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ABSTRACT
Electron effective mass is a fundamental material parameter defining the free charge carrier transport properties, but it is very challenging to
be experimentally determined at high temperatures relevant to device operation. In this work, we obtain the electron effective mass parameters
in a Si-doped GaN bulk substrate and epitaxial layers from terahertz (THz) and mid-infrared (MIR) optical Hall effect (OHE) measurements
in the temperature range of 38–340 K. The OHE data are analyzed using the well-accepted Drude model to account for the free charge carrier
contributions. A strong temperature dependence of the electron effective mass parameter in both bulk and epitaxial GaN with values ranging
from (0.18± 0.02) m0 to (0.34± 0.01) m0 at a low temperature (38 K) and room temperature, respectively, is obtained from the THz OHE
analysis. The observed effective mass enhancement with temperature is evaluated and discussed in view of conduction band nonparabolicity,
polaron effect, strain, and deviations from the classical Drude behavior. On the other hand, the electron effective mass parameter determined
by MIR OHE is found to be temperature independent with a value of (0.200± 0.002) m0. A possible explanation for the different findings
from THz OHE and MIR OHE is proposed.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0176188

The electron effective mass in GaN is a key material para-
meter for understating charge transport mechanisms and for the
design of GaN-based electronic devices. At very low temperatures
(LT) (4–10 K), an effective mass of (0.200–0.236) m0 (m0 is the free
electronmass) has been experimentally determined by cyclotron res-
onance and far-infrared (FIR) spectroscopy of shallow donors in
GaN.1–3 However, due to the large broadening of the energy levels,
these techniques are not applicable at higher temperatures, e.g., at
room temperature (RT, 300 K) and above, which are much closer to
device operation conditions.

Indirectly, mid-infrared (MIR) spectroscopy, which is sensitive
to the coupling of plasmon and longitudinal optical (LO) phonons
[i.e., to the longitudinal phonon–plasmon (LPP) modes], in com-
bination with electrical Hall measurements, permits obtaining the
electron effective mass parameter at higher temperatures.4–6 In all
these instances, free charge carrier contributions to the MIR opti-
cal response is analyzed using the classical Drude model. The RT
effectivemass of the electrons in GaNwas determined byMIR reflec-
tivity and electrical Hall effect measurements to be 0.22m0,4 in good
agreement with the LT results.1–3 MIR spectroscopic ellipsometry
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(MIR-SE) combined with electrical Hall measurements was also
used to determine the anisotropy of the RT electron effective mass
in GaN.5,6 In a Si-doped GaN epitaxial layer with a free elec-
tron concentration of Ne = 1 × 1019 cm−3, Kasic et al.5 determined
m∥ = 0.228 m0 and m� = 0.237 m0 parallel and perpendicular to the
c-axis, respectively. A slightly larger anisotropy has been reported
for a-plane n-GaN layers with Ne up to 1 × 1019 cm−3, with
m∥ = 0.216 m0 and m� = 0.239 m0.6 Note that the electron effective
mass and its anisotropy were found to be independent of the free
electron concentration up to Ne = 2 × 1020 cm−3.6

With the development of the optical Hall effect (OHE), which
consists of performing generalized spectroscopic ellipsometry at
long wavelengths in magnetic fields,7,8 the determination of the elec-
tron effective mass and its anisotropy at LT to RT (and above)
has become possible without the need to invoke additional elec-
trical measurements. The OHE describes the external magnetic
field-induced anisotropic charge displacement in materials when
interacting with electromagnetic waves. For samples containing
free charge carriers, the OHE causes detectable optical birefrin-
gence at longer wavelengths, where free charge carrier contribu-
tion to the optical response of the material is significant and can
be measured by generalized spectroscopic ellipsometry. The free
charge carrier sign, concentration, mobility, and effective mass
parameters can be extracted from the experimental OHE data
employing optical model-based analysis using the well-accepted
Drude model to account for the free charge carrier contributions
to the dielectric function.8 Utilizing MIR and far-infrared (FIR)
OHE measurements, the electron effective mass parameters and
their anisotropy at RT in InN epitaxial layers (m� = 0.050 m0 and
m∥ = 0.037 m0),9 In0.33Ga0.67N layers (m� ≈ m∥ = 0.204 m0),10
Al0.72Ga0.28N layers (m� ≈ m∥ = 0.336 m0),11 Al0.79Ga0.21N layers
(m� ≈ m∥ = 0.338 m0),12 and bulk β-Ga2O3 (me = (0.276–0.311)
m0)13 have been determined.

