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Abstract: Terahertz spectroscopy of thermal radiation from electrically pumped AlGaN/GaN
structures on sapphire substrate was investigated in this work. Comparison of experimental THz
spectroscopy results to theoretical spectra calculations shows that thermal radiation of the sample
lattice is the main mechanism causing the emission above T = 155 K, and it is mainly influenced by
sapphire substrate. Here, the emission was attributed to the radiative electron transitions in shallow
impurities and nitrogen vacancies as well as to radiative decay of longitudinal optical phonons
(387 cm~!) in sapphire substrate. We have successfully demonstrated that THz emission spectroscopy
can be used to define the temperature at which thermal emission from AlGaN/GaN HEMT structures
dominates the emission spectrum.
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1. Introduction

Compact semiconductor terahertz (THz) emitters are required for the development of portable
spectroscopic THz imaging systems. Such systems are of great demand for non-harmful imaging
and spectroscopy in biomedical, industrial and security fields [1]. Field-effect transistors (FETs)
can operate as a compact detector [2—4] or emitter [5-7] for THz waves, when incoming radiation
creates voltage between transistor channel terminals, or the opposite case where voltage applied
along the channel excites THz radiation. For example, resonant THz emission of tunable frequency
from 2DEG plasma oscillations can be excited by the strong electric field along HEMT channel [8],
while its frequency could be controlled by a gate bias. In this light, GaN, which is suitable for
high-power electronics, is a promising material. However, strong electric field also can activate other
THz generation mechanisms such as shallow impurity emission or increased thermal radiation, which
would deteriorate the emission spectra of resonant plasmonic emitter [9]. Therefore, the investigation,
which would help to find the way to manage the unwanted THz signal, is very important. It was
shown recently that 450 V/cm electric field pulses of only 8 ps in duration can elevate the temperature
of AlGaN/GaN heterostructure lattice significantly even if the sample is in liquid helium [8]. On the
other hand, THz electroluminescence from shallow impurities invoked by a strong electric field can
interplay with thermal radiation. A local minimum of emission signal was observed for AlIGaN/GaN
HEMT structures on sapphire cooled down to cryogenic temperatures and biased with voltage pulses
of different amplitudes and durations [10]. It was concluded that the electrical pumping power above
0.22 W causes additional heating of the device, which leads to the suppression of impurity related
emission signal. However, the value of the temperature from which the thermal emission mechanism
is activated and dominates the emission spectrum was not defined.
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In this work, THz emission from AlGaN/GaN structure intended for high electron mobility
transistors grown on sapphire substrate was investigated. The electrically excited emission was
measured at different sample temperatures and the suppression of the signal was observed at Ty =
155 K (electrical power of 0.72 and 0.33 W for U, = 60 V and 90 V, respectively). To understand
such a behavior, the emission spectroscopy was performed and theoretical spectra were calculated at
different sample temperatures. It was found that at sample temperatures above 155 K, the thermal
emission from lattice dominates the spectra, and this is caused mainly by the thermal radiation from
sapphire substrate. However, at sample temperatures below 155 K the thermal radiation is weak and
electroluminescence is caused by another radiative mechanisms. We measure directly, that thermal
radiation from the sample contributes to the THz spectrum of the electroluminescence at much higher
average electrical power than indicated in the [8] measuring hot-electron temperature and electron
plasma radiation.

2. Materials and Methods

The investigated GaN /Al ,GaggIN HEMT structures on Al,O3 substrate (wafer No. TG2196) is
depicted in Figure 1A. It was grown along c—axis by the metal organic chemical vapor deposition [11].
The two-dimensional electron gas (2DEG) sheet concentration was ns = 9 x 10'> cm~2 and Hall
mobility measurements gave py = 1400 cm?/(V - s) and 4200 cm?/ (V - s) at 293 and 77 K, respectively.
Residual doping level was estimated to be below 10”em 3 [12]. Two electrical ohmic contact stripes
of 0.1 mm width and 2 mm length were formed at 2 mm distance from each other.
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Figure 1. The layer composition of investigated AlGaN/GaN HEMT structure (A). Sample resistance

dependencies on cryostat temperature at Up = 5V, 60 V and 90 V (B). Schematics of spectroscopic
experimental setup (C).

