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Abstract. In this work, the transmission of microstructures based on gallium nitride with dif-
ferent doping levels in the mid- and far-infrared spectral ranges at 7= 300 K was experimen-
tally studied. The transmission of the studied structures in these spectral ranges was modeled
using the transfer matrix method. It is shown that the contribution of the lattice, according to
the single-phonon resonance model, and the contribution of free electrons, according to the
Drude model, to the dielectric constant allows one to satisfactorily describe the optical proper-
ties of the studied microstructures up to a quantum energy of 300 meV. The absorption coeffi-
cient for CO, laser radiation (photon energy 117 meV) has been calculated. It has been shown
that in gallium nitride absorption on free electrons at a given photon energy can be observed
experimentally at an electron concentration exceeding 6-10'° cm™. The optimal thickness of
GaN layers for experimental observation of the absorption modulation of CO, laser radiation
in electric field for different doping levels was determined.
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OnTMyecKMe CBOMCTBA 3NUTaKCcHMasibHbIX cnnoeB GaN
B CpeaHeM M fanbHeM MHpaKkpacHbIX gManasoHax
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AnHotanusga. B paGote skcrepuMeHTalbHO MCCAEI0BAHO MPONYCKaHUE MUKPOCTPYKTYp Ha
OCHOBE HUTPU/IA FAJINSI C Pa3HBIM YPOBHEM JIETUPOBAHUS B CPEAHEM U TaJIbHEM UH(PpaKpacCHOM
nuamnaszoHax npu 7= 300 K. IIpoBeaeHO MoaeIMpoBaHUE TPOITYCKAHUS UCCIENYEMBIX CTPYKTYP
B JAHHBIX CITEKTpaJbHBIX AWara3oHax C IMOMOIIbI0 MeToma Marpuil nepeHoca. IlokaszaHo,
YTO BKJIAN PEUIETKHU, COTJIACHO MOJAEIM OAHO(GOHOHHOTO pE30HAHCAa, U BKJIAJ CBOOOIHBIX
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4 Bulk properties of semiconductors

3JIEKTPOHOB, COrjlacHO Mozaenu Jlpyae, B AMBJACKTPUYECKYID IIPOHUIAEMOCTb I103BOJISIET
YIOBJICTBOPUTEILHO OIMCHIBATH OINTHUYECKME CBOMCTBA MCCIECIOBAHHBIX MUKPOCTPYKTYD
BILIOTH 10 3Hepruu kKBaHta 300 MaB. Paccuntan koadUUMEHT MOTIOLIEeHUS 111 U3TyYeHUSs
CO,-nazepa (aneprug kBanta 117 m3B). ITokasaHo, 4TO B HUTpUIE TaJUIMs MOTJIOLIEHNE Ha
CBOOOHBIX 2JIEKTPOHAX TIPU JTAHHOM SHEPTMU KBAaHTa SKCIIEPUMEHTAIBHO MOXKXHO HaOII0AaTh
MPpU KOHIEHTPAIlMM BJICKTPOHOB, TpeBbImatomei 6-10'° cm—3. OnpeneneHa onTUMaibHas
tonuHa IieHoK GaN [ 3KCIepUMMEHTaJbHOIO HaOJIOAEeHUsS MOMYJISLIMU MOTJIOIIeHUS
usnyyennss CO,-nasepa B JIEKTPUYECKOM TOJIE Ul Pa3HBIX YPOBHEM JIETMPOBAHMUS.

KimoueBble ciioBa: HUTPUJ Tajlivsi, CBOOOMHBIE 3JIEKTPOHBI, MPOITyCKaHWE, TOTJIOIIEeHNE,
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@unancuposanue: VcciienoBaHue BBIMOJHEHO 3a CYET TpaHTa POCCHIICKOTO Hay4HOTO
donma Ne 23-12-00036, https://rscf.ru/project/23-12-00036/.

Ccpuika mpu nutupoBanmm: MeneHteeB [.A., KapaynoB M.A., Koctpomun H.A.,
Bunnnuenko M.S., ®upcos JI.A., llaneirua B.A. OnTudeckue cBOMCTBA 3MUTAKCUAIBbHBIX
cioeB GaN B cpegHeM U JajdbHeM WMHMpaKpacHbIX auamna3oHax // HayyHo-TexHUueckue
Begomoctu CIIOITIY. ®dusuko-matematnueckue Hayku. 2024. T. 17. Ne 1.1. C. 12—19. DOI:
https://doi.org/10.18721/ JPM.171.102

CraTbsl OTKPBHITOTO AocTymna, pacrnpoctpaHseMas no jguneH3uu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Modern opto- and nanoelectronics devices use various III-V group semiconductors. Gallium
nitride stands out as a promising material for developing optical devices in the visible and infrared
spectral ranges due to its unique combination of physical properties. The operation of many
optoelectronic devices is accompanied by heating of charge carriers in an electric field; their
functioning is also significantly affected by the absorption of radiation on nonequilibrium charge
carriers. To analyze the absorption of radiation in an electric field, information about absorption
under equilibrium conditions is required. The goal of this work is experimental and theoretical
study of the equilibrium absorption of radiation by free electrons in epitaxial layers of gallium
nitride.

