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THz Generation Characteristics of Low-temperature-grown InGaAs Emitters
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Low-temperature grown (LTG) InGaAs emitters were prepared on semi-insulating InP substrates
for investigating terahertz (THz) generation. The characteristics were first examined by using femtosecond (fs) laser excitation, and LTG InGaAs was applied to the emitter of the THz photomixer.
The THz photocurrent generated by the fs-pulse laser had a peak at around 0.2 THz, which exponentially decayed with increasing frequency. The cw THz output power of the photomixer showed
quadratic changes that increased with bias voltage and decreased with beat frequency.
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I. INTRODUCTION

The region, widely known as the terahertz (THz) gap,
between far-infrared and microwave wavelengths in electromagnetic spectrum has been relatively unexplored in
basic science and technology because of the ambiguous
characteristics of coherent generation and the wave propagation [1]. The utilization realm is now rapidly spreading from fundamental research such as biochemistry and
astrophysics to THz image technology applied to nondestructive and non-harmful diagnoses. One of representative examples is medical tomography to examine
cancer tissues, and another is bio-chemical analysis using an inherent spectrum, the so-called, THz molecular
fingerprint [2]. By virtue of these many applications,
to date, various THz sources have been utilized with
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free-electron lasers, gas lasers, vacuum-tube oscillators,
quantum cascade lasers (QCLs), quantum wells (QWs),
quantum dots (QDs), and junction devices [3–6]. In the
future, less bulky and more powerful THz sources are
expected to be required for imagers and analyzers.
Most III-V semiconductors, like InAs, InGaAs, GaAs,
InSb, and InP, are known to be excellent emitter materials for THz generation by optical excitation [7–15]. The
generation of THz radiation from semiconductor surfaces
can be understood by using optical rectification, surface
field acceleration, and the photo-Dember effect [10, 13].
Thus, the characteristics of THz radiation strongly depend on the surface defect density, the carrier concentration, and the carrier mobility of semiconductors. In particular, the THz radiation from (InGa)As ternary compounds is very interesting because InAs and GaAs are
very effective in THz generation by femtosecond (fs) laser
excitation due to their high electron mobility. The THz
characteristics of bulk In1−x Gax As with alloy composi-
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Fig. 2. (Color online) Optical micrograph of the THz photomixer module consisting of a LTG-InGaAs emitter with
bowtie-type antenna and a beat source tuned by using a dualwavelength fiber laser.

Fig. 1. (Color online) (a) Schematic energy-band diagram of LTG InGaAs showing the carrier compensation
mechanism. The electron-hole recombination is accomplished
through deep donors formed by defect complexes.

tions in the range of 0.01 < x < 0.65 have been studied
[15]. The report showed that dominant THz emission
mechanism is optical rectification in the range of 0.01 <
x < 0.43 (Eg = 0.38 - 0.66 eV, low bandgap) and surface
field acceleration for 0.43 < x < 0.65 (Eg = 0.66 - 0.87
eV, mid bandgap).
In this study, we report the fundamental characteristics of a THz emitter of a low-temperature-grown (LTG)
InGaAs epitaxial semiconductor, which is a promising
emitter for a photomixer, handy solid-state THz source
[16–18]. The THz characteristics of LTG-InGaAs emitters were examined by using two entirely different approaches, laser-excited time-domain spectroscopy and
dual-wavelength photomixing in a frequency domain, to
give the photocurrent spectrum and the output power,
respectively.

due to a mixed conduction compensated by the holes of
the Be acceptors via deep donor states, as schematically
shown in Fig. 1. A LTG-InGaAs epilayer grown at 220
◦
C and in-situ annealed at 550 ◦ C for 10 min was applied
to the photomixer emitter.
The THz generation for the time-domain photocurrent
spectrum was carried out by using a homemade THz
spectroscopy setup with a femtosecond (fs) Ti-sapphire
pulse laser [19]. The center wavelength of the fs laser was
800 nm, and the repetition rate and the pulse width were
76 MHz and 190 fs, respectively. The average power of
the input laser was 1.1 W, and the beam diameter was
about 3 mm. A LTG-GaAs epilayer with a dipole antenna of 5-µm gap was used for THz detection, and all
measurements were performed in an air-tight box under
10% humidity. The THz output power was determined
by using photomixer module consisting of a LTG-InGaAs
emitter with a bowtie-type antenna and a beat source
tuned by using single-cavity dual-wavelength (1550 nm)
fiber laser [20], as demonstrated in Fig. 2. A cryogenic
bolometer (4.2 K) and a lock-in amplifier were used for
the THz power measurements. A detailed device structure equivalent to the photomixer used in this study can
be found in previous reports [20,21].

