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Abstract: Terahertz time-domain spectroscopy and Fourier-transform infrared spectroscopy were
developed as the method for the investigation of high-frequency characteristics of two-dimensional
electron gas and GaN:C buffer layers in AlGaN/AlN/GaN heterostructures grown on a semi-
insulating SiC substrate. The reflectance and transmittance spectra of the selected heterostructure
layers were studied after the top layers were removed by a reactive ion etching. Results were
numerically analyzed using the transfer matrix method taking into account the high-frequency
electron conductivity via a Drude model and complex dielectric permittivity of each epitaxial layer
via a one-phonon-resonance approximation. Good agreement between the experiment and theory
was achieved revealing the temperature dependent electron effective mass in AlGaN/AlN/GaN
high electron mobility transistor structures and the small damping factors of optical phonons due to
high crystal quality of the epitaxial layers fabricated on the SiC substrate.

Keywords: terahertz and infrared technologies; high-frequency Drude conductivity; complex dielec-
tric permittivity; electron effective mass; phonon damping; AlGaN/GaN heterostructures

1. Introduction

Interest in two-dimensional (2D) materials, plasmonic and polaritonic devices in-
creases continuously [1–3]. It stimulates the progress of non-destructive test methods
used in the infrared (IR) band and terahertz (THz) frequency range [4,5]. Ability to sus-
tain high external electric fields and temperatures, chemical and mechanical robustness
make the AlGaN/GaN heterostructures an attractive material for the development of high
electron mobility transistors (HEMTs) as well as THz detectors, emitters, and phase modu-
lators [6–9]. The performance of two dimensional electron gas (2DEG) and epitaxial layers
in these heterostructures can be affected either by the variation of growth procedures or
during the device fabrication, i.e., chemical treatment, ion plasma etching, metal electrode
deposition, or surface passivation [10,11]. Thus, remote monitoring of high-frequency
characteristics of selected heterostructure layers would allow for smarter development of
novel materials and devices with optimized performance in the IR band and THz frequency
range [9,12–14].
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Here we investigate the IR and THz-frequency reflectance and transmittance of com-
mercial AlGaN/AlN/GaN HEMT structures grown on a semi-insulating SiC substrate. Cor-
responding spectra were obtained using THz time-domain spectroscopy (TDS) and Fourier-
transform infrared (FTIR) systems in the frequency range of 8–720 cm−1 (0.2–22 THz and
1–90 meV) at two temperatures of 77 K and 300 K. The obtained results were analyzed
numerically using the transfer matrix method, considering the heterostructure as a stack of
a homogeneous media with an effective complex dielectric permittivity and the interface
described by a high-frequency Drude conductivity of 2D electrons. The calculated data
were fitted to the experimental spectra by varying relevant parameters of the physical
model and sequentially selecting the heterostructure layers. Detailed analysis of optical
characteristics of the AlN nucleation layer, unintentionally doped (UID) GaN and GaN:C
buffer layers allowed modeling of the experimental spectra of the whole commercial HEMT
structure including the Reststrahlen region of AlN and GaN. The transverse optical (TO)
phonon damping factors of the UID GaN and GaN:C buffer layers were found to be in-
dependent from the temperature and equal to 4 and 8 cm−1, respectively. In addition,
temperature dependence of the electron effective mass in AlGaN/AlN/GaN heterostruc-
tures was observed in the THz regime. The obtained values are in agreement with previous
experimental data of similar III-nitride structures but without an AlN spacer between the
barrier and buffer layers [15,16].

2. Heterostructure Growth and Sample Fabrication

The commercial HEMT structures for the research were provided by TopGaN Ltd.,
Warsaw, Poland. The heterostructures were grown using the metal organic chemical vapor
deposition method on c-plane of a 500 µm thick 6H-polytype SiC substrate with a 90 nm
thick AlN nucleation layer. The 1300 nm-thick high resistivity GaN:C buffer was followed
by the 900 nm-thick UID GaN layer and 0.8 nm AlN spacer. On the top, a 19 nm thick
Al0.25Ga0.75N barrier was grown capping it with 2 nm GaN and 1 nm SiNx passivation
layers. The Al mole fraction and strain states of the layers were calculated by fitting the
experimental X-ray diffraction (XRD) curves with computer simulations. Sketch of the
whole structure (WS) is shown in Figure 1. The values of the 2DEG density and the electron
mobility were obtained from the Hall effect measurements in a Van der Paw geometry. The
results are summarized in Table 1.
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Figure 1. A layer sketch of the whole sample (WS) and the three samples prepared for the research.
Thickness of each layer is indicated in nanometers obtained from XRD and SIMS (for WS) and surface
profilometry (for other samples) measurements.

