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Abstract: The photo-Dember effect is a source of impulsive THz emission
following femtosecond pulsed optical excitation. This emission results from
the ultrafast spatial separation of electron-hole pairs in strong carrier
gradients due to their different diffusion coefficients. The associated time
dependent polarization is oriented perpendicular to the excited surface
which is inaptly for efficient out coupling of THz radiation. We propose a
scheme for generating strong carrier gradients parallel to the excited
surface. The resulting photo-Dember currents are oriented in the same
direction and emit THz radiation into the favorable direction perpendicular
to the surface. This effect is demonstrated for GaAs and Ings3Gag47As.
Surprisingly the photo-Dember THz emitters provide higher bandwidth than
photoconductive emitters. Multiplexing of phase coherent photo-Dember
currents by periodically tailoring the photoexcited spatial carrier
distribution gives rise to a strongly enhanced THz emission, which reaches
electric field amplitudes comparable to a high-efficiency externally biased
photoconductive emitter.
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1. Introduction

The efficient generation of THz radiation in the frequency range from a few hundreds of
gigahertz to several terahertz has been in the focus of scientific efforts in the past decade [1].
Efficient THz emitters are the premise for the development of high-sensitivity spectroscopy
and high frame-rate imaging systems [2—4]. The generation of THz radiation can be divided
into different categories, i.e. the generation of short THz pulses by employing ultrashort laser
pulses [5-8], the generation of CW THz radiation from difference frequency mixing of two
CW lasers [9] or THz lasers [10,11]. Sensitive time-domain THz spectroscopy systems
employ broadband THz pulses generated from a femtosecond laser and a phase sensitive
recording of the transient electric field via an electro-optic detection scheme [12,13]. The
emitters used in time-domain THz spectroscopy can be divided into i) those based on
nonlinear frequency conversion of the broad spectrum of a femtosecond laser into the THz
frequency range or ii) those based on ultrafast charge carrier dynamics in semiconductors.
The latter emitters are denoted as photoconductive emitters, since they typically employ a
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static electric field which accelerates optically excited electron-hole pairs in a semiconductor.
Photoconductive THz emitters are the main radiation source employed in the frequency range
of a few terahertz.

A less common method for the generation of THz radiation is the photo-Dember effect
[14]. This effect arises when electron-hole pairs are generated with a strong spatial gradient.
This is the case when a highly absorbing semiconductor surface is optically excited resulting
in a carrier gradient perpendicular to the surface. The difference of the diffusion constants of
electrons and holes leads to the build-up of a space charge field between the diffusing carrier
distributions. After a short time depending on the carrier gradient and the carrier densities
[15,16], this space charge field couples the diffusion of electrons and holes giving rise to
ambipolar diffusion. The build-up of the photo-Dember field itself is the origin of THz
radiation [16-24]. THz radiation from the photo-Dember effect has been observed for many
different strongly absorbing semiconductors with an intrinsic absorption length at a given
excitation wavelength. Typically this absorption length is below 100 nm. The time-dependent
dipole giving rise to the THz emission is oriented perpendicular to the excited surface, i.e.
parallel to the optically generated carrier gradient (see Fig. 1(a)). This radiation - as well as
the radiation generated through surface field screening - is coupled out very efficiently when
the surface is excited under 45° and the THz radiation is detected in the direction of specular
reflection [5]. However, a calculation of the total emitted intensity of an effective dipole
oriented under 45° to the surface compared to the intensity of a dipole oriented parallel to the
surface yields a ratio of 1/2 including the consideration of the total internal reflection. Hence
the 45° geometry limits the efficiency of THz emitters based on photo-Dember polarizations
oriented perpendicular to the surface [25]. Another limit is the magnitude of the initial carrier
gradient which cannot be tailored but is given by the intrinsic absorption coefficient of the
semiconductor at the excitation wavelength. Connected with the magnitude of the carrier
gradient is the dynamics of the build-up of the Dember field which results in a small
bandwidth of the emission typically limited to below 1 THz.