II. EXPERIMENTAL PROCEDURES
III. RESULTS AND DISCUSSION
Lattice-matched LTG-In1−x Gax As (x = 0.53) epilayers were grown on semi-insulating InP:Fe (100) substrates by using molecular beam epitaxy (MBE), and
the optimization of the carrier compensation was conducted by changing the growth/annealing condition and
the Be doping level, 200 - 250 ◦ C for 0 (as-grown)-30
min, and 0.1 - 1.5 × 1018 cm−3 , respectively, the thickness of the emitters was ∼1.2 µm. In-situ annealing
was subsequently carried out in the MBE chamber under an As environment, and ex-situ annealing was done
in a rapid thermal annealing (RTA) system under N2 -gas
flow. The net carrier concentration and the Hall mobility
of the n-type annealed samples were ∼1014 - 1017 cm−3
and ∼100 - 800 cm2 /V·s (300 K), respectively, which is

Figure 3 presents cross-sectional and surface images from transmission electron microscopy (TEM) and
atomic force microscopy (AFM), performed on representative LTG-InGaAs epilayers: (a) as-grown and (b)
in-situ annealed. The TEM image reveals that some
surface degradation occurs during in-situ annealing even
under As exposure; the root-mean-square (rms) roughness based on the AFM image was 45 nm. This may
be attributed to dense defects strongly related with As
sites formed by low-temperature growth. In order to activate Be dopants, we annealed the LTG-InGaAs applied
to the photomixer emitter for 10 min. The damaged surface shown in annealed samples had no serious effect on
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Table 1. Specifications of the samples used in this study. The first three samples were used for THz generation by fs-laser
optical excitation, and the last one was an epilayer equivalent to the emitter of the photomixer fabricated in this study.
Growth
Temperature (◦ C)
SI-GaAs bulk
200
250
220

Mode
Ex-situ
In-situ
In-situ

Annealing
Time (min)
30
30
10

Net Carrier
Comcentration (cm−3 )
<1010
3.3 × 1016
1.3 × 1015
1.4 × 1014

Hall Mobility
(cm2 /V·s)
67
330
170

Comment
fs-laser
optical
excitation
Photomixer

Fig. 3. (Color online) Cross-sectional TEM images (upper) and surface AMF images (lower) for representative LTGInGaAs epilayers; (a) as-grown and (b) in-situ annealed. The
TEM image shows some surface degradation during in-situ
annealing.

THz generation because it was shallow enough to compare with the 1.2-µm active layer.
THz generation by a fs laser excitation was first examined for two (ex-situ, in-situ annealed) samples, and an
additional SI-GaAs bulk as a reference, as listed in Table
1. Figure 4 presents (a) the time-domain photocurrent
spectra and (b) their spectral amplitudes transformed
into the frequency domain. In contrast to the SI-GaAs
bulk with almost no response, the LTG-InGaAs samples
show a clear photoresponse with peaks around 0.2 - 0.3
THz. The spectra show that the photocurrent of the insitu annealed sample is relatively larger than that of the
ex-situ one. Though the reason is not clear yet, it may
primarily arise from the difference in the mobilities of the
electrons involved in THz generation, which is strongly
related with the surface field driven by the pulse laser.
Continusous-wave (cw) THz generation was successfully achieved by using a photomixer module with a
LTG-InGaAs emitter, as demonstrated in Fig. 2. A characteristic curve for THz output power is plotted in Fig.
5(a) as a function of the beat frequency (ωbeat ). These
data were measured from a photomixer with a dark resistance of ∼40 kΩ under a bias voltage of 2.4 V and a
total optical input power of ∼20 mW. The LTG-InGaAs
emitter used in this study responded in a range of the
beat frequency of 0.3 - 0.8 THz, which is broader than
the 0.2 - 0.5 THz of Fe-implanted InGaAs previously

Fig. 4. (Color online) (a) Time-domain THz photocurrent
spectra, and (b) their spectral amplitudes transformed into
the frequency domain. The LTG-InGaAs samples show clear
photoresponse with a peak around 0.2 - 0.3 THz, in contrast
to the SI-GaAs bulk with almost no response.

