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The generation and detection of terahertz (THz) radiation using photoconductive antennas based on low-
temperature grown LT-In,Ga;_,N/GaN heterostructures were investigated. Multilayer structures grown by metal-
organic chemical vapor deposition demonstrated efficient conversion of femtosecond laser radiation into THz pulses

8-107°>.

At an optical pumping power of 57mW and bias voltage of 15V, an average THz radiation output

power of 4.5uW was achieved. The frequency spectrum of the emission is concentrated in the range 1.0—1.2 THz
with a bandwidth up to 3THz. Temporal and spectral characteristics of the signal were studied, as well as the
dependencies of THz radiation power on pumping and bias parameters. The results confirm the prospects of using
LT-In,Ga;_,N/GaN for creating THz sources and detectors, opening new possibilities for THz spectroscopy and

optoelectronics applications.
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Introduction

Recently, the terahertz (THz) frequency range
(0.1-10THz) has become one of the most important
research areas in photonics and optoelectronics [1]. Spe-
cial attention is focused on developing efficient methods
for generating and detecting pulsed THz radiation using
semiconductor materials. The interest is primarily due to
these materials’ ability to convert optical radiation into THz
electromagnetic waves, which opens new possibilities not
only for applied developments such as THz imaging but
also for fundamental condensed matter physics research [2].

Photoconductive semiconductor antennas (PCAs) play
a central role in pulsed THz spectroscopy. Key PCA
properties include direct conversion of femtosecond laser
radiation into THz waves and the inverse conversion of THz
radiation into measurable electrical signals while preserving
the phase and amplitude information of the original pulse.
PCAs are widely used in time-resolved THz spectroscopy
(THz-TDS) [2,3].

Broadband THz radiation generation is mainly imple-
mented by several methods: (i) optical rectification in
nonlinear crystals with quadratic nonlinearity [4], (ii) excita-
tion of ultrafast photoconductivity in semiconductor electro-
optical materials [5] and (iii) Cherenkov radiation in po-
larized ferroelectric structures with nonlinear response [6].
Despite various generation mechanisms, photoconductivity
remains dominant in semiconductors [7].
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When photons emitted by a femtosecond laser are
absorbed in the PCA photoconductive layer, electron-hole
pairs are generated. This can occur through direct absorp-
tion above the bandgap or lower energy mechanisms such
as multiphoton absorption or impurity levels. Photoinduced
nonequilibrium charge carriers create an electric dipole
moment that screens the applied electric field. Terahertz
radiation arises from a transient current induced by the
rapid change in photoconductivity when femtosecond pulses
are absorbed [8]. The antenna structure acts as a radi-
ating element converting current to THz electromagnetic
waves. The process efficiency depends on laser radiation
parameters (wavelength, intensity), photoconductive layer
properties (carrier mobility, lifetime), and antenna geometry.
Notably, THz generation in PCAs can occur without an
applied electric field, as observed in bias-free PCA sources
that do not require external bias. A detailed study of this
effect is presented in [9-11].

Electrode configuration plays a special role, significantly
affecting the spatial distribution of photocurrent and, conse-
quently, determining the spectral composition and signal-
to-noise ratio of the THz emission generated by the
PCA [12,13]. Linear dipole antennas, which provide broad-
band emission thanks to subwavelength interelectrode gaps,
as well as spiral structures, are the most widespread [14,15].
Particular interest is given to butterfly-type antennas, in
which the specific geometry of the electrodes allows
efficient control of the polarization characteristics of the
emission [16,17].
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In the context of the development of THz photonics,
significant efforts are directed at creating compact radiation
sources with high conversion efficiency. In designing
PCAs for pulsed THz generation, high dark resistance
and optimal antenna geometry are of decisive importance.
Among promising materials for PCAs, structures based
on low-temperature (LT) grown GaAs deserve special
attention. The main advantage of LT-GaAs is related to
its growth features at reduced temperatures, leading to
excessive arsenic (As) atom concentration, which in turn
forms numerous charge carrier traps [18]. Creating various
trapping centers to reduce carrier lifetime is one of the
central tasks in THz PCA technology. Alongside this,
LT-GaAs demonstrates exceptionally high dark resistance
(10 — 10° ), allowing voltages above 100 V to be applied
to antenna gaps of width 10 — 100 um without the risk of
semiconductor structure breakdown [19].