Previously, we have reported a strong temperature depen-
dence of the electron effective mass parameter associated with the
two-dimensional electron gas (2DEG) in AlGaN/GaN high elec-
tron mobility transistor (HEMT) structures determined by OHE in
the terahertz (THz) domain.14–16 The 2DEG effective mass para-
meter was found to be 0.22 m0 at temperatures up to 100 K, while
at RT, an increase by ∼50% was found. The observed effective
mass enhancement was attributed to the temperature-induced delo-
calization of the electron wave function and penetration into the
barrier layer having a higher effective mass parameter. However,
such a high increase cannot be fully explained by electron wave-
function hybridization due to the barrier layer material.17,18 Sim-
ilar results, consistent with our findings of significantly enhanced

2DEG effective mass, have been obtained by THz time-domain
spectroscopy.19–21 The observed increase in the electron effective
mass parameter at THz frequencies indicates that additional phe-
nomena in charge transport at higher temperatures may take place
and raise the question of whether such an enhancement can occur
for three-dimensional electrons in bulk GaN as well. This is vital to
understand since electron effective mass may be the limiting fac-
tor on mobility and will impact the design and optimization of
electronic devices operating at high frequencies and temperatures.
However, no experimental results for the bulk electron effective
mass parameter in GaN at THz frequencies and at temperatures
above 100 K exist. So far, all the reports on the electron effective
mass in bulk GaN at temperatures above 200 K have been based on
the analysis of LPP modes determined by infrared spectroscopy or
MIR-SE, which required additional electrical Hall measurements to
be invoked.4,5

In this work, we determine the electron effective mass para-
meters in GaN bulk material and epitaxial layers doped with
Si using THz and MIR OHE in the temperature range from
38 to 340 K. The classical Drude model, augmented to account
for the effect of the magnetic field, is employed for the analysis of
the OHE data. As a result, an electron effective mass parameter of
0.20 m0 is determined from MIR OHE and found to be the same at
LT (60 K) and RT. On the other hand, the electron effective mass
obtained by THz OHE shows a strong increase with increasing tem-
perature, with (0.20 ± 0.02) m0 and (0.34 ± 0.01) m0 at LT (60 K)
and RT, respectively. Different mechanisms that could contribute to
the observed enhancement at THz frequencies are discussed, and a
potential explanation for the differences from the MIR OHE results
is proposed.

Three different GaN samples were studied: (i) sample A—Si-
doped (1× 1017 cm−3) GaN substrate with a thickness of 500 μm
(MSE Supplies), (ii) sample B—Si-doped (5× 1017 cm−3) 1-μm-thick
GaN epitaxial layer, and (iii) sample C—Si-doped (5×1018 cm−3)
1.5-μm-thick GaN epitaxial layer (Table I). The provided Si con-
centrations corresponded to the nominal doping values. The GaN
substrate was fabricated by hydride vapor phase epitaxy, while
the epitaxial layers were grown by hot-wall metalorganic chemical
vapor deposition (MOCVD) on semi-insulating (SI) 4H–SiC(0001)
substrates using AlN nucleation layers.22,23

Cavity-enhanced THz OHE24 and MIR OHE measurements
were employed to determine the free charge carrier properties using
in-house-built THz16 and MIR25 ellipsometry setups operating in
300–500 and 600–1000 GHz, and 350–7900 cm−1 (10.5–236.8 THz)
ranges, respectively. The actual experimental spectral ranges used in
the analysis were limited by low signal intensities at the detector,

TABLE I. Summary of the GaN samples and conditions of the optical Hall effect measurements.

