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The isotropic average conduction band minimum electron effective mass in Sn-doped monoclinic

single crystal b-Ga2O3 is experimentally determined by the mid-infrared optical Hall effect to be

(0.284 6 0.013)m0 combining investigations on (010) and (�201) surface cuts. This result falls

within the broad range of values predicted by theoretical calculations for undoped b-Ga2O3. The

result is also comparable to recent density functional calculations using the Gaussian-attenuation-

Perdew-Burke-Ernzerhof hybrid density functional, which predict an average effective mass of

0.267m0. Within our uncertainty limits, we detect no anisotropy for the electron effective mass,

which is consistent with most previous theoretical calculations. We discuss upper limits for possi-

ble anisotropy of the electron effective mass parameter from our experimental uncertainty limits,

and we compare our findings with recent theoretical results. Published by AIP Publishing.
https://doi.org/10.1063/1.5011192

Single crystal gallium (III) oxide is a desirable material

for optical and electronic applications due to its unique physi-

cal properties such as its transparent conducting nature and

wide bandgap.1 As a transparent conductor, Ga2O3 is useful

for various types of transparent electrodes, for example, in flat

panel displays,2 smart windows,3,4 photovoltaic cells,3 and gas

sensors.5 Due to its wide bandgap, Ga2O3 has a larger break-

down voltage than SiC and GaN, which makes it an excellent

candidate for power devices.6–10 Among the five phases, the

monoclinic b phase is the most stable and is expected to pos-

sess highly anisotropic properties which may prove useful for

various applications.11,12 Tuning of the free charge carrier

concentration to enhance the electrical conductivity has been

achieved by Sn doping, for example, which is a well estab-

lished technique.6

Precise knowledge of the free charge carrier properties is

imperative for electronic and optoelectronic device design and

operation. Experimentally determined results for effective

mass, free charge carrier concentration, and mobility parame-

ters are currently scarce for b-Ga2O3. Numerous theoretical

investigations have yielded a wide range of values for the elec-

tron effective mass: from 0.12m0 to 0.39m0, where m0 is the

free electron mass.10,13–19 Most calculations predict only mini-

mal anisotropy. However, recent Gaussian-attenuation-Perdew-

Burke-Ernzerhof (Gau-PBE) hybrid density functional calcula-

tions predict slightly higher anisotropy.15 Using a combination

of optical transmission and electrical Hall effect measurements,

the authors in Ref. 20 estimate a range of values for electron

effective mass parameter along the b and c crystal directions to

be m�b ¼ 0:5m0 to 1:0m0 and m�c ¼ 1:0m0 to 2:0m0, respec-

tively. Electrical Hall effect measurements on b-Ga2O3 allow

access to free charge carrier concentration and mobility,20–23

but this technique alone cannot resolve the effective mass

parameter.

The optical Hall effect is a physical phenomenon

exploited in our measurement technique, which employs gen-

eralized spectroscopic ellipsometry in combination with exter-

nal magnetic fields to obtain the free charge carrier properties

of semiconducting materials without electrical contacts.24–28

This technique measures the change in the polarization of light

after the interaction with a sample due to a Lorentz force acting

on the free charge carriers. In contrast with the electrical Hall

effect, the optical Hall effect is capable of obtaining the effec-

tive mass, carrier concentration, mobility, and charge carrier

type parameters simultaneously.

In this work, we experimentally determine the electron

effective mass in Sn-doped monoclinic single crystal

b-Ga2O3 by mid-infrared optical Hall effect (MIR-OHE)

measurements. We compare our results to values reported in

previous theoretical and experimental work, and we discuss

the anisotropy of the effective electron mass parameter.