In the work [20], using the THz-TDS method, anisotropy
of the emission characteristics depending on crystallographic
orientation in LT-GaAs-based PCAs with spiral antenna type
was discovered. It was shown that samples oriented along
(111) exhibit fourfold superiority in the power of generated
THz radiation compared to samples oriented along (100).

Particular interest lies in generating THz radiation using
PCAs based on LT-In,Ga;_yAs. The narrow bandgap,
the magnitude of which is determined by the indium
(In) concentration, provides high material sensitivity to
visible and infrared (IR) radiation. This property becomes
especially significant when used in systems with Ti:Sa lasers.
The work [21] demonstrated the possibility of broadband
THz generation under optical excitation of beryllium (Be)-
doped PCA based on LT-In,Ga;_,As by laser radiation with
a wavelength of 1.56 um. Spectral measurements showed
that the upper limit of generated THz radiation reaches
3THz.

In modern pulsed THz spectroscopy systems, the key
parameters determining the efficiency of PCA detectors are
high carrier mobility and short carrier lifetime. It has been
experimentally established that high mobility ensures rapid
PCA response to THz electromagnetic fields due to effective
separation of induced carriers. Simultaneously, a short
carrier lifetime (< 1ps) allows extending the detectable
frequency range and increasing the signal-to-noise ratio.
In particular, studies of standard LT-GaAs structures with
,outterfly antenna configuration showed that with mobility
400cm?- V™! .s7! and carrier lifetime 0.5ps, the upper
detectable frequency limit is 3 THz [22].

Using PCA sources based on superlattice structures
allows a significant increase in optical-to-THz signal conver-
sion efficiency due to increased photoconductivity. Measure-
ments showed that at the same pumping power, superlattice
PCA sources based on LT-InGaAs/InAlAs demonstrate
THz signal amplitude 2—3 times higher than traditional
LT-GaAs [20] antennas. In studies of PCAs based on
InAs/GaAs, carrier mobilities of 843 cm? - V! - s~ ! were
achieved while maintaining carrier lifetimes of 1.2 ps [23].
Further PCA technology development is associated with
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the use of heterostructures based on InGaAs/InAlAs su-
perlattices, which allowed not only a substantial increase in
THz pulse amplitude but also an expansion of the working
bandwidth up to 4 THz [24].

Particular interest is represented by studies [25,26]
demonstrating THz radiation generation in InGaN/GaN
heterostructures with multiple quantum wells (MQWs).
Experimental results and theoretical modeling allowed es-
tablishing that in such structures, the generation mechanism
is associated with dynamic polarization processes in the
active region. In particular, it was shown that photoexcited
electron-hole pairs cause nonstationary screening of the
built-in electric field.

Studies of GaN crystals grown at low temperatures
revealed unique characteristics including a wide bandgap
(3.5¢V), low dark current, and high mobility of main charge
carriers (~ 10°cm? - V~!'.571) [6]. The low-temperature
growth process (T < 500°C) leads to the incorporation
of excess N, atoms into the GaN lattice, formation of
nitrogen vacancies, and emergence of deep energy levels
in the bandgap. As a consequence, the lifetime of main
charge carriers is significantly reduced, reaching values
of ~107'2s. The work [27] using THz-TDS analyzed
optical and electrophysical properties of In,Ga;_,N films
with In content from 7% to 14 % in the frequency range
0.3 —3THz. It was found that the refractive index and
conductivity of In,Ga;_,N monotonically increase with In
content, reaching maximum values for InN. It was revealed
that at In concentration above 10%, significant effects of
defects and heterogeneities in the semiconductor structure
appear.

Thus, LT-In, Ga; _,N/GaN heterostructures with increased
In content (> 20 %) in the photoconductive layer represent
a promising class of materials for PCAs with a number
of advantages compared to traditionally used LT-GaAs and
LT-In,Ga;_,As. This work experimentally demonstrates for
the first time the possibility of creating and using PCAs
based on LTI-In,Ga;_,N/GaN superlattices, opening new
prospects for the development of THz electronic devices.