Sample Description [Si] (cm−3)
Temperature
range (K)

Magnetic
field (T) Spectral range

A GaN substrate 1 × 1017 38–340 0, ±8 THz:770–960 GHz
B 1 μmGaN epitaxial layer 5 × 1017 86–300 0, ±8 THz:340–1000 GHz
C 1.5 μmGaN epitaxial layer 5 × 1018 60–300 0, ±6 MIR:300–1700 cm−1
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resulting in low signal-to-noise ratios, and sensitivity to the OHE
at different temperatures. The measurements were performed in
the Mueller matrix ellipsometry mode,26 which provides access
to the magneto-optic anisotropy of the samples (OHE). The THz
and MIR ellipsometers operate in a polarizer-sample-rotating ana-
lyzer arrangement and provide access to the 3 × 3 upper left block
(Mij/M11, where i, j = 1, 2, 3) of the 4 × 4 Mueller matrix (Mij/M11,
where i, j = 1, 2, 3, 4). The Mueller matrix is based on Stokes vectors
formalism and describes the polarization state change of light upon
interaction with the sample. If the sample is optically isotropic, the
off-diagonal block elements (Mij, where ij = 13, 23, 31, 32) are equal
to zero. When optical anisotropy is present, conversion between
polarization components (e.g., s- and p-polarization modes) causes
the off-diagonal block elements to deviate from zero. In this work,
the optical anisotropy is induced by the OHE. The samples were
placed in a cryostat with superconducting magnets providing a mag-
netic field parallel to the incoming THz and MIR beams (angle of
incidence 45○).16,25 The experiments were performed at tempera-
tures of 60 K and RT (300 K) for the MIR measurements and from
38 to 340 K for the THz OHE measurements. Different temperature
ranges are reported for different samples due to limited sensitiv-
ity to the OHE at different temperatures. The sensitivity of our
equipment to the OHE depends on various factors, such as signal
intensity at the detector, electron density and mobility parameters,
and sample transparency. At each temperature, the measurements
were performed at zero field as well as at B = ±8 T for THz OHE and
B = ±6 T for MIR OHE, respectively.

The THz and MIR OHE data were analyzed by employ-
ing stratified layer model calculations using the 4 × 4 transfer
matrix method (Berreman-formalism),27 in combination with the
Levenberg–Marquardt algorithm and parameterized model dielec-
tric functions.8 The extracted error bars represent the 90% confi-
dence intervals derived from the covariance matrix of the fit para-
meters. The data analysis was carried out using the WVase32TM
software (J.A. Woollam Co. Inc.). The model for epitaxial GaN lay-
ers consists of a semi-infinite layer with the metal backside, an air
gap with variable thickness for the backside cavity, a uniaxial layer
with variable thickness for the 4H–SiC substrate with the AlN nucle-
ation, and GaN epitaxial layers with fixed thicknesses as determined
from visible–UV spectroscopic ellipsometry (RC2, J.A.WoollamCo.
Inc.). The optical properties of the metal backside are modeled with
the classical Drude dielectric function with a free charge carrier den-
sity of 1023 cm−3, a mobility of 5 cm2 V−1 s−1, and an effective mass
equal to the free electron mass m0, which results in a near-perfect
mirror behavior. The index of refraction of the backside cavity con-
taining air is set to n = 1. For in-plane and out-of-plane refractive
indices of 4H–SiC, n� = 3.13 and n∥ = 3.20, respectively, were used
in the model. These values were obtained by measuring the opti-
cal response of a bare 4H–SiC substrate in the THz region at RT.
Our analysis is only sensitive to the product of substrate thickness
and refractive index parameters, which exhibit negligible variations
within the used temperature ranges. Moreover, the magnitude of
the field difference data is not affected by the substrate index of
refraction.

The dielectric function tensor of GaN at long wavelengths con-
sists of contributions from free electrons and optical phonons. The
phonon contribution is implemented as described in Refs. 10 and 11.
All phonon parameters as determined by MIR spectroscopic

ellipsometry are fixed during the OHE data analysis. The mag-
netic field dependent free charge carrier contribution to the dielec-
tric function tensor εFC(ω) is described using the classical Drude
formalism including the change induced by the Lorentz force,8

