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ABSTRACT

Compact and broadband mid-infrared (MIR) sources are in high demand because of a wide range of potential applications such as molecular
sensing in the fingerprint region. The generation of coherent MIR radiation at arbitrary frequencies typically requires nonlinear mixing
between at least two input waves, which is often cumbersome to implement. We present an integrated and, therefore, adjustment-free solu-
tion combining few-femtosecond pulse compression in a germanosilicate optical fiber and optical rectification. To this end, a 16-lm-thin
GaSe crystal is directly mounted on the end facet of a highly nonlinear fiber assembly exploiting a focused ion beam. With input pulses of a
minute energy of 5 nJ and a duration of 120 fs at the telecom wavelength of 1.55 lm, we directly obtain ultrabroadband and phase-stable out-
put transients. Electro-optic sampling in free space reveals single-cycle pulses with spectral components covering the entire MIR from 10 to
120 THz.
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Coherent mid-infrared (MIR) light sources are powerful tools for
a large number of tasks such as free-space telecommunication,1,2 opti-
cal imaging,3,4 precision spectroscopy in the molecular fingerprint
region,5–7 or subcycle quantum electrodynamics.8 Broadband fre-
quency combs can further enhance the performance of these applica-
tions by instantaneously covering a large part of the MIR spectrum
and enabling the synthesis of short pulses. Nevertheless, a lack of
broadband gain media in this region typically renders nonlinear fre-
quency conversion inevitable. The leading methods for the generation
of broadband MIR frequency combs are based on the downconversion
of visible or near-infrared (NIR) laser sources through optical paramet-
ric oscillators9–11 and amplifiers,12–14 or optical rectification (OR) gen-
erating difference frequencies within a broadband optical pulse.15–20

Parametric devices require precise alignment and stabilization of either
the cavity or the two input beams. This aspect represents a challenge
for compact turn-key solutions. In contrast, OR performs frequency
conversion in a single beam, eliminating the need for temporal and
spatial stabilization. This approach inherently provides carrier-
envelope phase (CEP)-stable pulses as required for various applications
like time-domain spectroscopy21,22 or subcycle quantum electrody-
namics.8 Still, the generation of ultrashort and ultrabroadband MIR
pulses with OR requires few-femtosecond pump pulses in the visible
or NIR and precise focusing into a second-order nonlinear medium,
which is prone to misalignment. In addition, field-resolved detection

methods such as free-space electro-optic sampling (EOS) require exact
imaging of the emitter region into the detection volume where they are
overlapped with a subcycle probe. The nonlinear emitter crystal has to
be transparent in the entire spectral range of the pump source and
MIR output. With its high second-order nonlinearity and an infrared
transmission window between 10 and 450THz, GaSe represents an
excellent option for this task.15,23 Microstructuring and manipulation
of this layered material may be achieved with a focused ion beam
(FIB).24

Here, we demonstrate a compact device providing ultrabroad-
band MIR laser pulses directly from a fiber-based integrated com-
ponent. Pump pulses with an energy of 5 nJ and a duration of 120
fs at the telecom wavelength of 1.55 lm are readily available from
compact fs-Er:fiber laser technology. They are spectrally broad-
ened and compressed below 20 fs in a highly nonlinear fiber
(HNF) assembly. A GaSe crystal is placed directly on the end facet
of this HNF, taking advantage of the small mode field diameter
and circumventing any alignment requirements for OR. A com-
mercial scanning electron microscope (SEM)-FIB system equipped
with micromanipulators is harnessed to cut out and tailor the crys-
tal, precisely transfer it to the end facet of the fiber and fix it in this
position. The CEP-stable MIR output, as characterized with
electro-optic sampling,7,12,15,25,26 consists of single-cycle pulses
spanning the entire MIR spectral region.
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The experimental setup for implementation and characterization
of the integrated element is depicted in Fig. 1. It is based on a mode-
locked Er:fiber oscillator operating at a repetition rate of 40MHz fol-
lowed by two parallel femtosecond Er:fiber amplifiers (green panel). A
fiber-coupled electro-optic modulator reduces the repetition rate of the
first branch to 20MHz, enabling a radio frequency lock-in scheme for
shot-noise limited detection. The free-space output of this first branch
serves as input for the ultrabroadband MIR generation in the inte-
grated element (orange frame).