Experimental samples of photoconductive
THz antennas based on LT-In, Ga,;_, N/GaN

This section presents research results on generation
and detection of THz pulses using PCAs based on
LT-In,Ga;_,N/GaN superlattice structures. The studied
heterostructures were grown by metal-organic chemical
vapor deposition (MOCVD). Samples from manufacturer
AO ,Svetlana-Rost* were investigated. Figure 1 shows a
schematic and the layer structure of the investigated PCAs.

On a sapphire substrate with crystallographic orientation
(0001), a multilayer structure was grown. Initially, a LT-AIN
buffer layer of 100 nm thickness was formed to reduce
lattice mismatch between the substrate and subsequent
layers. Then, a 50nm thick AlGaN intermediate layer
was deposited, serving as a charge carrier barrier. The
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Figure 1. External view (a) and layer structure (b) of PCA based
on LT-In,Ga;_,N/GaN, with indicated interelectrode gap d.

active region of the structure consisted of 10 periods of
In,Ga;_,N/GaN layers with thicknesses of 5 nm and 15
nm respectively, where In content was 32%. All layers
were grown at a reduced temperature of 450°C. The
capping LT-GaN layer also served to protect against surface
breakdown. The total thickness of the photoconductive layer
was 200 nm.

After growth, the structure underwent thermal treatment
involving rapid annealing at 450°C for 1 minute in a
nitrogen N, atmosphere with subsequent controlled cooling
at a rate of 10°C/s. This procedure contributed to me-
chanical stress relaxation and improvement of the electrical
properties of the PCA. Annealing modes were specifically
optimized considering the requirements for THz antennas,
where low contact resistance and high carrier mobility in
contact areas are critically important.

To create the dipole antenna structure, ohmic contacts
were formed characterized by linear current-voltage (I-
V) characteristics and low barrier potential. The gap
between electrodes was 10 um. A multilayer Ti/Al/Ni/Au
system with a thickness of 300nm was deposited by
thermal evaporation. Titanium provided adhesion to the
semiconductor surface. Aluminum was used as the main
conductive channel. Nickel prevented mutual diffusion of
charge carriers, and gold coating protected the surface from
oxidation.

Note that compared to single-layer structures, multilayer
ones possess better electrical and optical properties due to
heterointerface effects, such as roughness, which facilitate
charge carrier transport in the active region. Thanks to deep
defect levels in these structures, picosecond carrier lifetimes
can be achieved, significantly reducing the scattering rate of
photoexcited carriers, which in turn is accompanied by a
reduction in relaxation time and dark current.

During THz radiation generation, the PCA electrodes
were connected to a power supply (Fig. 2). The current
pulse J, created during the absorption of femtosecond laser
pulses in the PCA is directly proportional to the external
electric field strength generated by the DC source:

J = (N)euEpc (1)

where (N) is the average concentration of photoexcited
carriers, Epc = Upc/d is the external electric field strength,,

Upc is the bias voltage of the external source. For THz
pulse registration, PCA electrodes were connected to a
highly sensitive current meter (~ 107!®A). The detec-
tion current was formed by the simultaneous interaction
of femtosecond and THz pulses in the interelectrode
gap on the PCA surface. If the THz pulse electric
field strength is Erp,then the resulting current pulse is
J ~ Etg,. The laser pulse duration is much shorter
than the period of THz electromagnetic wave oscilla-
tions.

The THz pulse electric field generated by PCA can be
described in the dipole radiation approximation without
considering the specific type of carrier oscillatory relaxation
by the following expression:

Ae  ON(r)
Ery, = —= ul, 2
THz dmeocir Ot HUpc (2)

where A is the spot area in the electrode gap, N(z) is
the time-dependent photoexcited carrier concentration with
mobility u, r is the distance from PCA to the spatial point
where the electric field strength of the THz electromagnetic
wave is to be calculated. The relation (2) assumes the
distance between PCA and any space point for THz field
calculation exceeds the PCA size.