A better out coupling efficiency can be obtained if the carrier gradient is oriented parallel
to the excited surface, because in this case the time-dependent dipole is oriented parallel to the
surface (see Fig. 1(a),(b)). In this paper we demonstrate that such an approach indeed leads to
efficient emission of THz radiation. A carrier gradient parallel to an excited surface is easily
induced by partially shadowing the excitation area. The magnitude of this gradient can be
significantly higher than that obtainable through the intrinsic absorption coefficient of the
material in a conventional geometry, i.e. the carrier density drops within a few nanometers in
the semiconductor. This effect increases the amplitude and the bandwidth of the THz
emission significantly. We investigate the density dependence of the emitted THz emission
for a single gradient produced at an excited metal-semiconductor edge. Furthermore we
demonstrate strongly increased THz emission by multiplexing multiple carrier gradients with
a periodic arrangement of either the metallization or structuring the semiconductor in a way
that the THz emission from multiple photo-Dember currents add up phase coherently in the
far field of the emitter.
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Fig. 1. (a), (b) Principle of the THz emission from lateral photo-Dember currents. In the case of
a bare semiconductor surface the gradient of the photoexcited electrons (blue spheres) and
holes (red spheres) and the resulting photo-Dember polarization Ppemper is directed
perpendicular to the surface (a). In the case of a partially covered semiconductor surface a
strong carrier gradient is achieved at the edge of a metalized stripe, resulting in a photo-
Dember polarization parallel to the surface (b). In both pictures the green lobes indicate the
dipole radiation patterns of the arising THz radiation. (c) Sketch of the sample with two gold
stripes on GaAs used for the line scans shown in the inset of Fig. 2. The green cones show the
forward direction of the resulting THz radiation. (d) Sketch of a multiplexed photo-Dember
emitter as used for the data shown in Fig. 5.

2. Experimental setup

For the detection of THz transient we employ a set-up based on two asynchronously stabilized
femtosecond lasers with 1 GHz repetition rate (Gigajet TWIN, Gigaoptics GmbH). This set-
up is denoted as asynchronous optical sampling (ASOPS) and details have been reported
elsewhere [26,27]. ASOPS operates without mechanical time delay with one laser exciting the
THz photo-Dember emitter and the other is used for electro-optic probing of the THz transient
in the time domain. A single scan of a 1 ns long THz transient is recorded in 500 ps. The THz
radiation generated in forward direction through the emitter substrate is detected electro-
optically in the far field. The laser used for the excitation of the emitters has a wavelength of
825 nm (1.50 eV photon energy) and 40 fs pulse duration. The maximum pulse energy of this
high-repetition rate femtosecond laser is 0.6 nJ.

3. Results and discussion

The general principle for THz emission from lateral photo-Dember currents is sketched in
Fig. 1(b). We first demonstrate this principle with two metallic stripes deposited onto a
surface. The stripes are prepared by evaporation of 5 nm chromium and 80 nm gold and have
a width of approximately 4 mm with a 10 mm gap in between (see Fig. 1(c)). At this thickness
the gold film is opaque for the exciting light. The stripes are prepared on (100) oriented GaAs
and on Ings53Gag47As grown on InP. Figure 2 depicts two THz transients recorded when the
maximum intensity of the Gaussian shaped optical excitation spot with 25 pm diameter is
located at the metal edge (left or right edge, see schematic drawing in Fig. 1(c)). The inset of
Fig. 2 shows the peak-to-peak amplitude of the emitted THz electric field derived from a
series of transients acquired at different positions of the metal edge underneath the laser spot.
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The time-domain data reveal a single cycle electromagnetic emission followed by some
ringing. The ringing results from the high-bandwidth of our THz detection and the fact that
frequencies above 4 THz experience a delayed propagation as phonon-polariton through the
GaAs substrate of the emitter [27]. The sign of the electric THz field is reversed when the
laser spot is centered on the right or left edge of the metal stripe, respectively. This sign
reversal is a clear indication that the emitting polarization changes its sign. Since the origin of
the photo-Dember polarization is the faster diffusion of the electrons into the unexcited area
below the metallization, the polarization flips polarity between the left and the right metal
edge. The frequency content of the THz transients will be discussed later. The line scan across
the metal stripe shows that the THz emission peaks when the laser spot is centered on the
edge of the metal stripe. The full width at half maximum of the peak-to-peak THz amplitude
is 75 um which results from the convolution of the metal edge with the Gaussian laser profile.
A much weaker emission is observed when the laser spot is located fully on the bare
semiconductor surface. This emission is the residual radiation of the dipole oriented
perpendicular to the surface caused by surface field screening which is collected by the large
collection angle of 53° of the off-axis parabolic mirrors. No emission is observed when the
laser pulse is fully located on the opaque metallization. In order to rule out that the THz
emission observed at the edge of the metal stripe stems from lateral components of Schottky
barrier fields of the metal, we performed additional experiments with a thick insulating layer
of LiF (300 nm) under the metal. The spatial dependence of the THz emission remains the
same.
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Fig. 2. THz transients emitted from the left (black) and right (red) metal-semiconductor edge.
Left and right are defined as in the schematic drawing shown in Fig. 1(c). The transients are
normalized to the maximum electric field value at the right edge. The inset shows the peak-to-
peak amplitude of the emitted THz electric field when the metal-semiconductor edge is
translated underneath the laser spot. The line scans are normalized to the peak-to-peak
amplitude at 12.39 mm.