Table 1. Hall data on two dimensional electron gas (2DEG) performance.

T0
(K)

NS
(1012 cm−2)

µ
(103 cm2/V·s)

77 6.9 1.7
300 8.3 1.9
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The composition and strain/relaxation state of the epilayers were observed in detail
by reciprocal space mapping (RSM) employing the Malvern Panalytical, Empyrean X-ray
diffractometer system. The asymmetric (105) RSM of grazing incidence and exit geometry
was carried out on the WS sample. The results are shown in Figure 2. Typical almost
relaxed peaks from SiC, AlN nucleation layer, thick GaN buffer are clearly visible, while
the AlGaN barrier is fully strained to GaN (shares the same x-axis coordinates of reciprocal
lattice units). The rocking curve measurements revealed very good structural quality of
deposited nitride layers. Namely, the full width of half maximum (FWHM) of rocking
curve (RC) of symmetric (002) reflection was 0.036 deg, the FWHM RC of asymmetric
(204) and (114) reflections were of 0.067 and 0.056 deg, respectively. For GaN, the lattice
parameters were measured to be of a = 3.1897 and δa/a = 0.00012, demonstrating almost
relaxed layers.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 3 of 14 
 

chlorine-based reactive ion etching methods to this end. These mesas were purposed for 

an accurate investigation of the high-frequency characteristics of individual UID GaN and 

GaN:C buffer with AlN nucleation layers. Figure 1 shows the sketch of layers in the pro-

cessed mesas without cap and barrier layers, i.e., the quantum well removed (QWR), the 

half buffer removed (HBR), and only the substrate (SUB) left. The etch depth and the sur-

face morphology of processed zones were controlled with the surface profilometer 

(VeecoDektak 150), scanning electron (Horriba SU70), and optical microscopes. 

 

Figure 1. A layer sketch of the whole sample (WS) and the three samples prepared for the research. 

Thickness of each layer is indicated in nanometers obtained from XRD and SIMS (for WS) and sur-

face profilometry (for other samples) measurements. 

 

Figure 2. Asymmetric (105) reciprocal space map of the WS sample. 

In addition, the selected HEMT structure sample was characterized by secondary ion 

mass spectroscopy (SIMS) in order to determine concentration of impurities in all epitaxial 

layers down to the substrate. Special surface-cleaning procedures were used before the 

SIMS measurement enabling a determination of the doping level well below 1017 cm−3. The 

averaged concentration of C atoms was found to be of about 1.5 × 1016 cm−3 and 1.2 × 1018 

cm−3 in the top UID GaN and bottom GaN:C parts of the buffer layer, respectively. 

  

−0.385 −0.380 −0.375 −0.370 −0.365 −0.360 −0.355

0.95

0.96

0.97

0.98

0.99

1.00

1.01

WS

(114)

Qx (1/A)

Q
z
 (

1
/A

)

2.00
2.56
3.29
4.22
5.41
6.93
8.89
11.4
14.6
18.7
24.0
30.8
39.5
50.6
64.9
83.3
107
137
176
225
289
370
474
608
780
1000AlN

SiC

GaN

AlGaN

Figure 2. Asymmetric (105) reciprocal space map of the WS sample.

The three mesas each of 4 × 4 mm2 area but of various depth were processed on the
same piece of the AlGaN/AlN/GaN HEMT structure. We used UV photolithography
and chlorine-based reactive ion etching methods to this end. These mesas were purposed
for an accurate investigation of the high-frequency characteristics of individual UID GaN
and GaN:C buffer with AlN nucleation layers. Figure 1 shows the sketch of layers in the
processed mesas without cap and barrier layers, i.e., the quantum well removed (QWR),
the half buffer removed (HBR), and only the substrate (SUB) left. The etch depth and
the surface morphology of processed zones were controlled with the surface profilometer
(VeecoDektak 150), scanning electron (Horriba SU70), and optical microscopes.