Experimental procedure

Our research group developed an experimental setup
to study the spectral characteristics of PCAs based on
LT-In,Ga;_,N/GaN structure, implementing the standard
THz-TDS scheme. This methodology proved effective
earlier in the work [28] and was successfully applied
to plasmonic detection of THz radiation in multilayer
semiconductor heterostructures InGaN/AlGaN/GaN. The
experimental setup schematic is shown in Fig. 2.

The setup included a TiSa laser (1 = 800nm, wave-
length, pulse duration 130 fs, average output power 57 mW,
repetition rate 60 MHz). Beam splitter (Beamsplitter 1) split
the beam with diameter 1.8 mm into pump and reference
beams, which traveled different optical paths. The pump
beam was used in the THz impulse generation channel in
PCA1 (Photoconducting switch 1). The reference beam
passed through an optical delay line (Delay stage) formed
by mirrors 4—7 (Mirrors 4—7) and was used in the coherent
detection scheme. Synchronization of pulse arrival times at
PCA2 detector (Photoconducting switch 2) was achieved by
adjusting the distance between Mirror 4 and Mirror 5. The
detector antenna PCA2 was identical to PCA1 emitter. In
detector mode, electrical current in PCA2 is proportional to
the instantaneous electric field strength of THz pulses.

Since the Ti:Sa laser generates radiation at 800 nm wave-
length, the photon energy is 1.55 eV. As noted earlier, one
key advantage of PCAs based on LT-In,Ga;_,N/GaN struc-
tures is their wide bandgap (~ 3.4eV). Electron transition
from valence to conduction band requires energy exceeding
the bandgap. In three-photon absorption, the total energy
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Figure 2. Schematic of the THz-TDS experimental setup.

of three photons (4.65¢V) is sufficient for photoexcitation,
but this process has low probability and requires high laser
intensity, making it energetically inefficient.

Charge carriers in PCAs based on LI-In,Ga;_,N/GaN
were excited using the second harmonic of Ti:Sa laser at
400 nm wavelength (photon energy 3.1 eV). Features of the
wurtzite GaN crystal structure with hexagonal symmetry
grown along the polar direction (0001) lead to built-
in electric fields at the In,Ga;_,N/GaN heterointerface
with strengths up to MV/m caused by spontaneous and
piezoelectric polarizations. These fields, due to GaN’s polar
nature, play an important role in the THz generation mech-
anism by enabling efficient carrier separation immediately
after photoexcitation. During dynamic screening of built-
in fields, picosecond current pulses form. This process
is mathematically described by the displacement current
equation:

t
P(l‘) X /Jbias(t/)dt/, (3)

0

where Jyias 1s the polarization-related displacement current,
t is the duration of the femtosecond pulse.

To correctly study PCAs properties based on
LT-In,Ga;_,N/GaN it was necessary to suppress this ,,spu-
rious“ generation. Experimental conditions were selected to
neutralize the contribution of dynamic screening of built-in
fields. This was achieved by applying an external field of
opposite polarity relative to the internal field. The pump
beam incident on PCA1 at the Brewster angle had P-
polarization of the electric field. At the Brewster angle,
maximum P-polarized light energy enters the material,
minimizing reflection. The femtosecond laser spot size
in the interelectrode gap on PCAl surface was 4um
allowing high spatial localization of excitation. The spot
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size was close to the diffraction limit, important for coherent
excitation. For normal focusing lenses, the minimal spot size
achievable is 5.1 um.

On the substrate side, the diverging THz emission was
focused by a hyper-hemispherical high-resistivity silicon lens
(HHSL) with a diameter of 15mm and directed to PCA2
detector. Detection of current pulses generated by PCA2
was conducted using synchronous amplifier SP2042 with
simultaneous illumination of the gap between electrodes by
THz and femtosecond pulses.

THz radiation power measurements were carried out
using an optoacoustic transducer — a Golay cell. The
optical input system consisted of a telescopic scheme based
on two spherical mirrors providing efficient focusing of the
THz beam on the detector input window with minimal
energy loss due to scattering (Fig. 3).