εFC(ω) = ω2
p

−ω2I − iωγ + iωωc

⎛
⎜⎜⎜⎜
⎝

0 −bz by

bz 0 −bx
−by bx 0

⎞
⎟⎟⎟⎟
⎠

, (1)

where I is the identity matrix and bx, by, and bz are the scalar
components of magnetic field vector B⃗, where each component is the
projection along x, y, and z, respectively. The parameters in Eq. (1)

are the screened plasma frequency tensor ωp =
√
(Nq2/ε0ε∞m∗),

the plasma broadening tensor γ = q/μm∗, and the cyclotron fre-
quency tensor ωc = q∣B⃗∣/m∗. These parameters depend on the free
charge carrier properties, which include the effectivemass parameter
m∗, the free charge carrier concentration N, the mobility μ, and
the elementary electric charge q, where m∗ and μ are the diagonal
second rank tensors. In addition, ε0 is the vacuum permittivity. In
the isotropic average approximation of the given tensors, its val-
ues are replaced by scalar quantities and the corresponding unit
matrix. Bulk carriers studied in this work were treated isotropically
with mobility and effective mass parameters being scalar quantities.
The OHEmodel assumes that Hall mobility and conductivity mobil-
ity are equal. Therefore, they should be considered as isotropically
averaged parameters. A significant anisotropy of electron properties
would lead to deviation of the experimental and model datasets, but
no such deviations have been observed, confirming that the isotropic
treatment of free electrons serves as a good approximation.

THz OHE was measured in samples A and B (GaN substrate
and GaN layer with [Si] = 5 × 1017 cm−3), while MIR OHE was
measured in sample C (GaN layer with [Si] = 5 × 1018 cm−3). The
nominal Si concentrations in the GaN samples were chosen inten-
tionally in order to maximize the OHE in the respective spectral
ranges. In the MIR range, OHE is measured via the LPP coupling,
which is the main phenomenon providing insight into the charge
carrier properties through the resulting frequency shift of the cou-
pled LPP mode with respect to the uncoupled mode.10–12 To reach
the detectable shift of the LPP mode requires relatively high carrier
concentrations, typically, above ∼1018 cm−3. The THz range is well
below the LO phonon frequencies; however, the OHE detection is
enabled due to the higher Drude contribution to the dielectric func-
tion of GaN as compared to the MIR range. This effect is further
strengthened by the cavity enhancement, enabled by Fabry–Perot
oscillations within the transparent sample/void/metal-mirror sys-
tem.28 Note that samples with a relatively high carrier density
(product of carrier concentration and thickness parameters) are
opaque in the THz range, impeding the use of cavity enhancement.
In addition, if the electron mobility is relatively low, the OHE sig-
nal may be too small to be detected at THz frequencies. This is the
reason why we were not able to detect THz OHE signal for the GaN
layer with [Si] = 5 × 1018 cm−3. The GaN substrate was also opaque
to the THz radiation at most temperatures; however, it has a much
higher carrier mobility, enabling THz-OHE measurements. Details
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about the respective THz and MIR OHEmeasurements are summa-
rized in Table I. A slightly lower carrier concentration for sample A
could provide an even higher sensitivity to OHE in the THz range;
however, such substrates were not available to the authors. The Si
doping in sample B is optimal, providing sufficient carrier density
and sample transparency for cavity enhancement.

Figures 1–3 depict the variable-temperature experimental and
best-matched calculated THz and MIR OHE difference Mueller
matrix element dataΔMij =Mij(B) −Mij(−B) for the three samples.
The magnetic field direction and type of charge carriers determine
the sign of the inducedOHE signal in the off-diagonal-blockMueller
matrix elements (Mij, ij = 13, 23, 31, 32). Hence, the field difference
spectra (between ±B fields data) contain only the OHE signatures.
These Mueller matrix elements are proportional to the cyclotron
frequency and provide themost sensitivity to the effectivemass para-
meter. Without in-plane crystal structure anisotropy, OHE induces
symmetric off-diagonal block elements (Mij = Mji with ij = 13, 23
and ji = 31, 32). Any difference in the off-diagonal block elements
from zero represents the magnetic field-induced OHE signatures.
Non-conductive samples reveal no OHE signatures. In the case of
a zero magnetic field, all off-diagonal block elements are zero within
the measurement error. Meanwhile, the on-diagonal block elements
(Mij, ij = 12, 21, 22, 33) are mainly determined by the plasma fre-
quency and broadening parameters. There is a slight effect of the
magnetic field on the on-diagonal block elements, which does not
depend on the direction of the field or carrier sign. For this rea-
son, on-diagonal block elements are zero at the calculated difference
spectra. Note that all datameasured for a specific temperature at zero
and ±B fields and the respective differences between datasets at two
opposite magnetic field directions (Mij[B] −Mij[−B]) and datasets
with and without field (Mij[±B] −Mij[0]) are fitted simultaneously
in our analysis. The respective zero- and ±B field measured and
best-match calculated Mueller matrix data for the three samples are
provided in the supplementary material (Figs. S1–S9).