reported [20]. This indicates that the LTG-InGaAs epilayer is more efficient in cw THz emission compared to
the Fe-implanted one, which may result from low number of secondary defect states and the low dark current.
As ωbeat increases from 0.3 to 0.8 THz, the output power
rapidly decreases with the form of quadratic equation
−2
ωbeat
, which is approximately in agreement with the theoretical equation [22] expressed by
PO ∼ (µτ )2 RVB2 /[{1+(ωbeat τ )2 }{1+(ωbeat RC)2 }], (1)
where ωbeat is the beat frequency, and µ and τ are the
mobility and the lifetime of carriers, respectively. RC is
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Fig. 6. (Color online) Reflectance decay spectra measured
by using fs time-resolved pump-probe spectroscopy. The
LTG-InGaAs epilayer equivalent to the emitter of photomixer
reveals a 2.5-ps carrier lifetime, in contrast to the 220-ps carrier lifetime for an unoptimized epilayer.

short sub-ps carrier lifetime is necessary to enhance the
output power and to widen the response band in the THz
photomixer.

Fig. 5. (Color online) THz characteristic curves plotted as
a function of (a) beat frequency (ωbeat ) at VB = 2.4 V and (b)
bias voltage (VB ) at ωbeat = 0.4 THz. The THz output power
follows quadratic changes, (a) decreasing with ωbeat and (b)
increasing with VB .

the product of the resistance and the capacitance corresponding to the time constant of device. The output
power falls to the thermal radiation level of the photomixer at the beat frequencies over 0.8 THz, which resulted from increasing spontaneous background emission
from slowly decaying carriers in the LTG-InGaAs emitter and from the fiber amplifier of the photomixer with
increasing beat frequency. Figure 5(b) shows the bias dependence of average THz power measured at ωbeat = 0.4
THz, which follows well a square-law dependence of THz
output power on the bias voltage, as expressed in Eq.
(1). Figure 5(b) shows that values for the device with
a mesa (squares) are a little higher than those for the
device without a mesa (circles), which may arise from a
reduction in capacitance (C) denoted by the third term
in Eq. (1).
Finally, we investigated the carrier lifetime of a LTGInGaAs epilayer equivalent to the photomixer emitter
by using fs-time-resolved pump-probe reflectance spectroscopy. The reflectance decay spectrum of Fig. 6 revealed a 2.5-ps lifetime. The additional spectrum drawn
in Fig. 6 is a guiding curve taken from an epilayer with a
long lifetime of 220 ps, which was obtained during growth
optimization process. The lack of THz radiation from
these epilayers even by optical excitation suggests that a

IV. SUMMARY AND CONCLUSION
LTG-InGaAs emitters prepared on semi-insulating InP
substrates were investigated for terahertz (THz) generation characteristics. The THz radiation from the LTGInGaAs emitters was examined in two domains, the time
domain by using fs-laser excitation and the frequency domain by using a photomixer emitter. The THz current
spectra driven by a fs pulse had a peak (∼0.2 THz) that
exponentially decayed in the frequency domain, and the
THz output power of the photomixer showed quadratic
changes that increased with increasing bias voltage and
decreased with increasing beat frequency. For a LTGInGaAs emitter with a shorter lifetime, some experiments are now under way to investigate the correlation,
if any, between carrier lifetimes found by using fs pumpprobe transmission spectroscopy and shoulder peaks appearing in the X-ray diffraction curve, which are expected to be strongly related with defect states.
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A. Tünnermann, Appl. Phys. Lett. 93, 261105 (2008).
[18] N. Chimot, J. Mangeney, P. Crozat, J. Lourtioz, K.
Blary, J. Lampin, G. Mouret, D. Bigourd and E. Fertein, Opt. Express 14, 1856 (2006).
[19] C. Kang, C.-S. Kee, I.-B. Sohn and J. Lee, J. Opt. Soc.
Korea 12, 196 (2008).
[20] M. Y. Jeon, N. Kim, J. Shin, J. S. Jeong, S.-P. Han, C.
W. Lee, Y. A. Leem, D.-S. Yee, H. S. Chun and K. H.
Park, Opt. Express 18, 12291 (2010).
[21] N. Kim, J. Shin, E. Sim, C. W. Lee, D.-S. Yee, M. Y.
Jeon, Y. Jang and K. H. Park, Opt. Express 17, 13851
(2009).
[22] I. S. Gregory, C. Baker, W. R. Tribe, I. V. Bradley, M.
J. Evans, E. H. Linfield, A. G. Davies and M. Missous,
IEEE J. Quantum. Electron. 41, 717 (2005).