In a first step, the pump beam is efficiently guided into a
polarization-maintaining standard telecom fiber (PM1550) with a
commercial free-space coupling lens that is rigidly prealigned, render-
ing the setup immune to mechanical instabilities and acoustics. Inside
the 10 cm of telecom fiber, the pulses experience solitonic compression
down to durations on the order of several tens of femtoseconds. To
this end, self-phase modulation spectrally broadens the pulse, while
the anomalous dispersion of the fiber compensates for the accumu-
lated phase, thus compressing the pulse in time.27,28 The HNF is a ger-
manosilicate fiber that is directly spliced to the PM1550 with negligible
losses despite its smaller mode field diameter of 4lm. Its length of
1 cm is selected to provide the shortest pulse possible without external
dispersion control, resulting in a duration of 18 fs.27,28

The remaining pulse energy of 4 nJ serves as input for the second
step: downconversion of the NIR spectrum to the MIR via OR in the
GaSe nonlinear generation crystal (GX). This layered semiconductor
supports exfoliation of very thin specimens directly from the bulk
material.29 In this way, we prepare a sample of 16lm thickness and

assemble a free-standing piece on a specially designed holder. Using a
SEM-FIB system (Neon 40EsB from Carl Zeiss AG), a small piece of
this GaSe sample is mounted directly on the end facet of the fiber.

To this end, both the HNF assembly and the GaSe sample are
loaded into the SEM-FIB system. First, a small part (approximately
120� 60lm) of the crystal is precut with the focused Gaþ ion beam at
a current of 10nA, while it is still connected to the sample on two
opposite sides [see Fig. 2(a)]. In a second step, the micromanipulator
(Kammrath and Weiss) positions a sharp tungsten tip on one corner
of the precut crystal. Gas-assisted deposition of platinum, induced by
the Gaþ ion beam with a current of 10pA, connects the tip to the crys-
tal. Subsequently, the two support bridges to the main crystal are
removed with the FIB at a current of 2 nA [Fig. 2(b)]. In a next step,
the manipulator lifts out the crystal and precisely positions it onto the
flat end facet of the HNF [Fig. 2(c)]. To enable complete monitoring
with SEM, the HNF is attached to a 45� pre-tilted specimen holder.
Furthermore, the optical fiber is terminated with a steel ferrule
[Fig. 2(c)] offering three benefits: first, larger GaSe samples can be han-
dled, increasing mechanical stability. Second, the metal serves as ther-
mal sink that conducts excess heat introduced by the laser beam away

FIG. 1. Scheme of the experimental setup. A two-branch Er:fiber laser system pro-
vides 120 fs pulses with energies of 5 nJ at a repetition rate of 40 MHz (green
frame). The first branch acts as input for the integrated component (orange frame)
consisting of a highly nonlinear fiber (HNF) and the second-order nonlinear genera-
tion crystal (GX, 16 lm thick GaSe). OR results in an ultrabroadband MIR spec-
trum. To detect the output with EOS, an ultrashort probe with a pulse duration of 11
fs is synthesized in the second branch (blue frame). Both pulses are focused into a
nonlinear electro-optic crystal (EOX, 10 lm of GaSe), and an ellipsometer (purple
frame) reads out the induced polarization change on the probe. VD: variable optical
delay stage; LPF: longpass filter (150 lm of GaSb); BC: beam combiner (500lm of
Si); OAP: off-axis parabolic mirror; AL: achromatic lens; QWP: quarter-wave plate;
WP: Wollaston prism; bal. PD: balanced photodiodes.

FIG. 2. SEM micrographs of the fabrication steps of the integrated element. (a)
Microscopic emitter crystal precut into a GaSe sample of 16 lm thickness with a
Gaþ focused ion beam (FIB). (b) A sharp tungsten tip (black arrow) is attached to
the precut crystal with gas-assisted deposition of platinum, enabling transfer to the
fiber after removing the support bridges with FIB. (c) Front view of the optical fiber
with metallic ferrule and mounted GaSe crystal. (d) Close up view of the red frame
in (c), showing the emitter crystal covering the core region of the HNF and overlap-
ping the ferrule. (e) Close up of the green frame in (d), featuring the contacts fabri-
cated by gas-assisted Pt deposition to achieve adequate thermal contact and
mechanical stability.
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from the crystal. Third, it facilitates handling of the fiber in the optical
setup. The first two aspects are further enhanced by connecting the
GaSe crystal to the metallic ferrule with gas-assisted platinum deposi-
tion [Figs. 2(d) and 2(e)]. In this case, a beam current of 100 pA is
exploited to increase the deposition rate and cover a larger area.