Here, we find no discernible anisotropy and assume an iso-

tropic average parameter. We discuss the amount of finite

anisotropy that may remain hidden within our present experi-

mental error bars for the effective mass to be potentially dis-

covered by subsequent experiments.a)Electronic mail: sean.knight@engr.unl.edu
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Two surface cuts, (010) and (�201), of Sn-doped single

crystal b-Ga2O3 are investigated in this work. The crystals were

grown using the edge-defined film-fed growth method

by Tamura Corp. (Japan).29–31 The dimensions are (0.65

� 10� 10) mm for the (010) surface and (0.65� 10� 15) mm

for the (�201) surface. The optical response of b-Ga2O3 is gov-

erned by the monoclinic Cartesian dielectric function tensor.32

Here, the Cartesian direction x is contained within the sample

surface plane and is oriented along the propagation direction of

light incident on the sample. The z direction is oriented into the

sample surface. The crystal directions in b-Ga2O3 are denoted

a, b, and c, where the monoclinic angle b ¼ 103:7� lies

between a and c.33 We choose to align a and b along x and 2z,

respectively, such that c lies within the x-y plane. For practical-

ity, we introduce the direction c? parallel to y, so that a, b, and

c
? form a pseudo-orthorhombic system. We define azimuth

angle / as a rotation about the z axis for a given crystal axis

orientation.32 For the (010) surface, / ¼ 0� corresponds to a

aligned along x. For the (�201) surface, / ¼ 0� corresponds to

b aligned along y.

Generalized spectroscopic ellipsometry is the measure-

ment technique employed here to determine the free charge

carrier properties of b-Ga2O3. Ellipsometric data are

obtained using the Mueller matrix formalism.34,35 WVASE

(J.A. Woollam Co., Inc.) is used to acquire and analyze the

data. The MIR-OHE data are measured using a home-built

Fourier transform infrared ellipsometer in the spectral range

of 550 cm�1–1500 cm�1 with a resolution of 2 cm�1. The

home-built ellipsometer is capable of attaining the upper-left

3� 3 block of the complete 4� 4 Mueller matrix.24 The

MIR-OHE data are obtained atþ6 T, 0 T, and �6 T, with the

magnetic field parallel to the incoming infrared beam. Each

surface cut is measured at one in-plane azimuth orientation.

These measurements are performed at an angle of incidence

of Ua ¼ 45� and at a temperature of T¼ 300 K. Additional

measurements at zero field were performed at multiple in-

plane orientations and included into the data analysis. Note

that the anisotropy of the effective mass parameter is deter-

mined by the anisotropy in the plasma frequency as dis-

cussed further below. The anisotropy of the plasma

frequency parameter is determined at zero field and multiple

azimuth orientations. Hence, OHE data were only measured

at one azimuth orientation for each sample.

In addition to the MIR-OHE measurements, zero mag-

netic field Mueller matrix data are measured at multiple azi-

muth orientations for each surface cut. The data are obtained

using a commercially available MIR ellipsometer (IR-VASE,

J.A. Woollam Co., Inc.) and the aforementioned home-built

ellipsometer in the spectral range of 150 cm�1–1500 cm�1

with a resolution of 2 cm�1. The zero magnetic field data are

not shown here but are included in Ref. 32. These measure-

ments are performed at Ua ¼ 50�; 60�, and 70� and at room

temperature.

Ellipsometry is an indirect measurement technique which

requires a physical parameterized model be fit to experimental

data to determine the desired parameters.36 The model

approach used here is very similar to that of Ref. 32. The two

phase optical model consists of ambient air and b-Ga2O3

joined at a planar interface. The dielectric function tensor of

b-Ga2O3 at long wavelengths consists of contributions from

optical phonon modes and free charge carriers. These contri-

butions are modeled using the eigendielectric displacement

vector summation approach described in Refs. 32 and 37. In

this approach, contributions from individual dielectric reso-

nances, in this case phonon modes and free charge carriers,

are added to a high frequency dielectric constant tensor e1.

The anharmonically broadened Lorentz oscillator model is

used to represent phonon resonance contributions.37 No sub-

stantial Drude contribution was detected in the off-diagonal

components of the monoclinic dielectric function tensor.32

Thus, we employ an orthorhombic Drude model where three

independent Drude contributions are added to the dielectric

function response along axes a ðexxÞ, b ðezzÞ, and c? (eyy).