Large active area allowed to investigate the emission using a conventional far-infrared Fourier
transform spectroscopy. The sample was kept in a closed-loop liquid helium cryostat with a TPX
optical window. It was pumped electrically with voltage pulses of ¢, = 2.1 ms duration at modulation
frequency of 7 Hz and bias amplitude up to Up = 90 V. The emitted radiation was collected with a
short focal length off-axis parabolic mirror and directed to the input of Fourier spectrometer (“Thermo
Scientific Nicolet-8700”) equipped with a SolidState™ beam splitter and DTGS pyroelectric detector,
operating in a step-scan mode. A lock-in technique was employed to demodulate the detected signal.
Using this set-up, we were able to record emission spectra at the cryostat temperatures (measured at
the cold finger) of 4-300 K in 50-600 cm~! (1.5-18 THz) spectral range.
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3. Results

The emission signal Sg was detected at the cryostat cold finger temperature T. ranging from
10 K to 150 K at applied pulse voltages of 60 V and 90 V. Such voltages are heating up the sample,
therefore its temperature T; differs from T.. To estimate T; at the bias, sample electrical resistance
versus 1. dependencies were measured (Figure 1B). The sample resistance dependence on temperature
R(T.) was measured at Up = 5 V. As the sample heating during this measurement was found to be
small, the assumption that Ty = T, was made. Later, this curve was used as a reference in order to
estimate the sample temperatures at different cryostat temperatures when U, = 60 V and 90 V. It
was found indeed that at the bias of 60 V and 90 V the sample and cryostat cold finger temperatures
differ significantly.

The emission intensity measured as a function of sample temperature T is depicted in Figure 2A,
whereas the current Ip(Ts) flowing through the sample is shown in Figure 2B. The emission signal
is higher at low temperatures and decreases gradually until full signal suppression at Ty = 155 K
(at applied electrical power of 0.72 W and 0.33 W for Uy, = 60 V and 90 V, respectively). However, such
a local minima is not observed in Ip(Ts) dependencies.

To gain a deeper understanding of the emission signal behavior described above, the spectra
were measured at cryostat temperatures T. of 22 K, 52 K, 121 K, and 131 K, taking a few measuring
points below and two above T; = 155 K. Figure 3 shows the emission spectra with the influence
of the TPX window transmission and spectrometer’s beamsplitter efficiency removed. The spectra
obtained below 155 K demonstrate the broad asymmetric peak with the weak spectral features in
wavenumber range between 150 and 384 cm~!. The upper range limit corresponds to the transverse
optical sapphire phonon energy [13]. At higher wavenumbers, the sharp emission peak at the energy
of longitudinal sapphire optical phonon energy wio = 387 cm ™! appears. Also, an intensive peak
at 394 cm ! is present, which could account for emission caused by radiative electron transitions in
nitrogen vacancies in GaN [14].
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Figure 2. (A) The temperature dependencies of pulsed emission signal Sg. (B) Pulsed current Ip in
the sample at 60 V (full symbols) and 90 V (open symbols) pump voltages.

4. Discussion

When T; > 155K, the shape of emission spectra changes significantly (see Figure 3B,C for example).
It has a rising character when wavenumbers increase; however, the dips are observed at the energies of
Reststrahlen regions in sapphire. Therefore, it seems that the emission signal reaching the detector is
the product of a black-body spectral radiance B(w, T) and thermal emissivity £(w, T) of the sample:

S(w,T)=B(w,T)-&(w,T). 1)

According to Kirchhoff law, thermal emissivity is equal to sample absorptance
E(w,T) = a(w,T) = 1—-tHw,T)—r(w,T), where t(w,T) and r(w,T) are the transmittance
and reflectance of the sample. To determine #(w, T) and r(w, T) the numerical implementation of
Rigorious Coupled-Wave Analysis (RCWA) method was used [15]. The sample itself was considered
to stay in vacuum environment and its dielectric function &g (w) was modeled as a sum of dielectric
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functions of each layer. To estimate the dielectric function of a single layer, the phononic term was
involved, and taken in factorized form [16]:

