interpret the excitation and detection of MBZ-

edge modes in the DBR of our structure.   

Based on the hypothesis proposed in [5.45], we will explain in four steps with the theme of (1) 

the excitation of center modes, (2) the excitation of edge modes, (3) dynamic zone folding, and (4) 

the detection of edge modes, respectively. Firstly, in [5.45], two pump lasers with different 

frequencies are used to resonantly and coherently generate the lowest energy k ≅ 0 Raman active 

modes, when the optical frequency difference ω1 – ω2 is adjusted to satisfy ω1 – ω2 = ω(0), where 

ω(0) is the phonon mode frequency at k = 0. As described in Chapter 4 and section 5.1.1.1 in this 

chapter, in our pump-probe set-up, the pump light is incident on the sample in the normal direction 

with respect to the sample. Due to the strong reflectance of DBR at the pump wavelength, counter-

propagating pump light fields are created and thus zone-center phonon modes ω(0) are excited via 

simultaneous spatial modulation of pump light field intensity and electrostriction coefficient in the 

DBR given the condition of dDBR   λpump
DBR

/2, unlike the CARS approaches where two crossed incident 

pump lights with different frequency ω1 and ω2 are applied to induce phonon modes ω(0) by 

achieving ω1 – ω2 = ω(0). In our experiment results (shown in Fig. 5-4(b)), the folded MBZ-center 

mode at ~32 GHz and the high-order MBZ-center modes at 63.1 GHz and 95.1 GHz are excited and 

observed due to the fact that the finite spectral width of the pump light provides the required 

frequencies from the difference frequency generation processes within the spectral width of the 

pump light. The fundamental difference between our system and the system in [5.45] is that in our 

system the resonant Raman active scattering takes place in k-space rather than ω-space. Secondly, a 

pair of phonons with frequencies ω(0)/2 ± ∆ω (∆ω ≪ ω(0)/2) are excited due to subharmonics decay 

of ω(0) (ω(0) ⇒ (ω(0)/2 + ∆ω) + (ω(0)/2 - ∆ω), k = 0 ⇒ (+k⃗max ) + (-k⃗max). The MBZ edge mode 

wavevector kmax in our DBR structure is given by k = kmax = /dDBR. Importantly, due to the high 

amplitude of the resonantly coherently excited zone-center mode, the decay process becomes 
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stimulated, thus the excitation of coherent zone-edge modes with k ≅ ±k⃗max, ω ≅ ω(0)/2 ≅ ω(k⃗max). 

The process is schematically visualized in Fig. 5-5, which shows that a pair of phonons ((0)/2, 

+kmax) and ((0)/2, -kmax) at the opposite MBZ edges are coherently excited by the subharmonic 

decay of the MBZ-center mode ω(0). We will later provide indications in the temporal dynamics of 

relevant spectral modes for the stimulated subharmonic decay process of ω(0)⇒ ω(0)/2 + ω(0)/2. 

Thirdly, as described in the last step, the zone-edge mode excited via stimulated subharmonic decay 

process is coherent, thus a phonon grating with a new period twice as large as the lattice period is 

introduced. The excitation of phonon pairs at opposite MBZ edges causes lattice vibrations with  

phase shift for the adjacent GaAs/Al0.95Ga0.05As units along z-axis, leading to the doubling of the 

phonon grating period. As a result, a new zone folding is demanded due to the dynamically doubled 

phonon grating. As shown in Fig. 5-5, with respect to the MBZ middle position at ±kmax/2, the 

phonon pair at the MBZ-zone edge is mirrored to MBZ near-center at k ≅ 0, ω ≅ ω(0)/2, thus the 

original Raman-inactive modes become observable here. Lastly, the probe light scattering by 

dynamic folded phonons with k ≅ 0, ω ≅ ω(0)/2 is a Raman-Nath-like process [5.44,5.45] which 

enables the detection of multiple higher-order harmonics of zone-edge modes with comparable 

amplitudes.  

 

Fig. 5-6 Illustration of MBZ coherent acoustic phonon distribution in the DBR. The plot 

demonstrates MBZ-center modes ωi(0) distribution, the subharmonic decay of ωi(0)/2 and subsequent 

new zone folding (MBZ edge is folded onto MBZ center), and the detectable Raman-Nath-like (RN-

like) phonon sequences mωi(0)/2, where m (m = 1, 2, 3, …) denotes the replicas order of each RN-like 

sequence and i (i = 1, 2, 3, …) denotes the order of MBZ center mode. (Here, the phonon bandgaps on 

MBZ center and edge are ignored for simplicity and values of frequency are approximately regarded as 

n-times 16 GHz based on calculation, where n = 1, 2, 3, …) 

Based on the above interpretation, we take the experimental frequency at 15 GHz as an example 

to understand the process. Because of the stimulated subharmonic decay of the fundamental MBZ-

center mode at ω(0) ≈ 32 GHz, the MBZ edge modes ω(±π/dDBR) ≈ ω(0)/2 ≈ 15 GHz are excited. 

The edge modes at k = ±π/dDBR subsequently experience a dynamic zone folding, ending up with the 

Raman-active MBZ-center near k = 0. Due to the Raman-Nath-like scattering of probe light, the 

mode at 15 GHz and its high-order replicas are observed. In the following, we will explain the broad 

MBZ coherent acoustic phonon spectrum by taking into account all the processes discussed in the 

hypothesis. 

In Fig. 5-6, the “map” of MBZ coherent acoustic phonon modes in the DBR is made by several 

steps. For simplicity, the phonon forbidden gap in the center and on the edge is ignored and the high 

order modes are simply regarded as integral multiple times of the lowest mode of 16 GHz. This 

causes no ambiguity for the understanding of the MBZ modes excitation and detection processes.  

The first line (marked by 1) shows that MBZ-center modes ωi(0) (i = 1, 2, 3, …, approximately at 

32, 64, 96 GHz, …) in the DBR are excited via electrostriction mechanism and those modes can be 

directly detected by stimulated Brillouin scattering or stimulated Raman scattering  due to 

fulfillment of momentum conservation rule. MBZ-center modes ωi(0) (i = 1, 2, 3, …) then 

experience stimulated subharmonic decay (line2, Fig. 5-6), leading to the excitation of MBZ-edge 
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modes ωi(0)/2 (i = 1, 2, 3, …, approximately at 16, 32, 48, 64, 80, 96, 112 GHz, …). Because of the 

formation of period-doubled phonon grating, the excited MBZ-edge modes are subsequently 

dynamically folded into zone-center (line 3, Fig. 5-6), where the detection of those modes becomes 

possible. Finally, the detection of the ωi(0)/2 (i = 1, 2, 3, …) mode at the zone center is a Raman-

Nath-like probe light scattering process, leading to the observation of multiple signal series (from 

line 4 to line 7) at frequencies of mωi(0)/2 (m and i =1, 2, 3, …).  For example, mω1(0)/2 = 16m (16, 

32, 48, 64, 80, 96, 112 GHz, …, see line 4 in Fig. 5-6), mω2(0)/2 = 32m (32, 64, 96, …, see line 5 in 

Fig. 5-6), mω3(0)/2 = 48m (48, 96, 144 GHz, … see line 6 in Fig. 5-6), and so on. Among all the 

observed frequencies, the presence of 16 GHz mode (~15 GHz in experiments) can be only 

attributed to the subharmonic decay of the fundamental MBZ-center mode at 32 GHz, without 

receiving any contributions from other sources. All other frequencies receive multiple contributions. 

In terms of the frequencies at 32, 64 and 96 GHz,  they are composed of  the MBZ-center modes 

ωi(0) (i = 1 for 32 GHz, i = 2 for 64 GHz, i = 3 for 96 GHz) generated by electrostriction and the 

modes generated via the subharmonic decay process at ωi(0)/2 (i = 2 for 32 GHz, i = 4 for 64 GHz, 

and i = 6 for 96 GHz) that becomes observable by dynamical zone folding, as well as high-order 

replicas at mωi(0)/2 provided by probe light Raman-Nath-like scattering process ((m,i) = (2,1) for 32 

GHz, (m,i) = (4,1), (2,2) for 64 GHz, and (m,i) = (6,1), (3,2), (2,3) for 96 GHz). Hence, the 

experimental frequencies at approximately 32, 64 and 96 GHz can be still observed without the 

support of a subharmonic decay, dynamic zone folding and Raman-Nath-like detection. However, in 

order to explain the frequencies at ~80 GHz and 112 GHz, the above hypothesis has to be taken into 

consideration. The frequencies at ~80 GHz and ~112 GHz are partly contributed by the modes 

excited by the subharmonic decay process at ωi(0)/2 ( i = 5 for 80 GHz and i = 7 for 112 GHz) which 

are detected through dynamic zone folding and Raman-Nath-like probe light scattering process. In 

addition, they can be contributed by the high-order replicas at mωi(0)/2 ((m,i) = (5,1) for 80 GHz and 

(m,i) = (7,1) for 112 GHz) through Raman-Nath-like process. Therefore, we conclude that the 

observed experimental acoustic spectrum (in Fig. 5-4(b)) is probably a consequence of multiple 

excitation and detection processes in the DBR. 

In the following, two approaches are applied to find the indications for the excitation of ~15GHz 

mode through stimulated subharmonic decay of the MBZ-center mode at ~32 GHz.  

Indication of stimulated subharmonic decay of MBZ-center mode 

In terms of the first approach, the mode amplitude dependences on the pump laser power are 

investigated. Figures 5-7(a) and (b) show the temporal acoustic waves and acoustic spectra at a 

pump power from 43 mW to 67 mW (from bottom to top, in steps of 4 mW), respectively. The 

power range starting from 43 mW is chosen to make sure that the weak modes are well above the 

noise level. A small time delay range is selected so that the decay process can be well captured. In 

Fig. 5-7(c), the amplitudes of individual frequencies at 15 GHz, 32 GHz, 63 GHz, 80 GHz and 95 

GHz are plotted as a function of the pump power. The amplitudes of those modes are normalized by 

their value at 43 mW. The results obviously show that the amplitude of the 32-GHz mode decreases 

while the amplitudes of other frequencies increase with the increase of the pump power. This can be 

explained by the Raman-Nath-like probe light scattering processes to detect MBZ-edge mode at ~15 

GHz mode. Importantly, the mode amplitude dependences on the pump power are nonlinear and 

multiple nonlinear processes could be involved, including the saturation of pump absorption in the 

QWs. However, the decay of 32-GHz mode shows that the energy is transferred to other modes 

through a nonlinear process of stimulated subharmonic decay which can support the dynamics of the 

15-GHz mode. Hence, this is consistent with the hypothesis discussed before. If we observe the 

amplitude ratio between ~32 GHz mode and ~15 GHz mode, it decreases from 1.5 to 0.5, indicating 

that the MBZ-center fundamental mode at ~32 GHz serves as an indispensable explanation to the 

presence of ~15 GHz mode.  
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Fig. 5-7  (a) Coherent acoustic phonon and (b) spectrum in the time interval from 500 ps 

to 800 ps at the pump power from 43 mW (bottom) to 67 mW (top) in steps of 4 mW. (c) 

Normalized frequency amplitude to the amplitude at lowest pump power for each frequency. 

(d) Frequency amplitude ratio between 32 GHz center mode and 15 GHz edge mode.  

In terms of the second approach, the time dependences of individual modes are investigated, 

especially ~15 GHz and ~32 GHz modes.  For observing the time-dependent properties, we extract 

the amplitudes of low frequency modes which are varied with time delay from a short time FFT 

image (see the right side of Fig. 5-8(a)). The starting time of 400 ps is chosen, because the high-

frequency acoustic comb generated from MQW region (discussed in Section 5.1.1.2) from around 

this point attenuates sufficiently so that negligible influences on the MBZ modes are produced. The 

extracted results of time dependences of 15 GHz, 32 GHz, and 63 GHz modes are shown in Fig. 5-

8(b). The rising ~15 GHz mode with time delay companied with a decaying ~32 GHz mode, 

indicates that the emission of ~15 GHz mode is a result of subharmonic decay of MBZ-center mode 

at ~32 GHz. The attenuation of 32-GHz mode is amplitude-dependent and diminishing with time in 

the range of 400 – 450 ps while a constant decay time only emerges after this range when an 

exponential fit is applied. Hence, the second approach also provides support for the hypothesis that a 

nonlinear process causes the subharmonic decay of MBZ-center mode at ~32 GHz and thus a 

stimulated emission of ~15 GHz MBZ-edge mode.  

 

Fig. 5-8  (a) Left: FFT amplitude of the acoustic signal in the time interval from 400 ps to 

800 ps for the pump power of 67mW. Right: short time FFT analysis by using a long moving 

window length. (b) Dependences on time of 15 GHz, 32 GHz and 63 GHz mode amplitudes, 

which are obtained from short time FFT image (see right-hand image of (a)). 
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The above demonstrations are indications that the MBZ-edge modes stem from the near k = 0 

eigenmodes of the DBR in our structure via a stimulated harmonic decay process. By indicating the 

existence of MBZ modes, this also supports our initial proposal that folded longitudinal CAPs are 

excited in the DBR which is a long-period non-doped transparent semiconductor superlattice. 

To sum up, in the optically transparent DBR region of the SESAM sampe A, multiple-order 

MBZ-center and –edge modes approximately in the range of 15 GHz to 110 GHz are excited and 

detected. We attribute the excitation of MBZ-center modes to electrostriction mechanism which 

takes effect on the acoustic excitation by virtue of the combination of the spatial electric field 

intensity modulation and the spatial electrostriction coefficient modulation in the DBR. Based on a 

relevant hypothesis, the excitation of MBZ-edge modes stems from the stimulated subharmonic 

decay of MBZ-center mode near k = 0. The detectability of those edge modes is enabled by a 

dynamic zone folding and Raman-Nath-like probe light scattering. Our experimental acoustic 

dynamics provides strong indications that a nonlinear subharmonic decay process of the zone-center 

mode leads to the presence of the edge mode.    

5.1.1.4. Complexity of the acoustic spectrum 

In this section, the structure-related and excitation-detection-related complexity of acoustic spectrum 

in the MQW-SESAM structure (sample A) will be discussed. An acoustic frequency could be 

contributed by multiple sources (e.g. different regions, different mechanisms), in addition, a possible 

interplay between the acoustic modes from different sources could take place in the form of 

enhancement or cancellation. However, in our current experimental and numerical work, it is not 

possible to identify the contributions from different mechanisms of the CAP excitation and detection 

in the individual spectral components of the signal. In the following discussion, it is still important to 

gain deeper understanding of CAP excitation and generation mechanisms in such a complex 

structure, moreover, some questions concerning our previous demonstrations can be answered. For 

example, (a) is it possible that the folded longitudinal CAPs starting from ~30 GHz are excited in 

periodic MQW region which can be regarded also as a long-period superlattice? (b) What causes the 

missing modes and additional modes which are supposed to be present or absent in the frame of 

dispersion relation of the DBR (see Fig. 5-4(b))? (c) Why was only the lowest MBZ-edge mode at 

~15 GHz demonstrated through experimental nonlinearities analysis to find the indication of 

stimulated harmonic decay?  Therefore, we will list several origins that can potentially give rise to a 

complex acoustic spectrum. 

 (1) The possibility of folded longitudinal CAP excitation in the SL formed by triple-QW stacks 

and the GaAs spacers.  

This superlattice exhibits a period of dMQW-SL = 145 nm, which is close to the DBR period of 

dDBR = 160.4 nm. Due to the similarities, the observed MBZ-center mode ω(0) (32, 63, 95 GHz, …) 

could also be excited in this 145-nm SL via electrostriction mechanism enabled by the counter-

propagating pump light field, where the relation dMQW-SL  λpump
MQW-SL

/2 can be also satisfied. The 

difference lies in that, the MBZ-center modes in the 145-nm SL could also be potentially excited 

through deformation potential mechanism, due to the pump light absorption in In0.27Ga0.73As layers. 

The occurrence of MBZ-edge modes in the 145-nm SL, can also be explained by the hypothesis that 

stimulated harmonic decay processes enable edge mode excitation and dynamic zone folding and 

Raman-Nath-like scattering processes enable edge mode detection. For comparison, the acoustic 

dispersion relation represented by the magenta curve for the 145-nm SL is plotted in Fig. 5-4(b), 

which shows that the experimental edge-modes marked by green solid dots are always closer to the 

lower frequency at the forbidden gap in the DBR (blue curve) than the one in the 145-nm SL 

(magenta curve), therefore,  it is possible that the MBZ edge modes (15, 78, 110 GHz, …) belong to 

the DBR rather than the 145-nm SL. Moreover, in the vicinity of the acoustic spectrum at ~78 GHz 

and at ~110 GHz, we can actually find double peaks with comparable amplitudes spaced by 

approximately 2 GHz which is consistent to the frequency difference between the lower frequency at 
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the forbidden gap in the DBR and the edge mode of 145-nm SL at the same order (see Table 5-4 and 

Fig. 5-4(b)). This possibly implies that the upper peaks of ~80 GHz and ~ 112 GHz belong to edge 

modes excited in the 145-nm SL while the lower peaks of ~78 GHz and 110 GHz belong to edge 

modes excited in the DBR. However, it is hard to distinguish whether the MBZ-center modes belong 

to the DBR or the 145-nm SL.  

(2) Multiple contributions to individual modes from electrostriction-generated MBZ-center 

modes, the stimulated subharmonic decay, dynamic zone folding and Raman-Nath-like detection 

processes. 

Concerning zone center frequencies, contributions from three sources can be targeted, including 

zone center modes generated via electrostriction, the subharmonic decay of zone center modes, and 

the higher replicas of the dynamically folded lower frequencies through the Raman-Nath-like probe 

light scattering process. Concerning zone edge frequencies, simultaneous contributions from the 

subharmonic decay of the zone center mode and from higher-order replicas of dynamically folded 

lower frequencies through the Raman-Nath-like probe light scattering process, take place for all 

frequencies equal to edge mode frequencies other than ~15 GHz frequency. The only contribution 

source for ~15 GHz mode is the stimulated subharmonic decay of the MBZ-center mode at ~32 

GHz, which is why only the 15 GHz mode rather than the ~80-GHz or the ~110-GHz modes 

excitation was demonstrated through experimental nonlinearities analysis in Section 5.1.1.3. One 

may notice that MBZ-edge mode at 48 GHz which is predicted by the calculation is absent in our 

experiment (see Fig. 5-4(b)). Based on the above demonstration of multiple contributions, this can 

be attributed to the cancellation effect of simultaneous contributions from the mode ω3(0)/2 via 

stimulated subharmonic decay and from the third-order replica 3ω1(0)/2 of 15 GHz mode in the 

probe process (see Fig. 5-6). 

(3) The resonances from individual layers in the MQW-SESAM structure. 

In time-domain spectroscopy, the resonances of individual layers in our structure can also be 

potentially observed through the nonstationary process detection. The resonances can be induced by 

the propagating phonons excited in QWs (In0.27Ga0.73As) or in the DBR. One may also notice that the 

presence of the frequency at ~24 GHz (see Fig. 5-4(b)) which is not predicted by the calculation of 

the dispersion relation in the DBR or 145-nm SL. This can be attributed to the half-wavelength 

resonant oscillations in 112-nm GaAs spacers between two triple-QW stacks. Such a resonance is 

estimated to take place at ~ 21 GHz. Additionally, the presence of the ~38 GHz mode (the closest 

peak on the right side of 32 GHz in Fig. 5-4(b)) could result from the resonance in the Al0.95Ga0.05As 

layer with a thickness of 68.7 nm (see Fig. 5-1) where the oscillation at ~40 GHz can take place. At 

last, in the DBR region, the potential resonances in the individual layer of GaAs (73.7 nm) and 

Al0.95Ga0.05As (86.7 nm) in the DBR are both close to 32 GHz, overlapping with the MBZ-center 

mode at the lowest order. Those resonances taking place in the individual layers can be excited from 

time to time when the propagating phonons are incident on the corresponding layers.  

(4) Coherent acoustic waves excited in the constituent materials via stimulated Brillouin 

backscattering. 

In all the homogeneous constituent layers, coherent acoustic phonons could be excited via 

stimulated Brillouin backscattering processes, yielding frequencies close to ω(0)  32 GHz mode. 

Thus, when those acoustic waves are incident on the DBR or 145-nm SL, the lowest energy modes 

at k ≅ 0 in the stationary folded MBZ could be additionally resonantly induced. 

(5) The acoustic frequency comb with comb spacing of ~33 GHz excited in the QWs. 

Due to the fact that the distance between neighboring triple-QW stacks is close to the DBR 

period (equal to 145-nm SL), the frequency comb spacing of CAP excited in the MQWs is very 

close to the lowest MBZ-center mode, i.e. ∆f  ≅ ω(0)  32 GHz, which not only introduces the 

difficulty to extract the amplitude proportion but also makes it hard to determine the decay time for 

the phonon excited in the DBR (or 145-nm SL).  

(6) Coherent acoustic phonons excited in QWs as a pump source for DBR eigenmodes. 
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In principle, when CAPs generated in QWs through light absorption are incident on the DBR, all 

eigenmodes in the DBR could be also induced by them. 

Therefore, the excitation and the detection by various mechanisms in different regions in the 

MQW-SESAM structure (sample A), combined with the interplay between modes from different 

sources, lead to the difficulty to accurately interpret the observed folded CAPs. However, firstly, the 

frequency comb generated in the QWs by deformation potential through light absorption is clearly 

identified and is in good agreement with the nanostructure dimensions; secondly, the MBZ-edge 

mode excitation is well explained by electrostriction in the DBR where the spatial modulation of 

counter-propagating pump light field and the spatial modulation of electrostriction coefficient jointly 

facilitate the acoustic excitation; thirdly, the occurrence of MBZ-edge mode in the DBR can be well 

explained by the hypothesis discussed in Section 5.1.1.3 and is corroborated by the nonlinearities in 

stimulated subharmonic decay process of the fundamental MBZ-center mode in the DBR in our 

experiments. Hence, we consider the current interpretation demonstrated in Section 5.1.1 for sample 

A to be well suited for the experimental results obtained from time-resolved spectroscopy.  

In the following section, samples with similar structures with sample A but grown in different 

temperatures are also investigated in the same Yb:KYW lasers based ASOPS systems.  

5.1.1.5. Comparison with similar structures fabricated in different temperature 

Sample A and sample B share the same structure as illustrated in Fig. 5-1, while sample C only has 

two triple-QW stacks and the rest part remains the same as sample A. The growth temperature 

differs from sample to sample, which can be expressed as GTA < GTB < GTC. In the experiments, the 

pump power is 100 mW and the probe power is 4.5 mW for all samples. On the left part of Fig. 5-9, 

the reflectivity change with time delay is shown. By applying a single exponential fit to the time 

traces, it turns out that the carrier recombination time for sample A, B and C has the relation of τA 

(20.11 ps) > τB (14.68 ps) > τC (7.45 ps), which implies a slower recombination time at lower growth 

temperature. This can be explained by the growth temperature dependent defect densities, involving 

both electrons and holes trapping [5.70]. The acoustic waves (see the middle part of Fig. 5-9) exhibit 

the similar wave-packet-like structure for all samples, accompanied by a decreased amplitude with 

an increased growth temperature. The acoustic waves generated in sample B are decreased by 

approximately one order of magnitude compared to those generated in sample A. The phonon 

amplitude is diminished further at even higher growth temperature for sample C, where the phonon 

oscillations are almost undistinguishable from the noise at the level of 1×10-7 (ΔR/R), possibly due to 

higher growth temperature combined with the absence of one triple-QW stack. At higher growth 

temperature, the quantum well shape and the interface of InGaAs and GaAs are modified due to the 

increased Indium segregation length [5.71]. This provides a potential explanation for the observed 

drastic decrease of the phonon amplitudes at higher growth temperature. In the frequency domain, 

we notice that the phonon central frequency (envelope obtained from the FFT of the wave-packet at 

~30 ps, see the right part of Fig. 5-9) slightly shifts down to 357 GHz in sample B compared to the 

one in sample A (~365 GHz). The reduced central frequency probably indicates that the well-to-well 

distance is slightly increased by a level of 0.1 nm, which can be attributed to the growth temperature 

imposing a tailoring effect on the structure of the multilayer sample. Thus, the pump-probe 

measurements offer a way to monitor the carrier dynamics, mechanical and photoelectric property 

variations induced by the growth temperature in multilayer nanostructures.  
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Fig. 5-9 Pump-probe measurements on samples A, B and C. The left part represents 

original reflectivity transients. The middle part represents extracted acoustic phonons, and 

the right part represents the Fourier transform of subtracted acoustic phonons. The black dot 

lines represent FFT of phonon oscillations in the range of 20-45 ps. [Reprinted] with 

permission from [5.49] © SPIE Press   

5.1.2. In0.27Ga0.73As multi-quantum-well structure without DBR 

In Section 5.1.1, we have investigated CAPs excited in a MQW-SESAM sample (sample A), where 

a periodic wave-packet-like acoustic sequence with surprisingly high signal-to-noise ratio is 

observed. Because the SESAM structure optimizes the optical electric field in the location of QWs, 

the pump light and the probe light can be efficiently absorbed, leading to the occurrence of very 

pronounced acoustic signal. In order to investigate the impact of a tailored electric field on the 

excitation/detection of CAPs in the MQW region, two new samples are fabricated. The new samples 

have the similar structure and constituent materials with sample A while the main difference lies in 

that the DBR is not incorporated in the new samples.  

5.1.2.1. Coherent acoustic phonons in a nine-quantum-well structure 

 

Fig. 5-10 Schematic diagram of the nine-multi-quantum-well structure A1. The orange-

colored areas denote GaAs layers. The violet areas denote In0.27Ga0.73As layers. 
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The new sample, named as sample A1, is schematically show in Fig. 5-10. Sample A1 consists of 

three triple-QW stacks grown on a GaAs substrate. Each triple QW stack is composed of an 

In0.27Ga0.73As/GaAs/ In0.27Ga0.73As/GaAs/ In0.27Ga0.73As unit. The In0.27Ga0.73As QW layer and the 

GaAs barrier layer have a thickness of 7 nm and 6 nm, respectively. Triple-QW stacks are equally 

spaced by 112-nm GaAs. The cap layer is 55-nm thick. Sample A1 is measured in both reflection 

and transmission configurations. 