FIG. 1. Experimental and best-match calculated THz-OHE difference Mueller
matrix spectra [ΔM = M(B) − M(−B), i, j = 1, 2, 3, and B = ±8 T normal-
ized to M11] of sample A: GaN substrate (Si: 1 × 1017 cm−1). Data at different
temperatures are shown.

FIG. 2. Experimental and best-match calculated THz-OHE difference Mueller
matrix spectra [ΔM = M(B) − M(−B)], i, j = 1, 2, 3, and B = ±8 T normalized
to M11] of sample B: GaN epitaxial layer (Si: 5 × 1017 cm−1). Data at different tem-
peratures are shown. An offset of 0.4 is added to the datasets, starting from the
131 K dataset and continuing with subsequent sets as the temperature increases.

The THz OHE data for the GaN substrate (Fig. 1) represent a
single reflection from the opaque medium for temperatures down
to 57 K. The M23 and M32 elements strongly deviate from zero
and display dispersion governed by the free electron properties via
the OHE. As the temperature is reduced to 38 K, the GaN sub-
strate becomes transparent as a result of free electron freeze-out
(see the discussion below). The THz OHE data from sample B
(GaN layer with [Si] = 5 × 1017 cm−3, Fig. 2) reveal OHE signatures
following the Fabry–Perot oscillations pattern within the sample–air
gap–mirror optical system, with the strongest OHE signatures in the

FIG. 3. Experimental and best-match calculated MIR-OHE difference Mueller
matrix spectra [ΔM = M(B) − M(−B), i, j = 1, 2, 3, and B = ±6 T normalized
to M11] of sample C: GaN epitaxial layer (Si: 5 × 1018 cm−1). Data at 60 K and RT
are shown. The offset of 0.05 is added to the RT data for a better visualization.
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TABLE II. Results for the free electron concentration (N), isotropically averaged mobility (μ), and effective mass parameter
(m∗) at LT (60 K for samples A and C and 86 K for sample B) and RT (300 K) in GaN determined by THz and MIR OHE.

N (cm−3) μ (cm2 V−1 s−1) m∗ (m0)
Sample LT RT LT RT LT RT

A (1.7 ± 0.2) × 1016 (1.8 ± 0.3) × 1017 538 ± 63 643 ± 20 0.18 ± 0.02 0.42 ± 0.06
B (1.7 ± 0.1) × 1017 (4.1 ± 0.1) × 1017 347 ± 10 334 ± 6 0.20 ± 0.02 0.34 ± 0.01
C (3.6 ± 0.2) × 1018 (3.7 ± 0.1) × 1018 133 ± 1 133 ± 1 0.200 ± 0.001 0.200 ± 0.001

spectral ranges where the reflectivity is the smallest. The lineshapes
and amplitudes of these features are governed by the free electron
properties. The MIR OHE data of sample C (GaN layer with [Si]
= 5 × 1018 cm−3) represent the magnetic field-induced spectral OHE
features determined by the coupled LPPmode, which shifts to higher
wavenumbers with respect to the uncoupled longitudinal phonon
mode with increasing electron density (Fig. 3).10,11 The results
on the best-matched model free charge carrier parameters at LT
(60 K for samples A and C and 86 K for sample B) and RT are sum-
marized in Table II, and the respective temperature dependencies
are presented in Fig. 4.