In addition, the selected HEMT structure sample was characterized by secondary ion
mass spectroscopy (SIMS) in order to determine concentration of impurities in all epitaxial
layers down to the substrate. Special surface-cleaning procedures were used before the
SIMS measurement enabling a determination of the doping level well below 1017 cm−3.
The averaged concentration of C atoms was found to be of about 1.5 × 1016 cm−3 and
1.2 × 1018 cm−3 in the top UID GaN and bottom GaN:C parts of the buffer layer, respec-
tively.
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3. Experimental Methods

A FTIR spectrometer Bruker Vertex 80v operating in a rapid-scan mode, vacuumed
to 4 mbar and equipped with a globar as a source of radiation and a Mylar or KBr beam-
splitter, was used to study the transmittance of the samples under normal illumination.
For the measurements at various temperatures, the samples were mounted on a cold
finger of a closed cycle cryostat above a copper holder with a 3 mm diameter pinhole.
The intensities of initial and transmitted through the sample beams were measured by a
DLaTGS-FIR pyroelectric detector in the spectral range of 70–400 cm−1 (8.7–50 meV). A
spectral resolution of 4 cm−1 (0.5 meV) was chosen to suppress the Fabry–Pérot (F−P)
oscillations due to multiple radiation reflections inside the SiC substrate. Measurements
were carried out for the samples WS, QWR, SUB and empty sample holder. Combining
these four measurements, we determined the transmittance of the whole HEMT structure
and found the characteristic spectra of 2DEG and GaN buffer layers.

Additionally, the reflectance of the samples was studied by the vacuumed FTIR
spectrometer (Bruker V70) at room temperature in the spectral range of 380–720 cm−1

(47–90 meV). The angle of incidence was of about 11 degrees. A thick gold film was used
for the reference measurements. The intensity of the IR radiation was measured by a
DLaTGS pyroelectric detector. The features related to TO phonons in the UID GaN, GaN:C
buffer and AlN nucleation layers were identified in the reflectance spectra, revealing the
values of phonon damping factors. The correlation between magnitude of the damping
factors and crystal quality of the GaN epitaxial layers was investigated in detail.

A THz TDS spectrometer (T-SPEC 800) was employed to measure the transmittance in
the frequency range of 8–80 cm−1 (1–10 meV). Results were obtained at two temperatures
provided by liquid nitrogen cryostat [9]. The artifacts due to water vapor absorption were
minimized by purging the TDS system with dry nitrogen. The signal was recorded over
a time window of approximately 10 ps which provided spectral resolution of 3.3 cm−1

avoiding unwanted F−P oscillations.

4. Modelling of Reflectance and Transmittance Spectra

The reflectance and transmittance spectra of the samples were modelled using the
transfer matrix method [17]. We considered the normal incidence of electromagnetic
radiation considering the following layers: (0) vacuum, (1) barrier, (2) top part of the buffer
(UID GaN), (3) bottom part of the buffer (GaN:C), (4) nucleation layer, (5) substrate and
(6) vacuum. Layer sketches are presented in the insets of respective Figure 3 and Figure 6.

Radiation propagation through the i-th layer (i = 1–5) is described by the propagation
matrix Pi:

Pi =

(
eiϕi 0
0 e−iϕi

)
, (1)

where the phase shift ϕi of the electric field vector is given by

ϕi =
ω

c
ñidi , (2)

ñi ≡ ni + iki and di are the complex refractive index and thickness of the layer,
respectively. Complex dielectric permittivity εi of the i-th layer is related to ñi by the
Fresnel equation: ñ2

i = εi.
For a conducting interface (i+1)/i the transfer matrix Di+1/i was written as [18]

Di+1/i =
1

2ñi+1

(
ñi+1 + ñi − 4πσs

c ñi+1 − ñi − 4πσs
c

ñi+1 − ñi +
4πσs

c ñi+1 + ñi +
4πσs

c

)
, (3)

where σs is the surface conductivity of the interface. For a non-conducting interface,
Equation (3) can be used with σs = 0.
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Figure 3. Reflectance of the samples, HBR (a) and QWR (b), at room temperature. Wavenumbers
and corresponding photon energies are denoted as k and h̄ω, respectively. Solid lines represent
experimental data. Dashed lines demonstrate results of the spectra fitting at the best-fit parameters.
Inset in panel (a) demonstrates the multi-layer model used for the spectrum simulation for the QWR
sample. Inset in panel (b) shows the model used for the HBR sample. The numbers in brackets
indicate the layers of the model described in Section 4.