Reflection measurements 

In the reflection measurements, the pump and the probe lights are incident on the air/cap layer 

interface of the sample. The reflected probe light is received by a photodetector (FS1811, 

NewFocus). The pump power and the probe power are set to 130 mW and 9.8 mW, respectively, to 

optimize the acoustic signal. A Lower power leads to unrecognizable signals in the noise 

background. 

 

Fig. 5-11  The measurement of the multi-quantum-well sample without DBR (sample A1) 

in a reflection configuration. (a) Original reflectivity change transient. (b) FFT amplitude 

spectrum. (c) Acoustic waves after extraction. 

The measurement results are shown in Fig. 5-11. It is noticeable that the reflectivity change time 

trace has (1) a negative value and (2) two additional peaks (see Fig. 5-11(a)). The occurrence of 

negative reflectivity change probably indicates that the light absorption in QWs is not efficient so 

that band filling effect can not dominate, while other effects such as free carrier absorption and re-

excitation of trapped carriers into the conduction band may be involved [5.72], leading to a negative 

refractive index change ∆n, thus an observable negative reflectivity change. Two excitation peaks 

appear, due to the reflection of the pump light on the backside of sample. Based on the 16.85 ps 

delay between peaks (see the note in Fig. 5-11(a)), the calculated round trip length is 1.45 mm, 

which agrees well with the double thickness of the sample (1.36 mm). The extracted acoustic signal 

is present in Figs. 5-11(b) and (c). Figure 5-11(c) shows a wave-packet sequence that is similar to 

the one observed in sample A. The high-amplitude peak at 33.45 ps is induced by the second 

reflection on the backside of the sample (see Fig. 5-11(a)). Surprisingly, the acoustic amplitude in 

sample A1 is approximately two orders of magnitude smaller than that in sample A, in spite of the 

higher pump and probe power. We initially attribute the dramatic amplitude decrease to the adjusted 

electric field distribution in QWs of sample A1. The acoustic spectrum also shows a comb-like 

structure centered at ~369 GHz with a comb spacing of ~ 33 GHz.      
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Transmission measurements 

The same sample (sample A1) is also tested in a transmission geometry. In the set-up, the 

photodetector is placed behind the sample to receive transmitted probe light. In this measurement, a 

pump power of 130 mW and a probe power of 8 mW are applied. The measurement results are 

shown in Fig. 5-12. In the transmission measurements, the transmittance change appears in both the 

negative and positive sides, which can be also attributed to the presence of an insufficient band 

filling effect along with other effects that induce a negative Δn in the QWs. Similar acoustic signals 

with those measured in the reflection configuration are detected. For some reason, the second 

reflection of the pump light on the backside is attenuated sufficiently, so that the induced electronic 

peak is invisible in the acoustic time trace. The acoustic amplitude is also on the same order with the 

one measured in the reflection configuration.  

 

Fig. 5-12 The measurement of the nine-multi-quantum-well sample without DBR (sample 

A1) in a transmission configuration. (a) Original transmittance change transient. (b) FFT 

amplitude spectrum. (c) Acoustic waves after extraction. 

 

Fig. 5-13 The electric field intensity in (a) the multi-quantum-well SESAM with DBR 

(sample A) and (b) the same multi-quantum-well structure without DBR (sample A1). 

To verify our initial speculation that the optical electric field is responsible for the distinct 

acoustic amplitude in samples A and A1, the electric field intensity distribution is given in Fig. 5-13. 

Due to the absence of the DBR, the electric field is not specifically optimized in the QW locations in 
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sample A1 while nearly constant electric field intensity is over the sample. However, the electric 

field intensity ratio in the QWs between sample A1 and A only ranges from 0.5:1 to 0.7:1, which 

can not support the two orders of magnitude difference between them. Even if multiple reflections 

on the backside of the sample A1 is taken into account, it is still impossible to create a proportional 

electric field intensity to the experimentally observed acoustic amplitude in the QWs. (we simply 

assume that the acoustic phonon amplitude is proportional to the optical electric field intensity in 

spite of the nonlinear relation in the high intensity.) Although the tailored electric field indeed has an 

attenuation effect on the excitation and detection of acoustic phonons in the QWs, some other 

reasons should be also involved to support the eye-catching two-order of magnitude difference. 

Since the experimental set-up is the same and incident light parameters are comparable for sample A 

and sample A1 tests, one possible reason is the fabrication process of the sample. Based on the 

results in Section 5.1.1.5, the sample growth temperature plays an important role in the amplitude 

variation of photo-induced coherent acoustic phonons in the QWs by inducing more than one order 

of magnitude amplitude difference. Considering that samples A1 and A were not fabricated in the 

same lab, the growth condition differed in terms of the temperature. Hence, the growth temperature 

potentially accounts for the large amplitude difference of acoustic phonons in sample A and sample 

A1. In addition, saturation behaviors in the high intensity take place for the excitation of coherent 

acoustic phonons in sample A, which further enlarges the gap between the acoustic amplitude in 

sample A and that in sample A1.      

5.1.2.2. Coherent acoustic phonons in a three-quantum-well structure 

 

Fig. 5-14 Schematic diagram of the three-quantum-well structure (A2). The orange-colored 

areas denote GaAs layers. The violet areas denote In0.27Ga0.73As layers. 

The structure of the second new sample, named as sample A2, is shown in Fig. 5-14. Sample A2 

consists of three 7-nm In0.27Ga0.73As QWs grown on a GaAs substrate. QWs are equally spaced by 

20-nm GaAs barrier layers. The cap layer is 55-nm GaAs. This sample is also tested in both 

reflection and transmission configurations. The pump power and the probe power are set to 100 mW 

and 8.5 mW, respectively. 

Reflection measurements 

Figure 5-15 shows the reflection measurement results. Unlike the negative reflectivity change for 

sample A1 in the reflection configuration, the reflectivity change for sample A2 is positive, 

indicating that the band filling effect dominates in the QWs in this situation. The valley appearing at 

around 80 ps is attributed to the effect induced by the detector function. The visible additional peaks 

also stem from the reflection of optical pump light on the backside of the sample (see Fig. 5-15(a)). 

A pronounced acoustic phonon feature appears at ~182 GHz (see Fig. 5-15(b)), which is in 

agreement with the calculated phonon frequency of 172.7 GHz based on the effective longitudinal 

acoustic speed of v
eff 

= 4664.5 m/s (speed in constituent layers taken from Table 5-2) and well-to-

well distance of dQW = 27 nm. In time domain, a single wave-packet like acoustic wave consisting of 

single oscillations with a period of ~5.3 ps appears at ~36.35 ps, which can be explained by the 

detection of the backward propagating acoustic waves excited in QWs after the roundtrip between 

the QWs and air/cap layer interface. The round trip takes 36.15 ps based on the calculation. The 
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acoustic waves experience no multiple detections in the QWs after leaving the local MQW region 

(further detections in the QWs take place after the acoustic waves are reflected back from the 

backside of the sample, however, due to the thick substrate, it is not necessary to consider the 

acoustic reflections in our current 1-ns time window). Therefore, only a single wave-packet shows 

up. One may notice that the acoustic amplitude in sample A2 is approximately twice as large as that 

in the sample A1 in the reflection configuration. However, taking into account the following factors: 

(1) the electric field intensity distributions in sample A1 and sample A2 are similar in a half-infinite 

model (nearly constant at a value of ~0.2 times of the maximum intensity), (2) acoustic waves 

undergo multiple times detections at multiple triple-QW stacks (see the illustration in Fig. 5-3) in 

sample A1 while only a backward acoustic burst is detected once in sample A2, and (3) higher pump 

power and probe power are applied for sample A1,  it is hard to understand why the acoustic 

amplitude in sample A1 is even evidently lower than that in sample A2. The potential explanation 

could be the fabrication condition. Further investigations are required to provide a clear answer. 

 

Fig. 5-15 The measurement of three-quantum-well sample without DBR (sample A2) in a 

reflection configuration. (a) Original reflectivity change transient. (b) FFT amplitude 

spectrum. (c) Acoustic waves after subtraction. 

Transmission measurements 

Sample A2 is also investigated in a transmission configuration, as shown in Fig. 5-16. In the 

transmittance transient (see Fig. 5-16(a)), it is worth noting that (1) on the contrary to the result in 

the reflection configuration, the transmittance change here is negative; (2) at around zero time delay, 

the transmittance change exhibits an instantaneous decrease and subsequent second  rise. Concerning 

the first phenomenon, as demonstrated before, the negative transmittance change implies that other 

effects rather than the band filling effect dominate in the QWs when irradiated. However, it is not 

clear why the negative change occurs in the transmission configuration rather than in a reflection 

configuration. One possible explanation is that the two measurements are not performed in the same 

area in the sample so that different effects dominate in the excitation due to inhomogeneities. 

Concerning the second phenomenon, the nonlinear effects such as two photon absorption (TPA) and 

free carrier absorption might take place in the QWs, as a consequence, carriers are excited to higher 

states in the conduction band so that the bleaching is delayed, which leads to a second rise after an 

instantaneous decrease in the transmittance transient [5.73,5.74]. The observed coherent acoustic 

phonons in the transmission configuration exhibit the similar feature with those detected in the 

reflection configuration, that is to say, a single acoustic wave-packet appearing at ~36.3 ps oscillates 

at the frequency of ~181 GHz. A sharp peak at around 33.4 ps is induced by the second reflection of 
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pump light on the backside of the sample. The single oscillation amplitudes within the wave-packet 

slightly differ between those measured in the reflection configuration and those measured in the 

transmission configuration. We attribute this to the potential slightly different electric field intensity 

distributions in two situations. 

 

Fig. 5-16 The measurement of three-quantum-well sample without DBR (sample A2) in a 

transmission configuration. (a) Original transmittance change transient. (b) FFT amplitude 

spectrum. (c) Acoustic waves after extraction. 

 

Fig. 5-17 The measurements on three-quantum-well sample without DBR (sample A2) 

when the pump light is incident on the backside. (a) Original reflectivity change transient 

and (b) acoustic waves after extraction in a reflection configuration. (c) Original 

transmittance change transient and (d) acoustic waves after extraction in a transmission 

configuration. 
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Back-side pumping measurements 

Additionally, we also test sample A2 by sending the pump light on the back side of the sample and 

detecting the reflected probe light and the transmitted probe light. The pump and the probe power 

are the same as those used in the front-side pumping measurements for sample A2. The results are 

shown in Fig. 5-17. Compared to acoustic waves detected in the front-side pumping set-up, the 

observed acoustic waves in the back-side pumping set-up exhibit strong attenuation for the earlier 

oscillations in the wave-packet. This can be attributed to the modulation of electric field intensity 

when the pump light is incident on the backside. As can be seen in Fig. 5-18, the electric field 

intensity achieves the minimum value at ~68 nm (with respect to the air/cap layer interface) which 

locates between the first QW and the second QW, leading to small electric field intensities for the 

first two QWs while relatively large intensity for the third QW. As a result, a pronounced oscillation 

at around 47.5 ps preceded by weak oscillations is yielded.          

 

Fig. 5-18 Electric field intensity distribution in the three-quantum-well structure (sample 

A2) when the pump light is incident on the backside.  

In summary, In0.27Ga0.73As MQW structures without DBR have been investigated for 

comparison with the MQW-SESAM structure. The following findings are acquired in the time 

resolved phonon spectroscopy: 

(1) The CAPs observed in the pure MQW structures are decreased by approximately two orders 

of magnitude, compared to those observed in the MQW-SESAM structure. Although the attenuated 

optical electric field intensity in the MQW structure may slightly accounts for the acoustic 

attenuation, other reasons such as sample growth temperature could be involved to support the 

strong acoustic attenuation. 

(2) Both negative and positive reflectivity/transmittance changes appear in the transient for pure 

MQW structures, while only positive reflectivity changes occur in the transient for the MQW-

SESAM structure. This is caused by insufficient band filling effect and the emergence of other 

effects such as free carrier absorption in the pure MQW structures. In the MQW-SESAM structure, 

the band filling effect dominates due to efficient pump light absorption in the QWs, thus a positive 

reflectivity change occurs. 

(3) The CAPs observed in the transmission and reflection configurations are similar. 

(4) The observed CAPs in the back-side pumping configuration for the three-quantum-well 

structure, are strongly attenuated for part of the oscillations, compared to those observed in the front-

side pumping configuration. This can be interpreted by the modulation of electric field intensity.  

5.1.3. Incident optical power and wavelength shift influence 

5.1.3.1. Tunable pump and probe power  

In this section, the pump power and the probe power are tuned in a wide range to observe the 

potential  influence on the reflectivity transient change as well as coherent acoustic phonons excited 

in the MQW-SESAM structure – sample A. The time resolved spectroscopy provides a way to 
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acquire the recovery time of SESAM mirrors, which is an important parameter for SESAM mode-

locking lasers. The recovery time should be shorter than the round-trip time of light in the cavity in 

order to avoid Q-switching instabilities. In addition, it is a limiting factor for achievable pulse width 

[5.75]. Due to the excitation of CAPs in the QWs in the MQW-structure, it is also interesting to 

monitor the pump/probe power impact on the CAPs. The intrinsic saturation behavior in SESAM 

mirrors leads to potential corresponding impact on photo-induced CAPs. 

 

Fig. 5-19 The measurements on nine-quantum-well SESAM sample used in Section 5.1.1 

(sample A) when the pump power is increased from 20 mW to 100 mW. (a) Original 

reflectivity change transient. (b) Extracted acoustic phonons. (c) Decay time of the 

reflectivity change transient. (d) The peak amplitude of the original transients and the 

maximum acoustic amplitude dependences on the pump power. (d) The central frequency 

(obtained from the oscillation frequency of the first acoustic wave-packet at ~30.25 ps) 

offset with respect to the central frequency f0 = 367.9 GHz at 20-mW pump power.   

The pump power ranging from 20 mW to 100 mW is applied and the probe power is fixed at 4.5 

mW. The measurement results are shown in Fig. 5-19.  In Fig. 5-19(a), there are two distinct time 

scales: the initial fast one refers to intraband thermalization and carrier cooling, and the slow one 

refers to interband recombination and impurity trapping. The recovery time turns out to increase 

slightly from τR ≈ 18.13 ps with the increase of the pump power (see Fig. 5-19(c)), accompanied by 

the almost unchanged fast carrier lifetime (τF < 1 ps). Due to the fact that the pump photon energy is 

slightly higher than the bandgap of QWs in our measurements, the carriers are excited to higher state 

in the conduction band and during relaxation the carriers transfer excessive kinetic energy to 

phonons [5.72]. The phonons thus become hot and interact with the carriers by transferring back the 

energy. Hence, when the pump power increases, carriers gain more kinetic energy and thus require 

more time to relax to thermalization as well as more time to decay. This can explain the pump-

power-dependent recovery time in our results. The almost unchanged fast carrier lifetime is 
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attributed to the unchanged pump photon energy in spite of increased pump power. In Fig. 5-19(c), 

the peak amplitude of the reflectivity transients (from Fig. 5-19(a)) and the maximum phonon 

amplitude (from Fig. 5-19(b)) are plotted in the range from 20 mW to 100 mW. It is noticeable that 

nonlinearities appear at high power for the amplitude of reflectivity change (blue symbols in Fig. 5-

19(c)), which can be well understood by the bleaching initial state while still occupied upper state of 

QW when the high power is applied, leading to saturated absorption of  the pump light [5.76]. 

Because CAPs are mainly excited via deformation potential in the QWs, the stress is proportional to 

the carrier concentration. The carrier concentration undergoes saturation as well when light 

absorption is saturated at high power, thus, the amplitude of CAPs exhibits the similar variation 

(magenta symbols in Fig. 5-19(c)) with that of reflectivity change transient, when the pump power 

rises. At last, the oscillation frequency of individual acoustic wave-packet is extracted for all applied 

pump powers. With respect to the frequency at the lowest pump power, other acoustic frequencies 

(the central frequency) all shift slightly down (see Fig. 5-19(e)). However, due to the small change, 

it is not clear whether the frequency shift is induced by the pump power or measurement 

inaccuracies.                   

 

Fig. 5-20 The measurements on nine-quantum-well SESAM sample used in Section 5.1.1 

(sample A) when the probe power is increased from 0.2 mW to 4.5 mW. (a) Original 

reflectivity change transient. (b) Extracted acoustic phonons. (c) Decay time of the 

reflectivity change transient. (d) The peak amplitude of the original transients and the 

maximum acoustic amplitude dependences on the probe power. (d) The central frequency 

(obtained from the oscillation frequency of the first acoustic wave-packet at ~30.25 ps) 

offset with respect to the central frequency of f0 = 367.7 GHz at 4.5-mW probe power. 
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 Various probe power is also applied in the measurements. In the experiments, the probe power 

has to be chosen properly, so that, on the one hand, the carrier dynamics or acoustic dynamics in 

QWs are not disturbed by the probe light, on the other hand, the detected signals are kept well above 

the noise floor to ensure the reliability of measurement results. In addition, the maximum probe 

power is also limited by the photoreciever. In the experiments, the probe power ranges from 0.2 mW 

to 4.5 mW in steps of ~0.5 mW and the pump power is fixed at 40 mW. As shown in Fig. 5-20, the 

recovery time of the reflectivity change transient declines with the rise of the probe power (see Figs. 

5-20(a) and (c)). However, this only indicates that the measurements at the low probe power yields 

more deviation from the actual value. As can be seen, the recovery time falls back to approximately 

18 ps at high probe power which is consistent to the corresponding result shown in Fig. 5-19(c). The 

detection function may also be affected by the low probe power, so the decay time of the exponential 

curve is somehow distorted. In addition, it is worth noting that the detection exhibits a threshold at ~ 

2 mW for both electronic transients and acoustic waves (see Fig. 5-20(c)). This is caused by the fact 

that the probe light induced photo-current in the detector is at the level of noise floor when the probe 

power ranges from 0 to 2 mW. The subsequent increase of probe power produces a linear relation 

between the electronic peak/acoustic peak and the probe power. The variation of the probe power 

also leads to the fluctuation of acoustic frequency due to measurement inaccuracies (see Fig. 5-

20(e)). 

5.1.3.2. Probe wavelength shift 

Since the probe photon energy is very close to the bandgap of QWs (~6 meV above the bandgap), it 

is interesting to investigate the above-bandgap detection, at-bandgap detection and below-bandgap 

detection by tuning the probe wavelength. A bandpass dielectric filter at the central wavelength of 

1047 nm with a bandwidth of 4 nm. The optical wavelength shift is realized by tilting the filter with 

respect to incoming probe light. The tunable wavelength range by use of this method depends on the 

tilting angle as well as the bandwidth of the probe light. It is worth noting that tilting the filter also 

gives rise to the attenuation of the probe power and the change of the probe bandwidth. Therefore, 

the probe wavelength, the probe power and the probe pulse width jointly affect the outcome of the 

measurements. For comparison, the experiments with the filter placed between the sample and filter, 

and those with the filter placed between the focusing probe lens and the sample in the path of 

incident probe light, are both performed. The former configuration enables the temporal resolution 

unaffected while the latter one can degrade the temporal resolution due to the shrink of the probe 

light bandwidth. The pump power is set to 40 mW and the probe power is set to 4.5 mW before the 

filter in the path of the incident probe light. 

 Firstly, we put the filter between the sample and the detector as shown in Fig. 5-21(a). The 

tunable tilting angle ranges from 0° to 14°, yielding a central wavelength ranging from 1044.2 nm to 

1047.3 nm. The measured reflectivity change transients are depicted in Fig. 5-21(b). The parameters 

of the probe light after the filter for the numbered transients are listed in Table 5-5. The transient No. 

1 is corresponding to the probe light with the shortest central wavelength at 1044.2 nm and the 

lowest power at 0.2 mW, while the transient No. 5 is corresponding to the probe light with the 

longest central wavelength at 1047.3 nm and the highest power at 2.6 mW. For reference, the 

transient No. 6 is acquired without inserting the filter by the probe light with a central wavelength of 

1047.9 nm and a pump power of 4.5 nm. The bandwidth of the probe light drops by ~1 nm after the 

filter and the bandwidth deviations are not large among those probe lights using tilted filter. As a 

result, at shorter probe wavelength (No.1, 2, 3), an oscillation of reflectivity change towards to the 

negative side is found before the electronic peak rises up to the positive maximum value, 

accompanied by faster thermalization and recovery time compared to those obtained at longer probe 

wavelength (No. 4, 5, 6) (see Figs. 5-21(b) and (d)).  Due to the fact that the detection is performed 

above the bandgap of QWs at all applied probe wavelengths, we assume that photoelastic effect still 

accounts for the detection when the filter is used, due to light absorption in QWs. In addition, the 

pump photon energy remains the same. Hence, neither the detection origin nor the excitation origin 
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can explain the bizarre response on the reflectivity change at short probe wavelength. Based on the 

measurements performed by using tunable probe power, the negative oscillation and the faster 

thermalization time and decay time are not supposed to be induced by the low probe power. Some 

other reasons associated to experimental conduction and sample imhomogeneities could be involved. 

It is not clear if the probe wavelength gives rise to the peculiar change. The detected acoustic 

amplitude is attenuated evidently after using the filter due to the declined probe power, as shown in 

Figs. 5-21(c) and (e). The central wavelength of excited CAPs fluctuates in the range of -2 – 4 GHz. 

Hence, there is no convincing evidence that CAPs excited in the QWs are detected via different 

mechanisms/different locations when short probe wavelengths are applied.      

 

Fig. 5-21 The measurements on nine-quantum-well SESAM sample used in Section 5.1.1 

(sample A) when the wavelength of probe light is adjusted by a bandpass dielectric filter (at 

1047 nm, bandwidth of 4 nm). (a) Schematic of filter insertion between the sample and the 

detector. (b) Original reflectivity transient change. (c) Extracted acoustic phonons. (d) Decay 

time of the reflectivity transient change. (e) The peak amplitude of the original transients and 

the maximum acoustic amplitude dependences on the probe wavelength (top) or probe 

power (bottom). (f) The central frequency (obtained from the oscillation frequency of the 

first acoustic wave-packet at ~30.25 ps) offset with respect to the central frequency of f0 = 

367.1 GHz at 4.5-mW probe power.  
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Table 5-5 The probe light parameters when the filter is adjusted by rotation. The numbers 

1,2,3,4,5,6 are used to identify different measurements, which are corresponding to those in 

Fig. 5-21(b).  

Number 1 2 3 4 5 6 

Rotation degree of 

filter [°] 

14 13 10 8 0 Without filter 

Center wavelength 

[nm] 

1044.2 1044.7 1045.4 1046.6 1047.3 1047.9 

Bandwidth [nm] 3.8 3.8 3.6 3.3 3.4 4.8 

Power after filter 0.2 0.3 0.5 1.6 2.6 4.5 

 

Fig. 5-22 The measurements on nine-quantum-well SESAM sample used in Section 5.1.1 

(sample A) when the wavelength of probe light is adjusted by a bandpass dielectric filter (at 

1047.1 nm, bandwidth of 4 nm) in a different location. (a) Schematic of filter insertion 

between the sample and the focusing lens in the probe light path. (b) Original reflectivity 

transient change. (c) Acoustic phonon waves. (d) Decay time of the reflectivity transient. (e) 

The peak amplitude of the original transients and the maximum acoustic amplitude 

dependences on the probe wavelength (top) or probe power (bottom) before reflection on the 

sample. (f) The central frequency (obtained from the oscillation frequency of the first 

acoustic wave-packet at ~30.25 ps) offset with respect to the central frequency of f0 = 367.1 

GHz at 4.5-mW probe power and 40-mW Pump power. 
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In the second configuration, the filter is placed in the path of incident probe light as illustrated 

in Fig. 5-22(a). Figure Fig. 5-22(b) shows the reflectivity change transients. From No.1’ to No. 7’, 

by using the filter, the applied probe wavelength increases from 1044.5 nm to 1047. 3 nm and the 

probe power increases from 0.3 mW to 2.8 mW. The reference transient No. 8’ is the same as the 

one discussed in Fig. 5-21 when the filter is not employed. As can be seen, the transients measured 

by the filtered probe lights (No.1’ to No. 7’) exhibit wider peak compared to the reference transient 

(No. 8’) without using the filter, which is not surprising, because the probe pulse width is broadened 

after the filter, leading to a wider pulse of probe-pump convolution when they are overlapped at zero 

time delay. The thermalization time remains nearly unchanged while the recovery time overall 

increases with the probe wavelength (see Fig. 5-22(c)), which is consistent with the result in Fig. 5-

21(c) when the filter is placed before the detector. As shown in Fig. 5-22(e), we can also observe 

that the amplitudes of the electronic peak and acoustic peak gain rapid rise after the threshold at 

around 2 mW (1047 nm). It is hard to identify whether the change is induced by the wavelength or 

the power. Interestingly, the acoustic central frequency offset exhibits a V-shape-like change on the 

negative side with respect to the acoustic central frequency measured by the reference probe light 

(see Fig. 5-22(f)). 

   

Fig. 5-23 The spectrum of the probe light after tilting 1047.1-4 dielectric filter, and diagram 

of the photon energy versus wavelength. 

 Hence, so far the acquired wavelength shifts by tilting a filter do not induce an evident 

difference in terms of the detection of CAPs. The illustration in Fig. 5-23 shows that the available 

spectrum of the probe light distributes in the range from 1044.2 nm to 1047.3 nm, which is 

corresponding to the photon energy from 1.187 eV to 1.184 eV. Apparently, this is still above the 

bandgap of QWs at 1. 177 eV. In order to enable the detection directly at the bandgap energy, we 

can implement two approaches: (1) to shift the probe wavelength up to 1053.4 nm and (2) to cool 

down the sample to 260.4 K (-12.63 °C). In terms of the first approach, it is limited by the tunable 

range of the filter and the bandwidth of the probe light. It is only possible to shift the probe 

wavelength to the shorter wavelength by rotation, so it is not possible to reach the longer wavelength 

at 1053.4 nm. In terms of the second approach, it can be applied in the later experiments by 

employing proper cooling devices. The desired temperature is calculated based on the model of 

Varshni where the temperature dependences of semiconductors can be described by the following 

formula [5.77] 

𝐸g(𝑇L) = 𝐸g,0 −
𝛼∙𝑇L

2

𝛽+𝑇L
, (5-13) 
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where Eg(TL) and Eg,0 denote the bandgap at TL K and at 0 K, respectively, α and β are material 

specific constants. If the bandgap of the QWs can be increased to approach the current photon 

energy of the probe light by cooling, then detection can be performed above, at and under the probe 

photo energy, which are expected to yield intriguing results for us to understand the detection 

mechanisms in the vicinity of the QW bandgap. For example, interferometric effects might account 

for the acoustic detection when the bandgap is above the photon energy.  