)

Here, ¢o denotes high frequency dielectric permitivitty, wror0) and yroro) — TO(LO) phonon
energy and damping factor, respectively. The multiplication operation is performed over the number
I of those IR-active optical phonon modes which create the dipole moment normal to c—axis
(E; symmetry). The temperature dependent values of w0y and y1o(L0) for sapphire were taken
from [16] and e, = 3.08. In case of GaN, however, damping weakly depends on temperature in
the interval from 85 K to 200 K [17], and y10 = 710 = 8 cm ™! was kept, whereas o = 5.35.

Two-dimensional electron thermal emission was not included in the calculations, as the intensity
of such emission is at least a few orders of magnitude lower than the black-body radiation in a spectral
range in which the experiment was conducted [18].

The black-body radiation of the sample was calculated using the parameters given above.
The black-body spectral intensity is estimated as a difference of spectral intensity at a sample
temperature at pumping pulse and the cryostat cold finger temperature: B(v,T) = B(v, Tp) — B(V, Ty,).
An approximate value of T, was found from sample resistance dependence on temperature (see
Figure 1B). T. = 121 K and 131 K corresponds to T; = 185 K and 193 K when U, = 90 V, and to
Ts = 162 K and 167 K when U, = 60 V. Theoretically calculated emission intensity is presented as
solid curves in Figure 3. As it was assumed, its shape agrees well with the experimentally observed
results, when the sample temperature is above 155 K. In addition, the dips in the Reststrahlen bands
of sapphire are resolved in the spectra at 384-387 cm ™! (1 = 1 sapphire optical phonon mode) and
440-482 cm™! (1= 2). Also, the slope at 200-384 cm ™! coincides with experimental results, therefore a
good agreement between experimental and calculated data shows that at Ts > 155 K THz emission is
caused by thermal radiation. Calculations were performed for the sapphire wafer only, and comparison
showed, that the main contribution to emission spectra comes from sapphire substrate. Most probably,
this result is the outcome of the fact that sapphire substrate thickness is much higher than the thickness
of AlGaN/GaN heterostructure (330 pm vs. 1.5 um, respectively).

At T; < 155K, the emission signal cannot be described by Equation 1 as can be seen in panels
A and B in Figure 3. The maximum of the broad intensity peak is located at ~350 cm~! and does not
move with voltage and temperature. Also, the intensity decreases with sample heating. Other physical
mechanisms could be responsible for such behavior, for example electroluminescence from shallow Si,
O, and C donors in unintentionally doped AlGaN and GaN layers [19].
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Figure 3. Symbols denote Fourier transform terahertz emission spectra at cryostat itemperatures
of 22 K, 52 K, 121 K, and 131 K (panels (A-D), respectively) for pulse bias voltages of 60 V and 90 V.
Solid curves denote the calculated thermal sample emission for cryostat base temperatures and bias
voltages mentioned above.

5. Conclusions

The experimental investigation of electrically pumped THz emission from AlGaN/GaN HEMTs
grown on sapphire substrate revealed that emission signal has a minima at Ts = 155 K. The comparison
of experimentally obtained THz spectroscopy data and theoretically calculated spectra showed that
at temperatures above 155 K emission is caused by the thermal radiation of the sample. Also, at
such temperatures, the emission spectra is mainly influenced by the thermal radiation coming from
the sapphire substrate, which is much thicker than the AlIGaN/GaN heterostructure. Other emission
phenomena are dominating the net signal when the sample temperatures are below 155 K. Emission
due to optical sapphire phonons is observed, also electroluminescence from shallow residual impurities
could be responsible for the observed broadband THz emission. The results of our study also suggest
that a better heat management should be provided in order to increase dissipation of electrical
power and reduce thermal emission from the heated conductive channel, for example, the growth of
AlGaN/GaN HEMT structures on native or SiC substrates.
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