The transfer matrix M for the whole structure is related to above matrices as

M = D6/5P5D5/4P4D4/3P3D3/2P2D2/1P1D1/0, (4)
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and the transmittance T and reflectance R can be found by

T =

∣∣∣∣M11 −
M12M21

M22

∣∣∣∣2 , (5)

and

R =

∣∣∣∣M21

M22

∣∣∣∣2 , (6)

respectively.
Generally, the transmittance and reflectance spectra simulated using Equations (5)

and (6) demonstrate the short-period oscillations due to multiple passes of radiation inside
a thick substrate. Such F–P oscillations are clearly seen on experimental spectra in the case
of sufficiently high resolution [8,9,19]. In our experiments, we used a reduced spectral
resolution that eliminated F–P oscillations. To perform corresponding transformation of
the simulated spectra we considered the substrate (layer 5) as an “incoherent layer” [17].
Namely, Equations (5) and (6) were modified as:

T =
1

2π

∫ 2π

0

∣∣∣∣M′11(δ)−
M′12(δ)M′21(δ)

M′22(δ)

∣∣∣∣2dδ , (7)

and

R =
1

2π

∫ 2π

0

∣∣∣∣M′21(δ)

M′22(δ)

∣∣∣∣2dδ , (8)

with the following changes of the Equations (1) and (4):

M′(δ) = D6/5P′5(δ)D5/4P4D4/3P3D3/2P2D2/1P1D1/0, (9)

and

P′5(δ) =

(
ei(ϕ5+δ/2) 0

0 e−i(ϕ5+δ/2)

)
, (10)

-respectively. In such a way, we average the total transmittance and reflectance over all
values of a phase δ inside layer 5. Such calculation is appropriate when the double substrate
thickness exceeds the coherent wavelength inside a material defined as 2d5 > (n5∆k)−1,
here ∆k is the spectral resolution in wavenumbers. It should be noted that this condition
was fulfilled over the entire spectrum range of interest.

In our model, the barrier (layer 1) represented a stack of four upper layers in a real
HEMT structure. The total thickness of the stack d1 = 22.8 nm was much less than the
wavelength of THz radiation, enabling us to consider the stack as homogeneous media
with an effective complex dielectric permittivity. Its magnitude ε1 is close to the dielectric
constant of Al0.25Ga0.75N which is described as

εAlGaN = 0.25εAlN + 0.75εGaN . (11)

Spectral dependences of AlN and GaN dielectric permittivities on the right side of
Equation (11) are evaluated in one-phonon-resonance approximation:

ε(ω) = ε∞ +
(ε0 − ε∞)ω2

TO
ω2

TO −ω2 − iγω
, (12)

where ε0 and ε∞ are the low- and high-frequency dielectric constants, respectively, ωTO
and γ are the oscillation frequency and the damping factor of TO phonons, respectively.
The numerical values of these parameters were taken from literature [19–21] and found by
fitting experimental data and are summarized in Table 2.
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Table 2. Parameters of transfer optical (TO) phonon resonance for AlN and GaN.

Compound ε0 ε∞
h̄ωTO
(meV)

γ

(cm−1)

AlN 8.5 4.68 82.3 6.6
GaN 9.5 5.4 69.3 4.0

The UID GaN (layer 2) and the high resistivity GaN:C buffer (layer 3) were described
by Equations (1), (2) and (12). It is known that the lattice quality of the bottom part of a
GaN buffer can be rather low due to lattice mismatch against the substrate material which
results in a variation of the phonon damping factor γ along the growth direction of the
structure [22]. For this reason, we introduced different damping factors γ2 and γ3 for the
layers 2 and 3, respectively. The AlN nucleation layer was described by Equations (1), (2)
and (12) using the values of ε0, ε∞ and ωTO listed in Table 2. The damping factor of this
layer γ4 was used as fitting parameter.

The elements of the propagation matrix P5 describing the substrate were calculated
using the experimental data on a complex refractive index of 6H-SiC published recently in
Refs. [23,24].

The heterostructure under investigation includes one conducting interface only. This
is the barrier/buffer interface. Its transfer matrix D2/1 is determined by the conductivity of
2DEG at the interface which was simulated using the Drude model:

σs(ω) =
e2Nsτ

me

1
1− iωτ

, (13)

where Ns is 2DEG concentration, me is effective mass of 2D electrons and τ is their relaxation
time determined by the mobility: τ = meµ/e.