5.1.4. Effects of prism in the pump path 

Prisms are commonly used as dispersive elements, retroreflectors, or pulse compressors, etc., in 

optics systems. Usually a pair of prisms serves as a compressor to reduce the optical pulse duration, 

so that, for example, a better time resolution can be achieved in a pump-probe spectroscopy. 

However, in this section, the aim is not to improve the time resolution of our measurement system, 

but to introduce modulation to CAPs generated in semiconductor MQWs by shaping the pump light. 

Hence, for an initial attempt, a single prism is employed to disperse the pump light, as a 

straightforward result, the pulse is broadened due to group delay dispersion. Additionally, the 

spectral components are also spatially separated due to angle dispersion. Usually, those are 

unwanted effects for investigating ultrafast dynamics, nonetheless, it is interesting to study the 

effects of dispersed pump pulse on the measurements. In the experiment, a right-angle prism (base 

length: 25 mm, apex angel: 45, SF10) is placed in the path of the incident pump light. The pump 

light is incident on the hypotenuse surface of the prism, with a direction perpendicular to the base 

surface of the prism. After propagating through the prism, the pump light is focused on the sample 

by a 30-mm lens with a normal incident direction. The pump power is set to 100 mW and the probe 

power is set to 5 mW. The sample under test is the MQW-SESAM structure investigated in Section 

5.1.1 (sample A).  

The measured transients of reflectivity change are shown in Fig. 5-24. The prism is slightly 

rotated in the horizontal plane. The measurements are performed at three prism positions, namely, 

position 0, position 1, and position -1. Position 0 denotes the prism position that the incident pump 

light is perpendicular to the base surface. Position 1 and position -1 are obtained by rotating the 

prism in the clockwise direction and in the counter-clockwise direction by approximately 1° with 

respect to position 0, respectively. As can be seen, the transients are almost unmodified by inserting 

the prism and slightly rotating the prism. It is worth noting that the convolution pulse width 

indicated by the peak of the electronic transient almost unchanged when the prism is inserted and 

rotated, which means that the broadening of the pulse is negligible in the measurements and the time 

resolution is not evidently affected. Moreover, according to Table 5-6, it is also clear that the 

bandwidths of the pump pulse before the prism and after the prism are almost the same at ~ 5 nm, 

which provides another evidence that the temporal resolution is not affected by using the prism.  

 

Fig. 5-24 The comparison of original reflectivity change time traces obtained in 

configurations without prism, and with prism in three different rotation positions. 
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Table 5-6 The wavelength and bandwidth variation of pump light before and after passing 

through a prism. 

 Position 0 Position 1 Position -1 

Before prism λ0 = 1046.9 nm 

∆λ = 5.1 nm 

λ0 = 1046.7 nm 

∆λ = 5.0 nm 

λ0 = 1046.8nm 

∆λ = 5.1 nm 

After prism λ0 = 1046.8 nm 

∆λ = 5.0 nm 

λ0 = 1046.8nm 

∆λ = 4.9 nm 

λ0 = 1046.8nm 

∆λ = 5.0 nm 

 

Fig. 5-25 (a) The acoustic waves and (b) the spectrum of sample A in a configuration 

without/with a 25-mm right-angle prism. Pump power: 100 mW, probe power: 5 mW. (c) 

The acoustic waves and (d) the spectrum of sample A in the configuration with a prism in 

the pump path at positions 0, 1, -1 by rotation (around 1 degree). (e) The acoustic waves and 

(f) the spectrum of sample A in the configuration with a prism in the pump path when the 

probe lens is located in three different positions. 

The unexpected also exciting results are yielded in the configuration with prism in the pump 

channel, as shown in Fig. 5-25. Compared to the acoustic waves observed in the configuration 

without prism, the acoustic waves exhibit (1) phase shift, and (2) odd oscillations within each wave-

packet are suppressed, in another words, the envelope of the wave-packet is modulated (see Fig. 5-

25(a)). The spectrum structure is also evidently modified (see Fig. 5-25(b)). The phonon spectrum 

indicates that new spectral components are present by using a prism for the pump light. Two double-

peak components appear at ~220 GHz and ~410 GHz, respectively, with the spacing of ~37 GHz 

within the double-peak. One may notice that the high frequency component is approximately twice 

as large as the low frequency component, which is consistent with the modulation of acoustic wave-

packet envelope. It turns out that the envelope modulation is associated with the prism position. As 

illustrated in Fig. 5-25(c), by rotating the prism slightly to position 1 and position -1, the odd 

oscillations are further suppressed, leading to a period-doubled oscillations within the wave-packet. 
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Correspondingly, the component at ~220 GHz is enhanced in position 1 and position -1 (see Fig. 5-

25(d)). In order to find out if the degraded overlap between the pump light and the probe light on the 

sample induces the results in Figs. 5-25(c) and (d) (because the prism is rotated, the path of the 

pump light is also adjusted, leading to a worse overlap between the pump light and the probe light 

on the sample), the position of the probe lens is slightly adjusted along the direction perpendicular to 

the probe light path. As a consequence, the whole acoustic wave-packet is attenuated, without 

evidently modulating the odd oscillations within the wave-packet (see Fig. 5-25(e). The 

enhancement of the spectral component at ~220 GHz also does not occur in spectral domain (see Fig. 

5-25(f)). Therefore, the further modulation on the wave-packet is not caused by the deteriorative 

overlap between the pump and the probe light, but most likely caused by the variation of pump pulse 

due to prism rotation. 

One potential explanation for the modulation on the acoustic waves is that, the spatially 

separated spectral components individually excite the QWs, leading to the appearance of multiple 

acoustic wave-packet sequences, thus a complicated interference among those sequences occurs. 

Due to the fact that different pump spectral components are delayed by different time duration by the 

prism, the initial phases are different for those pump spectral components, so that suppression and 

enhancement of oscillations take place based on the phase relation among those pump spectral 

components.  In the scope of this thesis, further quantitative explanations will not be given.  

5.1.5. Two-color measurements based on SHG 

 

Fig. 5-26 Measurements on Sample A by a 525-nm-probe and 1050-nm-pump 

configuration. The 525-nm light is generated by SHG. (a) The original time trace. (b) 

Brillouin oscillation. (c) The spectrum of Brillouin frequency. 

So far only the degenerate pump-probe measurements by using two almost identical Yb:KYW lasers 

have been performed in our work. However, to expand the pump or the probe wavelength into wider 

scope can help us comprehensively study the phonon dynamics, because different excitation or 

detection mechanisms might be involved, or detection locations and excitation locations can be 

separated, if proper pump and probe wavelengths are applied. The most common two-color pump-

probe spectroscopy is realized by applying second harmonic generation (SHG) to the pump light or 

the probe light. In this section, we utilize the SHG of the probe light to perform two-color pump-

probe measurements on sample A. The SHG light is acquired by sending the ~1050-nm fundamental 

probe light to a BBO crystal. However, due to the low conversion efficiency, only ~1mW green light 
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is available in front of the sample by using ~200mW fundamental light. A 130-MHz photodetector 

(Laser Quantum, PR130) is used to receive the reflected probe light at the wavelength of ~525 nm.  

The photon energy of the probe light (2.36 eV) is above the bandgap of GaAs and In0.27Ga0.73As, 

so the light absorption takes place in both materials of MQW region in sample A. Due to the strong 

absorption, the probe light is attenuated rapidly in the sample. The intensity of the light in absorptive 

materials can be expressed as by [5.78] 

𝐼(𝑥) = 𝐼(0) ∙ exp (−𝛼 ∙ 𝑥) (5-14) 

where α denotes the absorption coefficient, which is associated with the optical property of the 

medium by the following formula  

𝛼 = 4π𝑘/𝜆, (5-15) 

where k is the extinction coefficient of the medium, λ is the free-space wavelength. A skin-depth is 

usually used to describe the penetration of the optical electric field into the medium. A widely used 

form of skin depth is the inverse of absorption coefficient  

𝛿 = 1/α. (5-16) 

A skin depth in GaAs for the 525-nm probe light is estimated as 121 nm, which means that the probe 

light propagates through the first triple-QW stack. Hence, the detection and the excitation locations 

of CAPs are not completely separated. Due to the strong light absorption in the QWs, the CAPs can 

still be efficiently detected in the first triple-QW stack via photoelastic effects.   

 

Fig. 5-27 The high frequency acoustic signal measured by 525-nm-probe and 1050-nm-

pump configuration. (a)The acoustic waves. (b) The acoustic spectrum. 

The measurement results are shown in Fig. 5-26. A pronounced oscillation can be found at 

around 80 ps with a long period of 12.6 ps (see Fig. 5-26(b)), corresponding to a frequency of 75.5 

GHz (see Fig. 5-26(c)). It is not likely that any acoustic phonons with such a frequency can be 

excited in the structure of sample A, so we assume this frequency is induced by Brillouin oscillation. 

Because the wavevectors of the probe light and the acoustic waves in sample A are matched, the 

probe light is scattered by the propagating acoustic waves, thus Brillouin oscillation should be 

observed in the reflectivity change transient. By use of Eq. (5-12) and the refractive index of the 

525-nm light in GaAs [5.79] and In0.27Ga0.73As [5.80], the Brillouin frequency can be acquired as 

75.1 GHz and 72.5 GHz, respectively. The calculated Brillouin frequency is in good agreement with 

the observed frequency at 75.5 GHz. In order to recognize the high frequency acoustic waves, the 

numerical extraction procedure is adjusted, thus a signal shown in Fig. 5-27 is obtained. Due to the 

small incident probe power, it is hard to perceive the temporal difference between the two-color 

measurements and degenerate measurements. In the frequency domain, a comb structure 
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accompanied by the Brillouin frequency is observed. Improvements can be made to gain more 

insights in the two-color pump-probe experiments, for example, we can (1) enhance the probe power 

by amplifying the fundamental pump power, (2) fabricate a sample with a thicker cap layer to enable 

the spatial decoupling of the detection and the excitation.  

5.2. Measurements on SESAMs with In0.3Ga0.7As MQWs 

 

Fig. 5-28 Schematic of SESAM structure with four 6-nm quantum wells as imbedded 

saturable absorber (samples D, E and F). The pink areas denote In0.3Ga0.7As QWs. The blue 

areas denote AlAs layers. The beige areas denote GaAs layers.  

In this section, we investigate another set of MQW-SESAM structures with In0.3Ga0.7As QWs. The 

schematic of those structures are illustrated in Fig. 5-28. The imbedded saturable absorber consists 

of four 6-nm In0.3Ga0.7As layers which are equally spaced by 20-nm GaAs barriers. The saturable 

absorber is capped by a 33.97-nm GaAs layer. The DBR and MQWs are spaced by a 110.4-nm 

GaAs layer. The bottom DBR is composed by GaAs (76.43 nm) /AlAs (90.2 nm) pairs. The 

structure is grown on a (001) GaAs substrate. Samples D, E, F exhibit the same structure as 

demonstrated above, but the QWs are subjected to different N-ion irradiation procedures. The QWs 

in sample D are not irradiated by N-ions, the last two QWs in sample E are irradiated by N-ions, and 

all four QWs in sample F are irradiated by N-ions. CAPs in those structures are first investigated by 

degenerate pump-probe spectroscopy using two almost identical Yb:KYW lasers, and then 

investigated by two-color pump-probe spectroscopy using a Ti:sapphire laser and a Yb:KYW laser. 

All experiments are performed in room temperature.   

5.2.1. Degenerate measurements by Yb:KYW lasers 

In the Yb:KYW laser based measurements, the properties of pump and probe lasers are still 

consistent to those listed in Table 5-1. Due to the fact that the photo energy of the pump and probe 

light (~1.18 eV) is above the bandgap the QWs (1.014 eV in bulk materials, with ~100 meV 

increment due to quantization), the pump and the probe lights are absorbed in In0.3Ga0.7As QWs. The 

lights are not absorbed in the DBR, because the bandgap of AlAs (2.16 eV) and GaAs (1.42 eV) are 

much higher than the photon energy of the pump and the probe light.  Hence, as demonstrated in 

Section 5.1 for sample A, the efficient CAPs excitation and detection also take place in QWs in 

samples D, E, and F. In the experiments, the pump power is set to 100 mW and the probe power is 

set to 4.5 mW. The pulse repetition rate offset is set to 5 kHz. 

The measurement results are summarized in Fig. 5-29. Firstly, we compare the reflectivity 

change transients in Figs. 5-29(a-1), (b-1) and (c-1). By simply applying a single exponential fit to 

the slow decay of the transients, the recovery times of the saturable absorber in samples D, E, and F 

are obtained, with a relation of τD (19.93 ps) > τE (17.07 ps) > τF (1.56 ps). The decreasing effect of 

the recovery time stems from N-ion radiation. Due to the implantation of N-ions in QWs, additional 

defects are introduced, thus carriers recombination takes place in those trapping centers, leading to a 

faster recombination rate. Hence, the as-grown sample D shows the longest recovery time, while 
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sample F with all QWs irradiated decays very fast, with an approximate 20 times shorter recovery 

time than that of sample D [5.81]. Moreover, N-ion irradiation also has impact on the CAPs excited 

in QWs (see Figs. 5-29(a-2), (b-2) and (c-2)). Compared to the signal excited in sample D, the CAPs 

observed in partly irradiated sample E are evidently enhanced, which can be attributed to the 

modifications in carrier concentration due to N-ions irradiation. However, irradiation upon more 

QWs does not lead to further amplification of CAP signals, on the contrary, the acoustic waves are 

weakened slightly by a factor around 1.2 (see Fig. 5-29(c-2)). This is associated with the recovery 

time of sample F, which is shorter than the period of the acoustic oscillation (τF < τph, the phonon 

period τph in sample F is 4.87 ps), thus deformation potential stress waves are suppressed by the 

electron-hole recombination [5.29]. The acoustic waves oscillate at the frequency of 166 GHz in 

sample D, 169 GHz in sample E, and 196 GHz in sample F, which are in general in agreement with 

the calculated acoustic frequency of 179 GHz (veff  = 4664.8 m/s, dQW = 27 nm). Hence, the N-ion 

irradiation in QWs not only enables drastic decline of the recovery time, but also has significant 

influence on the excitation of CAPs in the QWs.    

 

Fig. 5-29 Measurements on samples D, E and F by pump-probe spectroscopy based on two 

Yb:KYW lasers. Samples D, E, and F have the same structure as illustrated in Fig. 5-28, but 

different QWs are irradiated by N-ions. In sample D no QWs are irradiated. In sample E the 

last two QWs are irradiated. In Sample F all the QWs are irradiated. (a-1) Original 

reflectivity change transient, (a-2) acoustic waves, and (a-3) spectrum of acoustic waves of 

sample D. (b-1) Original reflectivity change transient, (b-2) acoustic waves, and (b-3) 

spectrum of acoustic waves of sample E. (c-1) Original reflectivity change transient, (c-2) 

acoustic waves, and (c-3) spectrum of acoustic waves of sample F. 
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5.2.2. Two-color measurements by an Yb:KYW laser and a Ti:sapphire laser 

Those samples (samples E and F) are also tested in a two-color pump-probe spectroscopy system, 

where a Ti:sapphire laser (~800 nm) delivers pump pulses and an Yb:KYW (~1050 nm) laser 

delivers probe pulses. In this situation, the pump photon energy (1.55 eV) is above the bandgap of 

GaAs (1.42 eV), therefore, the pump light is not only absorbed in In0.3Ga0.7As QWs, but also 

absorbed in GaAs barriers as well as in the DBR. The calculated skin depth of the pump light in 

GaAs is 743 nm (based on Eqs. (5-15) and (5-16)), so the pump light is expected to reach DBR. The 

pump power is set to 100 mW and the probe power is set to 5 mW. The repetition rate offset is set to 

5 kHz. As shown in Fig. 5-30, compared to the degenerate measurements by use of two Yb:KYW 

lasers, two-color measurements by the combination of a Ti:sapphire laser and a Yb:KYW laser yield 

stronger acoustic waves,  which is caused by the higher pump photon energy at ~800 nm. The photo-

induced modifications of carrier concentration in different energy levels all contribute to the stress 

waves when the photon energy is larger than the bandgap and the magnitude of the stress waves 

rises as the pump photon energy increases [5.29,5.82]. Due to different excitation functions, the 

observed coherent acoustic waves also slightly differ from each in the one-color and two-color 

measurements. The acoustic oscillations in two-color measurements also seem to last longer than 

those in one-color measurements. However, they yield consistent results in the acoustic spectrum, 

indicating the structure-dependent phonon feature.    

 

Fig. 5-30 Measurements on samples E and F by Ti:sapphire laser (pump) and Yb:KYW 

laser (probe). (a-1) Original reflectivity changetransient, (a-2) acoustic waves, and (a-3) 

spectrum of acoustic waves of sample E. (b-1) Original reflectivity change transient, (b-2) 

acoustic waves, and (b-3) spectrum of acoustic waves of sample F.  

Because the pump light is also absorbed in the DBR in the case of two-color measurements, 

folded longitudinal CAPs are expected to be present in the results. Due to the long DBR period of 

dDBR = 166.43 nm, the numerical procedure is accordingly adjusted to improve the visibility at low 

frequency range. Acquired acoustic waves of sample E in time domain and frequency domain are 

shown in Fig. 5-31. The dispersion relation of the DBR is plotted in Fig. 5-31(c). As can be seen, for 

the two-color set-up, MBZ modes near k = 0 are observed for up to seven orders, which are not 

present in the one-color system. For the spectrum obtained in one-color system, there exist three 
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pronounced frequencies at ~50 GHz, ~174 GHz, and ~206 GHz, which do not belong to MBZ near-

center modes. Based on the noise analysis, the frequencies at ~50 GHz and ~210 GHz are possibly 

caused by the undesired detection of the scattered pump light from the surface of the sample. Those 

frequencies stem from the technical noise induced by moving mirrors in the laser cavity through 

PZT. However, the frequency at ~174 GHz is consistent to the frequency of CAPs excited in MQWs 

(179 GHz). Its presence after 50 ps is probably caused by the reflections on the interfaces. For 

sample F, similar acoustic phonon spectrum is obtained (see Fig. 5-32). The first-order MBZ center 

mode is enhanced and the fourth-order MBZ center seems to be suppressed. Therefore, N-ion 

radiation also has a tailoring effect on the folded CAPs excited in the DBR in terms of the mode-to-

mode amplitude ratio. In addition, compared to sample E, it seems that high frequencies (> 100 

GHz) are in general suppressed in sample F. 

Hence, in the two-color measurements, not only CAPs in MQWs but also folded longitudinal 

MBZ modes in the DBR are excited in sample E and sample F. Compared to one-color 

measurements, two-color measurements give rise to higher-amplitude CAPs in the MQWs in two-

color measurements due to higher photon energy, in addition, two-color measurements lead to 

different acoustic wave profiles, which can be attributed to dissimilar excitation functions in one-

color and two-color measurements. We also found that N-ion irradiation not only affects the 

recovery time of the samples but also has a tailoring effect on the mode-to-mode amplitude ratio in 

the MBZ modes. 

 
Fig. 5-31 The acoustic oscillations measured in sample E are numerically extracted by a 

different span to make low frequencies visible. (a) Acoustic oscillations measured by two-

color set-up. (b) Acoustic oscillations measured by nearly degenerate set-up. (c) Acoustic 

spectra obtained in two-color set-up (cyan) and nearly degenerate set-up (green). The gray 

curves represent Rytov dispersion relation of DBR. The Horizontal black line represent k = 

2qprobe in the DBR. 
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Fig. 5-32 The acoustic oscillations measured in sample F are numerically extracted by a 

different span to make low frequencies visible. (a) Acoustic oscillation measured by two-

color set-up. (b) Acoustic oscillations measured by nearly degenerate set-up. (c) Acoustic 

spectra obtained in two-color set-up (cyan) and nearly degenerate set-up (green). The gray 

curves represent Rytov dispersion relation of DBR. The horizontal black line represent k = 

2qprobe in the DBR. 

5.3. Measurements on aluminum/silicon membranes 

5.3.1. Aluminum/silicon membranes with different thicknesses 

In addition to mutilayered semiconductor MQW structures and SESAM structures, double-layered 

membranes are also of great interest to the Yb:KYW oscillators based ASOPS system for CAP 

investigations. A set of double layered Al/Si membranes with different thicknesses are under test. 

The double layered Al/Si membranes have been exhaustively investigated in a Ti:sapphire 

oscillators based ASOPS system [5.83] where the excitation and detection mechanisms in samples 

with thick and thin Al layers were interpreted, and the influence of surface roughness and adhesion 

between the Al layer and the Si layer on the damping and propagation of acoustic pulses was 

discussed. Nonetheless, the investigations performed by Yb:KYW lasers can be still worthwhile for 

comparison due to the employment of different light wavelengths. We will first show the 

measurement results and provide primitive explanations for the observed acoustic waves. 

The Al/Si membranes are obtained from a commercially available Si-on-insulator wafer [5.83]. 

We name our samples as Al/Si-A and Al/Si-B. The sample Al/Si-A is composed of a Si layer with a 

thickness of 350 ± 2 nm and an evaporated Al film with a thickness of 23 ± 1 nm, while the sample 

Al/Si-B is composed of a Si layer with a thickness of 328 ± 2 nm and an evaporated Al film with a 

thickness of 17 ± 1 nm. The measurements are performed in a reflection geometry. The pump light is 

incident on the Si side with a normal direction and the probe light is incident on the same side with 

an incident angle of ~30°. In the case of sample Al/Si-A, a pump power of 50 mW and a probe 

power of 4.5 mW are used; in the case of sample Al/Si-B, a pump power of 70 mW and a probe 

power of 4.5 mW are used. The preference for the pump power is for the purpose of signal 

optimization. The pulse repetition rate offset of two lasers is set to 5 kHz. In the experiments, the 
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pump light is also incident on the Al side, however, for some reason, the expected acoustic signals 

are not observed. Hence, we will only discuss the results with the pump light incident on the Al side. 

For the pump wavelength of 1050 nm, the absorption coefficient of Al is approximately 

1206900 cm-1 [5.84] and the absorption coefficient of Si is around 67 cm-1 [5.85], which indicates an 

optical penetration depth of 8.3 nm in Al and 149.3 µm in Si. This leads to the primary absorption in 

Al layer rather than Si layer. Because the pump light is incident on the Si surface, a small portion of 

light is absorbed by Si (bandgap of Si is 1.11 eV, which is below the pump light photon energy), so 

that a strain pulse is launched at the Si surface via deformation potential. The measurement results 

are shown in Fig. 5-33. After electronic background subtraction, a damping bipolar acoustic pulse 

sequence is observed in sample Al/Si-A (see the middle upper figure of Fig. 5-33). The inset zoom-

in picture displays two distinct pulses which are periodically repeated in the time window. The 

distinct profile feature indicates that the two acoustic pulses stem from different origins. As 

mentioned previously, a strain pulse is excited on the Si surface when irradiated by the pump light, 

so this strain pulse subsequently propagates toward Al layer and is detected on the Al surface when 

it arrives for the first time. Based on the sound velocity in Si of 8430 m/s [5.86] and in Al of 6320 

m/s [5.87], the one-way travelling time for acoustic waves is 45.16 ps, which is consistent with the 

time delay of the first strain pulse at 45.0 ps. The incidence of the pump light also induces a strain 

pulse on the Al surface via thermoelastic effect. This pulse propagates toward Si layer and is 

reflected back by the air/Si interface and finally is detected on the Al surface after one round trip, 

which takes 90.32 ps based on the calculation. This is in good agreement with the time delay of the 

second pulse at 89.6 ps in the inset picture (the upper middle figure in Fig. 5-33). In principle, the 

detection is contributed by a combination of photoelastic effect of the Al film and a dynamic Fabry-

Perot effect of the Si membrane. Due to a small acoustic impedance mismatch between Si and Al, 

inducing a reflection coefficient of Γ = 4.95% [5.88,5.89], a small portion of acoustic waves is 

reflected back by the Si/Al or Al/Si interface, which explains the weak oscillation between the first 

and the second acoustic pulse. The double layered Si/Al system can be regarded as a phonon cavity 

formed by the Si/air surface and the Al/air surface, thus a sequence of equally spaced acoustic pulses 

is generated. The damping of acoustic pulses can be attributed to the intrinsic and extrinsic effects 

such as surface roughness of the membrane system. In the frequency domain, a comb-like structure 

up to ~200 GHz is observed, with coexistence of a small spacing of ~11.5 GHz and a large spacing 

of ~23 GHz, which is induced by the amplitude modulation of Si-generated acoustic pulses and Al-

generated pulses. One may notice that in the high frequency regime the spacing is the double of that 

in the low frequency regime, which could be useful in the further modelling work. So far only 

sample Al/Si-A is discussed, however, when it comes to a slightly thinner sample – sample Al/Si-B, 

some distinctions are observed.  

As can be seen in the lower middle figure of Fig. 5-33, an acoustic pulse sequence with different 

envelopes for sample Al/Si-B are observed. The inset picture shows that the first acoustic pulse 

appears at 43 ps and the second acoustic pulse appears at 85.7 ps, which indicates the smaller 

thickness of the Al/Si membrane. In contrast to the acoustics pulses observed in Al/Si-A, those 

observed in Al/Si-B shows that the first pulse (generated on Si surface) is smaller than the second 

pulse (generated on Al surface), probably indicating that generation or detection of the first pulse for 

some reason is weakened. Further analysis is required to access the hidden origins. In addition, the 

exponential fitting implies that CAPs in the thicker sample Al/Si-A (Si-generated pulses 260 ps, Al-

generated pulses 240 ps) exhibit shorter decay time than that in thinner sample Al/Si-B (Si-generated 

pulses 300 ps, Al-generated pulses 280 ps).  
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Fig. 5-33 Measurements on Al (23 nm)/Si (350 nm) membrane (Al/Si-A) and Al (17 nm)/Si 

(328 nm) membrane (Al/Si-B). The left part represents reflectivity change transients. The 

middle part represents extracted acoustic phonons. The right part represents FFT of extracted 

acoustic phonons. [Reprinted] with permission from [5.49] © SPIE Press 

5.3.2. Comparison with Ti:sapphire laser based results 

In this section, we will briefly discuss the difference between acoustic waves obtained in the 

Yb:KYW ASOPS system and those obtained in the Ti:sapphire ASOPS system reported in [5.83]. 

