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We have proposed and investigated InyGa1-yAs photoconductor grown by molecular-beam epitaxy on
low-temperature step-graded metamorphic buffer. It exhibits superior bandwidth up to 6 THz and
provides optical-to-terahertz conversion efficiency up to ~ 10-5 for rather low optical fluence ~ 40
μJ/cm2. The intensity of THz generation for the given structure is two orders higher than for lowtemperature grown GaAs due substantial contribution of photo-Dember effect.
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1. Introduction
Terahertz (THz) technology has become increasingly popular due to its unique
applications in security screening, space exploration, biological sensing and medical
imaging.1,2 Among various techniques for THz generation, photoconductive devices have
demonstrated very promising performance for generating both pulsed and continuouswave THz radiation. THz time-domain spectroscopy (THz-TDS) is widely used in
materials science, biology and medicine for investigation of molecules, DNK, RNK,
cancer tumors, proteins, etc. THz sources that are used in THz-TDS can be divided into
two groups. The first one is attributed to nonlinear conversion of femtosecond laser
radiation, and the second is connected with ultrafast dynamics of photoexcited carriers in
semiconductors - the so-called photoconductive emitters that use SI-GaAs,3 lowtemperature grown GaAs (LT GaAs)4,5 and also InxGa1-xAs as a photoconductive
material.
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InxGa1-xAs is an attractive candidate for emission of THz radiation at optical pump
1.0–1.6 μm6,7 where SI or LT GaAs do not work. An ultrafast optical pulse with photon
energy above the semiconductor band-gap strikes the semiconductor and creates electronhole pairs at subsurface of the semiconductor. These pairs are rapidly accelerated by the
built-in electric field resulting in a radiative dipole parallel to surface normal.8,9 The most
common used photoconductive THz emitter is photoconductive antenna (PCA) where
photoexcited carries are accelerated by applied external bias.10,11 Large external biases are
essential to increase the power spectrum of PCA thus the photoconductive material has to
be high resistive. Initially InxGa1-xAs has low resistivity and suffers from high dark
currents which are detrimental for biased photoconductive devices. There were many
attempts to improve it, for instance different authors proposed ErAs islands incorporated
into InAlAs/InGaAs quantum wells,9,10 Be-doped LT InGaAs,11 ion-implantation in
InGaAs12,13 and etc.
THz generation may occur without an external electrical bias as a result of the
boundary conditions on the carrier transport within a semiconductor as a result of the
photo-Dember (PD) effect.14,15 The mechanism of PD effect arises from the differing
diffusion mobilities of holes and electrons within a semiconductor. As a rule electron
mobility is higher than hole mobility thus under ultrafast optical excitation the spatial
distribution of electron-hole pairs occurs leading to THz radiation. PD effect better
occurs in narrow-band semiconductors where the difference between electron and hole
mobilities is much stronger, for instance in InAs and InN.16-18 In thermal equilibrium the
ratio of the mobilities of electrons in the Γ-valley and heavy holes for InxGa1-xAs
(x  0.4) is about 40 and less than 20 for LT GaAs.19 Thus InxGa1-xAs can be used as
promising candidate in PD emitters for broadband THz generation. It is important to note
that in case of PD effect there is no need of high resistivity of InxGa1-xAs and THz
emission can scale with the excitation area by multiplexing (repeating) the number of
emitters on a wafer.20,21 In Ref. 19 it was shown that PD emitters provide even higher
bandwidth than photoconductive emitters.
The aim of present work is the development of growth technique and investigation of
In0.38Ga0.62As photoconductive material where THz generation is achieved by two
mechanisms: 1) acceleration of the photoexcited carriers by the built-in electric field and
2) by PD effect. Due to there is no lattice-matched wafers to InxGa1-xAs (0 < x < 0.4) we
have proposed the step-graded metamorphic buffer (MB) which allows stoichiometric
epitaxial growth of In0.38Ga0.62As on GaAs wafer.
2. The Samples and Experimental Setup
The sample of In0.38Ga0.62As was grown by molecular-beam epitaxy (MBE) on (100)
GaAs wafer. Its schematic diagram is shown in Fig. 1. The growth temperature of the
photoconductive layer In0.38Ga0.62As was set up to 490 ºC and then reduced to 400 ºC
when MB was grown. The step-graded 1.0 µm MB with inverse step In0.38Al0.62As
consists of seven InxAl1-xAs layers with x increasing from 0.1 to 0.46. The idea of the
given buffer is in step-by-step adjusting of the crystalline parameters of photoconductive
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layer and GaAs wafer.22 The inverse step with low indium content decreases elastic strain
in the active (photoconductive) area and improves it’s structural property.23,24 The postgrowth annealing for In0.38Ga0.62As grown without access arsenic pressure is no need to
be carried out.

Fig. 1. Schematic diagram of In0.38Ga0.62As photoconductor grown on step-graded metamorphic buffer.