The free electron concentration and electron mobility para-
meters obtained from the optical model with the best-match fit of
the experimental OHE data at different temperatures are shown
in Figs. 4(a) and 4(b). The free electron concentration in the GaN
substrate (sample A) exhibits a strong temperature dependence
due to thermal activation of the donor states. As a result, the free
electron concentration increases from 1.6 × 1016 cm−3 (38 K) to
1.8 × 1017 cm−3 (300 K). On the other hand, the GaN layer with
[Si] = 5 × 1017 cm−3 (sample B) demonstrates a relatively weak
temperature dependence of the free electron concentration, which
increases from 1.7 × 1017 cm−3 (86 K) to 4.1 × 1017 cm−3 (300 K).
This indicates that most of the donors are already activated even
at a temperature of 100 K. Finally, the free electron concentra-
tion in sample C (GaN layer with [Si] = 5 × 1018 cm−3) shows
virtually the same electron concentrations of 3.6 × 1018 cm−3 and

3.7 × 1018 cm−3 at 60 and 300 K, respectively. These results are in
good agreement with the previously reported electrical Hall effect
measurements showing that the free electron concentrations above
1018 cm−3 are practically temperature independent,29,30 suggesting
that GaN becomes degenerate with the Fermi level in the conduction
band for Si concentrations above ∼3 × 1018 cm−3.

The electron mobility parameters of sample A (GaN substrate)
and sample B (GaN layer with [Si] = 5 × 1017 cm−3) exhibit a simi-
lar temperature dependence with the values being the highest in the
100–200 K temperature range (∼1000 and ∼400 cm2 V−1 s−1, respec-
tively) and then decreasing at lower and higher temperatures. These
results are in good agreement with the previous report showing
that for free electron concentrations below 1018 cm−3, the mobility
at LT decreases due to impurity scattering, while at higher tem-
peratures, it is reduced as a result of optical phonon scattering.30
Sample C (GaN layer with [Si] = 5 × 1018 cm−3) does not exhibit any
significant change in the electron mobility parameter with the tem-
perature as expected for the degenerately doped semiconductor.31
Note that the free electron concentration and mobility parameters,
determined by OHE as a function of temperature, are independently
confirmed by electrical Hall effect measurements. Representative
electrical Hall effect results for all the samples are shown in Figs. 4(a)
and 4(b), revealing a good agreement with the respective OHE val-
ues, in particular the free electron concentration. Minor differences
in the mobility parameters may be related to the different nature
of the OHE and electrical Hall effect techniques, where the latter

FIG. 4. The free electron concentration (a), the mobility (b), and the effective mass (c) determined by the THz OHE and MIR OHE measurements on the GaN substrate and
GaN:Si epitaxial layers. The results for the electron density and mobility from the electrical Hall effect measurements are also included for comparison. The lines connecting
the data points are a guide to the eye.
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is influenced by the quality of the contacts and the assumption of
conductive paths.32

The electron effective mass parameters as a function of temper-
ature determined from the OHE data analysis are shown in Fig. 4(c).
At temperatures below 100 K, the extracted electron effective mass
parameters for all the samples are close to the literature value of
me = 0.22 m0 (see Table II). For sample C (GaN layer
[Si] = 5 × 1018 cm−3), the MIR OHE measurements reveal a value
of me = 0.20 m0 at both 50 and 300 K. The electron effective mass
parameter in sample A (GaN substrate) and sample B (GaN epi-
taxial layer with [Si] = 5 × 1018 cm−3) obtained from THz OHE
measurements shows a strong temperature dependence with signifi-
cant enhancement at temperatures above 100 K. The values obtained
at 300 K, me = 0.42 m0 (sample A) and me = 0.34 m0 (sample B),
are significantly larger than the reported GaN electron mass (exper-
imentally and theoretically). We note that the error bar of the RT
effective mass of sample A is significantly larger as compared to
that of sample B since no cavity enhancement measurement scheme
could be applied and a narrower frequency range was used in the
former case. Therefore, the relatively high value of me in sample A
should be considered as a confirmation of the temperature-induced
enhancement only, while the RT me = 0.34 m0 determined in sam-
ple B with a higher precision should be regarded as a more realistic
quantitative estimate of the effect. Interestingly, this value is also
very close to the RT effective mass determined by various THz tech-
niques for 2DEG in AlGaN/GaN structures.14–16,19,21 This indicates
that the reported electron effective mass parameter enhancement at
RT and THz frequencies may be associated with a general mecha-
nism that is independent of the nature of the free charge carriers
(2D vs 3D).