Mounting the nonlinear GX straight on the end facet of the HNF
offers several advantages: (i) The small mode field diameter of the
HNF of only 4lm promises high peak fields, thus strong nonlinear
effects inside the GX. (ii) Since the single-mode cutoff of the fiber is
above the input wavelength, the transverse mode profile exiting the
fiber is extremely close to a Gaussian, as desired for most applications.
(iii) Any alignment of optical components for collimation of the fiber
output and refocusing into the nonlinear crystal becomes obsolete. (iv)
The end facet of the fiber device represents a diffraction-limited source
of MIR radiation, which may be translated and rotated in all spatial
dimensions without losing alignment.

To analyze the amplitude and phase of the electric field of the
MIR output generated in the integrated element, we exploit the pulse
train’s inherent CEP stability and perform EOS (see Fig. 1). A 150-
lm-thick GaSb filter removes the residual ultrashort pump centered
around 1.55lm, and the MIR electric field transient is spatio-
temporally superposed with the probe using a variable optical delay
followed by a Si wafer of 500lm thickness. The probe pulse train at
the full repetition rate of 40MHz is synthesized by harnessing another
custom-designed HNF to generate a broadband dispersive wave and
subsequent temporal compression in a glass prism pair to a pulse dura-
tion of 11 fs (blue frame, Fig. 1).27,28 This generation scheme enables
precise dispersion control of the probe, ensuring maximally quantita-
tive characterization of the MIR transient in amplitude and phase with
EOS. An off-axis parabolic mirror focuses both beams into the electro-
optic crystal (EOX, 10lm of GaSe) in which the MIR electric field
induces a polarization change of the probe via the Pockels effect. The
probe is recollimated and passed onto the ellipsometer (purple frame,
Fig. 1) consisting of a quarter-wave plate (QWP), Wollaston prism
(WP), and balanced photodiodes (bal. PD). We demodulate the differ-
ential photocurrent at the repetition rate of the MIR pulses of 20MHz
with a radio frequency lock-in amplifier (UHFLI, Zurich Instruments).
Operating at the first subharmonic of the probe pulse train provides
optimum detection sensitivity by complete decoupling from any dis-
turbances at, e.g., acoustic frequencies. The electric-field waveform of
the MIR pulse is reconstructed by scanning the variable delay to the
ultrashort probe.

The detected EOS transient is depicted in Fig. 3(a), disclosing a
single-cycle MIR pulse with a duration of 23 fs. We expect an even
shorter pulse duration close to the Fourier limit of 16 fs right after the
integrated element. However, before its detection with EOS, the pulse
becomes stretched in time due to the dispersion of the Si and GaSb
wafers (BC and LPF in Fig. 1, respectively). The Fourier transform of
the measured electric field transient unveils its spectral amplitude and
phase [solid blue and dashed red lines, Fig. 3(b)]. The former exhibits
a full-width at half-maximum of 32THz at a center frequency of
46THz (corresponding to a wavelength of 6.5lm). In a logarithmic
representation [Fig. 3(c)], the ultrabroadband character truly emerges
with spectral components covering the entire MIR from 10 to 120THz
(corresponding to a wavelength range from 2.5 to 30lm). In combina-
tion with an excellent signal-to-noise ratio of 125 in the spectral ampli-
tude [Fig. 3(c), dashed line], thus 1.5� 104 in intensity after a total

measurement time of only 1min, the device is ideally suited for spec-
troscopic applications in both frequency- and time-domain
applications.6,7,21

In summary, we have presented a compact time-domain spec-
trometer based on Er:fiber technology covering almost the entire MIR.
The key component is an integrated element combining synthesis of
ultrashort pump pulses and the generation of ultrabroadband MIR
radiation. It consists of a custom-designed HNF assembly and a non-
linear GaSe crystal that is tailored and mounted on the end facet by
means of focused Gaþ ions from a SEM-FIB system. Our device design
offers the possibility of applying an additional antireflection coating24

or cutting the crystal at a desired phase-matching angle. The inherently
carrier-envelope phase-stable MIR output of the OR device was char-
acterized with EOS: The single-cycle pulses are centered at a frequency
of 46THz (wavelength of 6.5lm), covering the interval from 10 to
120THz. The entire setup covers a footprint of less than 1m2 and
offers easy alignment together with a high robustness despite the sub-
cycle character of its approach.
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FIG. 3. Characterization of the MIR output of the integrated device by EOS. (a)
Electro-optic signal vs optical delay time. (b) Normalized Fourier transform of (a)
presenting the spectral amplitude (solid blue line) and phase (dashed red line). (c)
Semilogarithmic plot of the normalized spectral amplitude with continuous coverage
above the noise floor (dashed) between 10 and 120 THz.
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