The transmittance and reflectance of the samples QWR, HBR and SUB obtained by
FTIR spectroscopy were calculated in a similar way. For these samples the transfer matrices
M = D6/5P5D5/4P4D4/3P3D3/2P2D2/0, M = D6/5P5 . . . P3D3/0 and M = D6/5P5D5/0
were used, respectively.

It should be noted that the modelling algorithm of the THz spectra obtained with THz
TDS spectrometer was slightly different from above. It was used for a short time window
of 10 ps for measurement of single pass THz pulse characteristics [9]. Consequently, the
optical transmittance of the whole structure can be written as

T = Tm
n5

n0
e−α5d5(1− r65), (14)

where the optical transmittance Tm of all the epitaxial layers were simulated using their
total transfer matrix,

m = D5/4P4D4/3P3D3/2P2D2/1P1D1/0 (15)

and Equation (5) replacing Mij with mij. In Equation (14), α5 = 2 ω
c k5 and r65 =

(
ñ5−1
ñ5+1

)2

denote the absorption coefficient of the substrate and the reflection coefficient of the
substrate/vacuum interface, respectively.

5. Results and Discussion

At first we analyzed the reflectance spectra of the samples QWR and HBR. The selected
spectral range of 380–720 cm−1 overlaps with the Reststrahlen region of AlN and GaN
providing for the access of resonant features of TO phonons in UID GaN, GaN:C buffer
and AlN nucleation layers of the heterostructure. In particular, the shape of the feature is
very sensitive to the variations of the layer thickness and the phonon damping factor of
each layer, namely, γ2, γ3 and γ4. The latter values were correlated with the crystal quality
of the epitaxial layer. The TO phonon damping factors were used as variable parameters
fitting simulated data to the experimental reflectance spectra.
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The reflectance of the sample HBR at room temperature is shown in Figure 3a. The
spectrum was modelled assuming that the amplitude of the reflectance peak in the vicinity
of TO phonon resonance of AlN layer (at 675 cm−1) is controlled by the damping factor
γ4 while the interference pattern in the wavenumber range of 450–555 cm−1 is defined by
the d′3 and γ3 parameter values of the GaN:C layer possessing the TO phonon resonance
at 559 cm−1. There is a strong dispersion here of the refractive index which results in an
irregular interference pattern due to multiple radiation reflections inside the GaN:C layer.
Namely, one can see the interference maxima at 513 and 552 cm−1 and the interference
minimum between them at 535 cm−1. By fitting the simulated results to the experimental
spectrum (see Figure 3a), the parameters of the AlN nucleation layer and the GaN:C buffer
layer were obtained: γ4 = 4.02 cm−1, d′3 = 1200 nm and γ3 = 8.0 cm−1. It is important
to note that the obtained value of the phonon damping factor of 8.0 cm−1 for the GaN
buffer is up to 2.5 times smaller than that found in [22], for a similar buffer layer but
grown on sapphire substrate and without the usage of an AlN nucleation layer. Therefore,
our results demonstrate that the use of an optimal nucleation layer for the growth of
commercial HEMT structures on the SiC substrate is beneficial as the crystal quality of the
upper GaN layer improves significantly. Moreover, a considerable improvement of low-
frequency electrical performance as well as a weaker quenching of reduced magnitude THz
electroluminescence from shallow impurities remaining in a commercial HEMT structures
were demonstrated over the AlGaN/GaN/sapphire platform [10,25]. The increase in the
value of phonon damping factor in the bottom part of the GaN buffer was also observed
and associated with an extrinsic phonon scattering at the lattice imperfections resulting
from lattice mismatch as an effect of a foreign substrate [22].

The parameters of the UID GaN layer (layer 2 in the considered model) were deter-
mined from the experimental reflectance of the QWR sample. The results are shown in
Figure 3b. The spectrum demonstrates an inversed interference pattern in the range of
450–555 cm−1, namely, there are two interference minima at 493 and 550 cm−1 and one
maximum between them at 532 cm−1. This transformation of the interference pattern is
associated with the increase of total thickness of GaN layers by a factor of 1.7 in comparison
to that in the HBR sample. By fitting the simulation data to the experimental spectrum (see
(Figure 3b), the thickness and phonon damping factor for the UID GaN layer was found to
be of d′2 = 750 nm and γ2 = 4.0 cm−1, respectively. Note that the value of the TO phonon
damping factor indicates the GaN epitaxial layers with quality similar to those grown on
native and foreign substrates [21,22].