In principle, several prominent factors could potentially con-
tribute to the enhancement of the electron mass in GaN: (i) conduc-
tion band nonparabolicity,33 (ii) strain effects,34 (iii) the presence
of additional conductivity channels with heavier carriers, and (iv)
electron–phonon coupling.35

Due to the large bandgap of GaN and the relatively low free
electron concentration, the nonparabolicity effect is negligible for
the samples studied here. Using the GaN nonparabolicity para-
meter36 and the formalism given in Ref. 37, we can estimate the
nonparabolicity-induced effective mass increase atRT of 0.1%, 0.2%,
and 1.0% for samples A, B and C, respectively. Strain effects can
also be excluded since the GaN substrate (sample A) is virtually
strain-free and the degree of strain in the GaN epitaxial layers is very
small.23 Different conductive channels are also unlikely to contribute
to the observed increase in the electron effective mass. In the epitax-
ial layers, a potential two-dimensional hole gas (2DHG) may exist at
the interface between the AlN nucleation layer and GaN. Holes have
larger effective mass parameters of 1.4m0.5 However, 2DHG, if exis-
tent, has a significantly lower mobility,38 which in combination with
the large hole effective mass results in negligible OHE being practi-
cally undetectable. Furthermore, despite the absence of interfaces for
2DHG formation, the GaN substrate (sample A) exhibits an effective
mass enhancement with temperature.

The observed effective mass parameter enhancement is clearly
temperature dependent, which suggests that it might be associ-
ated with free charge carrier interaction with optical phonons. GaN
is a polar material, and significant electron–phonon coupling and
polaron effects are expected. The polaron mass can be estimated by

mpol
e = mb

e (1 + αe/6 + 0.0236α2e ), where mb
e is the bare electron mass

and αe is the Fröhlich coupling constant.39 Using the Fröhlich cou-
pling constant of 0.49,1,40 we estimate an enhancement of 8% due
to the polaron effect. This enhancement is significantly smaller than
the observed increase in the RT electron effective mass determined
by THz OHE.

Our findings clearly indicate that the electron effective mass
parameter determined as a function of temperature has a very dif-
ferent behavior depending on whether THz OHE or MIR OHE is
employed (Fig. 3). These results are supported by studies of AlGaN,
InGaN, and InN layers byMIR-OHE andGaN byMIR spectroscopic
ellipsometry at room temperature, where no effective mass enhance-
ment beyond conduction band nonparabolicity effect was observed
for various carrier concentration and mobility parameters.5,9–11 In
addition, our THz-OHE results reveal very similar room tempera-
ture effective mass parameters as in GaN-based HEMT structures,
despite the differences in terms of electron confinement effects,
concentration, and mobility parameters.14–16,41 The temperature-
dependent behavior of the phase shift introduced by a 2DEG in a
GaAs/AlGaAs heterostructure at THz frequencies has very recently
been reported,42 suggesting that the phenomenon of enhanced elec-
tron effective mass parameter may not be limited to polar materials,
such as GaN. Therefore, our results together with the previously
published results point toward the importance of the probing fre-
quency. In order to get further insight into this aspect, we consider
in more detail the physical models used in the OHE data analysis
[Eq. (1)].

The Drude formalism is consistent with the Boltzmann trans-
port equation only when the relaxation time approximation (RTA)
is used to simplify the collision integral by a single collision
frequency.43,44 However, if this approximation does not hold, the
Drude description of the free charge carrier behavior may be insuf-
ficient. This may occur due to, for example, the interaction of the
free electrons with the phonons.45 Indeed, it is known that for cer-
tain metals and semiconductors, anomalies in the free charge carrier
conductivity appear.46–48 In such a case, the classical Drude model
cannot provide a sufficient description and more general mod-
els are needed. A generalized Drude model not relying on RTA
can be derived using projection operators.44 One solution to this
problem is to introduce a so-called memory function in the inter-
pretation of the optical response of free charge carriers.45,49,50 Using
the memory function approach, the generalized Drude conductivity
can be expressed in a form resembling the classical Drude expres-
sion, but with the effective massm∗ and scattering time τ parameters
replaced with the frequency- and temperature-dependent functions
[m∗(ω,T) and τ(ω,T), respectively] written in terms of complex
memory functionM(ω,T),48

m∗(ω,T) = m∗(1 + Re(M[ω,T])
ω

), (2)