Materials and Methods

In this work, we studied films of hexagonal n-type gallium nitride grown by metalorganic
vapor phase epitaxy on a sapphire substrate with a buffer layer of specially undoped GaN. The
thickness of the epitaxial films was 4.3 pm, the thickness of the buffer layer was 2 um, and
the thickness of the sapphire substrate was 440 um. Films with different doping levels were
studied. Based on the study of the Hall effect and electrical conductivity at room temperature,
the following values of concentration (mobility) of free electrons were obtained: 3.1-10"7 cm™
(246 cm?/V-s), 1.4-10"® cm™3 (231 cm?/V-s) and 3.4-10"® cm™3 (205 cm?/V-s) for samples No. 1,
2 and 3, respectively. The optical transmission spectra of the microstructures were studied at
room temperature in the mid- and far-infrared spectral ranges. The experiments were carried out
using a Bruker Vertex 80v vacuum Fourier spectrometer operating in fast scanning mode. The
radiation source was a globar. For studies in the mid-infrared (MIR) spectral range, a DLaTGS
pyroelectric photodetector and a KBr beam splitter were used, and for studies in the far-infrared
(terahertz) spectral range, a DLaTGS FIR pyroelectric photodetector and a Mylar beam splitter
were used. The sample was placed in a Fourier transform spectrometer, which was evacuated to
a pressure of 5 hPa; radiation from the globar, incident normal to the surface, passed through the
sample and was measured by a photodetector.

Results and Discussion

Our samples are multilayer structures: GaN film / GaN buffer layer / sapphire substrate. It
is convenient to model the transmission and reflection of radiation by such structures using the
transfer matrix method [1, 2]. In this method, the reflection coefficients R and transmission
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coefficients 7" are calculated using a matrix M of size 2x2. To obtain the matrix M, matrices
describing the passage of an electromagnetic wave through each j-th layer P as well as describing
the passage of an electromagnetic wave through the boundary between the j-th and (j+1) layer

D, In the case of normal incidence of light, the matrix P, is calculated as follows:
exp(i¢; 0
p _[SxPUS)) ! "
L0 exp-ig))

o . . .
where @ ;=—n jd ;Is the phase change of the electric field of the wave when passing through

c
layer j, o is the angular frequency of the electromagnetic wave, c is the speed of light, n/ =n.+ zk
is the complex refractive index of layer j, n, kj and a’ are the real refractive index, the extinction
coefficient and the thickness for the layer j, respectlvely In the case of normal 1n01dence of light,
the matrix D, is calculated as follows:

G+
D - 1 (n,,+n, n, —n, 2
T T P B R A

1A ANA! J J+l J

The transfer matrix M for our structure is written as follows:
M D4/3PD3/2PD2/1PD1/0’ (3)
where index 0 corresponds to vacuum, index 1 to the doped GaN epitaxial layer, index 2 to

the GaN buffer layer, index 3 to the sapphire substrate, and index 4 to vacuum. Knowing the
elements of the matrix M, we can calculate the coefficients of reflection:

2
R=|Ma| (4)
.. M22
and transmission:
2

M, M
T = ‘ M, -2 ()

M22

The spectra of reflection and transmission coefficients calculated using (4) and (5) contain
oscillations with a small period caused by interference in the “thick” substrate. However, we did
not observe them experimentally due to insufficient resolution. Therefore, according to [2], it is
possible to exclude these oscillations by considering the substrate as an “incoherent layer.” Then
for the substrate, the matrix P is transformed to the following form:

e:xp[i{(l)3 +gD 0
(6)

£(0) = :

o]

and the transfer matrix is written as follows:
M(@) = D4/3Ps (6)D3/szD2/1P1D1/0- ™)

To obtain R and T, it is necessary to average (4) and (5) over 6:

_ M_@‘ a0, ®)
2m 7 | M, (0)
. 2
r-Lj Mn(@)_w‘ 40 ©)
2TE -7 M22 (8)
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4 Bulk properties of semiconductors