Firstly, in 1050-nm system, the acoustic pulse excited in Al layer via thermoelastic expansion is 

smaller that in 800-nm system. This can be understandable, because, compared to the absorption of 

1050-nm light, the absorption of 800-nm photons in Al enables excited electrons to acquire higher 

energy, thus lattice is heated up more when excited electrons transfer more energy towards hot 

phonons [5.29]. Higher temperature increment gives rise to lager thermoelastic stress. A few order of 

magnitude difference is found between acoustic waves excited in 1050-nm system and in 800-nm 

system.    

Secondly, in 1050-nm system, the acoustic pulses generated from Si surface exhibit nearly the 

same amplitude as those generated from Al surface, while, in 800-nm system, the acoustic pulses 

generated from Si surface is rather small compared to that excited from Al surface. The situation is 

not easy to interpret. We assume that this is induced by the comparative deformation potential in Al 

and thermoelastic effect in Si when irradiated by 1050-nm light. In 800-nm system, the 

thermoelastic expansion is so strong that the stress induced by the weak absorption in Si is 

negligible.   

Thirdly, in 1050-nm system, different thicknesses of sample give rise to evidently different Si-

generated-pulse to Al-generated-pulse amplitude ratio (first-to-second amplitude ratio in the inset 

picture). However, in 800-nm system, the amplitude ratios are nearly the same in sample Al/Si-A 

and in sample Al/Si-B. This probably indicates that the acoustic waves are more sensitive to the 

thickness change when interacting with 1050-nm light, in turn, 1050-nm system shows its advantage 

to investigate double-layered membranes with small thickness change. 

  The comparison listed here, however, is rather primitive, in order to get deep understanding of 

the difference induced by two systems, more experimental and theoretical work are required.  
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5.4. Conclusions 

In summary, the following work has been done in this chapter. Our CAP investigations focus on the 

first one –a MQW-SESAM structure, while the rest also plays an indispensable role to access the 

deeper understanding of phonon dynamics in various structures and materials. 

(1) We have mainly investigated a MQW-SESAM structure with nine QWs by femtosecond 

time-resolved spectroscopy in the GHz Yb:KYW lasers based ASOPS system which works in a 

nearly degenerate manner with a wavelength of ~1050 nm. Coherent acoustic waves with rich 

features are observed. Two distinct frequency features are stressed in our investigations – the one 

pronounced at a high frequency of ~365 GHz and the other one oscillating at low frequency ranging 

from ~15 GHz to ~100 GHz.   

The high frequency components exhibit a comb-like structure with a spacing of ~33 GHz 

corresponding to a temporal wave-packet-like sequence. The comb-like structure is also found to be 

present over a wide range of ~30 - ~800 GHz consisting of up to 24 comb components. The 

excitation and detection of the comb-like coherent acoustic phonons take place in In0.27Ga0.73As 

QWs of the sample because of pump light absorption. The low frequency components appear like 

folded longitudinal CAPs which also agree well with the dispersion relation calculation with the first 

order MBZ-center mode at ~ 32 GHz in the DBR. However, this is not expected from optically 

transparent DBR materials. Moreover, several MBZ-edge modes are observed starting from ~15 

GHz, which violates the momentum conservation law in the detection.  

Due to the absence of light absorption, we attribute the excitation of near MBZ-center modes to 

electrostriction permitted by the presence of counter-propagating pump light field in the DBR. The 

simultaneous spatial electric field intensity modulation and spatial electrostriction coefficient 

modulation drive the resonantly coherently excitation of coherent acoustic phonons in the DBR 

under the condition of the half wavelength of pump light in the DBR equal to the DBR period. The 

excitation of MBZ-edge modes can be explained by the stimulated subharmonic decay of MBZ-

center modes, which is strongly indicated by the nonlinear process in the experimental acoustic 

dynamics. The detectability of MBZ-edge modes can be attributed to dynamic zone folding that 

transfers the Raman-inactive edge modes to the zone center, where those modes become detectable. 

The detection is realized in a Raman-Nath-like probe light scattering process which produces a 

series of equally spaced signals with comparable amplitudes. 

The clear observation of simultaneous longitudinal CAPs in MQW region and the weak MBZ 

modes in the DBR is enabled by the high-detection-sensitivity in our system (∆R/R ~ 10-7). The 

picosecond acoustic waves are monitored due to the femtosecond temporal resolution in our system 

(~500 fs). 

Our findings, firstly, directly provide a way to non-destructively characterize multilayered 

SESAM structures which are widely employed in the realization of self-starting mode-locked lasers, 

secondly, lead to a deeper understanding of the light-matter interaction in light-transparent, non-

doped, long-period superlattices. 

(2) CAP dynamics in similar structures with the nine-In0.27Ga0.73As-QW SESAM structure that 

we mainly discussed in this chapter, are investigated in the same Yb:KYW lasers based ASOPS 

system. Those structures exhibit different growth temperatures. We found that the growth 

temperature not only imposes effect on the recovery time of the SESAM structures, but also has 

significant influence on the amplitude of CAPs excited in MQWs of those structures. The recovery 

time declines with the increase of the growth temperature, which does not comply with the low-

temperature growth technique to decrease the recovery time. This can be attributed to growth 

temperature dependent defect densities where both electrons and holes trapping take place. The 

CAPs drop dramatically by approximate one order of magnitude in high growth temperature, which 

is potentially induced by modified QW shape and interface due to increased Indium segregation 

length. 
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(3) For comparison, In0.27Ga0.73As MQW structures without DBR are investigated by the same 

Yb:KYW lasers based ASOPS system. Surprisingly, the CAPs observed in the pure MQW structures 

are attenuated by approximately two orders of magnitude compared to the SESAM structure, which 

can not be solely explained by the slightly attenuated optical electric field intensity in the MQW 

structure. Based on the measurements on samples with different growth temperatures, we attribute 

the striking acoustic attenuation to sample growth conditions such as growth temperature. 

In addition, the electronic reflectivity/transmittance curve exhibits diverse changes – in negative 

and in positive side for pure MQW structures. In the pure MQW structures, other effect such as free 

carrier absorption and re-excitation of trapped carriers into the conduction band maybe dominate 

instead of band filling effect, thus a negative reflectivity/transmittance change. 

 The pump light is also incident on the back-side (substrate) of the three-quantum-well structure, 

leading to strong attenuation of the earlier part of the wave-packet, which can be well interpreted by 

the unevenly distributed electric field intensity. 

(4) The influence of the pump power, the probe power and the probe wavelength shift on the 

electronic reflectivity change and acoustic phonons is investigated. High pump power causes 

nonlinearities for both electronic transient and acoustic waves due to the fact that the initial state is 

bleached while the upper state is still full, thus a saturation for photo-induced acoustic waves via 

deformation potential. The probe power exhibits a threshold to induce the amplitude change of the 

electronic peak and acoustic oscillations because of detection at the level of noise floor at low probe 

power. A dielectric filter is tilted to shift the probe wavelength in order to observe the variation in 

acoustic detection. There are indeed changes in the electronic transient, however, because the shifted 

wavelength is still above the bandgap of the QW, no evident detection-induced acoustic variations 

are observed. The further measurements can be performed by reducing the temperature to increase 

the bandgap, so interesting variations could be observed when the bandgap passes the probe photon 

energy. 

(5) The effect of prism in the path of pump on the CAPs is investigated. Interestingly, this leads 

to the suppression of odd oscillations within one wave-packet and phase shifts. In frequency domain, 

a new frequency at half the central frequency emerges. Rotating the prism can modulate the 

amplitude of the new frequency. Potentially, this could be induced by the interference of acoustic 

waves excited by spatially separated different pump spectral components. 

(6) Two-color measurements, namely, 1050-nm-pump and 525-nm probe, are performed based 

on second harmonic generation. A pronounced Brillouin oscillation is observed while acoustic 

waves nearly remain the same except for the weaker amplitude. Due to the probe light absorption 

still takes place at the first triple-QW stack, the detection and the excitation of acoustic waves are 

not completely spatially decoupled. Further investigation can be conducted by fabricating similar 

structures with thicker cap layer or using shorter probe wavelength. 

(7) A set of SESAM structures with four In0.3Ga0.7As QWs is investigated to target on the N-ion 

irradiation effect on the recovery time and acoustic waves. The recovery time is dramatically 

decreased by increasing the number of irradiated QWs, which is caused by introduced additional 

defects through N-ion implantation. The amplitude of acoustic waves at ~180 GHz excited in 

MQWs is enhanced by increased irradiated QW number, but slightly weakened when all QWs are 

irradiated, which can be explained by the suppressed deformation potential mechanism when the 

recovery time is shorter than the single oscillation period within the wave-packet.  The same samples 

are also tested in a two-color ASOPS system where a Ti:sapphire laser is used for the pump light and 

a Yb:KYW laser is used for the probe light. Compared to the system using two Yb:KYW lasers, the 

CAPs excited in MQWs show higher amplitudes and distinct profiles, which can be attributed to 

different excitation functions. In addition, up to seven MBZ near-center modes starting from 31.7 

GHz are excited in the DBR. We also found that N-ion irradiation has a tailoring effect on the mode-

to-mode ratio. 

(8) CAP excitation and detection in double-layered Al/Si membranes with different thicknesses 

are investigated by Yb:KYW lasers based ASOPS system. Phonon–cavity structure-like membranes 
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yield a damping equally-spaced acoustic pulse sequence. Two distinct acoustic pulses stemming 

from the Si surface and from the Al surface are observed. The calculation is in good agreement with 

the experimental travelling time of both pulses. Different thicknesses of sample lead to distinct Al-

generated-pulse-to-Si-generated-pulse amplitude ratio. Several dissimilarities exhibit between the 

CAPs observed in Yb:KYW ASOPS system and those observed in Ti:sapphire ASOPS system. 

Especially, the pulse excited on Si surface has nearly the same amplitude with the one excited on Al 

surface in 1050-nm system, while the pulse excited on Si surface is rather small compared to that 

excited on Al surface in 800-nm system, which can be potentially attributed to excitation and 

detection variations due to distinct pump and probe wavelengths. 
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6. Double-pump-pulse experiments on multi-quantum-well 
SESAMs 

Manipulating of vibrational responses of atoms, molecules, and crystals has been extensively studied 

in the scientific field [6.1,6.2,6.3]. It is well known that acoustic phonons are the main carriers of 

heat and sound in crystals, thus controlling acoustic phonons is valuable for environmental noise 

reduction and heat transfer in nanoscaled devices, and many more applications such as imaging and 

heat-electricity conversion [6.4,6.5,6.6]. Significant progress has been made in phononic control 

mainly through material design. For example, due to the spatial confinement and shape restriction in 

a phononic crystal, phonon characteristics such as acoustic spectra and propagation directions are 

modified. The rapid development in nanostructure fabrication has enabled high-precision control of 

phonons in the spatial domain. However, to observe/control time-varying phonon dynamics, ultrafast 

time-resolved spectroscopy is demanded [6.7,6.8,6.9,6.10]. By controlling phonon dynamics, it is 

beneficial to control phonon-relevant processes/devices, such as heat management in thermoelectric 

devices [6.11,6.12], phase-transition-memory devices [6.13,6.14], chemical potential modulation in 

crystals [6.15], effective magnetic field stimulation in ferrite [6.16], integrated phononic circuitry 

[6.17], and acoustic nanocavities [6.18,6.19]. Since the properties of laser-induced picosecond 

coherent acoustic phonons (CAPs) are strongly dependent on the nature of the constituent layers, 

their thicknesses, and periods of layered structures or thin-films, manipulating CAPs on a 

picosecond time scale can be realized by tailoring nanostructures and materials [6.20]. Firstly, 

frequencies and frequency differences within the observed triplets of zone-folded acoustic phonon 

modes (temporal acoustic beating) were modified in GaAs/AlAs superlattices with different 

combinations of GaAs and AlAs monolayers [6.21]. Secondly, the acoustic amplitude and phase can 

be modulated by layer thickness. In thin GaP films grown on a silicon substrate, both the amplitude 

and the phase of acoustic phonon transients have been shown to vary with the GaP layer thickness in 

a wide range [6.22]. Thirdly, doping percentage in semiconductors offers another possibility to 

adjust the acoustic phonon amplitude. For instance, various Indium composition x in InxGa1-xN 

epilayers gave rise to the amplitude change of the acoustic oscillations proportional to the Indium 

composition [6.23]. Not only sample structures and materials but also the extrinsic factors such as 

external electric fields, magnetic fields, temperature, and pressure, are also crucial to the CAP 

processes. Because the electronic properties of specific samples such as the energy band structure 

and dielectric constants can be tailored by temperature and pressure, additionally, the optical field 

inside materials can be modified by external electric and magnetic fields, leading to variations in 

light absorption and light scattering [6.24]. The photo-excited CAP processes are then perturbed via 

electron-phonon, phonon-phonon and photon-phonon interactions. Therefore, acoustic phonons can 

also be tuned by those extrinsic factors. For instance, external biases in a piezoelectric InGaN/GaN 

multiple quantum wells (MQWs) structure controlled over CAP amplitudes [6.25]. The CAPs 

damping and amplitude were modulated by the temperature variation in a quantum cascade laser 

structure [6.26].  

Even though the above approaches for CAP manipulation have shown their feasibilities and 

versatilities, many questions remain open. Although these questions could be answered by 

investigating a large number of different sample structures and using a large set of parameters for the 

variation of extrinsic factors, in this chapter we will focus on optical control over CAP dynamics. 

Since CAPs are excited by lasers in ultrafast time-resolved spectroscopy, excited CAP features are 

considerably dependent on optical pulse properties. For example, the adjustment of pump light 
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wavelength can result in the phonon pulse shape variation due to the altering of optical absorption 

spectra in a triple-quantum-well structure [6.27]. The optical pump power influence on the CAPs 

amplitude in a ZnO/ZnMgO MQWs structure, induced by the variation of photo-excited carriers and 

the screening effect, was also examined [6.28]. The concept of coherent control was first proposed in 

80’s to control chemical reactions by lasers [6.29], then the techniques have been widely applied to 

control over spin, electrons, atoms, plasmons, phonons, etc., which is intrinsically based on optical 

manipulation of the amplitudes and phases of wave functions [6.30].  On the basis of the ultrafast 

optical single-pulse control of CAPs via optical pulse parameter modifications, the multiple-pulse 

optical manipulation of CAPs has attracted increasing attention and attained noticeable progress, 

which enables selective excitation in superlattices [6.31,6.32], MQW structures [6.33,6.34], 

nanoparticles [6.35], plasmonic nanostructures [6.36] and aluminum gratings [6.37], frequency 

tuneabilities in single quantum well structures [6.38] and thin films [6.39], and phase shifts in a 

MQW structure [6.40]. The multiple pulses are normally split from the pump source and adjustable 

time intervals between them are applied by introducing variable delay lines, hence constructive or 

destructive acoustic phonon excitations take place in the structure, depending on the time delay 

between them. More complex phonon control can be realized by simultaneous multi-parameter 

modulation of multiple optical pulses, which can take advantage of the ultrafast optical pulse 

shaping technique that enables user-defined almost arbitrary optical waveforms by a pulse shaper 

such as a spatial light modulator exerted on spectrally decomposed laser pulses [6.41]. Nonetheless, 

mere double-pump-pulse schemes have already proven their viability to manipulate CAPs by control 

of pump time intervals and pump intensities in semiconductor multilayer structures 

[6.32,6.33,6.34,6.40]. We notice several characteristics of the most reported two-pump-pulse optical 

control systems of coherent acoustic phonons. Firstly, Nd-doped solid lasers pumped Ti:sapphire 

lasers are usually employed as pump and probe sources for pump-probe spectroscopy, which leads 

to high-cost and bulky systems. Secondly, the employed Ti:sapphire lasers mostly have a sub-GHz 

pulse repetition rate, which gives rise to a long time window (>1 ns) that is not necessary for some 

CAP processes on the time scale of a few hundred ps. In addition, the systems with low repetition 

rate undergo a tradeoff between the scan rate and the temporal resolution [6.42]. Thirdly, most of the 

CAPs manipulation experiments are conducted in a conventional system where the time delay 

between the pump and the probe pulse is realized by a mechanical delay line, which limits the scan 

speed (<1 kHz) and thus the detection sensitivity that increases with the number of measurements 

accomplished in the fixed time interval. Last but not the least, in particular, to the best of our 

knowledge, the reported optically manipulated CAP oscillations [6.32,6.33,6.34,6.40] are not 

periodic wave-packet sequences. As an important step towards optically-dependent arbitrary 

acoustic waveform synthesis techniques via Fourier-transform spectral line-by-line shaping, the 

CAP wave-packet sequence deserves thorough investigations by means of double-pump-pulse 

optical manipulations. Zone-folded triplet modes have been previously excited in a GaAs/AlAs 

superlattice and were selectively enhanced or suppressed in a high-speed asynchronous optical 

sampling (ASOPS) system based on a pair of GHz Ti:sapphire lasers [6.32]. However, the acoustic 

oscillations were induced by unequally-spaced eigenmodes and thus non-periodic acoustic wave-

packet waves. In addition, the systematic investigation of the simultaneous time delay and pump 

intensity control in the spectral domain was absent. 

In this chapter, we discuss optical manipulation of CAPs by simultaneous tunable time delay and 

pump intensity of the second pump light pulse in a double-pump-pulse ASOPS system based on two 

GHz diode-pumped Yb:KYW lasers. The temporally periodic wave-packet-like and spectrally 

comb-like CAPs, are excited and optically manipulated in the periodic MQWs of a semiconductor 

saturable absorber mirror (SESAM). Resembling optical waveform synthesis, our result offers the 

possibility to dynamically shape the periodic acoustic wave-packet sequence by an all-optical 

method. The high detection sensitivity of our ASOPS system enables to follow already small 

changes in the controlled acoustic dynamics at a very low incident power of the second pump light. 

Previously we had reported only on CAPs excited in the same sample in a single-pump-pulse 
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configuration [6.43,6.44], which only presented elementary interpretations of CAPs generation, 

propagation and detection in the MQWs and established a basic understanding of the relevant 

dynamics. In order to elucidate the acoustic modulation taking place in the double-pump-pulse 

process, we developed a simplified theoretical model, which is initially applied to the analysis of the 

single-pump-pulse system, and is subsequently advanced to cope with the more complicated double-

pump-pulse situation, and is finally optimized by two approaches. Our research results demonstrate 

how ultrafast optics continues to advance one of its application fields – laser ultrasonics. 

Specifically, our results show the promising ability of a GHz-Yb:KYW-laser ASOPS system to 

optically manipulate complex acoustic phonons. To the best of our knowledge, such a system has 

been applied to investigate the multi-pulse optical coherent control of CAPs by ultrafast time-

resolved spectroscopy for the first time, which potentially stirs new applications and continuing 

progress in laser ultrasonics. 

In addition to coherent control of CAPs, we are also interested in measuring carrier dynamics in 

the saturable absorber of a SESAM structure at the stop-band wavelength. In a static measurement, 

the reflectivity as a function of fluence can be measured by single-pulse spectroscopy [6.45]. This is 

a time-integrated result, without directly revealing time-dependent carrier dynamics. One can also 

use pump-probe spectroscopy to measure the reflectivity [6.45], which is time dependent. However, 

the time-resolved reflectivity does not provide direct information about light absorption and it is also 

hard to interpret the reflectivity change that is associated with dielectric function of the sample. 

Although the technique of luminescence upconversion (sequential absorption of two or more 

photons) [6.46] provides another way to measure carrier dynamics, it is difficult to perform on 

multiple quantum wells. The absorption of a second subsequent light pulse in the SESAMs is 

important to realize a high-repetition-rate laser as well as prevent multipulsing. To measure such an 

absorption, we can use double-pump-pulse pump-probe set-up to acquire the amplitude of acoustic 

phonons initiated by the second pump pulse. The acoustic phonon excitation is thus deemed as a 

measure for light absorption. The dependences of acoustic phonon excitation on the second pump 

power and on the time-delay between two pump pulses is observed. 

In the following, a theoretical modelling of double-pump-pulse experiments on a periodic 

MQWs structure will be given first. The experimental results and the comparison with the modelling 

will be shown subsequently. At last, we will briefly discuss the results of acoustic phonon excitation 

by a second pump pulse in a long time delay range. The results in Sections 6.1, 6.2.1, 6.2.2 have 

been published in [6.47] and the corresponding text is reproduced from the Author Accepted 

Manuscript version. The first three paragraphs in the introduction of this chapter have been 

published in [6.47] and the text is a bit adapted.  

6.1. Theoretical modelling 

Double-pump-pulse experiments are performed in the ASOPS system based on two Yb:KYW lasers, 

as shown in the block diagram in Fig. 6-1(a). The two lasers are working at a pulse repetition rate 

level of 1 GHz, with a small repetition rate difference of 5 kHz stabilized by a phase-locked loop 

(fpump = 1 GHz + 5 kHz, fprobe = 1 GHz), emitting at a central wavelength of ~1050 nm. The detailed 

set-up description can be found in our previous report [6.43]. The system performance is 

characterized in terms of temporal resolution and detection sensitivity. The temporal resolution is 

about 500 ps after considering the increment (~100 ps) over 1-ns time window due to the relative 

timing jitter between the two lasers. The temporal resolution is limited by the laser pulse duration 

(the pump and probe laser pulse durations are ~210 ps and ~280 ps, respectively).The detection 

sensitivity is close to shot noise limit (noise floor can be below ∆R/R = 10-6 in a few seconds). 

Differing from the original single-pump-pulse set-up, the incident pump beam is split into two 

portions by a pellicle before collinearly irradiating the sample in the normal direction.  In the path of 

one of the split beams, a variable mechanical delay stage is inserted in order to control the time 
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interval between two pump pulses, as illustrated in Figs. 6-1(b) and (c). For the adjustment of the 

pump intensity of the delayed pump pulse, an adjustable neutral density filter (NDF) and a half wave 

plate (HWP) are employed and inserted in the path of the delayed pulse. The NDF is capable of 

tuning the pump power in the range of 0 – 37 mW and the HWP can extend the tunable range from 

37 mW to 69 mW due to the pellicle transmission dependences on polarizations. The probe beam is 

oblique with respect to the sample and its power is fixed at 4.5 mW. The reflectivity variation of the 

sample after its excitation by the pump laser pulse is a function of the time delay between the probe 

pulse and pump pulses, which is monitored by the reflected probe light.  

 

Fig. 6-1  (a) The block diagram of ASOPS system. (b) The double-pump-pulse 

configuration in the measurement box. NDF: neutral density filter. NDF is used to adjust the 

delayed second pump power in the range of 0 – 37 mW. (c) The supplementary double-

pulse-pump configuration in the measurement box. HWP: half wave plate. HWP is used to 

adjust the delayed second pump power in the range of 37 – 69 mW. (d) The sample 

structure. The multilayered sample is composed of GaAs layers (coral pink areas), 

In0.27Ga0.73As layers (QW, blue areas) and a DBR.  [Reprinted] with permission from [6.47] 

© The Optical Society. 

The sample under investigation is a SESAM structure with multiple In0.27Ga0.73As quantum wells 

(QWs) as saturable absorber ahead of a distributed Bragg reflector (DBR) consisting of 23 pairs of 

GaAs/Al0.95Ga0.05As. The DBR reflects the incident light with a reflectance of nearly 100%. Because 

the photon energy is above the bandgap of In0.27Ga0.73As but below the bandgap of DBR constituent 

materials in the structure, light absorption occurs only in the QWs. The structure of the sample is 

displayed in Fig. 6-1(d). The sample is grown on a GaAs substrate along the [100] direction. Every 

three QWs and their barriers form a triple-QW stack and in total three triple-QW stacks are formed. 

All QWs have the same thickness of 7 nm and all barriers within a triple-QW stack also have the 

same thickness of 6 nm. The GaAs layer thickness between two adjacent triple-QW stacks is 112 nm 

while the thickness of the GaAs cap layer is 55 nm, which is approximately half of the stack-to-stack 

distance. To clarify the notations, dQW denotes the distance between two adjacent QWs, which also 

indicates the wavelength of laser-induced acoustic phonons in QWs; ds denotes the thickness of the 

triple-QW stack; dss denotes the stack-to-stack distance. It will take excited longitudinal acoustic 

phonons a time duration of T = dss/v  30.2 ps to travel through adjacent triple-QW stacks (v = 4730 

m/s in GaAs [6.48]). Because the periodic MQW structure is of great interest for wave-packet-like 

coherent acoustic phonon manipulations, our following acoustic discussions will focus on this region 

rather than the DBR. All experiments are performed at room temperature. 
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Once a pump photon is absorbed inside the QW region, electron-hole pairs are excited. Hence, 

the electronic distribution in the QWs is disturbed and thus an initial stress is set up in each QW via 

deformation potential [6.49]. The detailed stress distribution largely depends on the space-time 

evolution of photo-excited charge carriers and physical properties of the structure [6.1]. However, a 

detailed microscopic treatment of the electron dynamics is beyond the scope of this work. As we 

will show in the following, this does not hinder an already in depth understanding of the undergoing 

acoustic dynamics.  

 

Fig. 6-2 Illustration of the stress wave initiated in a triple-QW stack (solid curves) and 

detected periodically (dotted lines) in an infinite MQW structure. The profile of a triple-QW 

stack is assumed as (a) Gaussian shape and (b) rectangular shape. [Reprinted] with 

permission from [6.47] © The Optical Society. 