A set of high-frequency cut-off filters was placed before
the detector for spectral selection of radiation. Signal
modulation was done with a mechanical chopper. Xenon
was used as the working medium in the Golay -cell.
Terahertz radiation was absorbed by a semi-transparent
plate at the device entrance, causing gas heating. On the
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Figure 4. Temporal waveform (@) and frequency spectrum (b) of the Fourier amplitude of the THz pulse generated by a photoconductive

antenna based on LT-In,Ga;_,N/GaN.

opposite side of the chamber, there was a flexible membrane
whose rear surface reflected the incident LED beam. Upon
gas heating, the membrane surface bent, changing the
intensity of light reflected from its rear surface, thus enabling
measurement of THz radiation power.

Hall mobility and concentration of photoexcited charge
carriers in PCAs based on LT-In,Ga;_,N/GaN were
determined in Van der Pauw geometry using the
,EcopiaHMS-3000“ setup in magnetic fields up to 3 T in
darkness at room temperature.

Experimental results

As seen in Fig. 4, the presented experimental
data demonstrate the temporal and spectral character-
istics of THz radiation generated by PCA based on
LT-In,Ga;_,N/GaN. When analyzing PCA operation, the
key parameter is not the absolute bias voltage but the
electric field strength £ = Upc/d, defined as the ratio of the
external source voltage Upc to the electrode gap distance d.
In the studied PCAs with 10 um interelectrode gaps at 15
V bias, an electric field strength of 1.5 MV/m is created.

The recorded single-cycle signal clearly exhibits posi-
tive and negative half-waves. Fig. 4,5 shows the noise
component in the high-frequency region manifesting as a
characteristic ,,tail”.

From Fig. 4,a it can be seen that the full width at half
maximum of the main peak is approximately 4000 fs. The
step of the controlled optical delay line in the experimental
setup is Sum corresponding to 17fs. Thus, the temporal

profile of the THz pulse was obtained by accumulating a
sample of field strength values comprising 235 points.

Hall effect measurements showed that in the PCA based
on LT-In,Ga;_,N/GaN the mobility and concentration of
majority charge carriers are uy = 170cm?-V~!.s~! and
ng = 5.2-10"2 cm~2 respectively. The dark resistance of
the photoconductive layer was 90 M.

Based on well-known trends, the effective mass of two-
dimensional carriers in the In,Ga;_,N solid solution should
be smaller than that in binary GaN, for which both
experimental data and first-principle theoretical calculations
give values in the range 0.18 —0.24my (where my is
the free electron mass). Direct measurements of the
electron effective mass in In,Ga;_,N (x =20%) consid-
ering composition fluctuations yield values in the range
0.194 — 0.197mo [29]. For narrower bandgap quantum
wells In,Ga;_,N (x =33 %) the authors of work [30] re-
port values 0.204 — 0.205my. The estimate of the lifetime of
photoexcited carriers in PCAs based on LT-In,Ga;_,N/GaN
using the relation 7 = um™*/e gives a value of 200 ps. The
bandwidth of the PCA based on LT-In,Ga;_,N/GaN was
approximately 3 THz.

It should be noted that although the reduction of carrier
lifetime in PCAs leads to the broadening of their frequency
response (which mathematically follows from the Fourier
transform), the actual operational bandwidth of a THz spec-
trometer is primarily determined by the matched operation
of the entire ,,source-detector system. If the detector has
a significantly longer carrier lifetime, its frequency response
becomes a limiting factor. In this case, reducing 7 in the
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Figure 5. Dependence of THz radiation power of the antenna based on LT-In,Ga;_N/GaN on bias voltage (a) and optical pumping

power (b) at bias voltage 15V.

source will not lead to a significant expansion of the overall
system bandwidth. Optimal spectrometer operation requires
matching the temporal parameters of both components.

Fig. 5 shows experimentally obtained dependen-
cies of THz radiation power of the PCA based on
LT-In,Ga;_,N/GaN on applied bias voltage and average
femtosecond laser radiation.

A comparative analysis of efficiencies of various PCAs
showed the following. 1In [31], for a PCA based on
LT-GaAsc with dipole topology, at optical pumping power
P pomp = 15mW and bias voltage Upc = 30V a THz radi-
ation power of Pry, = 0.34uW was registered. Extrap-
olation of these data in the linear regime (assuming no
saturation or thermal degradation) for P .., = 57 mW gives
an expected value of Pry, =4.9uW. The characteristic
efficiency figure amounts to n =8.6-107>. However,
experimental data indicate a substantial deviation from the
linear dependence at high pumping levels. The observed
saturation effect, caused by screening of the applied electric
field by photocarriers, results in reduced output THz power.
As a result, the real power does not reach the theoretically
predicted 4.9 uW.