The magnetic field dependent free charge carrier contri-

bution to the dielectric function tensor eFCðxÞ is described

using the classical Drude formalism including the change

induced by the Lorentz force24,28

eFCðxÞ ¼
x2

p

�x2I � ixcþ ix
0 �bz by

bz 0 �bx

�by bx 0

0
@

1
Axc

: (1)

Here, I is the identity matrix, and hbx; by; bzi are the scalar

components of magnetic field vector B, where each compo-

nent is the projection along x, y, and z, respectively. At zero

magnetic field, the classical Drude model parameters include

the screened plasma frequency tensor xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nq2=e0e1m�

p
and the plasma broadening tensor c ¼ q=lm�. These parame-

ters depend on the free charge carrier properties which

include effective mass m�, free charge carrier volume den-

sity N, and mobility l, where m� and l are the diagonal sec-

ond rank tensors. In the isotropic average approximation of a

given tensor, its values are replaced by an isotropic scalar

and the corresponding unit matrix. The parameter e0 is the

vacuum dielectric permittivity, and q is the elementary elec-

tric charge. At non-zero magnetic field, the cyclotron fre-

quency tensor is xc ¼ qjBj=m�.
Figures 1 and 2 show experimental and best-match

model calculated MIR-OHE difference spectra for the (010)

and (�201) surface cut of b-Ga2O3, respectively. The MIR-

OHE signals are the strongest in the vicinity of the zero mag-

netic field reflectance minima for samples with sufficient

free charge carrier contributions.38 For the samples investi-

gated here, the reflectance minimum and MIR-OHE signal

appear at the edge of the reststrahlen band at around

900 cm�1. Due to the coupling of longitudinal optical pho-

non modes and free charge carriers, the so called longitudi-

nal phonon plasmon (LPP) modes are now experimentally

observed. Since the spectral locations of the reflectance min-

ima are governed by the LPP modes, the strongest MIR-

OHE signatures occur in the vicinity of the highest frequency

LPP modes, which are indicated by the vertical dotted lines

in Figs. 1 and 2.32 The unique shape of the signal is governed

by changes in the dielectric function tensor due to phonon

modes near this spectral range. We note that until this report,

MIR-OHE difference data between positive and negative

magnetic fields were only seen in the off-block-diagonal

Mueller matrix elements (i.e., M13, M23, M31, and M32).38

012103-2 Knight et al. Appl. Phys. Lett. 112, 012103 (2018)



However, for the (010) surface (Fig. 1), a small difference is

seen in the on-block-diagonal elements (i.e., M12, M21, M22,

and M33). This is due to the dielectric function tensor for the

(010) surface at azimuth angle / ¼ 112:5� possessing non-

zero off-diagonal elements at jBj ¼ 0. In contrast, the (�201)

surface at azimuth angle / ¼ 181:7� possesses negligible

off-diagonal tensor components at jBj ¼ 0 since the a–c

plane lies within the plane of incidence.

Assuming separate sets of isotropic free charge carrier

properties for the (010) and (�201) surfaces, the model param-

eters are fit to the MIR-OHE difference data and zero mag-

netic field data simultaneously. The final best-match model

fit is presented in Figs. 1 and 2, and the resulting parameters

are shown in Table I. The zero magnetic field data alone

would allow one to determine the isotropic plasma frequency

xp and broadening c, which are functions of m*, N, and l.

The addition of the MIR-OHE data in the analysis allows m*,

N, and l to be accurately resolved. In order to improve the

best match between model calculated and experimental data,

the model for the (010) and (�201) surfaces must be assigned

independent sets of free charge carrier properties to account

for a potentially different Sn dopant distribution and activa-

tion. However, each surface shares the same phonon mode

parameters and e1. Since the phonon mode parameters and

e1 in Ref. 32 were derived assuming identical Drude param-

eters for the (010) and (�201) surfaces, these quantities were

also included in the best-match model fit to properly deter-

mine the free charge carrier properties. The analysis confirms

the expected n-type conductivity for each surface cut. The

azimuth angles / ¼ 112:5� and / ¼ 181:7� for the (010)

and (�201) surface, respectively, are determined by applying

the zero magnetic field model to the zero-field MIR-OHE

measurement.