For GaN layers 7 can be calculated using the Fresnel equation:
i =g, (10)

where ¢ is the dielectric constant. The dielectric constant contains contributions from the lattice
(according to the single-phonon resonance model) and free electrons (according to the Drude

model):
2 2 2
e()=¢, | 1+——t0 %0 O (11)
” o7, —o(0+iy,) o(o+iy,) )

where ¢_ is the high-frequency dielectric constant, o, , is the frequency of the longitudinal optical
phonon, o, is the frequency of the transverse optical phonon, Y, is the damping constant of the

. 4nN e* . . .
optical phonon, ®, = ——=<— is the plasma frequency, N, is the concentration of free electrons,

goome
m, is the effective mass of the electron, y, = 1/1, is the plasmon damping constant, t, is the

e

electron relaxation time determined from expressions for mobility p, =

e
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Fig. 1. Experimental (circles) and simulated (lines) transmission spectra in the THz spectral range for
sample 1 (blue line and circles), 2 (red line and circles) and 3 (magenta line and circles).
The experiment was carried out at room temperature

Using (9), the transmission spectra of the samples under study were simulated. For sapphire,
the values n and k from [3, 4] were used, and for GaN layers they were calculated according to (10)
and (11). For the buffer layer, characteristic concentration and mobility values for intentionally
undoped GaN films were used: N, = 4-10'¢ cm™, p, = 200 cm?/V-s [5]. The ®, and vy, values of
the doped GaN layers were used as fitting parameters for the model. For simplicity, the effective
electron mass is assumed to be constant for all doping levels and equal to 0.2m,. Other necessary
parameters of gallium nitride were taken from [6—8]. In Figure 1, solid lines show the results
of modeling the transmission of the structures under study at the best-fit parameters. It can be
seen that the model calculation well describes the transmission spectrum in the THz spectral
range. Table presents the parameters of the doped GaN layers obtained from the study of the
Hall effect and electrical conductivity, and the parameters obtained from the simulation of the
transmission in the terahertz spectral range. As the doping level increases, the concentration and
mobility values obtained from Hall measurements and from transmittance spectrum simulations
differ less and less. The concentration values for the least doped GaN film differ the most. Thus,
it can be said that the single-phonon resonance model and the Drude model adequately describe
the contribution of the lattice and electrons to the dielectric constant of GaN in the terahertz
spectral range.

Fig. 2, a shows the experimental transmission spectra of the samples in the mid-infrared
spectral range. These spectra have several features. Firstly, the spectra exhibit oscillations, the
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Table
Parameters of samples obtained by various methods
Hall :)?dei?nlﬁgzwuy Terahertz transmission experiment
Sample P
N,cm? |u,cm?’V-s @, meV | y,meV | N,cm? w, cm?’/V-s
1 3.1-107 246 9 12.1 6.3-10'¢ 478
2 1.4-10" 231 25.3 18.3 4.9-10"7 316
3 3.4-10"8 205 58.6 27.9 2.7-10" 207

period of which is almost the same for all the samples under study. These oscillations are caused
by the interference of light in the buffer layer and the doped GaN film. At a frequency o greater
than 4.56-10' rad/s (photon energy greater than 300 meV), the real refractive index # is practically
independent of the doping level, and absorption is low (Fig. 3), i.e., n is determined by the lattice
and can be estimated as \/g . Knowing the period of oscillations and the refractive index, it is
easy to obtain the thickness of the layer in which interference occurs. This thickness was 6.3—6.4
um, which is consistent with the technologists’ data. Secondly, at photon energies less than 170
meV there is no transmission. This is due to absorption in the sapphire substrate [9]

a) b)
1.0 1.0
T=300K !
0.8} 0.8F
< I I
5 0.6} 5 06}
2 2
5 E
S 04} S 04f
= =
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00 1 1 1 00 1 1 Il
100 200 300 400 500 100 200 300 400 500
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Fig. 2. Experimental (@) and simulated (b) transmission spectra in the mid-infrared spectral range for
sample 1 (blue line), 2 (red line) and 3 (magenta line).
The experiment was carried out at room temperature; resolution is 1 meV

Fig. 2, b shows the simulated transmission spectra of the structures under study in the mid-
infrared spectral range, calculated using (9). The values of n and k for sapphire were taken
from [9], and for GaN layers were calculated using (10) and (11). In this case, the parameters
of the buffer layer remained the same, and for the parameters of the doped GaN films, the
values obtained as a result of modeling transmission in the THz region were taken (Table). Fig. 2
demonstrates that the period and amplitude of the calculated transmission oscillations coincide
well with the experimental ones. It is also clear that at photon energies less than 300 meV, the
transmission of samples decreases with increasing doping level, which is due to absorption by
free electrons. At the same time, the experimental and theoretical transmission spectra differ.
Firstly, the simulated transmission spectra do not demonstrate sharp monotone increase in range
from 170 to 220 meV. Secondly, the theoretical transmittance curves are located slightly higher
on the OY axis. Thirdly, a decrease in transmission is observed, starting with a photon energy
of 300 meV. These differences are explained by ambiguous data for » and k for sapphire in the
mid-infrared spectral range, as well as extra absorption mechanisms in GaN, which are not taken
into account in model (11). It can be concluded that the single-phonon resonance model and the
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4 Bulk properties of semiconductors

Drude model satisfactorily describe the contribution of the lattice and electrons to the dielectric
constant in the mid-infrared range up to photon energies of 300 meV.