Next, we investigated the relative spectrum of UID GaN, GaN:C buffer and AlN
nucleation layers measuring the intensities IQWR and ISUB at the output of the QWR and
SUB samples, respectively. The IQWR/ISUB ratio spectrum is shown in Figure 4. It was
considered as a characteristic transmittance of the stack of all three layers. The theoretical
spectrum was also found modeling the ratio of TQWR/TSUB, here TQWR is the transmittance
of the QWR sample calculated using the best-fit parameters modeling the reflectance of
the HBR and QWR samples. The model for the transmittance TSUB of the 6H-SiC substrate
(sample SUB) was described in Section 4.

As it is seen from Figure 4, the simulated relative spectrum of the stack of UID GaN,
GaN:C buffer and AlN nucleation layers is in a good agreement with the experimental one
at wavenumbers k < 250 cm−1, but at higher wavenumbers, there is a noticeable discrepancy.
Namely, the experimental relative spectrum demonstrates a negative deviation with values
up to about 7% at k = 400 cm−1. Similar negative deviation (of about 6% at k = 400 cm−1) can
be detected for the experimental reflectance spectrum of the QWR sample in the spectral
range of 380–450 cm−1 (see also Figure 3b). Obviously, the simultaneous signal attenuation
in both spectra at the same spectral range can be associated with scattering of incident
radiation that was not considered in the model used. It might be that the radiation was
scattered by the rougher surfaces of the QWR sample caused by reactive ion etching.
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Figure 4. Relative spectrum of the stack of UID GaN, GaN:C buffer and AlN nucleation layers at room
temperature. Thick and narrow solid lines correspond to FTIR and TDS experiments, respectively.
Dashed line represents the results simulated at the best-fit parameters for the reflectance spectra.

The transmittance spectra of the whole heterostructure obtained by the FTIR method
at two temperatures are shown in Figure 5 by thick solid lines. A significant peculiarity of
both spectra is a sharp dip around wavenumber of 240 cm−1. The dip is not associated with
the epilayers of the heterostructure: it is due to folded transverse acoustic phonon modes
in the 6H-SiC substrate [23,24]. The spectra obtained by the TDS method (thin solid lines)
demonstrate smaller transmittance values in comparison to the FTIR data. In particular,
the transmittance at wavenumber of 80 cm−1 is smaller by about 5%. The reduction was
associated with a single pass of THz pulse through the sample due to a rather short time
window taken for analysis of TDS measurements in order to avoid the appearance of F–P
oscillations in the spectra.

THz performance of 2DEG was experimentally examined comparing the intensities
IWS and IQWR recorded for the WS and QWR samples, respectively. The IWS/IQWR ratio
spectrum is shown in Figure 6. It was attributed to the high-frequency characteristic of
2DEG layer as the radiation absorption in all epilayers above the QW with a total thickness
of 22.8 nm was found to be negligibly small in the whole spectrum under consideration.
The simulations demonstrated that the change of the IWS/IQWR ratio should not exceed
0.1% going from the FTIR method to the TDS method and this is much smaller than the
experimental accuracy of both methods used. Although, a single pass and multi pass
transmission through the substrate result in different absolute values obtained by the
two methods, it proportionally modifies both intensities in the numerator and in the
denominator of the ratio IWS/IQWR. Similarly, the IQWR/ISUB ratio is convenient for the
characterization of the stack of UID GaN, GaN:C buffer and AlN nucleation layers (see
also Figure 4).

Modelled relative spectrum of TWS/TQWR ratio was also calculated. The results are
shown in Figure 6. Simulation was performed with the help of Equation (13) using a
common value of the electron effective mass me = 0.22 m0 [26] and corresponding 2DEG
parameters measured for our HEMT structures in the Hall experiment (Table 1). At the
temperature of 77 K, the theoretical simulations are in a good agreement with experimental
results (Figure 6a). The main feature in the transmittance spectrum is the monotonic
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amplitude increase with the increase of incident photon energy visible up to 15 meV. This
steep shoulder is a fingerprint of free carrier absorption due to high-frequency Drude
conductivity of 2DEG in AlGaN/AlN/GaN HEMT structures.
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Figure 5. Transmittance of the whole heterostructure (WS) at temperatures of 77 K (a) and 300 K (b).
Thick and thin solid lines correspond to FTIR and TDS experiments, respectively. Black dashed lines
show modeling for single-pass THz TDS measurements, while blue and red dashed lines represent
results of calculation for multi-pass FTIR data at the best-fit parameters.
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Figure 6. Characteristic spectra of 2DEG at the temperatures of 77 K (a) and 300 K (b). Thick and
narrow solid lines correspond to FTIR and TDS experiments, respectively. Simulated spectra are
shown by dashed lines for me = 0.2 m0 and by dash-dot line for me = 0.34 m0. Inset in panel (a)
demonstrates the multi-layer model used for transmittance simulation for sample WS. Inset in panel
(b) shows the model used for the QWR sample. The numbers in brackets indicate the layers of the
model described in Section 4.