The electron effective mass parameters experimentally

determined in this work are m� ¼ ð0:28460:013Þm0 for the

(010) surface and m� ¼ ð0:28360:011Þm0 for the (�201) sur-

face. These fall within the broad range of values reported for

various density functional theory calculations: (0.12 to

0.13)m0,13 (0.22 to 0.30)m0,15 (0.23 to 0.24)m0,14 (0.26 to

0.27)m0,10 (0.27 to 0.28)m0,16,17 (0.34)m0,18 and (0.39)m0.19

The best-match model parameter results for the isotropically

averaged mobility parameter l for the two surfaces compare

well with values determined previously by electrical Hall

effect measurements for samples with similar free electron

densities.21 Our best-match model parameter results for the

electron density N are in excellent agreement with the nomi-

nal Sn density of 1.7� 1018 cm�3 provided by the crystal

manufacturer. The electron density obtained by electrical

Hall effect measurements is approximately equal to the

doped Sn density.

Ueda et al. estimated electron effective mass parameters

m�b ¼ 0:5m0 to 1:0m0 and m�c ¼ 1:0m0 to 2:0m0 from optical

transmission and electrical Hall effect measurements.20

There is a rather large discrepancy between the effective

mass parameters reported in this work and by Ueda et al. A

critical discussion of the results by Ueda et al. was given by

FIG. 1. MIR-OHE experimental (green dots) and best-match model calculated

(solid red lines) Mueller matrix difference spectra (DMij ¼ Mijðþ6 TÞ
�Mijð�6 TÞ) for the (010) cut b-Ga2O3 sample at azimuth angle / ¼ 112:5�.
All measurements are performed at temperature T¼ 300 K and at an angle of

incidence of Ua ¼ 45�. The magnetic field B is parallel to the incoming infra-

red beam. Taken from Ref. 32, vertical lines signify the wave numbers of LPP

(dotted lines) and transverse optical phonon modes (solid lines) polarized in the

a-c plane (blue) and along the b axis (brown).

FIG. 2. Same as Fig. 1 for the (�201) cut b-Ga2O3 sample at azimuth angle

/ ¼ 181:7�.

TABLE I. Results for isotropic average free charge carrier properties in

b-Ga2O3. The theoretical Gau-PBE average effective mass parameter is cal-

culated by taking the harmonic mean of the predicted values along the a, b,

and c crystal axes, which can be found in Table II. Error bars shown corre-

spond to the 90% confidence interval within the best-match model data

analysis.

Method Parameter Value

MIR-OHE for the (010) surfacea m* (0.284 6 0.013)m0

N (4.2 6 0.1) � 1018 cm�3

l (44 6 2) cm2/V s

MIR-OHE for the (�201) surfacea m* (0.283 6 0.011)m0

N (5.9 6 0.1) � 1018 cm�3

l (43 6 1) cm2/V s

Gau-PBEb m�avg 0.267m0

aThis work.
bTheory, Ref. 15.

012103-3 Knight et al. Appl. Phys. Lett. 112, 012103 (2018)



Parisini and Fornari39 suggesting revision of data analysis in

Ref. 20.

The anisotropy of m* may be defined by considering the

ratios ðm�a=m�bÞ and ðm�b=m�c?Þ. These quantities are compara-

ble to the squares of the ratios of the plasma frequencies deter-

mined by the orthogonal Drude model approximation, via

ðxp;b=xp;aÞ2 ¼ ðm�a=m�bÞ and ðxp;c?=xp;bÞ2 ¼ ðm�b=m�c?Þ. The

parameters xp;a; xp;b, and xp;c? are the plasma frequencies

corresponding to the a, b, and c? directions, respectively.