Fig. 3 shows the spectra of the real refractive index and extinction coefficient of gallium
nitride, calculated on the basis of (10) and (11) for the samples under study. These dependences
were also calculated for pure GaN (N, = 0), which makes it possible to identify the contribution
of free electrons to n and k. The feature in the region of 100 meV, characteristic of all samples,
is due to the Reststrahlen band of GaN. From a comparison with » and k for pure GaN, it is
clear that the presence of free electrons greatly modifies the spectra. In this way, in the spectra
of the real refractive index in the terahertz region, a minimum appears, which shifts to the
high-frequency region with increasing concentration of free electrons. The value of extinction
coefficient increases monotonically with NV, growth over the entire range.

a) b)
15 10%¢
- =N =0cm?® ]
e 101 E
sample 1 ;
sample 2 10°F
L le 3 E
10 sample 107 d
s ~ 107
10° -
Sr 4: - =N =0cm?® ¥
_> 10 2 —— sample 1
| 10°F —— sample 2
0 . ﬂ T=300K 10 P 7=300K . sample 3 N
1 10 100 1000 1 10 100 1000
hv, meV hv, meV

Fig. 3. Spectra of the real refractive index (a) and extinction coefficient (b) for pure GaN (dashed
line), sample 1 (blue line), 2 (red line) and 3 (magenta line)

For experimental studies of absorption, including studies under conditions of carrier heating
by an external electric field, in the mid-infrared spectral range it is convenient to use a CO, laser
(radiation wavelength 10.6 um, photon energy 117 meV). Fig. 4 shows the absorption spectra of
the samples under study and pure GaN, calculated in a wide range of photon energies from the
relation

a=2"k. (12)

For free electron concentrations of 0, 6.3-10'%, 4.9-10"7 and 2.7-10'"® cm™3, the absorption

10°
10*F
- 10%E
£
[&]
3 102L
10 - =N,=0cm®
sample 1

10"k sample 2
sample 3
100 T A e AN
10 100 1000

hv, meV

Fig. 4. Absorption coefficient spectra for pure GaN (dashed line), sample 1 (blue line), 2 (red line)
and 3 (magenta line). The vertical dash-dotted line corresponds to the energy of the CO, laser photon
(117 meV)
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coefficient at a photon energy of 117 meV is 48, 59, 183 and 1370 cm™', respectively. Thus,
for sample No. 1, the contribution of free electrons to absorption is quite small, therefore, for
experimental studies it is necessary to use samples with a concentration noticeably higher than
6-10'¢ cm™3. To study the effects of electroabsorption in n-GaN epitaxial films at the wavelength
of a CO, laser radiation, the optimal film thickness decreases with increasing concentration of
free electrons. To determine it, equality ad = 1 can be used. Thus, for electron concentrations of
4.9-10"7 and 2.7-10"® cm™3, the optimal film thickness is 55 and 7 um, respectively. It is advisable
to use silicon as a substrate.

Conclusion

In this work, the transmission of GaN-based microstructures in the terahertz and mid-infrared
spectral ranges at room temperature was experimentally studied. The transmission of the studied
structures was simulated using the transfer matrix method. The dielectric constant of GaN was the
sum of the contributions from the lattice (according to the single-phonon resonance model) and
free electrons (according to the Drude model). Transmission modeling in the THz range made it
possible to obtain refined values of the parameters of doped gallium nitride films, and modeling
in the mid-infrared spectral range demonstrated that the single-phonon resonance model and the
Drude model in the structures we studied provide adequate results up to photon energies of 300
meV. The absorption coefficient of GaN was also calculated in a wide range of photon energies
for different doping levels and the free electrons contribution to the absorption was revealed.
In particular, absorption at the photon energy of CO, laser radiation is considered. It has been
shown that in gallium nitride, absorption on free electrons at a given photon energy can be
experimentally observed at an electron concentration exceeding 6-10' cm?’. Thus, for free electron
concentrations of 4.9-10'7 and 2.7-10"® ¢cm™3, the optimal thickness for observing the absorption
modulation of CO, laser radiation in electric field is 55 and 7 pm, respectively.
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