For the scalability of THz emitters the behavior under strong excitation densities is of
prime importance. Photoconductive THz emitters are well known to saturate at high excitation
densities due to screening of the static applied bias [28—30]. In addition photoconductive THz
emitters suffer from high dark-currents when biased with high voltages [31,32]. Figure 3
depicts the excitation density dependence of the THz emission for the same sample as used in
Fig. 1. The excitation density is varied over three orders of magnitude. Each data point marks
the peak-to-peak amplitude of the emitted electric field when the maximum intensity of the
optical excitation beam is located exactly at the metal edge. The data are recorded with 3
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different focusing lenses (focal lengths of 150 mm, 250 mm, and 750 mm) yielding spot
diameters of 25 pm, 55 pm, and 170 um, respectively. At every spot size the average laser
power is varied between 25 mW and 500 mW. The carrier density is calculated from the
known absorption coefficient and laser fluence. The peak-to-peak THz amplitude is weighted
linearly with the excitation area. This allows to compare the density dependence of the photo-
Dember THz emission with the emission from a large area photoconductive emitter with
interdigitated electrodes and an external bias (PC-emitter) [8], which is depicted in the inset of
Fig. 3. The photoconductive emitter is biased with 10 V, which corresponds to an electric
field of 20 kV/cm. In this case the whole excited spot area contributes to the THz emission,
while for the single metal-semiconductor edge photo-Dember emitter only the carrier density
along one section of the spot profile contributes. For the PC-emitter we expect at the given
range of excitation densities a linear increase of THz amplitude which is experimentally
verified. For the photo-Dember emitter the theoretical emission curve has yet to be
determined. At the lowest carrier densities (10'® cm™) we verified the build-up of the photo-
Dember polarization through Monte Carlo simulations [29,33]. Higher densities were not
simulated due to the limits of computing power of the PC used. We expect at carrier densities
larger than 10" cm™ a saturation due to the limited density of states in the conduction band
(4x10"7 cm™) of GaAs at this excitation wavelength. A full analysis would require the
calculation of all real-space and k-space scattering events at these densities including the
determination of transient polarizations, screening, plasmon-phonon dynamics and transient
diffusion dynamics. Experimentally we observe a linear increase of the THz emission up to
10" em™ carrier density and a sublinear increase for higher densities in accordance with our
estimate.
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Fig. 3. Excitation density dependence of the THz emission of the same sample as used in Fig.
2. The data are normalized to the peak-to-peak amplitude at the highest excitation density. The
different colors refer to different spot sizes as given in the text. The inset shows the excitation
density dependence of a large area photoconductive emitter with interdigitated electrodes.
Again the data are normalized to the value at the highest excitation density. The descriptions of
the axis are the same as in the main plot.

One important parameter for the efficiency of photo-Dember emitters is the ratio of
diffusion constants of electrons and holes. In thermal equilibrium the diffusion constant is
related to the mobility via the Einstein relation Dy/u=k,T;/e with D; the diffusion coefficient,
W; the mobility, k, the Boltzmann constant and T; the temperature of the carrier distribution
function (the index i stands for electrons and holes, respectively). Hence a favorable material
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would have high electron mobilities and low hole mobilities (or vice versa). In order to study
the effect of different mobilities we compare the THz emission from GaAs substrates with
Ing 53Gag 47As. In thermal equilibrium the ratio of the mobilities of electrons in the I'-valley
and heavy holes is about 21 (8500 cm’/Vs and 400 cm?/Vs) for undoped GaAs and 40
(12000 cm*Vs and 300 cm*/V s) for undoped Ings3GagssAs [34,35]. Since the carrier
distributions are not in thermal equilibrium these values are different after pulsed laser
excitation and provide only a rough estimate for this effect.
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Fig. 4. Time-domain THz emission (left - a, ¢) and corresponding Fourier amplitude spectra
(right - b, d) of the left (black) and right (red) metal-semiconductor edge on GaAs (top - a, b)
and InGaAs (bottom - ¢, d). Additionally the transients and Fourier amplitude spectra of the
bare substrate are shown in every graph (green). The transients and Fourier amplitude spectra
are normalized to the right metal-semiconductor edge on GaAs.