Information about the plasma frequencies can be gathered

without the use of magnetic fields. Generalized ellipsometry

measurements at zero field and at multiple sample azimuth

orientations, for both the (010) and (�201) surfaces, were taken

and subsequently analyzed simultaneously with the

MIR-OHE data. This approach provided sufficient sensitivity

to determine the anisotropy of the free charge carrier parame-

ters. The resulting effective mass parameters are shown in

Table II. The ratios are ðm�a=m�bÞ ¼ ð1:02þ0:38
�0:28Þ and ðm�b=m�c?Þ

¼ ð0:99þ0:37
�0:27Þ for the (010) surface, where the upper and lower

scripted numbers refer to the upper and lower uncertainty lim-

its of the effective mass parameter ratio. The upper/lower lim-

its come from taking the ratios within the maximum/

minimum parameter deviations in the numerator and denomi-

nator using the mass parameters and error bars as shown in

Table II. For the (�201) surface, the ratios are ðm�a=m�bÞ
¼ ð1:07þ0:33

�0:25Þ and ðm�b=m�c?Þ ¼ ð0:89þ0:29
�0:22Þ. Our findings sug-

gest a small deviation from isotropy, however, which is well

within the uncertainty limits for both surfaces investigated.

Nonetheless, the possibility of a small anisotropy would be

consistent with recent theoretical investigations.10,13,14,17

Yamaguchi calculated the electron effective mass ratios of

ðm�a0=m�
b0 Þ ¼ 0:96 and ðm�

b0=m�c0 Þ ¼ 1:07 at the C point, where

m�a0 ; m�
b0 , and m�c0 are the diagonal Cartesian effective mass

tensor components.14 Furthm€uller and Bechstedt predict ratios

of ðm�a0=m�
b0 Þ ¼ 1:01 and ðm�

b0=m�c0 Þ ¼ 1:03.10 He et al. find

ratios of ðm�a?=m�b?Þ ¼ 0:95 and ðm�b?=m�c?Þ ¼ 1:05.13 Recent

density functional calculations using the Gau-PBE approach

predict ratios of ðm�a=m�bÞ ¼ 0:74 and ðm�b=m�cÞ ¼ 1:03 for

undoped b-Ga2O3.15 We note that the theoretical results

reported so far are inconsistent; however, all theoretical pre-

dicted ratios could fall within our experimental error bars and

no conclusive statement about a finite anisotropy of the effec-

tive electron mass parameter can be made at this point. Within

our uncertainty limits, the mobility parameter is found to be

essentially isotropic. This is consistent with previous theoreti-

cal investigations for intrinsic mobility40 and experimental

Hall effect measurements using the bar method41 and using

the Van der Pauw method.22,42 A nearly isotropic mobility is

also reported for electron channel mobility in silicon-doped

Ga2O3 metal-oxide-semiconductor field-effect transistors

(MOSFETs).43

Electron effective mass values for monoclinic oxides sim-

ilar to b-Ga2O3 have been calculated by density functional

methods. Monoclinic h-Al2O3, an isomorph of b-Ga2O3, is

predicted to possess similar effective mass values and anisot-

ropy. The values are calculated to be 0.41m0, 0.41m0, and

0.37m0 along the [100], [010], and [001] crystallographic

directions, respectively.44 The effective mass is virtually iso-

tropic regardless of the structural complexity of the low sym-

metry monoclinic structure. In contrast, monoclinic transition

metal oxides ZrO2 and HfO2 are predicted to have much

higher effective masses and stronger anisotropy.45 The pre-

dicted values for ZrO2 are 3.1m0, 3.2m0, and 3.7m0 along the

x0; y0, and z0, respectively, where z0 is analogous to c?. The

predicted values for HfO2 are 8.2m0, 1.6m0, and 1.0m0 along

the same respective directions.
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TABLE II. Results for anisotropic free charge carrier properties in b-Ga2O3.

Error bars shown correspond to the 90% confidence interval within the best-

match model data analysis.

Method Parameter Value

MIR-OHE for the (010) surfacea m�a (0.288 6 0.044)m0

m�b (0.283 6 0.046)m0

m�c? (0.286 6 0.044)m0

N (4.1 6 0.3) � 1018 cm�3

la (45 6 4) cm2/V s

lb (42 6 4) cm2/V s
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lc? (41 6 3) cm2/V s

Gau-PBEb m�a 0.224m0

m�b 0.301m0

m�c 0.291m0

aThis work.
bTheory, Ref. 15.
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