Based on the structure of the triple-QW stack where the thickness of InGaAs is very close to that 

of the GaAs barrier dInGaAs  dbarrier, and the wave-packet-like acoustic oscillations displayed in our 

earlier measurements [6.43,6.44], it is reasonable to assume that the stress wave generated in each 

triple-QW stack is a cosine wave enveloped by the profile of the stack. For simplicity, we will 

initially assume that the stack generation profile exhibits a Gaussian shape. The launched stress 

wave propagates simultaneously forward and backward along the z-axis which is perpendicular to 

the QWs (see Fig. 6-2(a)). Due to the small acoustic impedance difference between In0.27Ga0.73As 

and GaAs, the acoustic reflections on the interfaces are neglected in our following analysis. In 

addition, considering that the counter-propagating stress waves have the equivalent impact on the 

final acoustic response, we will not specify the stress wave propagation direction in our 

mathematical analysis. To begin with, we consider the excitation by a single pump pulse in one 

triple-QW stack. The generated stress wave can be expressed as a function of space z and time t  
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where a is a constant, indicating the stress wave amplitude, v denotes the longitudinal acoustic 

velocity in the sample, dQW denotes the QW-to-QW distance. Because the sound velocities are nearly 

equal vInGaAs  vGaAs [6.44], for simplicity in the modelling, we assume that acoustic waves are 

travelling everywhere in the MQW structure at the speed of v = vGaAs. The standard deviation σ in the 

Gaussian formula can be given as  

 s ,
2 2ln 2

d
    (6-2) 

where ds denotes the triple-QW stack thickness, defined as the full width at half maximum (FWHM) 

of the Gaussian profile. When the stress waves travel along the z-axis in the sample, the vibration 

perturbs the refractive index and thus the probe light will monitor its modifications via photoelastic 

effect. In our ASOPS system, the probe Yb:KYW laser is nearly identical to the pump laser in terms 

of the central wavelength, the pulse-width, and the pulse repetition rate. Thereby, the stress detection 



 

Chapter 6 Double-pump-pulse experiments on multi-quantum-well SESAMs 

105 

 

sensitivity function is assumed to share the same form with the stress generation function, written as 

a function of z  
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where b is a constant. Equation (6-3) only represents the detection sensitivity function of a single 

triple-QW stack, for the compact presentation of the following integration calculation. The final 

acoustic waves detected by all triple-QW stacks will be discussed later where necessary. The 

induced temporal signal response can be regarded as the convolution of the stress wave generation 

function and the detection sensitivity function  
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If Eqs. (6-1) and (6-3) are substituted into Eq. (4), the following expression is obtained:  
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In Eq. (6-5), c1, c2 and c3 are constants. The integral calculation indicates c1 ≅0 ≪ c2, therefore, c1 

can be ignored. The final expression in Eq. (6-5) is associated with the high-frequency oscillation 

which shows a wave-packet-like behavior. Then we will perform Fourier transform to s1(t) as 

follows  
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where c4 is a constant and f0 = v/dQW, indicating the frequency of acoustic oscillation in the triple-

QW stack. The result in Eq. (6-6) implies that the envelope of the acoustic spectrum also has a 

Gaussian shape with the central frequency f0 and the bandwidth ∆BFWHM = (ln2)1/2v/(πσ). It is 

noteworthy that the spectrum is real, which means the spectral phase equals zero in the frame of our 

modelling. So far only a single triple-QW stack is taken into account in the acoustic phonon 

generation and detection process. However, the triple-QW stack spatially repeats with the equal 

distance dss in the structure, which means the stress waves initiated in the triple-QW stack 

subsequently propagate in both forward and backward directions, and are detected in the equally 

distributed triple-QW stacks at times t = ndss/v = nT, where n = 1, 2, 3, … (see Fig. 6-2(a)). As the 

illustration indicates, the MQW structure is assumed to be infinite along the z- axis, which permits 

us not to take into consideration the reflection on the air/sample boundary and simplifies the 

calculation. Because the cap layer thickness approximately equals half of the thickness of the GaAs 

layer sandwiched by two neighboring triple-QW stacks, the assumption of simply repeated triple-

QW stacks without the air/sample interface reflection makes sense in our calculation. In addition, it 

is worthwhile mentioning that the stress waves are excited in all triple-QW stacks at the same time 

although only the excitation by a single triple-QW stack is illustrated and analyzed above. The 

combined excitation by all the triple-QW stacks only leads to larger acoustic intensity compared to a 
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single triple-QW stack excitation. Finally, concerning the damping of the wave-packet sequence 

potentially induced by defect scattering, the stress wave sign change by the reflection on the 

air/GaAs interface, and the limited number of triple-QW stacks in the physical structure, we assume 

that the time-domain acoustic signal is enveloped by a Gaussian shape h(t). Hence, taking into 

account the temporally periodically repeated wave-packets, the overall damping and the amplitude 

magnification, the final acoustic response can be expressed as  
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  (6-7) 

where c5 is a constant and ∆t represents the pulsewidth (FWHM) of the superimposed Gaussian 

envelope. The Fourier transform is then applied to Eq. (6-7) as follows  
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where c6 is a constant, m is an integer, and ∆f denotes the spectral comb spacing with the relation ∆f 

= v/dss. H(f) represents the Fourier transform of h(t). We then substitute Eq. (6-6) into Eq. (6-8) and 

apply a Fourier transformation to h(t), so the final acoustic spectrum in the MQW structure analyzed 

in the single-pump-pulse configuration can be presented as  
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where c7 is a constant. Equation (6-9) reveals four features of the spectral response. Firstly, the 

amplitude spectrum is composed of comb-like components spaced by ∆f which is determined by the 

triple-QW stack-to-stack spacing and the longitudinal acoustic velocity. The spectrum is real. 

Secondly, the comb spectrum is centered at f0, determined by QW-to-QW spacing within a triple-

QW stack and the longitudinal acoustic velocity. Thirdly, the comb components amplitude is 

enveloped by a Gaussian shape associated with the acoustic generation and detection profile in the 

triple-QW stack. Equation (6-9) together with Eq. (6-2), indicates that the bandwidth of the comb 

spectrum is inversely proportional to the thickness of the triple-QW stack. Lastly, the comb 

linewidth is related to the acoustic temporal damping window duration. 

In the same way, if a rectangular generation and detection profile with width equal to ds in the 

triple-QW stack is assumed (see Fig. 6-2(b)), the following spectrum can be derived  
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  (6-10) 

where c8 is a constant. Unlike the spectrum under the assumption of a Gaussian profile, the spectrum 

derived from a rectangular generation and detection profile, shows that the acoustic comb 

components are modulated by the square of a sampling function and thus show a clear distinction 

regarding spectral bandwidth and comb component amplitudes compared to the Gaussian 

assumption. 

We will now move on to the double-pump-pulse situation, performing the analysis in the spectral 

domain. Two key variables are introduced to demonstrate the acoustic manipulation by a double-
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pump-pulse scheme, namely, the time delay ∆T between the first and the second pump pulse and the 

pump power ratio q = P2/P1 where P1 and P2 are the pump power for the first and the second beam, 

respectively. For a given pump laser, the pump pulse intensity is proportional to the pump power and 

slight beam spot size variations induced by divergence when ∆T is adjusted are ignored, so the pump 

power ratio is considered the same as pump pulse intensity ratio in our analysis. We start with a brief 

discussion of the pump power effect. As a saturable absorber incorporated in the SESAM structure, 

the In0.27Ga0.73As QW layers lead to a nonlinear reflectivity curve dependent on the incident pulse 

fluence, because the saturation absorption takes place when the initial states for the pump light 

transitions are bleached while the final states are still occupied at high optical pump fluence 

[6.50,6.51]. Therefore, the amplitude of photo-excited acoustic phonons potentially does not follow 

a linear relation with the incident pump power as well. However, initially we will assume that the 

phonon amplitude is proportional to the incident pump power for simplicity as follows 

 2 2

1 1

,
A P

q
A P

    (6-11) 

where A2 and A1 denote the amplitude of CAPs excited by the first pump pulse and by the second 

pump pulse, respectively. In Section 6.2.2, we will improve our model by nonlinear corrections. 

Secondly, in addition to the varied pump power, the excitation by the sequential pump light with 

changing time intervals ∆T also gives rise to subtle modifications of carrier dynamics in the QWs 

[6.52], which is interesting for preventing multi-pulsing phenomena or for the development of high 

repetition rate lasers by observing the optical absorption. However, we will not further explore its 

effect on acoustic phonons, but simply neglect the potential consequence in the modelling. In the 

time domain, the double-pump-pulse induced acoustic response can be written as  

      2_total 1_total 1_total .s t s t qs t T      (6-12) 

The corresponding acoustic response in the spectral domain is thus derived as follows  
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The amplitude spectrum |S2_total(f)| and phase spectrum θ(f) can be expressed as  
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respectively. Equations (6-14) and (6-15) indicate that both the acoustic spectral amplitude and 

phase are modulated simultaneously by the pump intensity ratio q and the time delay between two 

successive pump pulses ∆T. Several interesting facts are unveiled as follows. Firstly, when q is 

fixed, the amplitude variation of the spectral comb components is periodic with varying ∆T. 

Moreover, the frequency of the periodic variation is equivalent to the spectral frequency f. Secondly, 

if the comb frequency f = m∆f (m = 1, 2, 3, …) is substituted into Eq. (6-14), the local minimum of 

the spectral amplitude variation with q can be found at q = 1 for the mth comb component where m 

satisfies m = (2n+1)/(2∆f∆T) (n = 0, 1, 2, …) and is an integer number for the particular values of 

∆T. Thirdly, the spectral phase also shows a periodic variation dependent on ∆T, when q is fixed.  

In the next section, the experimental CAP results attained in the double-pump-pulse ASOPS 

system will be given, meanwhile, the modelling will be visualized for comparison. 
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Fig. 6-3 (a) Original time traces, (b) coherent acoustic phonons, (c) acoustic amplitude 

spectrums, and (d) acoustic phase spectrums when the second pump time delay ∆T varies in 

the range of 0 – 5.6  (0.5T). The first pump power P1 equals the second pump power P2 of 

27 mW. Curves with ∆T-dependent color represent experimental results and gray curves 

represent modelling results given Gaussian generation and detection functions in individual 

triple-QW stack. Vertical dot black lines in (d) indicate the positions of five comb 

frequencies. Data are shifted vertically for clarity in steps of 2.5  10-3 in (a), 1.5  10-6 in 

(b), 1 in (c) and 2π in (d). [Reprinted] with permission from [6.47] © The Optical Society. 

6.2. Double-pump-pulse experiments over short time delay  

6.2.1. Tunable pump delay, fixed pump power  

For clarification, experimental acoustic waves presented in this section are obtained by numerically 

removing the electronic and thermal exponential decaying background from the original reflectivity 

change (∆R/R) traces via a smoothing average method. Thus the small acoustic signal becomes 

visible and coherent control over acoustic waves can be observed. 

Previously we have described and discussed CAPs excited in the same MQW structure by a 

single-pump-pulse ASOPS system based on two Yb:KYW lasers, where an acoustic wave-packet 

temporal sequence was produced, due to spatially periodically distributed triple-QW stacks 

[6.43,6.44]. Aiming to optically coherently controlling the CAPs in this structure, a second pump 

pulse with tunable time delay ∆T and tunable pump power P2 is introduced in the experimental set-

up.  
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Fig. 6-4 The short time FFT of coherent acoustic phonons obtained in double-pump-pulse 

pump-probe experiments over the time delay between two pump pulses ΔT = 0 – 5.6τ (0.5T). 

Universität Konstanz8

Fig. 11 Short time Fourier transform of data in fig. 3. 
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Initially, the optical power of the second pump light is kept equal to that of the first one at 27 

mW, meanwhile, the time delay ∆T between two pump pulses is adjustable in the range from 0 to 

0.5T (5.6τ) which equals 15.12 ps in our case by moving a variable delay stage, where T and τ denote 

the period of the acoustic wave-packet sequence and the period of oscillations within the individual 

acoustic wave-packet, respectively. Consequently, a series of distinct coherent acoustic phonons is 

obtained by tuning only the time delay ∆T and displayed by curves with ∆T-dependent color in Figs. 

6-3(a)-(d) in forms of the original pump-probe time traces, the extracted temporal acoustic phonons, 

and the acoustic spectral amplitudes and spectral phases. For comparison, the single-pump-pulse 

measurements with only the first pump beam and only the second pump beam incident are 

performed, as depicted in the first and second curves at the bottom of Figs. 6-3(a)-(d). The five 

equally spaced pronounced frequency comb components at f1 = 297.8 GHz, f2 = 330.5 GHz, f3 = 

363.2 GHz, f4 = 396.4 GHz and f5 = 428.2 GHz are defined as comb1, comb2, comb3, comb4 and 

comb5 (from left to right, marked by a black, red, blue, magenta and green symbol in Fig. 6-3(c)), 

respectively, which will be discussed in terms of acoustic amplitude and phase variations throughout 

Section 6.2. Compared to the single-pump-pulse acoustic phonons, the double-pump-pulse acoustic 

phonons amplitudes are evidently enhanced at ∆T = 0.0τ and suppressed at ∆T = 0.5τ for all five 

comb components. Subsequently, they are also enhanced at ∆T = 1.0τ, 2.0τ, 3.0τ, 4.0τ while almost 

cancelled out at ∆T = 1.5τ, 2.5τ, 3.5τ, 4.5τ in the temporally overlapping region of the wave-packets 

excited by the first pump pulse and those excited by the second pump pulse. Depending on the time 

delay ∆T, it is possible to almost extinguish certain frequency comb components. For instance, at ∆T 

= 1.8τ, 2.2τ, 2.8τ, 3.2τ, and 3.5τ, comb1, comb5, comb2, comb4, and comb3 are greatly suppressed, 

respectively. In other words, all five comb components can be individually controlled to be present 

or absent in the spectrum by selecting a specific time delay ∆T, which could be very useful for 

filtering out the unwanted acoustic spectral components if required in certain applications. At the 

specific time delay ∆T = 5.6τ ≅ 0.5T, it is noticeable that odd spectral components are suppressed, 

leading to a doubled frequency comb spacing and a reduced temporal wave-packet period to T/2. 

Not only the spectral amplitude but also the spectral phase is dependent on the second pump time 

delay ∆T, as shown in Fig. 6-3(d). In order to eliminate the initial phase caused by the temporal 

range selection (20 – 250 ps) for Fourier transform and other potential perturbations in the 

experiment, the spectral phase resulting from the double-pump-pulse set-up is displayed as a result 

of relative spectral phase with respect to that obtained in the single-pump-pulse set-up. The 

simultaneous spectral amplitude and phase modulation by tuning ∆T, enables a variety of acoustic 

wave-packet sequences, where the shape, the width and the amplitude of the individual wave-packet 

can be modified flexibly, leading to a quasi-arbitrary acoustic wave-packet shaping, as depicted in 

Fig. 6-3(b). The maxima corresponding to single-period oscillations composing an individual wave-

packet experience phase shifts approximately from - π to π, depending on ∆T. For example, the 

oscillation at 35.6 ps is out of phase at ∆T = 1.4τ compared to the single-pump-pulse data (the fifth 

peak in the first wave-packet in Fig. 6-3(b)). Based on the theoretical modelling in the last section, 

the acoustic calculation under the assumption of a Gaussian triple-QW generation and detection 

profile is applied in the condition of tunable ∆T and fixed q = 1, as depicted by solid gray (black) 

curves in Figs. 6-3(b)-(d). The comparison of experimental curves and calculation curves indicates 

that our modelling achieves good agreement with the experimental results in the tunable ∆T range in 

both the temporal and spectral domain. In Fig. 6-4, the short-time FFT image over the time delay ∆T 

range of 0 – 0.5T is shown. We can see that at short time delay of ∆T, the phonon is discrete and 

becomes continuous at long time delay of ∆T. In general, the frequency component at ~360 GHz is 

suppressed at the time delay ∆T = (2n - 1)τ/2 (n = 1, 2, 3, …) and enhanced at nτ (n = 0, 1, 2, 3, …). 

At ∆T = 0.5τ, acoustic phonons are strongly suppressed although the main frequencies are not 

completely eliminated. 

The slight discrepancy between the experiment and the modelling (~0.3 ps for peaks in the first 

wave-packet and ~5 GHz for spectral comb components) can be attributed to the uncertainty of 

determination of the acoustic velocity in the sample and the nominal QW-to-QW width and stack-to-
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stack width. The high baseline shown in experimental amplitude spectrum is mainly caused by 

numerical Fourier transform window. Because the strongest wave-packets are at the beginning of the 

time delay and the wave-packet sequence has a fast decay, a sharp-edged window is used to preserve 

the main signal so that the spectral information will be more reliable although a high baseline can be 

caused. The baseline can be lower if a Gaussian-like window is chosen, however, most visible wave-

packets would be suppressed in this case, leading to a weak noisy spectrum. Potentially, the high 

baseline could be partly caused by the sample fabrication issues such as inhomogeneities and 

defects. The unexpected spectral phase jump and the irregular phase appearing in the experiment 

could be caused by the experimental noise (the acoustic signal is small beyond the range 

approximately from 290 GHz to 430 GHz, so the phase in those small-signal regimes is easy to be 

disturbed by the noise) and numerical operations. The lateral phase deviation between experiments 

and calculations probably stems from the imperfect accuracy to determine ∆T by adjusting the 

variable translation stage. 

  

Fig. 6-5 (a) The amplitude of five main frequency comb components at 297.8 GHz, 330.5 

GHz, 363.2 GHz), 396.4 GHz and 428.2 GHz as a function of the second pump time-delay 

from 0 to 5.6. Solid lines denote the absolute cosine fit for experimental results by y(t) = 

|cos(πft)|. (b) The relation between the modulation frequencies from (a) and the 

corresponding comb component frequencies. [Reprinted] with permission from [6.47] © The 

Optical Society. 

   

Fig. 6-6 (a) The phase shift of five main frequency comb components at 297.8 GHz, 330.5 

GHz, 363.2 GHz, 396.4 GHz and 428.2 GHz as a function of the second pump delay from 0 

to 5.6. (b) The relation between the phase modulation frequencies from (a) and the 

corresponding comb component frequencies. [Reprinted] with permission from [6.47] © The 

Optical Society. 
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In order to find out how the spectral comb amplitude and phase are quantitatively dependent on 

the second pump delay ∆T, the amplitude and phase of the five main spectral comb components are 

extracted from Figs. 6-3(c) and (d). In Fig. 6-5(a), ∆T-dependent amplitudes of comb1, comb2, 

comb3, comb4 and comb5, display an apparent cosine-wave-like variation, with a peak amplitude 

ratio of 0.40:0.83:0.94:1.00:0.43 and a decreasing period of τ1 = 1.23τ, τ2 = 1.11τ, τ3 = 1.01τ, τ4 = 

0.93τ and τ5 = 0.86τ, respectively. On the one hand, the periodic evolution of individual comb 

components at different speed permits various comb amplitude profiles and the periodic removal of 

a certain component. On the other hand, a complete extinction of all comb components at the same 

∆T is not possible. At ∆T = 0.5τ, only comb3 is almost completely suppressed and other four comb 

components remain finite although with a small amplitude. The cosine-wave-like behavior can be 

explained very well by Eq. (6-14) in Section 6.1, where the spectral amplitude is modulated by a 

factor |cos(πf∆T)| when q = 1, indicating that the amplitude evolution with the time delay ∆T is a 

periodic variation following modulus of cosine with a frequency of f. Importantly, the factor reveals 

that the modulation frequency of this variation for a comb component is exactly equivalent to the 

frequency of the comb component itself. We illustrate the relation of the frequency of the five 

amplitude modulations from Fig. 6-5(a) and the corresponding frequency of comb components in 

Fig. 6-5(b) where the linear fit slope is very close to 1, which clearly corroborates our above 

interpretations. Like the spectral amplitude evolution, the spectral phase also exhibits a periodic 

variation, depending on the second pump delay ∆T (see Fig. 6-6(a)). However, the phase shift curve 

for each comb component is sawtooth-wave-like in the phase range approximately from –π/2 to π/2. 

The linear fit with a slope of ≅1 in Fig. 6-6(b) also indicates that the frequency of phase modulation 

equals the frequency of the corresponding comb component. The explanation of the periodic 

behavior can be found in Eq. (6-15), where the inverse tangent contains a numerator of -sin(2πf∆T) 

and a denominator of 1 + cos(2πf∆T) (when q = 1) which are both periodic waves with a frequency 

of f as a function of ∆T, leading to the periodic phase shift evolution with the period of 1/f for the 

comb component with a frequency of f. At last, by illustrating simultaneous spectral amplitude 

modulation (see Fig. 6-7(a)) and phase modulation (see Fig. 6-7(b)) in the range of the second pump 

delay ∆T = 0 – 5.6  with tiny ∆T steps, we emphasize several points in the following.  

Firstly, both the spectral amplitude and the spectral phase dependences on ∆T change faster 

when the spectral frequency is higher, leading to numerous amplitude and phase combinations for 

the main five comb components.  

Secondly, our result offers another approach to measure the frequency of acoustic phonons, 

considering that the frequency of the periodic spectral amplitude and phase dependences on ∆T for a 

comb component equals the frequency of the comb component itself.  

Thirdly, the amplitude of each comb component is restricted in the range from 0 to 2|S1_total(f)|, 

where|S1_total(f)| represents the spectral component amplitude of single-pump-pulse acoustic phonons, 

while the spectral phase is restricted in the range from –π/2 to π/2. The π/2 (or -π/2) phase restriction 

is attributed to the fact that the denominator 1 + cos(2πf∆T) periodically equals zero when ∆T 

satisfies ∆T = (2n + 1)/ (2f) (n is an integer).  

Fourthly, the produced temporal acoustic wave-packet sequences as a consequence of 

simultaneous spectral amplitude and phase modulation demonstrate various interference patterns of 

acoustic phonons, which shape the discrete individual wave-packets, depending on the second pump 

delay ∆T, as shown in Fig. 6-7(c). 

To sum up, by only adjusting the time delay ∆T between two successive optical pump pulses in 

the range of 0 – 5.6τ, we have experimentally shown that acoustic phonons are coherently controlled 

by periodic comb amplitude and comb phase modulations, leading to an almost complete 

suppression of certain comb components at certain time delays ∆T, which is well supported by our 

theoretical modelling.        

In addition to the second pump delay ∆T, the pump power ratio q is also adjustable in our 

system. Hence, in the following we will explore whether it is feasible to modulate acoustic phonons 

by tuning q at a fixed ∆T. For example, we will examine if the almost extinct comb component can 
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be revived by changing q and if the spectral amplitude and phase range can be extended compared to 

the case where q = 1. 

 

Fig. 6-7 The acoustic calculation based on the assumption of a Gaussian generation and 

detection profile of the triple-QW stack. The pump power ratio is fixed at q = 1 and the 

second pump pulse delay ∆T is adjustable in the range of 0 – 5.6. (a) The comb frequency 

component amplitude dependences on the second pump pulse delay. (b) The comb frequency 

component phase dependences on the second pump pulse delay.  (c) The corresponding 

variation of coherent acoustic phonons as a function of the second pump pulse delay. 

[Reprinted] with permission from [6.47] © The Optical Society. 

6.2.2. Tunable pump power, fixed pump delay 

6.2.2.1. Pump delay ∆T = 0.5 

As the first example, we introduce the adjustment of the pump ratio q at the fixed ∆T = 0.5 which 

gives rise to immense acoustic suppression at q = 1.  In the experiment, the power of the first pump 

light is fixed at 27 mW while that of the second pump light is tunable from 3 mW to 67 mW. The 

experimental and theoretical results are present in Figs. 6-8(a)-(d). The experimental results (see 

curves with q-dependent color) will be discussed first. 

Although the acoustics are greatly suppressed at q = 27/27, the spectral comb components are 

not completely wiped out by adjusting the second pump delay ∆T. As indicated in Fig. 6-8(c), the 

complete removal can be realized by fine tuning q in the vicinity of q = 1 neither, which can be 

interpreted with the assistance of Eq. (6-14) where the amplitude modulation factor [(1 - q)2 + 

4qcos2(πf∆T)]1/2 exhibits zero value at ∆T = 0.5  only in the condition of q = 1 and f = (2m + 1)/τ ( 

m is an integer). Due to the relation 1/τ  f3, the factor has a dip only at comb3 while the other four 

comb components can be suppressed to some extent because they are in the vicinity of the dip. On 

the contrary, tuning q enables the suppressed comb components to grow gradually back when q > 1 

and q < 1 (see Fig. 6-8(c)). Take comb3 for instance, the amplitude ratio at q = 3/27, 27/27, 67/27 is 

0.92:0.08:0.88 obtained from the experimental results, which proves that acoustic phonons can also 

be modulated by tuning the pump power ratio q. It is worth noticing that the comb amplitude has a 

minimum at around q = 27/27 and displays a saturation feature at high q (see Fig. 6-8(c)), and the 
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comb phase also shows a saturation tendency when q > 27/27 (see Fig. 6-8(d)). The phase variation 

with frequency is slow, which is caused by the large period 2/τ ≅ 2f3 at ∆T = 0.5 based on Eq. (6-

15).  

In the temporal domain, acoustic phonons also experience interesting alterations (see Fig. 6-

8(b)). Firstly, the leading part or the trailing part of the individual wave-packet can be selectively 

suppressed. For example, at around q = 21/27, the trailing half part is suppressed, while at around q 

= 35/27, the leading half part is suppressed. Secondly, some single-period oscillations composing the 

wave-packet undergo a phase shift of π when q is approximately larger than 27/27 with respect to 

those at q = 3/27. At q = 67/27, all oscillations inside the wave-packet exhibit a phase shift of π, 

which means the whole wave-packet sequence is delayed by 0.5τ with respect to that at q = 3/27 (see 

the top curve and the bottom curve in Fig. 6-8(b)). For comparison, the acoustic calculations under 

the assumption of a Gaussian and rectangular triple-QW profile are both given in the case of tunable 

q and fixed ∆T = 0.5, which are illustrated in Figs. 6-8(b)-(c) by gray curves and sky-blue curves, 

respectively. The phase calculation is illustrated by black curves in Fig. 6-8(d). As can be seen, the 

temporal acoustic waves and the spectral amplitude and phase in general fit well with the 

experimental results.  