Figures 4(a) and (b) show the THz transients and their Fourier spectra measured exactly at
the left and right metal-semiconductor edge (black and red line) and at the bare GaAs
substrate material (green line). The optical power is 500 mW and the spot diameter is 55 pm
for all measurements. This corresponds to an excitation density of 4.25 x 10" cm™ in GaAs.
In Figs. 4(c) and (d) InGaAs is used under the same conditions. The emitted electric fields of
the left and right metal-semiconductor edges point again in opposite directions. The strongest
emission stems from the right metal-semiconductor edge on the InGaAs substrate which is a
factor of 3.5 larger than the maximum emission from the GaAs sample described above.
Compared to a PC-emitter the amplitude of the photo-Dember emitter is only 12 times smaller
under the same excitation fluence. When making this comparison one has to keep in mind that
only one section of the spot profile contributes to the THz emission, whereas for a PC-emitter
the THz radiation is generated over the whole excited area. Concerning the bandwidth (full
width half maximum, FWHM) as well as the peak frequency the photo-Dember emitter shows
a better performance than the PC-emitter (PC-emitter: FWHM 1.9 THz, peak frequency
1.18 THz, photo-Dember emitter: FWHM 2.47, peak frequency 1.58 THz). These excellent
spectral values were unexpected when considering the low peak frequency of photo-Dember
emitters reported so far [16,17,20-24]. We expect that the emission from the InGaAs sample
can be increased by excitation close to the band edge. At the used excitation energy of 1.5 eV
the electrons have significant excess energy (£, = 0.74 eV). Hence strong intervalley
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scattering of electrons sets in, which reduces the mobility of the electrons in comparison to
those of the holes. We believe that this effect can be overcome by excitation close to the band
edge.

Finally we demonstrate that multiple optically excited carrier gradients can be added in
order to increase the THz amplitude. A simple array of metal stripes covered by the optical
excitation would not lead to THz radiation in the far field, since the THz radiation from the
two directions of the gradients would interfere destructively. Hence, we use the same concept
which has been employed for PC-emitters [8,36,37] where in every second gap between
electrodes optical excitation is avoided. In the case of PC-emitters this gives rise to coherent
superposition of THz radiation generated from unidirectional acceleration of charge carriers.
In the case of multiplexed photo-Dember emitters one has to avoid every second carrier
gradient so that the resulting carrier gradients are unidirectional. There exist many different
approaches how this can be achieved: One way is to vary the thickness of every metal mask
stripe to control the absorbed light in the semiconductor as sketched in Fig. 1(d). A wedged
metal stripe generates a strong gradient at its thick edge, while a weak gradient is obtained at
the thin edge, because more light transmits through the mask when the metal thickness gets
into the few nm range.

Figure 5 compares a multiplexed photo-Dember emitter (red line) manufactured as
described above with a PC-emitter (black line). The multiplexed photo-Dember emitter is
manufactured on the same InGaAs substrate that was used for the single metal-semiconductor
edge. The emitter has a size of 200 x 200 um and consists of 40 wedged stripes. Figure 5(a)
shows the THz transients, Fig. 5(b) the corresponding Fourier spectra. The inset of Fig. 5(b)
shows the same Fourier data as the main plot, but not normalized and on a logarithmic scale.
The peak-to-peak electric field of the multiplexed photo-Dember emitter is one third of the
PC-emitter. Consequently, the areas under the Fourier amplitude spectra also differ about the
same factor (x 3.8).
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Fig. 5. Comparison of a large area photoconductive emitter with interdigitated electrodes with
a multiplexed photo-Dember emitter. The micro-structure of the multiplexed photo-Dember
emitter is shown in Fig. 1(d). Figure (a) shows the normalized THz transients, (b) the
normalized Fourier amplitude spectra. The inset shows the same data not normalized for
absolute comparison on a log scale.

In order to further improve the performance of the multiplexed photo-Dember emitters,
different routes are feasible: From a microscopic point of view, maximum performance is
achieved through a maximum difference between the electron and hole mobilities. This goal
can be reached by choosing the optimum substrate material in combination with the
appropriate laser wavelength for excitation of electrons and holes. From a macroscopic point
of view, the fabrication of multiple sharp unidirectional carrier gradients offers a large room
for further improvements. One way is the wedged metal stripe approach described above. This
can be further improved by narrower stripe spacing. Different approaches for generating
unidirectional carrier gradients could be based on a combination of selective etching and
metal masking. These ideas could further improve these emitters by more than a factor of 5 so
that they can surpass the performance of PC-emitters.
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4. Conclusion

In summary, we have demonstrated the first THz emission from lateral photo-Dember
currents in forward direction from a semiconductor. The THz electric fields obtained from
multiplexed photo-Dember currents are already comparable to the best currently available
large area photoconductive emitters with interdigitated electrodes and external bias. The
concept to generate THz radiation by lateral photo-Dember currents offers several advantages
compared to other type of emitters. Scalability towards large excited areas with high-energy
excitation pulses, e.g. from amplified laser systems, opens the way towards powerful high-
bandwidth THz emission. Compared to frequently employed photoconductive emitters no
external bias is necessary. These emitters could be directly attached to the end of an optical
fiber opening possibilities for compact THz systems. Under excitation with 1.55 pm with a
femtosecond fiber [38] in combination with InGaAs a higher efficiency than reported here is
expected, since the detrimental effect of strong intervalley scattering would be suppressed.
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