We noticed that at room temperature, the numerical modelling suggested a signifi-
cantly flat Drude part of the transmittance spectrum in comparison to that measured in the
experiment (see dashed and solid lines in Figure 5b). However, the numerical modelling
fitted much better to the experiment if the effective electron mass me = 0.34 m0 [15] was
used (compare dash-dot and solid lines in Figure 6b). The renormalization of the electron
effective mass starting from the temperature of 134 K was also found in AlGaN/GaN het-
erostructures but without AlN spacer conducting the optical Hall effect experiments with
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free 2D electrons [16] and the THz TDS of 2D plasmons [15]. These two independent works
revealed that the electron effective mass changes from 0.22 m0 at 80 K to 0.36± 0.03 m0 at
300 K and to 0.34m0 at 294 K, respectively.

It is worth noting that the use of calibration samples would allow for further develop-
ment of the IR-THz spectroscopy method for use as a non-destructive characterization tool
of the UID GaN, GaN:C buffer, AlN nucleation and 2DEG layers of different commercial
AlGaN/GaN HEMT structures.

6. Conclusions

The infrared-terahertz spectroscopy method has been developed for the investiga-
tion of optical performance of 2DEG and GaN:C buffer layers in the AlGaN/AlN/GaN
heterostructures grown on SiC substrate. The high-frequency Drude conductivity of the
2DEG layer and the single-phonon-resonance dielectric permittivity of the barrier, buffer
and nucleation layers were taken into consideration in the transfer matrix method in order
to describe the experimental data.

Attenuation of the transmitted signals in the long-wavelength spectrum part at tempera-
ture of 77 K was associated with high-frequency Drude conductivity of 2DEG. However, at
room temperature, the simulation predicted a noticeably wider attenuation band than that
observed in the experiment. The discrepancy between theory and experiment was eliminated
assuming a 1.5-fold increase in the electron effective mass with the increase of temperature.

Transmittance and reflectance of samples with sequentially removed UID GaN, GaN:C
buffer and AlN nucleation layers by reactive removing allowed the investigation of the TO
phonon damping factor in the frequency range of 380–720 cm−1. It was demonstrated that
the presence of a proper AlN nucleation layer on SiC substrate allowed the reduction of
the phonon damping factor of GaN:C buffer by a factor of 2.5 in comparison to the buffers
which were grown directly on Al2O3 substrate. Therefore, the deposition of the nucleation
layer significantly improves the crystal quality of epitaxial layers by growing them on
foreign substrates.

This work opens the way for the development of non-destructive test methods based on
terahertz and infrared spectroscopies of high-frequency performance of epitaxial GaN and
2DEG layers in the commercial AlGaN/GaN high-electron mobility transistor structures.

Author Contributions: Conceptualization, V.A.S. and I.K.; methodology, R.B.A., D.P., V.A.S. and
I.K.; software, R.B.A. and D.P.; validation, M.D.M., M.Y.V., V.J. and I.K.; investigation, R.B.A., D.P.,
M.D.M., M.Y.V., V.J., J.J., S.T., P.P., M.K., M.S. and I.K.; writing—original draft preparation, R.B.A.,
V.A.S., P.P. and I.K.; writing—review and editing, V.A.S., J.J. and I.K.; visualization, R.B.A., D.P.,
M.Y.V., and I.K.; supervision, I.K.; funding acquisition, P.P., M.S. and I.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received funding from the Research Council of Lithuania (Lietuvos mokslo
taryba) under the “TERAGANWIRE” Project (Grant No. S-LL-19-1). The work at Warsaw was sup-
ported by the National Center for Research and Development (Grant No. WPC/20/DefeGaN/2018)
and the National Science Centre (Grant No. UMO-2017/27/L/ST7/03283). The authors V.A.S.,
M.D.M. and M.Y.V. are grateful for the support of the Ministry of Science and Higher Education of
the Russian Federation (state assignment).