However, at high q, the calculation of the temporal acoustic amplitude and the spectral 

amplitude obviously surpasses the corresponding experimental amplitude, because a linear relation 

between pump power and acoustic amplitude is assumed in the calculation. Hence, in the following 

a nonlinear factor k0 for spectral comb components, which should make pump-power-acoustic-

amplitude relation more realistic, will be introduced to improve our modelling. 

 

Fig. 6-8 Comparison of experimental, Gaussian and rectangular modelling results. The 

pump power ratio q = P2/P1 varies from 3/27 to 67/27 and the second pump delay is fixed at 

0.5. The first pump power is fixed at 27 mW in experiments. (a) Original time traces. (b) 

Coherent acoustic phonons. (c) Acoustic amplitude spectrums. (d) Acoustic phase 

spectrums. Curves with q-dependent color represent experimental results. Gray curves in (b) 

and (c) represent Gaussian modelling results. Sky blue curves in (b) and (c) represent 

rectangular modelling results. Black solid curves in (d) represent modelling results. Vertical 

dot black lines in (d) indicate the position of five comb components. Data are shifted 

vertically for clarity in steps of 2.5  10-3 in (a), 1.0  10-6 in (b), 1 in (c) and 4π in (d).  

[Reprinted] with permission from [6.47] © The Optical Society. 
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Moreover, the assumption of a Gaussian triple-QW detection and generation profile yields a 

spectral bandwidth of 89.5 GHz, which is smaller than the experimental bandwidth of 109.6 GHz, 

leading to a comparatively smaller amplitude for comb1 and comb5 in the single-pump-pulse 

experiment. The assumption of a rectangular one produces a spectral bandwidth of 127.6 GHz in the 

single-pump-pulse experiment, which is larger than the experimental bandwidth, leading to 

additional dominant comb components. In addition, the overall normalized component-to-

component amplitude ratios show a discrepancy between the calculation and the experiment 

(experiment: 0.4:0.86:0.96:1:0.5, Gaussian: 0.2:0.6:1:0.8:0.3, rectangular: 0.4:0.8:1:0.9:0.5). 

Although a rectangular stress envelope is theoretically expected, the finite detection and generation 

bandwidth can smear out the rectangular shape, which potentially accounts for the deviation between 

the modelling and experiment results regarding the spectral bandwidth and envelope. Because the 

double-pump-pulse modelling is based on the single-pump-pulse analysis, the effect from the 

imperfect generation and detection function is also impinged upon the double-pump-pulse acoustic 

phonons, as illustrated in Figs. 6-8(b) and (c) at low q. Hence, we will also improve the spectral 

envelope in the following by a heuristic-analytical method. 

 

Fig. 6-9 (a) The experimental comb component amplitude dependences on the pump 

power when only the second pump beam is incident on sample (filled symbols). The pump 

power varies from 3 mW to 67 mW. The amplitude curves of five comb components are 

individually fit linearly from 30 mW and exponentially from the beginning. Solid lines 

represent the linear fit and dot lines represent the nonlinear fit. The nonlinear factor k0 (f, q) 

is the ratio between the nonlinear fit and the linear fit. (b) Nonlinear factor curves k0(f, q) for 

five comb components in the range of pump power ratio q = P2/P1 from 3/27 to 67/27. 

[Reprinted] with permission from [6.47] © The Optical Society. 

In order to determine the value of the nonlinear factor k0, experiments with only the second 

pump incident on the sample are performed in the range of the pump power from 3 to 67 mW with 

steps of 4 mW. As shown in Fig. 6-9(a) (filled symbols in five colors), the acoustic spectral 

amplitude has a nonlinear relation with the incident pump power, which intrinsically stems from the 

saturation absorption in the QWs of our sample and thus a nonlinear reflectivity curve. An 

exponential fit is applied to the experimental data for five comb components, starting from the 

lowest pump power (see dot lines in Fig. 6-9(a)), meanwhile, a linear fit is applied to the 

experimental data starting from 30 mW (see solid lines in Fig. 6-9(a)). The nonlinear factor k0 is a 

result of ratio between the exponential fit and the linear fit ranging from 30 mW to 94 mW of the 

single pump power, as depicted in Fig. 6-9(b). Such a fitting range is selected, because in the two-

pulse-pump experiments the total incidence P1 + P2 ranges from (27 + 3) mW to (27 + 67) mW. The 

nonlinear factor k0 can be thus expressed as a function of f and q  

 𝑘0(𝑓, 𝑞) =
𝐴1(𝑓)exp[27(1+𝑞)/𝑡1(𝑓)]+ 𝐴0(𝑓)

𝑎0(𝑓) + 27𝑏0(𝑓)(1 + 𝑞)
, (6-16) 
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where A1(f), t1(f) and A0(f) are exponential fitting parameters at f = f1, f2, f3, f4, f5, while a0(f) and b0(f) 

are linear fitting parameters at f = f1, f2, f3, f4, f5. The nonlinear factor is then multiplied with the 

amplitude spectrum Eq. (6-14) to correct the exceeded acoustic amplitude at high pump power 

induced by the linear relation assumption.  

The improvement of the generation and detection function is indirectly achieved by using the 

experimental single-pump-pulse comb amplitude |S1_exp(f)| featured by the comb components ratio 

0.4:0.86:0.96:1:0.5 at 27 mW instead of using the derived |S1_total(f)| or |S1R_total(f)| in Eq. (6-14). By 

combination of the nonlinear factor k0 corrections and heuristic-analytical envelope corrections, the 

improved results are produced and displayed in Figs. 6-10(a) and (b) (gray curves).  In consequence, 

the acoustic phonons obtained from the improved modelling fit well with the experimental acoustic 

phonons in the entire q range in both the temporal and spectral domain. In Fig. 6-11(a), the 

amplitude of individual comb components dependences on q after improvement by above two 

approaches (open symbols) in general achieves a better agreement with experimental amplitude 

(filled symbols) than Gaussian-based calculations after nonlinear factor corrections (dot lines) and 

rectangular-based calculation after nonlinear factor corrections (cross signs). A few data points 

obtained from the heuristic-analytical method show slightly larger deviations from experimental data 

at low q than those obtained from the rectangular modelling do, however, this will not affect the 

general improvements. The improved spectral amplitude is restricted by k0(f, q)|S1_exp(f)|[(1 - q)2 + 

4qcos2(πfτ/2)]1/2. Because the cosine term is close to zero at ∆T = 0.5τ for all five comb components, 

the determination factor of the spectral amplitude can be regarded as k0(f, q)|S1_exp(f)(1 - q)|, which is 

smaller than 2|S1_exp(f) | for all considered q.  

 

Fig. 6-10 Comparison of experimental and heuristic-analytical results after nonlinear 

corrections in the range of q from 3/27 to 67/27 at ∆T = 0.5. (a) Time domain coherent 

acoustic phonons and (b) corresponding acoustic spectrum series. Curves with q-dependent 

color represent experimental results and gray lines represent the results after nonlinear 

corrections. Data are shifted vertically for clarity in steps of 1.0  10-6 in (a) and 1 in (b). 

[Reprinted] with permission from [6.47] © The Optical Society.  

In Fig. 6-11(b), the comb phase shift dependences on q demonstrate that, firstly, the phase shift 

for all spectral comb components ranges approximately from 0 to π (or – π to 0); secondly, the phase 

shift sign of comb1 and comb2 is opposite to that of comb4 and comb5; thirdly, comb3 exhibits an 

abrupt phase change from ~0 to - π at around q = 1 (a few experimental data points are discarded for 

comb3 due to their unexpected jump to the positive side. This perhaps stems from the incorrect sign 
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determination in the numerical phase extraction. This also could be attributed to the inaccuracy of 

∆T adjustment, which causes phase shifts from the desired value and thus a sudden jump when the 

phase is close to the wrapped phase “cliff” π (-π) (see Fig. 6-8(d)).); lastly, the phase saturation at 

high q can be understood with the help of Eq. (6-15) where the right side term can be also written as 

tan-1{-sin(2πf∆T)/[1/q + cos(2πf∆T)]}. Because 1/q approaches zero when q is large enough, the 

term can be approximated as tan-1[–tan(π)] at ∆T = 0.5τ ≅ 0.5f3 for comb3, implying -π phase at high 

q. Due to fi/f3  1 (i = 1, 2, 4, 5), the phase for four other comb components is close to π (or -π) at 

high q. 

 

Fig. 6-11 (a) The comb component amplitude dependences on the pump power ratio q = 

P2/P1 at ∆T = 0.5. Filled symbols connected by solid lines represent experimental results. 

Open symbols connected by solid lines represent heuristic-analytical results after nonlinear 

corrections. Cross symbols connected by solid lines represent rectangular modelling results 

after nonlinear corrections. Dot lines represent Gaussian modelling results after nonlinear 

corrections.  (b) The comb component phase dependences on the pump power ratio q = P2/P1 

at ∆T = 0.5. Filled symbols represent experimental data and dot curves represent calculation 

data. Gray straight lines are only for marking purpose. [Reprinted] with permission from 

[6.47] © The Optical Society. 

6.2.2.2. Pump delay ∆T = 2.8, 3.0, 3.2 

In addition to ∆T = 0.5τ, we also perform acoustic phonon manipulation by tuning the pump power 

ratio at ∆T = 2.8τ, 3.0τ, 3.2τ for demonstration. When q = 1, the factor |cos(πf∆T)| modulates the 

spectral amplitudes (see Fig. 6-5(a)). Then the following statements can be concluded: at ∆T = 2.8τ, 

comb2 can be greatly suppressed because of the dip of comb2 at 2.5τ2 = 2.78τ; at ∆T = 3.0τ, comb1 

and comb5 can be both greatly suppressed because of one dip of comb1 at 2.5τ1 = 3.08τ and one dip 

of comb5 at 3.5τ5 = 3.01τ; at ∆T = 3.2τ, comb4 can be greatly suppressed because of one dip of 

comb4 at 3.5τ4 = 3.26τ. τi (i = 1, 2, 3, 4, 5) is the period of the cosine-wave-like amplitude 

dependences on ∆T for the comb component with the frequency fi (i = 1, 2, 3, 4, 5), which were 

already defined in Section 6.2.1. 

 As illustrated in Figs. 6-12(a)-(c), when ∆T keeps fixed, all the previously suppressed comb 

components can be gradually revived by decreasing q or increasing q from q = 1, meanwhile, other 

comb components in general experience a monotonically increasing variation when q is increased 

from the lowest to the highest value. It is worth mentioning that even at the lowest q = 3/27 (the 

second pump power is only 3 mW) the modulation made by introducing the second pump is still 

totally visible. At the lowest q, the normalized component-to-component amplitude ratios at ∆T = 
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2.8τ, 3.0τ, 3.2τ are 0.38:0.63:0.85:1:0.41, 0.34:0.75:1:0.95:0.35, 0.36:0.89:1:0.8:0.38, respectively. 

The capability to reveal an acoustic manipulation at a very low pump power can be attributed to the 

high detection sensitivity of our ASOPS system. 

 

Fig. 6-12 The original time traces (left), coherent acoustic phonons (middle) and FFT 

spectrum series (right) when the second and the first pump power ratio varies from 3/27 to 

67/27. (a) ∆T is fixed at 2.8. (b) ∆T is fixed at 3.0. (c) ∆T is fixed at 3.2.  Curves with q-

dependent color represent experimental results and gray curves represent heuristic-analytical 

results after nonlinear corrections. Data are shifted vertically for clarity. [Reprinted] with 

permission from [6.47] © The Optical Society. 

 

Fig. 6-13 The first wave-packet of acoustic phonons when the pump power ratio varies 

from 3/27 to 67/27 (the data are the same as those in Figs. 6-12(a)-(c), but smaller steps are 

used for the vertical shift). The second pump delay is (a) ∆T = 2.8τ, (b) ∆T = 3.0τ, (c) ∆T = 

3.2τ. Vertical dot gray lines indicate the peak positions in the case of ∆T = 3.0τ at the pump 

ratio q = 3/27 (red). The colored curves from red to magenta represent experimental data 

from q = 3/27 to 67/27 (same as those curves in Figs. 6-12(a)-(c)). The gray curves represent 

heuristic-analytical results after nonlinear corrections. [Reprinted] with permission from 

[6.47] © The Optical Society. 

In the time domain, acoustic sequences composed of wave-packets with a variety of profiles are 

produced. Because the wave-packet generated by the first pump and that generated by the second 

pump light are nearly half-overlapped and have a constructive interference at around ∆T = 3.0τ, the 

wave-packet remains a Gaussian-like shape whose width is effectively prolonged, showing up to 8 

single-period oscillations within each wave-packet. Apart from the amplitude, the rise time of the 
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wave-packet profile leading edge and the fall time of the wave-packet trailing edge can be tuned by 

q. The comparison of the improved modelling based results (gray curves in Figs. 6-12(a)-(c)) with 

experimental results (curves with q-dependent color in Figs. 6-12(a)-(c)) demonstrates an excellent 

agreement in the tunable q range at ∆T = 2.8τ, 3.0τ, 3.2τ in both the temporal and spectral domain. In 

order to find out the subtle temporal pulse phase shift caused by tuning q, acoustic sequences are 

shifted vertically in smaller steps (see Figs. 6-13(a)-(c)). It is noticeable that the fourth oscillation at 

32.9 ps and the fifth oscillation at 35.65 ps have a positive phase shift (maximum 0.15π (4th) and 

0.26π (5th)) at ∆T = 2.8τ, a negative phase shift (maximum -0.11π (4th) and -0.26π (5th)) at ∆T = 

3.2τ, while a zero phase shift at ∆T = 3.0τ, by tuning q. At ∆T = 2.8τ and 3.2τ, the maximum phase 

shift of single-period oscillations cannot reach π by tuning q, while that can be achieved at ∆T = 0.5τ 

by tuning q. 

 

Fig. 6-14 Frequency comb component amplitude and phase dependences on the pump 

power ratio q. (a) The second pump delay is fixed at 2.8. Top: comb component amplitude 

dependences on q. Middle: comb component phase shift dependences on q. Filled symbols 

denote experimental data, while solid lines denote heuristic-analytical results. The numbers 

1, 2, 3, 4, 5 are used to address five comb components defined in Section 6.2.1. Bottom: 

spectral phase in the q range from 3/27 to 67/27 in steps of 4/27. Curves with q-dependent 

color represent experimental results and solid black curves represent heuristic-analytical 

results after nonlinear corrections. Vertical dot black lines indicate the position of five comb 

components. Phase spectrums are vertically shifted for clarity in steps of 4π. (b) The second 

pump delay is fixed at 3.0. (c) The second pump delay is fixed at 3.2. [Reprinted] with 

permission from [6.47] © The Optical Society. 
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The spectral amplitude and phase dependences on the pump power ratio q for the five main 

spectral comb components at ∆T = 2.8τ, 3.0τ, 3.2τ are displayed in Figs. 6-14(a)-(c). In terms of the 

spectral amplitude dependences on q, the following points can be summarized. 

Firstly, the amplitude dependences on q for some comb components are non-monotonic while 

those for some other comb components monotonically increase with q. The selection of comb 

component with a quadratic-function-like shape whose valley is at q = 1, depends on the factor [(1 - 

q)2 + 4qcos2(πf∆T)]1/2 which indicates that the zero minimum only exists at q = 1 and f = (2m + 

1)/(2∆T) (m is an integer). Therefore, at ∆T = 2.8τ ≅ 2.8/f3 and m = 2, the zero minimum can be 

found approximately at f = 5f3/5.6  f2 (see the top of Fig. 6-14(a)); at ∆T = 3.0τ ≅ 3.0/f3 and m = 2, 

3, the zero minimum can be found approximately at f = 5f3/6  f1 and f = 7f3/6  f5 (see the top of Fig. 

6-14(b)); at ∆T = 3.2τ ≅ 3.2/f3 and m = 3, the zero minimum can be found approximately at f = 

7f3/6.4  f4 (see the top of Fig. 6-14(c)). In order to explain the local minimum point in the range of 0 

≤ q ≤ 1, we have to rely on the general local minimum expression of q = -cos(2πf∆T), which 

indicates that the minimum exists in the range 0 ≤ q ≤ 1 when f∆T satisfies (4n + 1)/4 ≤ f∆T ≤ (4n + 

3)/4 (n is an integer). For example, the comb1 amplitude at ∆T = 3.2τ has a minimum at q = 0.73 

(see the top of Fig. 6-14(c)). When the minimum is located in the range -1 ≤ q ≤ 0 under the 

condition (4n + 3)/4 ≤ f∆T ≤ (4n + 5)/4 or 0 ≤ f∆T ≤ 1/4 (n is an integer), we will observe a 

monotonically increasing amplitude behavior of some spectral comb components. For example, the 

comb3 amplitude dependence on q has a consistently rising tendency at ∆T = 2.8τ, due to the fact 

that the minimum of the quadratic function locates at q = -0.31 (see the top of Fig. 6-14(a)). 

Secondly, the maximum amplitude is restricted  by the expression k0(f, q)|S1_exp(f)|[(1 - q)2 + 

4qcos2(πf∆T)]1/2 ≤ 2.6|S1_exp(f)|, which means that in Figs. 6-14(a)-(c), unlike the case in Section 

6.2.1 and the case at ∆T = 0.5τ, the comb component amplitude can exceed 2|S1_exp(f)| at high q and 

proper f∆T. For example, the maximum of comb3 amplitude at ∆T = 3.0τ is larger than 2|S1_exp(f3)|  

2A3(q = 3/27) (A3(q) denotes the amplitude of comb3, see the top of Fig. 6-14(b)). 

In terms of the spectral phase dependences on q, the following points can be summarized. 

Firstly, at ∆T = 2.8τ, 3.0τ, 3.2τ, the phase shift of all comb components shows a saturation effect 

at high q, which can be explained in the similar way to the case at ∆T = 0.5τ.  

Secondly, only a certain comb component can reach π or -π phase shift, which is determined by 

whether the condition 2f∆T  2n + 1 (n is an integer) in tan-1[–tan(2πf∆T)] is satisfied. For example, 

comb2 at ∆T = 2.8τ can reach π due to 2  2.8f2τ   5 (see the middle of Fig. 6-14(a)); comb5 at ∆T = 

3.0τ can reach approximately –π due to 2  3.0f5τ   7 (see the middle of Fig. 6-14(b)); comb4 at ∆T 

= 3.2τ can reach up to approximately –π due to 2  3.2f4τ   7 (see the middle of Fig. 6-14(c)). 

However, the abrupt phase change around q = 1 takes place only when the relation of f and ∆T 

satisfies 2f∆T = 2n + 1 (n is an integer) perfectly.  

Thirdly, the modelling agrees also well with the experiment in the whole tunable q range at ∆T = 

2.8τ, 3.0τ, 3.2τ in terms of spectral phase (see figures in the second line and the third line of Figs. 6-

14(a)-(c)). The phase variations with the varying frequency at ∆T = 2.8τ, 3.0τ, 3.2τ are faster than 

those at ∆T = 0.5τ, because the corresponding variation periods f3/2.8, f3/3.0 and f3/3.2 along 

frequency axis based on Eq. (6-15) are smaller. 

6.2.2.3. Pump delay ∆T = 0.5T 

At last, the acoustic phonon manipulation by tuning q at ∆T = 0.5T (5.6τ) is demonstrated, as 

illustrated in Fig. 6-15(a)-(d). Because the second pump delay is half of the wave-packet period, the 

acoustic wave-packets generated by the first pump light temporally are well separated with those 

generated by the second pump light (see Fig. 6-15(b)), which enables not only the wave-packet 

sequence period reduction from T to T/2 but also the modulation of the amplitude ratio of adjacent 

wave-packets. The amplitude ratio between the first wave-packet (centered at 30.25 ps) and the 

second wave-packet (centered at 45.4 ps) ranges from 1:0.27 to 1:2.07 by tuning q from 3/27 to 

67/27. In the spectral domain, the simultaneous extreme suppression of comb1, comb3 and comb5 is 
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achieved at q = 1. This can be understood from Fig. 6-5(a) where A1(4.5τ1) ≅ A3(5.5τ3) ≅ A5(6.5τ5) ≅ 

0 (Ai(∆T) denote the amplitude of the comb component combi (i = 1, 3, 5) at the second pump pulse 

delay ∆T) can be satisfied at the same second pump delay ∆T = 5.6τ. The suppression of all odd 

comb components can also be interpreted from the perspective of the frequency modulations 

revealed by us theoretically in Section 6.1. The spectral modulation factor |cos(πfT/2)| can be written 

as |cos[πm∆f/(2∆f)]| because the wave-packet period ∆T is  the inverse of comb spacing ∆f and the 

acoustic comb frequency is determined by f  = m∆f  (m is an integer), which means that only the odd 

frequency comb components can be suppressed (m = 2n + 1, n is an integer) when the factor equals 

zero. If we count from the beginning of frequency axis, comb1, comb3 and com5 are the 9th, the 

11th and the 13th frequency components (f1/∆f ≅ 9, f3/∆f ≅ 11, f5/∆f ≅ 13). Like the cases where ∆T 

= 0.5τ, 2.8τ, 3.0τ, 3.2τ, at ∆T = 0.5T, the suppressed comb components can be also gradually revived 

by either decreasing q or increasing q from q = 1. However, as can be observed (see Fig. 6-15(c)), 

the normalized component-to-component amplitude ratio cannot be totally recovered even at the 

lowest q or the highest q, differing from the ∆T = 0.5τ case where the normalized component-to-

component amplitude ratios at low q and high q are very close to that of acoustic phonons generated 

by the single-pump-pulse set-up. The spectral phase is periodic along the frequency axis. The period 

remains the same at 2∆f regardless of the variation of q, while the maximum phase is adjustable 

from 0 to π by tuning q (see Fig. 6-15(d)). Compared to all periodic acoustic phase dependences on 

frequency that we have discussed so far (∆T = 0.5τ, 2.8τ, 3.0τ, 3.2τ), the one at ∆T = 0.5T exhibits 

the fastest variations. As proved in Figs. 6-15(b)-(d), the modelling results (gray curves) agree well 

with the experimental results (curves with q-dependent color) at ∆T = 0.5T. 

 

Fig. 6-15 (a) Original time traces, (b) coherent acoustic phonons, (c) acoustic amplitude 

spectrum and (d) acoustic phase spectrum when the second pump delay is fixed at 5.6 

(0.5T) and the pump power ratio varies from 3/27 to 67/27. The first pump power is fixed at 

27 mW in experiments. Curves with q-dependent color represent experimental results. Gray 

(black) curves represent heuristic-analytical results after nonlinear corrections. Vertical dot 

lines in (d) indicate the position of five comb components. Data are vertically shifted for 

clarity in steps of 2.5  10-3 in (a), 1.8  10-6 in (b), 1 in (c), and 4π in (d). [Reprinted] with 

permission from [6.47] © The Optical Society. 

As for individual spectral line modulations, the amplitudes of comb1, comb3, and comb5 

dependences on q are of non-monotonic shape, while those of comb2 and comb4 are monotonic with 

increased q (see Fig. 6-16(a)). Because fi/∆f  (i = 2, 4) is an even number, the upper amplitude levels 

of comb2 and comb4 are approximately restricted at 2.6|S1_exp(f)| based on the expression k0(f, 
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q)|S1_exp(f)|[(1 - q)2 + 4qcos2(πf/(2∆f))]1/2 at q = 67/27, while the amplitudes of comb1, comb3, and 

comb5 are limited approximately below 1.1|S1_exp(f)| due to the fact that the cosine term falls to zero 

when fi/∆f (i = 1, 3, 5) is an odd number. The above statement is an explanation of why the 

suppressed comb components cannot be totally recovered by tuning q (see Fig. 6-15(c)). The q-

dependent spectral phase shift of individual comb components shown in Fig. 6-16(b) reveals that, 

interestingly, all odd comb components experience the similar phase variation which displays a leap 

at around q = 1 as well as a tendency of approaching to π at high q, while all even comb components 

undergo the similar variation which displays an almost constant zero phase shift. The explanation 

can be found in Fig. 6-15(d), where phase-frequency relation exhibits a constant 2∆f period, leading 

to odd comb components at peak of the sawtooth-like curve and even comb components at the 

middle of slope (zero phase). It also makes sense to interpret the phase curves by use of Eq. (6-15), 

where the numerator -qsin(2πf/(2∆f)) equals zero at fi (i = 2, 4) due to the fact that fi/∆f  (i = 2, 4) is 

an even number, leading to a zero phase for even comb components in the whole tunable q range, 

while the denominator 1 + qcos(2πf/(2∆f)) equals zero at q = 1 and fi (i = 1, 3, 5) due to the fact that 

fi/∆f  (i = 1, 3, 5) is an odd number, leading to a phase of π/2. When q is high enough, the phase for 

comb components at fi (i = 1, 3, 5) is approaching tan-1[–tan(2πf/(2∆fi))] (i = 1, 3, 5) which is 

approximately wrapped to π. 

   

Fig. 6-16 (a) Comb component amplitude and (b) comb component phase shift dependences 

on pump power ratio q, when the second pump delay is fixed at 5.6 (0.5T). Filled symbols 

denote experimental data, while solid lines denote heuristic-analytical results. The numbers 

1, 2, 3, 4, 5 are used to address five comb components defined in Section 6.2.1. [Reprinted] 

with permission from [6.47] © The Optical Society. 

To sum up, the CAP manipulation by tuning the pump power ratio q at a fixed second pump 

delay ∆T = 0.5τ, 2.8τ, 3.0τ, 3.2τ, 0.5T (5.6τ) has been discussed. The experimental results prove the 

full capability of our system to shape the acoustic periodic wave-packet sequences by tuning q at a 

fixed delay ∆T that ranges up to 0.5T. Moreover, the improved modelling by introducing nonlinear 

corrections and a heuristic-analytical method, matches very well with the experiment in the q range 

from 3/27 to 67/27 and in all considered ∆T up to 0.5T. The proposed modelling enables us to 

reasonably explain all the intriguing experimental features including the restriction range, the 

minimum point determination rule, and the comb component selection rule in acoustic amplitude 

and phase variations. 

6.2.3. Tunable pump delay, tunable pump power 

In this section, we will demonstrate acoustic manipulations by simultaneous adjustment of the 

second pump delay ∆T and the pump power ratio q, in order to understand and predict the acoustic 

phonons at any point (q, ∆T) in the q-∆T space. Since it is difficult to implement such a great 

number of experiments, the demonstration will be only conducted on the basis of our modelling. A 
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broader range of q (0 – 100/27) and ∆T (0 – 11.2τ) is considered in the modeling, compared to the 

range in the completed experiments. 