τ(ω,T) = 1 + Re(M[ω,T])/ω
Im(M[ω,T]) . (3)

Here, the functionm∗(ω,T) is proportional to the effective massm∗

and could be understood as the renormalized effective mass para-
meter. The function τ(ω,T) becomes frequency- and temperature-
dependent scattering time. When the RTA holds and the classical
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picture provides a correct description of the free charge carrier
response, the real part of the memory function M1(ω,T) is equal
to zero and the effective mass parameters in both the generalized
and the classical Drude models are the same. If the classical Drude
approach is used to extract the free charge carrier properties in sit-
uations when RTA does not hold, the deviations can be interpreted
as renormalization of the effective mass parameters, which depends
on frequency and temperature. Therefore, we suggest that a possible
explanation for the observed enhancement of the electron effective
mass parameter at high temperatures observed at terahertz frequen-
cies and the lack of such enhancement in the MIR spectral range
may be associated with deviation of the free charge carrier response
from the classical Drude model. Such deviation can, for instance,
be caused by a frequency-dependent scattering time, which becomes
significant at temperatures above 100 K. This could have important
implications for charge carrier transport in electronic devices oper-
ating at high temperatures and frequencies. It is worth noting that
Korotyeyev et al. suggested that inelastic scattering of 2D electrons
can lead to significant deviation of the high-frequency conductivity
from the classical Drude model for the case of AlGaN/GaN het-
erostructures.17 The proposed model can account for an increase
in the 2DEG electron effective mass from 0.22 m0 to 0.26 m0 when
temperature varies from 77 to 300 K.17 Further development of this
approach to describe the situation for 3D electrons should be pur-
sued in order to elucidate whether such a mechanism is sufficient
to explain the substantially larger enhancement of electron effective
mass in GaN experimentally derived here. In addition, a compari-
son of theoretical calculations within thememory function approach
with the experimental results presented here is of interest and should
be further explored. Analytical derivation of the memory function
for semiconductor materials has not been achieved so far. However,
there are several approaches based on various assumptions proposed
in the literature.44,48,51

In summary, we have determined the electron effective mass
parameter in Si-doped GaN substrates and epitaxial layers using
THz and MIR OHE techniques in the temperature range from 38 to
340 K. A well-accepted classical Drude description of the free charge
carriers within the RTA, augmented for the effect of the magnetic
field, was considered in describing the dielectric function of GaN. At
LT, the electron effective mass is found to be ≈0.2m0 in all samples,
which is in good agreement with the earlier results from cyclotron
resonance techniques. The THz OHE data analysis reveals an
increase in the electron effective mass parameter with temperatures
in both bulk and epitaxial GaN with the RT value of (0.34 ± 0.03)
m0 (i.e., an increase of 55%). In contrast, the GaN electron effec-
tive mass parameters obtained from the MIR OHE are found to
be the same (0.200 ± 0.002) m0 at the low temperatures and room
temperature. We have discussed the possible causes of the observed
enhancement of the effective mass with temperature, including con-
duction band nonparabolicity, strain, and polaron effects, where all
the contributions combined could account only for an ∼9% increase.
We suggest that the observed increase in the electron effective mass
parameter beyond 9% (0.24m0) and the differences in the THz OHE
and MIR OHE results may be caused by deviations of the free elec-
tron behavior from the classical Drude model. We speculate that the
latter may be associated with a frequency-dependent scattering time.
However, other effects could also contribute. This could have impor-
tant implications for charge carrier transport at high temperatures

and frequencies, which calls for further theoretical and experimental
studies to clarify the exact mechanisms.

The supplementary material contains the experimental and
best-match model Mueller matrix elements spectra of the optical
Hall effect at RT (Figs. S1–S12). It also includes the calculated dielec-
tric function tensors with and without an external magnetic field,
using the electron properties for sample A (GaN substrate) at RT
(Figs. S13 and S14).
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