For comparison we also grew and investigated LT GaAs with heavily doped n-GaAs
buffer layer. Previously5 we have shown that LT GaAs grown by MBE with several thin
-Si doped layers embedded into the photoconductive layer GaAs exhibits picosecond
carrier lifetimes. Authors in Ref. 25 showed that use of additional n-GaAs layer beneath
LT GaAs enhances built-in electric field on the interface photoconductive layer/buffer
layer and thus increase radiated THz electric field. The growth temperature of LT GaAs
was set up to 215 ºC. The post-growth annealing was carried out in situ at 600 ºC during
20 min.
The structural properties were investigated by means of high resolution double crystal
X-ray diffraction. Diffraction rocking curves (DRC) were measured on Rigaku Ultima
IV.
The samples were investigated and compared by conventional THz-TDS system.
They were irradiated by Ti:sapphire mode-locked laser pulses with 795 nm central
wavelength and 50 fs pulse duration (pulse energy 800 µJ, aperture 7.0 mm. The
generated THz pulses were focused by an off-axis parabolic mirror on a detection crystal
[(100) cut 200 μm GaP crystal] and THz electric field was measured by a standard
ellipsometric scheme.26 Carrier lifetimes were measured by using a time-resolved pumpprobe technique.
3. Results and Discussion
Figure 2 depicts DRC for In0.38Ga0.62As measured in θ/2θ-scanning mode (θ is the angle
between the reflecting plane and the incident beam, 2θ is the angle between the incident
and reflected X-ray beams). It allows determination of the lattice parameters in various
directions by the angular positions of peaks on DRC. For symmetric reflections we chose
(400) plane.
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Fig. 2. Diffraction rocking curve of In0.38Ga0.62As grown on step-graded metamorphic buffer.

As seen in Fig. 2 right sharp peak corresponds to (100) GaAs while the left one to
photoconductive layer In0.38Ga0.62As. Two peaks between them relate to MB and inverse
step In0.38Al0.62As. We used asymmetric (411) reflections to extract in-plane and out-ofplane lattice parameters for In0.38Ga0.62As (5.8010 Å and 5.8211 Å respectively) and after
we calculated the deformation of the given layer that was estimated as εres ~ 0.0015. This
confirms that the layer was grown crystalline with good quality.27 We shall note that
because MB controls threading of defects and dislocations towards active region this
provides varying of indium content (x) in InxGa1-xAs layer in wide range up to 100% (iInAs). In other words by means of MB we can alter the bandgap of InxGa1-xAs and adjust
it to optical pump 1.0–1.6 μm.
Figure 3 shows optical-pump THz-probe measurements in reflection geometry
performed at room temperature with 795 nm pump for In0.38Ga0.62As with MB. Two
optical pump fluences of 45 and 580 µJ were used to excite the sample. The penetration
depth of 795 nm light into In0.38Ga0.62As is approximately 200 nm, so the 1.0 µm
thickness is sufficient to absorb all of the incident pump light. As seen at later time
delays, the decay of the signal can be accurately fitted by a single exponential, yielding a
carrier lifetime ~ 10 ps at both optical fluences. The result is not surprising due to
In0.38Ga0.62As has good crystalline quality and thus possess much higher electron mobility
in comparison to LT InGaAs. Despite this THz-TDS measurements showed that
In0.38Ga0.62As with MB provides both high THz bandwidth and intensity of THz
generation. Figures 4 and 5 show THz pulse waveforms for In0.38Ga0.62As with MB and
LT GaAs in time-domain and Fourier power spectra for both samples respectively. As
seen in Fig. 4 the radiation spectrum for In0.38Ga0.62As with MB is two orders higher than
for LT GaAs. This is due to much stronger intensity of THz radiation electric field in
In0.38Ga0.62As with LT MB (see Fig. 4).
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Fig. 3. Optical-pump THz-probe measurements at two pump fluences 45 and 580 µJ with 795 nm pump for
In0.38Ga0.62As with MB.

Fig. 4. THz pulse waveforms in time-domain for both samples.

It also demonstrates superior bandwidth up to 6 THz. We assume this is because of
PD effect that strongly contributes to THz generation for In0.38Ga0.62As with MB. Figure
6 indicates THz amplitude dependence on optical pump energy of Ti:S laser for
In0.38Ga0.62As with MB. The amplitude shows linear increase in log-scale with increase of
pump energy. As seen at energy pump ~ 110 µJ the dependence saturates which is
connected with finite density of states in In0.38Ga0.62As28 and decrease of electron
mobility due to enhanced intervalley scattering at high values of pump energy. It should
be noted that for rather low optical fluence ~ 40 μJ/cm2 the optical-to-terahertz
conversion efficiency is ~ 10-5 that is much higher than for LT GaAs.
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Fig. 5. Fourier power spectra for all the grown samples. Blue line indicates spectrum for InGaAs with MB, red
line  for LT GaAs. Grey dotted line is system noise level.

Fig. 6. THz amplitude dependence on optical excitation energy (in log-scale) for InGaAs with MB.

4. Conclusion
In conclusion, we demonstrated that In0.38Ga0.62As photoconductive material exhibits both
high THz bandwidth and optical-to-terahertz conversion efficiency and thus can be a
promising candidate for use in PCA and photoconductive emitters based on lateral PD
effect.19,28 This topic will form the basis of our future work.
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