 

Fig. 6-17 (a) The amplitude modulation of five frequency comb components simultaneously 

by the second pump delay and the pump power ratio based on the heuristic-analytical results 

after nonlinear corrections. The second pump delay ranges from 0 to 11.2 and the pump 

power ratio ranges from 0 to 100/27. (b) The frequency amplitude dependences on the 

second pump delay for comb3 in the range of the pump power ratio from 0 to 100/27 (3.7) 

with steps of 5/27. (c) The frequency amplitude dependences on the pump power ratio for 

comb3 in the range of the second pump delay from 0 to 1.0 with steps of 0.05. Curves in 

(b) and (c) are shifted vertically for clarity in steps of 2 in (b) 1 in (c). 

Firstly, the amplitude modulation of the main five comb components by tuning simultaneous q 

and ∆T is illustrated in Fig. 6-17(a). The three-dimensional amplitude variation is in the likeness of a 

pleated wind chest of an accordion, which is similar for all five comb components. The similarities 

consist in that, firstly, they are all periodic by tuning ∆T at any non-zero q position with a period of 

the inverse of the corresponding comb component frequency fi (i = 1, 2, 3, 4, 5) and the period stays 

the same at any non-zero q for a given comb component; secondly, the amplitude valley equivalent 

to zero exhibits at q = 1 with a period of τi = 1/ fi (i = 1, 2, 3, 4, 5) by tuning ∆T, which locates 

between two adjacent amplitude spines; thirdly, the amplitude variation by tuning q in the range of 0 

– τi as a group repeats at a period of τi (i = 1, 2, 3, 4, 5) for a given comb component with a frequency 

of fi (i = 1, 2, 3, 4, 5); fourthly, the maximum amplitude can be reached at q = 100/27 by tuning q for 

any ∆T; lastly, the periodic variation is cosine-like-wave by tuning ∆T at any non-zero q, however, 

the lowest amplitude and the highest amplitude of the cosine-wave vary as q changes.  For clearer 

demonstration, a series of amplitude modulation curves of comb3 by tuning ∆T is given in the q 

range of 0 – 100/27 (see Fig. 6-17(b)), which shows that a modulus of cosine wave only exists at q = 
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1 (bold green curve), exhibiting the highest peak-to-valley relative amplitude. In addition, very high 

q could be unnecessary for experiments due to the saturation. A series of amplitude modulation 

curves of comb3 by tuning q is also illustrated in the ∆T range of 0 – 1.0τ (see Fig. 6-17(c)), which 

reveals that the variation with a valley at q = 1 only exists when ∆T = 0.5τ (bold green curve in the 

middle). The local minimum gradually shifts from q = 1 to q = 0 when ∆T is increased or decreased 

from ∆T = 0.5τ. 

  

Fig. 6-18 (a) The phase modulation of five frequency comb components simultaneously by 

the second pump delay and the pump power ratio based on the heuristic-analytical results 

after nonlinear corrections. (b) The frequency phase shift dependences on the second pump 

delay for comb3 in the range of the pump power ratio from 0 to 100/27 (3.7) with steps of 

5/27. (c) The frequency phase shift dependences on the pump power ratio for comb3 in the 

range of the second pump delay from 0 to 1.0  with steps of 0.05. Curves in (b) and (c) are 

shifted vertically for clarity in steps of 4π in (b) and 2π in (c). 

 Secondly, the phase modulation of the main five comb components by tuning simultaneous q 

and ∆T is illustrated in Fig. 6-18(a). The three-dimensional phase variation for all comb components 

has a folding structure, which is similar to the amplitude modulation. The phase modulations for all 

comb components also share a few characteristics. Firstly, the phase variation of the comb 

component with a frequency of fi (i = 1, 2, 3, 4, 5) is periodic by tuning ∆T at any non-zero q. The 

phase variation period equals the inverse of the corresponding comb frequency and the period keeps 

the same for a given comb component at any non-zero q. Secondly, the periodic phase variation by 

tuning ∆T has a boundary at π and -π. Thirdly, the phase variations by tuning q in the ∆T range of 0 

– 1/fi ( i = 1, 2, 3, 4, 5) as a group duplicate themselves by increasing ∆T. Fourthly, the phase 

variation  by  tuning  q  periodically  has  a  steep  slope  at  around  q = 1.  Lastly, the phase displays  
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Fig. 6-19 (a) Maximum  reflectivity change transient amplitude (b) maximum phonon amplitude 

versus delayed pump power for both double pump and single pump measurements in the configuration 

of fixed first pump power of 27 mW and tunable second pump power ranging over 3 - 67 mW. (c) 

Maximum transient amplitude (d) maximum phonon amplitude versus first pump power for both 

double pump and single pump measurements in the configuration of tunable first pump power ranging 

over 3 - 67 mW and fixed  second pump power of 27 mW. 

saturation features at any ∆T when q is high enough. For clarity, the comb3 phase modulation 

dependences on ∆T in the q range 0 – 100/27 are given in Fig. 6-18(b), which indicates that the 

curve has a sawtooth-wave-like shape after q = 1 (see bold green curve in Fig. 6-18(b) for q = 1) 

Universität Konstanz20

Fig.17 (a)Maximum transient amplitude (b)maximum phonon amplitude versus delayed pump power for both double pump and single 

pump measurements in the configuration of fixed first pump power of 27 mW and tunable second pump power ranging over 3-67 mW. 

(c)Maximum transient amplitude (d)maximum phonon amplitude versus first pump power for both double pump and single pump 

measurements in the configuration of tunable first pump power ranging over 3-67 mW and fixed  second pump power of 27 mW. 
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while a smooth-wave shape before q = 1 and the maximum approaches approximately π when q is 

larger than 1. The comb3 phase modulation dependences on q in the ∆T range 0 – 1.0τ are also 

depicted in Fig. 6-18(c), which shows that the phase modulation only has a sudden leap at around q 

= 1 when ∆T  0.5τ (see the bold green curve in Fig. 6-18(c)). Increasing ∆T or decreasing ∆T from 

∆T = 0.5τ induces a variation with moderate phase changing in the positive side or in the negative 

side. 

With the full information of amplitude modulation and phase modulation for individual comb 

component, in principle, it is possible for us to synthesize a variety of acoustic wave-packet 

sequences with desired characteristics by tuning q and ∆T. 

6.3. Double-pump-pulse experiments over long time delay  

6.3.1. Pump power–dependent coherent acoustic phonons                 

In order to measure carrier dynamics in a SESAM, a double pump approach is adopted, which is 

important for interpreting the absorption of the second pump in double-pulsing or high repetition 

rate systems. 

In this section, we investigate pump power-dependent coherent acoustic phonons at ∆T = 0.5T 

(the results are shown in Fig. 6-19). At this time delay, the wave-packets excited by the first pump 

light does not interfere with those excited by the second pump light, so the influence caused by a 

subsequent pump pulse on the absorption can be clearly observed. The first procedure is applying 

tunable power to the second pump light. The first pump power is kept at 27 mW and the second 

pump power increases over the range of 3 - 67 mW. The excitation induced by a single pump light at 

each pump power is also measured for comparison. As shown in Fig. 6-19(a), due to saturable 

absorption, the reflectivity change exhibit nonlinear tendency at high incident power for both single-

pump-pulse measurements (blue triangles) and double-pump-pulse measurements (red dots). 

However, the reflectivity change induced by the second pump pulse is evidently suppressed 

compared to that induced by the single pump pulse, in other words, the saturation takes place at 

lower pump power. The reflectivity change induced by the first pump pulse, on the contrary, shows 

a slightly deceasing tendency in spite of a constant pump power. Acoustic phonons exhibit the 

similar change (see Fig. 6-19(b)). At the pump power of 67 mW, there is a difference at the level of 

10-7 between the amplitude of phonons generated by the second pump pulse and that generated by 

the single pump pulse. The high detection sensitivity in our system is sufficient to ensure an accurate 

measurement at this level. Thus we can conclude that the absorption of the second pump light is 

suppressed and the suppression effect becomes notable at a high incident power. This can be 

explained by the still partially occupied upper-state in QWs which is an impediment to the 

absorption of the second pump light, leading to a saturation at a lower pump power. The second 

procedure is to apply tunable power to the first pump laser pulse. The second pump power is kept at 

27 mW and the first pump power increases over the range of 3 - 67 mW.  The excitation induced by 

a single pump light at 27 mW is measured for comparison. The reflectivity change induced by the 

second pump light is apparently affected by the increase of the first pump power (red dots, see Fig. 

6-19(c)), showing a decreasing tendency. The amplitude of acoustic phonons induced by the second 

pump light (red dots, Fig. 6-19(d)) is also reduced by approximately 2  10-7 at the first pump power 

of 67 mW compared to that induced by the single pump light (blue triangles, Fig. 6-19(d)). The 

dropping amplitude of acoustic phonons implies a decreased absorption with the increased first 

pump power. This can be understood by the perspective that, higher first pump power results in 

higher carrier concentration, so that less places in the upper state are available for electrons excited 

by the second pump light, leading to a reduced light absorption. Hence, the absorption process of the 

second subsequent pulse is apparently suppressed by the first pump light and the suppression is 
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enhanced at a high pump power. This can be an issue for high-intensity high-repetition-rate pulse in 

SESAM mode-locking lasers. 

 

Fig. 6-20 Double-pump-pulse measurements over the time delay ΔT range of 0.5T – 11.5T 

in steps of T. T is the wavepacket period in the single-pump pulse measurements. T = 30.25 

ps. (a) The reflectivity change transients when both the pump and the probe power are 27 

mW. The vertical four lines are repeated measurements over the same ΔT range. (b) 

Acoustic waves extracted from (a). (c) The reflectivity change transients when the first pump 

power is 27 mW and the second pump power is 60 mW. (d) Acoustic waves extracted from 

(c). 

6.3.2. Time delay–dependent coherent acoustic phonons  

In this section, we investigate time delay-dependent coherent acoustic phonons over the time delay 

∆T range of 0.5T – 11.5T in steps of T. As shown in Fig. 6-20, measurements are performed at 12 

time delays when the first pump power and the second pump power are equal at 27 mW (see Figs. 6-

20(a) and (b)). Measurements are also performed at 12 time delays at the first pump power of 27 

mW and the second pump power of 60 mW (see Figs. 6-20(c) and (d)). In order to ensure the 

credibility of measurements at small ∆R/R, for both types of measurements, we repeat for four times 

to acquire average results. With the increase of the time delay between two pump pulses, both 

electronic reflectivity changes (see Fig. 6-21(a)) and acoustic phonons (see Fig. 6-21(b)) induced by 

the second pump light increase as well, while they are always smaller than their counterparts 

induced by the single pump light. The electronic transient changes induced by the second pump light 

are  reduced by 30% with  respect to  that induced  by the single pump light at the pump power of 60  
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Pump pulse delay 0.5T-11.5T

- Pump power : first 27 mW, second 27 mW; first 27 mW, second 60 mW (keep the first pump unchanged)

- Four independent measurement processes for each pump power

- 12 data points (time delay positions) for each process (0.5T(15.125ps) --- 11.5 T(347.875ps))

- Pump pulse time delay: 0.5T, 1.5T, 2.5T, 3.5T, 4.5T, 5.5T, 6.5T, 7.5T, 8.5T, 9.5T, 10.5T, 11.5T

(a) (b)

(c)
(d)
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Fig. 6-21 Averaged maximum transient amplitude and maximum phonon amplitude from 

the repeated four measurements shown in Fig. 6-20, and the relative and absolute amplitude 

changes with respect to the amplitude obtained from single-pump-pulse experiments. 

Horizontal straight lines denote average amplitude over the tuneable time delay for single-

pump-pulse experiments. (a) Averaged maximum transient amplitudes. (b) Averaged 

maximum phonon amplitudes. (c) The relative maximum transient amplitude change of the 

second peak and (d) the relative maximum amplitude changes of phonons generated by the 

second pump light, which are obtained in the double-pump-pulse experiments at the second 

pump power of 60 mW and 27 mW. (e) The absolute maximum transient amplitude change 

of the second peak and (f) the corresponding absolute maximum phonon amplitude changes 

by the second peak, which are obtained in the double-pump-pulse experiments at the second 

pump power of 60 mW and 27 mW. 

 mW when  ΔT = 0.5T, while the reduction percentage is only ~10% at the pump power of 60 mW 

when ΔT = 11.5T. The reduction percentage is in general larger for the pump power of 27 mW. 

Acoustic phonons, however, exhibit much smaller reduction. For the pump power of 60 mW, in 

general, the reduction percentage decreases from 10% to 5%, while it is difficult to identify the 

variation tendency for the pump power of 27 mW (see Figs. 6-21(c) and (d)). In the case of the 

second pump power at 60mW, over the tunable time delay range from 0.5T to 11.5T, the absolute 

electronic amplitude changes and the absolute acoustic phonon amplitude changes induced by the 

second pump light with respect to those induced by the single pump light, increase from 8 × 10-4 to 3 

× 10-4 and from 1.5 × 10-7 to 1 × 10-7, respectively (corresponding to a level of 10-4 and 10-8, 

respectively, see Figs. 6-21(e) and (f)). Therefore, the suppression effect becomes weak when the 

time delay between two pump pulses enlarges. This perhaps stems from the fact that the electron-

hole (induce by the first pump light) recombination process is close to an end at large time delays, 

thus the upper state are available for carriers again, leading to more light absorption. Hence, for 
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Averaged maximum transient amplitude and phonon amplitude

- Solid horizonal lines represent the averaged maximum amplitude of single pump from  in total 

48 data points.

- Single pump data points are average of four measurements.

- The final maximum amplitude of second pump in double pump is obtained by the average of  

four measurements for each data point.

- For original transient, the amplitude is deducted the contribution of the first pump amplitude at 

corresponding time delay.

(a) (b)

(c) (d)

(e) (f)
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high-repetition-rate lasers, the absorption of a subsequent optical pulse in SESAMs is modified, and 

a higher repetition rate gives rise to a lower absorption. 

6.4. Conclusions  

Acoustic manipulation via coherent optical control in a MQW structure is demonstrated by a double-

pump-pulse configuration in an Yb:KYW based ASOPS system operating at 1 GHz. By tuning the 

delay of the second pump pulse with respect to the first pump pulse and the pump intensity ratio, it is 

possible to modulate the amplitude and the phase of comb-like coherent acoustic phonons excited in 

a MQW - saturable absorber of a SESAM structure. Abundant experimental results prove that the 

periodic acoustic wave-packet sequence can be flexibly shaped in terms of wave-packet amplitudes, 

wave-packet profiles, wave-packet periods, wave-packet widths, and single-period oscillation phase 

shifts, which refers to a quasi-arbitrary acoustic waveform synthesis by combining various 

amplitude and phase modulations. The acoustic manipulation by fine tuning the second pump delay 

within the half wave-packet period is investigated, which reveals a periodic variation of both the 

spectral amplitude and phase. Meanwhile, the acoustic modulation by fine tuning the pump intensity 

ratio results in spectral amplitude variations with a zero valley and spectral phase variations with a 

phase leap only at certain second pump pulse delays when the pump intensity ratio is around 1:1. 

Moreover, we can proceed from a very low pump power for acoustic manipulations, which benefits 

from the high detection sensitivity in our Yb:KYW lasers based high-speed ASOPS system. The 

experimental acoustic manipulation can be well explained in a wide range by a simplified model, 

enabling us to understand critical spectral features such as the periodicity, the minimum points of 

amplitude, the selection rule of suppressed comb components, and the upper boundary of the phase 

and amplitude, and to predict the acoustic phonon shaping where the experiments are absent. More 

optical parameters in our system could be potentially tuned such as the pump wavelengths, the pump 

polarization and the pump pulse shape, in order to further enhance the already achieved level of 

control.    

The possibility to optically tailor acoustic wave-packets and acoustic combs in the GHz range by 

ultrafast lasers is a prerequisite for advanced laser-enabled coherent phonon applications (e.g. 

acoustic pulse shapers, acoustic field filters, and tunable saser). The result of our acoustic 

manipulation also implies that, acoustic frequencies can be obtained via the spectral amplitude or 

phase variation period by tuning the second pump delay, and that the unwanted acoustics induced by 

back-side pump light reflections can be eliminated via destructive interferences by sending the 

second pump pulse to the sample at a proper time delay and pump intensity. From a general point of 

view, our research results demonstrate that the progress in ultrafast optics keeps driving the progress 

in its applications such as picosecond laser ultrasonics including spectroscopy based on the laser-

monitored coherent acoustic phonons.  

Light absorption of a subsequent pump pulse in MQW structures is investigated over a long time 

delay ∆T from 0.5T (~15 ps) to 11.5T (~348 ps). The time delay ∆T is chosen to decouple acoustic 

phonons excited by the second pump pulse from those excited by the first pump pulse. We found 

that the absorption process of the second subsequent pulse is dependent on the pump power and the 

time delay between two pump pulses. Although the induced acoustic phonon change is small, we 

can still conclude that higher pump power and shorter time delay impose stronger suppression effect 

on the absorption of the second pump light in SESAM structures. 
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7. Summary 

In this thesis, we have first developed a cost-efficient compact GHz femtosecond Yb:KYW 

oscillators based asynchronous optical sampling (ASOPS) system. Due to the high detection 

sensitivity and the high time resolution, this system is well suited for exploring ultrafast dynamics of 

phonons and charge carriers in various materials. Thus picosecond laser ultrasonics using ASOPS 

techniques raises our particular interest in terms of coherent acoustic phonon (CAP) excitation, 

propagation and detection in multilayered semiconductor structures and thin films. We have 

achieved significant progress on CAP investigations in semiconductor saturable absorber mirrors 

(SESAMs) where not only the imbedded quantum wells as a saturable absorber but also the 

distributed Bragg mirror (DBR) contributes to the experimental phonon observations. The relevant 

SESAM structures and multiple quantum well (MQW) structures are tested by one-color or/and two-

color ASOPS systems, enriching our understanding on CAP dynamics in those complex SESAM 

structures. The probe/pump light-dependent CAPs in SESAM structures are also investigated. Our 

second main progress has been made on optical coherent control of CAPs. Through two pump pulses 

with adjustable time delay and pump power, a quasi-arbitrary acoustic waveform synthesis is 

demonstrated, which is also well explained by a simplified model that we developed. In addition, the 

influence of a second subsequent pump pulse on light absorption in MQWs is explored by the 

double-pump-pulse method through large time delays between the pump pulses. In the following, 

the main work will be summarized in three parts, and the potential improvements and inspirations on 

future work will be proposed. 

Kerr-lens mode-locking Yb:KYW lasers and ASOPS set-up 

Concerning the Kerr-lens mode-locking of a Yb:KYW laser, the following work has been conducted.  

Firstly, the laser cavity is carefully designed as a symmetric four-mirror bow-tie ring layout by 

taking into account critical factors such as stability zone, soft aperture, Kerr-lens effect, group delay 

dispersion (GDD) compensation, and astigmatism compensation. With a prediction of only ~4 mm 

stability-zone-length, it indicates the challenge on the operation of lasing for GHz-repetition rate 

oscillator. The Gaussian beam mode size variation indicates that, at the lower edge of the stability 

zone, the Gaussian beam exhibits less divergence in the arm of output coupler and smaller beam 

radius that indicates stronger Kerr-lens effect, while high misalignment sensitivity is induced. 

Thereby concave mirror distance has to be adjusted for an optimal laser operation. A folding angle 

of ~13.5° leads to almost complete compensation of the astigmatism introduced by the crystal. A 

cavity length of ~300 mm is implemented to enable longitudinal modes spaced by 1 GHz. By using 

the parameters of the Yb:KYW crystal and the pump diode, it is demonstrated that the pump beam 

can be used as a soft aperture. By using a split-step Fourier method, a soliton-like steady-state pulse 

of ~200 fs is formed in the ring cavity, when a negative group velocity dispersion (GVD) of -2000 

fs2/mm is introduced to balance the self phase modulation (SPM) effect that takes place in the 

crystal. A negative GVD of less than -1500 fs2/mm will induce the appearance of multiple pulses 

caused by a dominating SPM effect. 

Secondly, the laser is built by using proper cavity components and a pump diode. The pump 

laser is a single mode fiber-coupled fiber Bragg grating stabilized butterfly diode, emitting at the 

central wavelength of 981 nm with a maximum operation power of 750 mW. A 1-mm Yb:KYW 

crystal with a doping concentration of 10 at. % is used as simultaneous gain media and Kerr-lens 
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media. The crystal is Np-cut (polarization is parallel to Nm), placed on a copper holder at Brewster 

angle (θB = 63° at 1050 nm) between two concave mirrors with 30-mm radius of curvature. GDD 

compensation is achieved by using Gires-Tournois interferometer (GTI) mirrors with a GDD of -

1200 fs2 for each, leading to a total GDD of ~ -2200 fs2. An output coupler with ~0.6% transmission 

is used to couple out the laser light. To stabilize the repetition rate offset between two Yb:KYW 

lasers for ASOPS system, a slow and fast piezoelectric transducers are attached to two mirrors in the 

cavity. 

Thirdly, the Yb:KYW laser is characterized in terms of output power, pulse width, spectrum, 

pulse repetition rate, and long-term stability. In the mode-locking regime with a slope efficiency of 

40.4%, an output power of 275 mW is obtained at the pump power of 710 mW, indicating an 

optical-to-optical conversion efficiency of ~40%. The high conversion efficiency is enabled by the 

low quantum defect of the Yb:KYW crystal, as well as the good overlap between the Gaussian-like 

laser mode and the pump mode. The laser also shows a low onset pump power for mode-locking 

operation. The improvement of the output power can be achieved by using pump diodes with an 

operation power of ~ 1W. An alternative way to increase the output power is to use an Yb-doped 

fiber amplifier [7.1]. In order to achieve a pulse operation without multipulsing and Q-switching 

instabilities, mirrors with different GVD and transmission are tested. Through alignment control, we 

found that a high bandwidth in the range of 5 nm < Δλ < 6 nm is often achieved at low output power 

in the range of 250 mW < Pav < 300 mW, which serves as an indication to maintain a single-pulse 

operation. Multi-pulsing behavior is observed by a 13-GHz radio frequency spectrum analyzer, an 

optical spectrum analyzer with 0.07-nm resolution, and an ASOPS system. This is eliminated by 

introducing higher GDD and operating at relatively low output power through alignment control. 

Finally, a bandwidth of Δλ = 5.9 nm at a central emission wavelength of 1047.5 nm is achieved, 

corresponding to a pulse width of 210.8 fs measured by interferometric autocorrelation (IFAC). For 

the first Yb:KYW laser, a pulse width of 280.4 fs  is obtained when the bandwidth is 5.1 nm at a 

central wavelength of  1048.3 nm. A pulse repetition rate at 1.00025 GHz for the second Yb:KYW 

laser and a pulse repetition rate at 1.00024 GHz for the old Yb:KYW laser are obtained by the 13-

GHz spectrum analyzer. A weak modulation of the high harmonics amplitude indicates that the laser 

operates in the single-pulse regime. Q-switching instabilities can be simply eliminated by alignment 

control. The Yb:KYW laser exhibits good long-term stability for one day at the most without 

external disturbance. The disturbance stemming from air and thermal fluctuation can be further 

prevented by building aluminum walls around the extra-cavity components. The above 

characterizations are important for a stable high-resolution ASOPS measurements.  

Fourthly, the bi-directional mode-locking behavior of the Yb:KYW laser is investigated and the 

spectrum, repetition rate difference of counter-propagating pulses, and long-term stability are 

measured. The stable bi-directional mode-locking operation stems from the reduced competition 

between the clockwise and the counter-clockwise mode in the relative broadband active medium. 

Counter-propagating pulses experience spectrum broadening, showing a bandwidth of ~4 nm. The 

bi-directional mode-locking operation, surprisingly, is able to last for hours. The repetition rate 

difference is an important parameter, because ASOPS measurements potentially can be achieved by 

one Yb:KYW laser with a sufficient repetition rate offset between counter-propagating pulses, 

without special care of offset stabilization. Hence, two methods are used to measure the repetition 

rate offset when the alignment is adjusted over a mirror position range of 75 μm, crystal range of 

200 μm, focus lens range of 180 μm. However, the measured repetition rate difference between two 

counter-propagating pulses is only in the range of a few Hz, indicating strong phase coupling 

between counter-propagating pulses. The potential explanation for preventing phase coupling is the 

insufficient bandwidth of the active medium. Nonetheless, it is still worthwhile trying in further 

work to eliminate the phase coupling by solutions such as introducing a saturable absorber. 

Lastly, a high-speed ASOPS system employing Yb:KYW lasers without a mechanical delay line 

is developed. One Yb:KYW laser acts as the pump laser and another Yb:KYW laser acts as the 

probe laser. Two lasers work at the repetition rate of 1 GHz with a slight pulse repetition rate offset 
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of a few kHz, which is stabilized by a phase-lock-loop device that works at the 10th harmonics of 

the pulse repetition rate. The trigger signal is provided by sum frequency generation (SFG) of the 

pump light and the probe light, which is much less power requirement compared to two photon 

absorption (TPA) method. A GaP crystal is used to generate cross-correlation TPA signals in order 

to measure the temporal resolution of the ASOPS system. A temporal resolution of ~500 fs is 

obtained over the 1-ns time window, mainly limited by the laser pulse duration. The increment of 

~100 fs is due to timing jitter between the two lasers. The detection is very close to the shot noise 

limit due to the high scanning speed. Through increasing the number of time traces for averaging, 

the noise floor can be reduced down to 10-6 (ΔR/R) only in a few seconds. Evident noise components 

are not present in the spectrum over the detection range of 25 kHz-100 MHz, indicating a filter 

effect of the Yb:KYW crystal that exhibits a upper-state lifetime of ~3 ms.  The further improvement 

of the temporal resolution can be realized by reducing the laser pulse via dispersion compensation or 

by reducing the timing jitter via locking one laser to a reference optical source. The Yb:CALGO 

crystals with a wider emission band of ~80 nm can also be employed to achieve high temporal 

resolution for femtosecond GHz ASOPS system in future work [7.2]. The femtosecond temporal 

resolution and the high detection sensitivity enables the capability of our high-speed ASOPS system 

based on two GHz Yb:KYW oscillators to detect picosecond phonon dynamics close to shot-noise 

level in solids.  