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author.

Acknowledgments: The work was supported by the Research Council of Lithuania (Lietuvos mokslo
taryba) under the “TERAGANWIRE” Project (Grant No. S-LL-19-1). The authors V.A.S., M.D.M.
and M.Y.V. are grateful for the support of the Ministry of Science and Higher Education of the
Russian Federation (state assignment). The work at Warsaw was supported by the National Center
for Research and Development (Grant No. WPC/20/DefeGaN/2018) and the National Science
Centre, Poland (Grant No. UMO-2017/27/L/ST7/03283). The authors acknowledge access to the
THz spectrometer T-SPEC 800 kindly provided by Teravil Ltd., Vilnius, Lithuania. The authors
acknowledge Jacek Kacperski for the help during sample fabrication and Roman Balagula for
enlightening discussions.



Appl. Sci. 2021, 11, 6053 13 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Briggs, N.; Subramanian, S.; Lin, Z.; Li, X.; Zhang, X.; Zhang, K.; Xiao, K.; Geohegan, D.; Wallace, R.; Chen, L.-Q.; et al. A roadmap

for electronic grade 2D materials. 2D Mater. 2019, 6, 022001. [CrossRef]
2. Dyer, G.C.; Aizin, G.R.; Preu, S.; Vinh, N.Q.; Allen, S.J.; Reno, J.L.; Shaner, E.A. Inducing an Incipient Terahertz Finite Plasmonic

Crystal in Coupled Two Dimensional Plasmonic Cavities. Phys. Rev. Lett. 2012, 109, 126803. [CrossRef] [PubMed]
3. Caldwell, J.D.; Lindsay, L.; Giannini, V.; Vurgaftman, I.; Reinecke, T.L.; Maier, S.A.; Glembocki, O.J. Low-loss, infrared and

terahertz nanophotonics using surface phonon polaritons. Nanophotonics 2015, 4, 44–68. [CrossRef]
4. Ozaki, Y. Recent advances in molecular spectroscopy of electronic and vibrational transitions in condensed phase and its

application to chemistry. Bull. Chem. Soc. Jpn. 2019, 92, 629–654. [CrossRef]
5. Jepsen, P.U.; Cooke, D.G.; Koch, M. Terahertz spectroscopy and imaging—Modern techniques and applications. Laser Photon. Rev.

2011, 5, 124–166. [CrossRef]
6. Harrouche, K.; Kabouche, R.; Okada, E.; Medjdoub, F. High Performance and Highly Robust AlN/GaN HEMTs for Millimeter-

Wave Operation. IEEE J. Electron. Devices Soc. 2019, 7, 1145–1150. [CrossRef]
7. Boppel, S.; Ragauskas, M.; Hajo, A.; Bauer, M.; Lisauskas, A.; Chevtchenko, S.; Ramer, A.; Kasalynas, I.; Valusis, G.; Wurfl, H.-J.;

et al. 0.25-µm GaN TeraFETs Optimized as THz Power Detectors and Intensity-Gradient Sensors. IEEE Trans. Terahertz Sci.
Technol. 2016, 6, 348–350. [CrossRef]

8. Shalygin, V.A.; Moldavskaya, M.D.; Vinnichenko, M.Y.; Maremyanin, K.V.; Artemyev, A.A.; Panevin, V.Y.; Vorobjev, L.E.; Firsov,
D.A.; Korotyeyev, V.V.; Sakharov, A.V.; et al. Selective terahertz emission due to electrically excited 2D plasmons in AlGaN/GaN
heterostructure. J. Appl. Phys. 2019, 126, 183104. [CrossRef]

9. Pashnev, D.; Kaplas, T.; Korotyeyev, V.; Janonis, V.; Urbanowicz, A.; Jorudas, J.; Kašalynas, I. Terahertz time-domain spectroscopy
of two-dimensional plasmons in AlGaN/GaN heterostructures. Appl. Phys. Lett. 2020, 117, 051105. [CrossRef]

10. Sai, P.; Jorudas, J.; Dub, M.; Sakowicz, M.; Jakštas, V.; But, D.B.; Prystawko, P.; Cywinski, G.; Kašalynas, I.; Knap, W.; et al. Low
frequency noise and trap density in GaN/AlGaN field effect transistors. Appl. Phys. Lett. 2019, 115, 183501. [CrossRef]
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