Higher THz conversion efficiency (n = 1.2-10~%) was
achieved in PCAs based on Si-GaAs [22], where at
P pomp = 19mW and Upc =30V Pty = 2.3uW was ob-
tained.  Similar studies [32] at P, =20mW and
Upc =20V demonstrate values Pry, in the range
1 — 2uW, which agrees with results for PCAs based on
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InGaAs [9-11]. In our experiments with PCAs based on
LT-In,Ga;_,N/GaN using a Golay cell, a THz radiation
powerPry, = 4.5 uW was achieved at optical pump power
P pomp = 57mW with conversion efficiency n = 8 - 107°.

Analysis of experimental curves revealed a superlinear
nature of the dependence of THz radiation power on the
applied bias voltage in the range 0 — 15V. The obtained
dependence is accurately described by the theoretical
function W ~ U}, where at optical pump powers of 57
and 25 mW, the exponent b takes values 1.8 and 1.5,
respectively. The dependence of THz radiation power on
optical pump power also demonstrates a superlinear form.

One key factor determining the efficiency of THz
radiation generation in the studied PCAs based on
LT-In,Ga;_,N/GaN is the impact ionization process oc-
curring at high electric fields (> 103 V/m). The obtained
superlinear dependencies of THz power on bias voltage
and optical pump power indicate a significant contribution
of this process to photocurrent formation. At threshold
electric field strength values (1.5 MV/m in our experiments),
photoinduced carriers acquire sufficient energy for lattice
atom ionization upon collisions, leading to avalanche-like
growth in free carrier concentration and signal saturation at
high pump levels (above ~ 50 mW) [22].

Spectral characteristic analysis showed that this mecha-
nism does not significantly degrade the temporal resolution
of the entire system since carrier lifetime in the studied
PCAs remains at ~ 200 ps. However, at further increased
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field strength above 2 MV/m, the noise component in the
spectrum grows, possibly related to instability development
in the avalanche ionization process.

These results suggest that further optimization of the
composition of In,Ga;_,N/GaN (particularly increasing
In content in the range x = 0.4 —0.5) may reduce the
threshold for impact ionization by decreasing the effective
carrier mass, which is of great interest for creating more
efficient PCA THz generators. At the same time, possible
degradation of crystalline quality at high In concentrations
must be considered, requiring careful growth conditions
adjustment.

Conclusion

This work studied the processes of pulsed THz genera-
tion and detection using PCAs based on low-temperature
heterostructures LT-In,Ga;_,N/GaN. The main research
results can be summarized as follows.

It was experimentally established that developed mul-
tilayer structures grown by metal-organic chemical vapor
deposition containing 10 periods of In,Ga;_,N/GaN with
Indium molar fraction x = 0.32 demonstrated efficient
conversion of femtosecond laser radiation into THz pulses
810> at optical pump power 57mW and bias voltage
15V. An average THz output power of 45uW was
achieved.

Spectral analysis using THz-TDS showed that the emis-
sion peak of the PCA lies in the range 1.0 — 1.2 THz with
a bandwidth up to 3 THz. Temporal signal measurements
revealed a THz pulse duration of about 4 ps, consistent
with measured carrier lifetime (~ 200ps) and mobility
(~170cm? - V1.5 1),

Special attention was given to the study of dependencies
of THz power on excitation parameters. It was found that
the dependence on bias voltage is superlinear, indicating the
role of impact ionization processes at high fields. Observed
saturation of output signal at pump powers above 50 mW
is explained by electric field screening by photoinduced
carriers.

This work contributes to semiconductor physics and THz
generation, serving as a step toward more efficient THz
sources and detectors. The results are important for the
development of pulsed THz spectroscopy methods, as the
developed PCAs can be used as compact THz emission
sources and detectors for various spectroscopic studies.
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