CAPs in multilayered structures 

In the frame of our work, by implementing Yb:KYW oscillators based ASOPS system, photo-

induced longitudinal CAPs in multilayered planar structures including SESAMs, MQWs and 

double-layered thin films are in the center of our interest. CAPs excited in a SESAM structure with 

periodic nine-quantum-wells (QWs) as the saturable absorber are investigated in depth.      

I. SESAM structures 

(1) CAPs excitation, propagation, and detection in a nine-In0.27Ga0.73As-QWs SESAM structure. 

Photo-induced CAPs in such structure are investigated by the nearly degenerate pump-probe set-up 

at ~1050 nm. Phonon frequencies at a high frequency of ~365 GHz and those at a low frequency of 

approximate <100 GHz, are both observed. The high frequencies are part of a comb-structure over a 

wide range of ~30 - ~800 GHz spaced by ~33 GHz, which stems from the periodic detection of the 

counter-propagating CAPs excited in In0.27Ga0.73As QWs due to efficient pump light absorption. The 

detection also takes place in the MQWs when generated acoustic waves arrive. The periodic wave-

packet sequence in time domain is well explained by the analysis of spatial propagation of stress 

waves in the MQW region. Based on the longitudinal sound velocities in the MQW region as well as 

the central frequency and the comb spacing, the experimental results fit very well with the nominal 

structure (well-to-well distance: 13 nm, stack-to-stack distance: 145 nm), indicating a direct 

application on the non-invasive characterization of multilayered SESAM nanostructures. As for the 

low frequency components, surprisingly, they agree well with the dispersion relation of the DBR 

which predicts the mini Brillouin zone (MBZ)-center modes at k  0 starting from ~32 GHz. These 

have been barely observed in non-light-absorbing semiconductor structures. The most intriguing 

findings are that not only MBZ-center modes but also several MBZ-edge modes starting from ~15 

GHz followed by ~78 GHz and ~110 GHz, are observed. This is surprising because of non-

fulfillment of momentum conservation rule at the zone-edge.  

The appearance of the MBZ-center modes can be attribute to the electrostriction mechanism 

which takes effect due to counter-propagating pump light fields in the DBR. In the periodic DBR 

structure, not only the spatial electric field intensity modulation but also the spatial electrostriction 

coefficient modulation leads to the resonantly coherently excitation of the same folded near zone-

center modes under the condition of λpump/2   dDBR (λpump is the pump wavelength in the DBR and 

dDBR is the DBR period). Based on the experimental observation of the nonlinear process in acoustic 

dynamics, the excitation of MBZ-edge modes can be attributed to the stimulated subharmonic decay 
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of MBZ-center modes. The observable MBZ-edge modes can be well explained by a hypothesis that 

proposes a dynamic zone folding process transferring edge modes to the zone center, thus those 

modes become Raman-active. The detection is Raman-Nath-like probe light scattering process 

leading to the observation of a series of equally spaced signals with comparable amplitudes [7.3]. 

Thus, the current interpretation can well support our experimental observations of MBZ-center and –

edge modes in the DBR. The findings of simultaneous MBZ-center and –edge modes excitation and 

detection in light-transparent, non-doped, long-period superlattices, bring new insights into the 

phonon dynamics in such structures. The complexity of the acoustic phonon spectrum is also 

analyzed to gain deeper understanding of the phonon dynamics in this MQW-SESAM structure.    

(2) Comparison with structures grown in different temperatures. By using the same ~1050-nm 

Yb:KYW ASOPS system, CAP dynamics in structures with different growth temperatures are 

compared. Those structures are similar to the nine-In0.27Ga0.73As-QW SESAM structure. The results 

imply that the growth temperature not only affects the recovery time of the SESAM structures, but 

also affects the amplitude of photo-excited CAPs in the MQWs. The increase of the growth 

temperature leads to shorter recovery time, which can be attributed to growth temperature dependent 

defect densities which are associated with both electron trapping and hole trapping. Importantly, the 

high growth temperature leads to small-amplitude CAPs, which can be potentially explained by 

modified QW shape and interface due to an increased Indium segregation length. 

(3) The influence of the pump power, the probe power, the probe wavelength shift, and the 

effect of prism in the pump path. Firstly, high pump power causes nonlinearities for both electronic 

transient and acoustic waves. Saturation of the absorption is induced by the fact that the initial state 

is bleached while the upper state is still full, thus a saturation for photo-induced acoustic waves via 

deformation potential is observed. Secondly, the probe power exhibits a threshold at ~ 2 mW to 

induce the proportional amplitude change of the electronic peak and the acoustic oscillations due to 

the limitation caused by the noise floor. Thirdly, the probe wavelength is tuned slightly by inserting 

a tilted dielectric filter to observe the variation in the acoustic detection. However, detection-induced 

acoustic variations are not observed due to the fact that the probe photon energy remains above the 

bandgap. In the future work, an alternative method – reducing the temperature can be applied to 

increase the bandgap. Thus different detection mechanisms may account for the observation of 

CAPs when the bandgap is above, at, and below the probe photon energy. Lastly, inserting a prism 

in the pump path surprisingly causes the modulation of individual acoustic wave-packet, leading to 

new acoustic frequencies approximately equal to the half central acoustic frequency. The new 

frequencies can be enhanced when the prism slightly rotates. The interference of acoustic waves 

excited by spatially separated different pump spectral components, can potentially account for this 

effect.  

(4) A 1050-nm-pump and 525-nm-probe scheme based on second harmonic generation (SHG). 

In spite of the fact that the 525-nm light exhibits a short penetration depth of ~120 nm, the detection 

still takes place in the first triple-QW stack. Therefore the excitation and the detection are not 

completely decoupled, which means that the photoelastic effect still accounts for the CAP detection. 

Further procedures such as fabricating similar structures with thicker cap layer or using shorter 

probe wavelength can be carried out in future work, thus maybe other mechanisms such as Fabry-

Perot effect dominate in the CAP detection. In our experiment, we observed weaker CAP waves 

which are partly due to the fact that the detection only occurs in one triple-QW stack rather than 

three stacks, and partly due to the available probe power only at ~1 mW. In addition, a pronounced 

Brillouin oscillation at ~75 GHz is observed.   

(5) CAP excitation in four-In0.3Ga0.7As-QW SESAM structures and the influence of N-ion 

irradiation on the recovery time and acoustic waves. Increasing the number of irradiated QWs leads 

to the drastic decrease of the recovery time. This can be explained by introducing additional defects 

through N-ion implantation to speed up the recombination process. The acoustic waves at ~180 GHz 

excited in MQWs are enhanced when two QWs are irradiated compared to those in the sample 

without irradiation, due to carrier concentration variation induced by N-ion irradiation, while CAPs 
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are slightly weakened when all QWs are irradiated compared to those in the sample with two 

irradiated QWs, which is possibly caused by suppression of the deformation potential when the 

recovery time (1.56 ps) is shorter than the cyclic oscillation period within the wave-packet (4.87 ps). 

A two-color ASOPS system with ~800-nm pump light and ~1050-nm probe light is also employed 

to investigate those samples. Compared to the degenerate 1050-nm ASOPS system, in the two-color 

system, the CAPs excited in MQWs exhibit higher amplitude and distinct profiles, which can be 

attributed to different excitation functions. In addition, CAPs are not only excited in QWs, but also 

excited in the DBR due to light absorption, yielding multiple MBZ center modes at k ≈ 0 starting 

from 31.7 GHz. The mode-to-mode ratio is affected by N-ion irradiation and high frequencies seem 

to be suppressed when all QWs are irradiated. 

II. MQW structures 

In0.27Ga0.73As MQW structures without DBR are tested by the ~1050 nm ASOPS system in order to 

observe the impact of optical electric field intensity distribution. Compared to CAPs observed in 

MQWs of the SESAM structure, those observed in the pure MQW structures are surprisingly weak 

(approximately two order of magnitude smaller), which cannot be solely induced by the slightly 

attenuated optical electric field intensity (approximately two times smaller) in the MQW structure. 

Based on the aforementioned measurements on samples with different growth temperatures, the 

striking acoustic attenuation could be induced by the sample growth condition. We also found that 

the electronic reflectivity/transmittance exhibits both negative and positive changes in pure MQW 

structures while only positive changes are observed in SESAM structures. We speculate that other 

effects such as free carrier absorption and re-excitation of trapped carriers into the conduction band 

maybe strongly involved compared to band filling effect in the pure MQW structures, thus a 

negative reflectivity/transmittance change is observed. A second rise in the transmission transient 

potentially induced by nonlinear effects is also observed. In addition, when the pump light is 

incident on the back-side (substrate) of the three-quantum-well structure, strong attenuation for part 

of the wave-packet takes place, which can be well interpreted by the calculated electric field 

intensity distribution. 

III. Thin films 

CAPs in double-layered Al/Si membranes with different thicknesses are investigated by the ~1050-

nm ASOPS system. A damping equally-spaced acoustic pulse sequence is observed. They are 

composed of acoustic waves stemming from the Si surface and those from the Al surface as well as 

their echoes. The calculation based on the longitudinal sound velocity and layer thicknesses agrees 

well with the observed stress wave propagating time. The layer thickness has impact on the Al-

generated-pulse to the Si-generated pulse amplitude ratio. In addition, CAPs in the thicker sample 

exhibit shorter decay time than that in a thinner sample. We found that CAPs observed in ~1050-nm 

ASOPS system and those observed in ~800-nm ASOPS system differ from each other in terms of 

average amplitude and pulse-to-pulse amplitude ratio. It is noteworthy that the amplitude of the 

pulse excited on the Si surface is comparative to the one excited on Al surface in the 1050-nm 

system, while the amplitude of the pulse excited on the Si surface is much smaller than that excited 

on the Al surface in the 800-nm system, which can be attributed to excitation/detection distinction 

due to distinct pump/probe wavelengths. Further theoretical and experimental investigation are 

required to find out the detailed origins causing these differences. 

Coherent control of CAPs 

I. Short time delay 

Coherent control of CAPs excited in In0.27Ga0.73As-MQW region of the SESAM structure is 

demonstrated in the ~1050 nm ASOPS system. The coherent control is realized by tuning the pump 

intensity ratio and the time delay between two incident pump pulses. The two pump pulses are 

delivered from the same Yb:KYW laser. The pump intensity ratio is adjusted by a neutral density 

filter and a half wave plate. The time delay between two pump pulses is adjusted by a variable 
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translation delay stage. In the short-scale time delay experiments, the time delay is tunable in the 

range of 0 – 0.5T (5.6τ), where T represents the wave-packet-to-wave-packet time delay equal to 

~30.25 ps and τ represents the acoustic oscillatory period within the individual wave-packet.  The 

acoustic wave-packet sequences are observed in the MQWs of the SESAM structures, which are 

corresponding to a comb-like spectrum with a comb spacing of ~33 GHz at a central frequency of 

~365 GHz. As a consequence, both the amplitude and the phase of the comb-like CAPs can be 

manipulated by the double pump pulses via tunable pump intensity ratio and tunable time delay. A 

simplified model is developed to interpret coherent control of CAPs in the periodic MQW structure. 

We assume that both generation and detection functions in the triple-QW stack are a cosine stress 

wave enveloped by a Gaussian or rectangular shape. The MQW structure in the modelling is 

assumed as an infinite structure composed of repetitive triple-QW stack and the attenuation of the 

wave-packet by several factors is also taken into account in the modelling.  

Firstly, only the time delay ∆T between two successive pump pulses is adjusted while the 

intensity of two pump pulses are kept equal. Both the amplitude and the phase of individual comb 

components are periodically modulated by the applied time delay control. We found that the 

amplitude change with the time delay ∆T follows modulus of cosine with a frequency of f, which is 

equivalent to the frequency of the comb component itself. Thus an almost complete suppression of 

certain comb components takes place at certain time delays of ∆T. The phase change with the time 

delay ∆T exhibits a periodic sawtooth-like variation. In the time domain, the wave-packet sequence 

undergoes suppression, enhancement and period change, and individual wave-packets experience 

phase shifts and envelope variations. The experimental observations fit well with our modelling 

which explains the periodic modulation behavior.  

Secondly, the pump intensity ratio q is tuned over the range from 3/27 to 67/27 while the time 

delay is fixed at a certain value. CAP manipulations at time delays of ∆T = 0.5τ, 2.8τ, 3.0τ, 3.2τ, 0.5T 

(5.6τ) are implemented. This yields various acoustic wave-packet patterns in terms of profiles, phase 

shift and amplitude. We found that the acoustic modulation leads to spectral amplitude variations 

with a zero valley and spectral phase variations with a phase jump only at certain time delays of ∆T 

when the pump intensity ratio is around 1:1. The modelling is improved by introducing nonlinear 

corrections and a heuristic-analytical method. The modelling helps to explain intriguing 

experimental features including periodicity, the minimum point determination rule, the upper 

boundary of the phase and amplitude, and the suppressed comb component selection rule in acoustic 

amplitude and phase variations. 

Thirdly, acoustic manipulations are demonstrated theoretically by simultaneous adjustment of 

the time delay ∆T and the pump pulse intensity ratio q. This enables us to predict the acoustic 

phonons at any point (q, ∆T) in the q-∆T space. By implementing amplitude modulation and phase 

modulation for individual comb component via simultaneous adjustment of q and ∆T, in principle, it 

is possible to synthesize a variety of acoustic wave-packet sequences with desired characteristics.  

Therefore, we have shown that the coherent control of a periodic wave-packet sequence leads to 

the quasi-arbitrary acoustic waveform synthesis by combining various amplitude and phase 

modulations for individual frequency components, which is well supported by the developed 

modelling based on the MQW structure. In future work, many more optical parameters can be tuned 

such as the pump wavelengths, the pump polarization and the pump pulse shape, which will further 

enhance the flexibilities for coherent control of CAPs. As for the possible applications, the 

possibility to optically tailor acoustic wave-packets and acoustic combs in the GHz range by 

ultrafast lasers potentially leads to advanced laser-enabled coherent phonon applications such as 

acoustic pulse shapers and acoustic field filters.  

II. Long time delay 

The time delay ∆T between two pump pulses is also extended to a long scale from 0.5T (~15 ps) to 

11.5T (~348 ps) to investigate the light absorption induced by a second subsequent pump pulse in 

MQW structures. The time delay ∆T is chosen to decouple acoustic phonons excited by the second 

pump pulse from those excited by the first pump pulse. Thus the ∆T-dependent and pump power-
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dependent amplitude of acoustic phonons excited by the second pump pulse can be measured to 

monitor the light absorption. Single-pulse-pump measurement is also performed at each delay point 

for comparison. We found that, firstly, the absorption process of the second subsequent pulse is 

suppressed by the first pump light at ∆T = 0.5T and the suppression is enhanced at high pump power; 

secondly, acoustic phonons excited by a subsequent pump pulse in general exhibit smaller amplitude 

at shorter time delay of ∆T at the high power of 60 mW and the amplitude increment induced by 

time delay ∆T is at the level of 10-8 (∆R/R); thirdly, at higher pump power and at shorter time delay 

∆T, the suppression is more pronounced; Lastly, with the increase of the time delay, the amplitude of 

acoustic phonons excited by the second subsequent pump pulse converges to the amplitude of 

phonons excited by a single pump pulse. The results demonstrate that the light absorption induced 

by a second subsequent pump pulse is affected by the time delay between two pump pulses as well 

as the pump power. This can be explained by the partially osccupied upper-state induced by the first 

pump light and the occupation is stronger at higher pump power and shorter time delay ∆T. Hence, 

the double-pump-pulse spectroscopy provides a way to monitor light absorption in the case of 

double/multiple pulses. This is also important for a high-repetition-rate laser (e.g. a SESAM mode-

locking laser) where adjacent optical pulses are very close thus induced light absorption can be 

affected by the pulse period. In a SESAM mode-locking laser, such an effect could have an impact 

on pulse formation. 

7.1. Zusammenfassung 

Im Rahmen dieser Doktorarbeit wurde ein kosteneffizientes und kompaktes auf GHz 

Femtosekunden Yb:KYW Oszillatoren basierendes asynchrones optisches Abtastsystem (ASOPS) 

entwickelt. Aufgrund der hohen Empfindlichkeit und der hohen Zeitauflösung ist dieses System gut 

für die Erforschung ultraschneller Dynamiken von Phononen und Ladungsträgern in verschiedenen 

Materialien geeignet. Folglich ist für uns insbesondere Pikosekunden Laser-Ultraschall, welcher 

ASOP Techniken verwendet, in Bezug auf kohärente akustische Phononen (CAP) Anregung, 

Ausbreitung und Erkennung in Multilayer Halbleiterstrukturen und dünnen Schichten von Interesse. 

Wir konnten deutliche Fortschritte im Bereich der CAP Untersuchung in sättigbaren Halbleiter-

Absorberspiegeln (SESAMs) erzielen. Unser zweiter großer Fortschritt liegt im Bereich optischer 

kohärenter Kontrolle von CAPs. Andere relevante Materialien, Strukturen und die Auswirkungen 

optischer Eigenschaften werden ebenfalls untersucht. Im Folgenden wird die Hauptarbeit in drei 

Teilen zusammengefasst. 

Kerr-Linsen-Modengekoppelter Yb:KYW Laser und ASOPS Aufbau 

Es wurde ein diodengepumpter Kerr-Linsen-Modengekoppelter Yb:KYW Laser mit einer 

Wiederholrate von ~1 GHz entwickelt. Der Laser funktioniert im Einzelimpuls Regime ohne 

Güteschalter und ohne Multipuls Instabilitäten. Eine Pulsdauer von ~210 fs wird durch 

interferometrische Autokorrelation gemessen. Das entspricht einer Bandbreite von ~6 nm bei einer 

zentralen Wellenlänge von 1047 nm. Im modengekoppelten Regime weist der Laser eine hohe 

optische-zu-optische Umwandlungseffizienz von ~40% bei maximaler Ausgangsleistung von 275 

mW auf. Der Yb:KYW Laser kann für lange Zeit stabil laufen, sobald er modengekoppelt wurde. 

Wir haben ein asynchrones optisches Hochgeschwindigkeits-Abtastsystem basierend auf einem Paar 

von Yb:KYW Lasern entwickelt, das eine um wenige Kilohertz verstimmte Wiederholrate aufweist, 

um als Pumpquelle und Abtastquelle zu dienen. Solch ein System erreicht eine zeitliche Auflösung 

von ~500 fs und ist hauptsächlich durch die Laser-Pulsdauer limitiert. Die zeitliche Verbreiterung, 

die durch zeitliche Fluktuationen in einem 1-ns Fenster ausgelöst wird, beträgt nur 100 fs. Das 

System ist durch seine hohe Abtastgeschwindigkeit in der Lage, auf einem Level sehr nahe dem 

Schrotrauschen zu detektieren. Das Signalrauschen kann in nur wenigen Sekunden auf 10-6 (ΔR/R) 

reduziert werden. 
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CAPs in Multilayer Strukturen 

CAPs, angeregt in SESAM Strukturen mit periodische angeordneten neun-QWs als sättigbarem 

Absorber, werden ausführlich untersucht. Es werden sowohl Phononen mit hohen Frequenzen von 

~365 GHz als auch solche mit niedrigen Frequenzen von ungefähr <100 GHz beobachtet. Die hohen 

Frequenzen sind Teil einer Kammstruktur über einen weiten Bereich von ~30 - ~800 GHz mit 

Zwischenräumen von ~33 GHz. Diese stammen von der periodischen Überlagerung der sich 

gegenläufig ausbreitenden CAPS, die aufgrund der effizienten Pumplicht Absorption in   

In0.27Ga0.73As QWs angeregt sind. Die faszinierendsten Ergebnisse sind, dass nicht nur MBZ-

Zentrums Moden, sondern auch einige MBZ-Rand Moden, ausgehend von ~15 GHz, gefolgt von 

~78 GHz und ~110 GHz beobachtet wurden. Das Vorkommen von MBZ-Zentrums Moden kann 

dem Elektrostriktionsmechanismus zugeschrieben werden. Die Anregung von MBZ-Rand Moden 

passiert aufgrund des stimulierten subharmonischen Verfalls von MBZ-Zentrums Moden. Die 

beobachtbaren MBZ-Rand Moden können durch eine Hypothese mit einem dynamischen 

Zonenfaltungsprozess, der Rand Moden zum Zonenzentrum transferiert, gut erklärt werden. Folglich 

werden diese Moden Raman-aktiv. 

Kohärente Kontrolle von CAPs 

Die kohärente Kontrolle von CAPs in einer MQW Struktur wird durch das Einstellen des Pump-

Intensitätsverhältnisses und der Zeitverzögerung zwischen zwei nacheinander einfallenden 

Pumppulsen realisiert. Eine periodische akustische Wellenpaketsequenz wird flexibel geformt in 

Bezug auf Wellenpaketamplituden, Wellenpaketprofile, Wellenpaketperioden, Wellenpaketbreiten 

und Phasenverschiebung. So kann eine quasi-beliebige akustische Wellenformsynthese erzielt 

werden, die durch Kombination mehrerer Amplituden und Phasenmodulationen entsteht. Die 

experimentelle akustische Manipulation kann zu großen Teilen gut durch ein vereinfachtes Model 

erklärt werden, welches uns in die Lage versetzt, kritische spektrale Merkmale wie Periodizität, 

minimale Amplitude, die Auswahlregel unterdrückter Kammkomponenten und die obere Grenze der 

Phasen und Amplitudenänderungen zu verstehen. 
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A. Appendix 

A.1. Spectral broadening effect of Yb:KYW laser 

 

Fig. A.1-1 (a) The spectrum of transmission/reflection laser light from different components 

of the new Yb:KYW laser. (b) Two peaks squared hyperbolic secant fit applied to the 

spectrum of M1 transmission. (b) Two peaks squared hyperbolic secant fit applied to the 

spectrum of crystal reflection. 

The spectrum of beam reflected by crystal and transmitted by M1 and M2 is measured for the uni-

directional mode-locking Yb:KYW laser, which turns out to be broadened compared to the output 

spectrum from output coupler. As plotted in Fig. A.1-1, the bandwidth (FWHM) of the light from 

M1 transmission is 9.0 nm and the one from crystal reflection is 7.4 nm, which are 2 ~3 nm wider 

than the spectrum from output coupler. At the same time, the beam transmitted through M2 has 

nearly the same bandwidth as the one from output coupler. The broadened spectrum is composed of 

two peaks which are spaced by 4.8 nm and 4.5 nm for M1 transmission and crystal reflection, 

respectively. The peak-to-peak ratio exhibits apparent difference for spectrum obtained from M1 
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transmission and crystal reflection. For M1 transmission, it is 1:1.1 and for crystal reflection it is 

1:2.5. The similar broadening effect is also observed in the old Yb:KYW laser (see Fig. A.1-2). The 

broadened spectrum is caused by self phase modulation, which takes place in the Kerr-lens medium. 

In time domain, the intensity-dependent refractive index modulates the instantaneous phase of the 

pulse φ(t) = ω0t + k0n(I)L, where ω0, k0 and L denote central frequency, nonlinear coefficient, Kerr-

lens medium thickness, respectively, n(I) denotes intensity-dependent refractive index. In 

consequence, the frequency is broadened by ∆ω(t) = ϵtexp(-t2/T0
2) given a Gaussian pulse with 

duration T0, where ϵ is modulation coefficient [A.1].  The pulse shape is not influenced after 

propagating through a Kerr-lens medium, but the spectrum undergoes symmetric spectral 

broadening, which leads to symmetric sidebands if the modulation is strong. However, if the width 

of the pulse is short enough, the pulse shape probably can be modulated as well due to intensity-

dependent group velocity, which is known as self-steepening effect [A.2]. Once self-steepening is 

involved, the pulse peak moves towards the trailing part and the spectral broadening becomes 

asymmetric. The peak number can be estimated by φmax ≈ (M - 1/2)π, where φmax denotes maximum 

nonlinear phase shift and M is an integer [A.2]. When the maximum nonlinear phase shift is around 

1.5π, two peaks in spectrum can be observed. Therefore, basically, we can explain the spectrum 

shape of M1 transmission and crystal reflection from this point of view. However, a pulse 

propagation model in the KYW laser cavity should be required to understand why the spectrum 

broadening takes place in the transmission/reflection from specific cavity elements.  

 

Fig. A.1-2 (a) The spectrum of transmission/reflection laser light from different components 

of the old Yb:KYW laser. (b) Two peaks squared hyperbolic secant fit applied to the 

spectrum of M1 transmission. (b) Two peaks squared hyperbolic secant fit applied to the 

spectrum of crystal reflection. 
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A.2. An alternative method for double-pump-pulse experiments  

In the double-pump-pulse experiments to manipulate the excited acoustic phonons in a MQW 

structure, the tunable pump intensity ratio between the first and the second pump light can be also 

realized by slightly adjusting the incident light direction. When the pump light is not perpendicular 

to the sample surface, the light spot can be enlarged, thus the light intensity undergoes attenuation. 

As shown in Fig. A.2-1(a), through the incident angle adjustment, the electronic transient peak ratio 

varies from 1:1.3 to 1:0.6 (This is obtained when only the first pump light is incident on the sample 

and only the second pump light is incident on the sample), thus various acoustic phonon waves are 

generated when the time delay is set to 0.5τ. The same intensity control procedure can be applied to 

measurements at other time delays (see Fig. A.2-1(b)). However, this is limited by its accuracy, 

since no steps are adopted to measure the spot size in the experiment. In addition, the good or bad 

overlap between the pump light spot and the probe light spot on the sample might also account for 

the amplitude variation. Therefore, the results shown in Fig. A.2-1 are only used for 

comparison/references to those discussed in Chapter 6. 

   

Fig. A.2-1 Coherent acoustic phonons obtained in double-pump-pulse experiments. The peak 

ratio of electronic transients induced by the first and the second pump light is tuned though 

alignment adjustment of the pump light. (a) Time delay between two pump pulse ∆T = 0.5τ. 

(2) ∆T = 0.5T. 
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