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The semiconducting oxide §-gallium oxide (8-Ga,O3) possesses a monoclinic unit cell, whose low symmetry
generally leads to anisotropic physical properties. For example, its electrical conductivity is generally described
by a polar symmetrical tensor of second rank consisting of four independent components. Using van der Pauw
measurements in a well-defined square geometry on differently oriented high-quality bulk samples and the
comparison to finite-element simulations, we precisely determine the ratio of all elements of the §-Ga,0;
three-dimensional electrical conductivity tensor. Despite the strong structural anisotropy, a weakly anisotropic
conductivity at and above room temperature was found. In the a*bc coordinate system, the diagonal elements
deviate from each other by no more than 6%. Based on these results and the off-diagonal element being ~5%
of the diagonal ones, the direction of highest conductivity is rotated (59 £ 15)° from the c direction towards the
a* direction with a conductivity of (1.12 £ 0.09)x that in the perpendicular direction of lowest conductivity.
Analysis of the temperature dependence of the anisotropy and mobility of differently doped samples allows us
to compare the anisotropy for dominant phonon scattering to that for dominant ionized-impurity scattering. For
both scattering mechanisms, the conductivities along the a and b direction agree within 2%. In contrast, the
conductivity along the ¢ direction amounts to 0.96x that along the b direction for dominant phonon scattering,
and up to 1.12x for ionized-impurity scattering. The transport anisotropies are determined to be larger than
the theoretically predicted effective mass anisotropy, suggesting slightly anisotropic scattering mechanisms. We
demonstrate that significantly higher anisotropies can be caused by oriented, extended structural defects in the

form of low-angle grain boundaries, for which we determined energy barriers of up to 93 meV.
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I. INTRODUCTION

B-Ga, 03, the thermodynamically stable polymorph of
solid Ga, 03, is a promising material for several applications
such as high-power electronics [1,2] and deep UV photode-
tectors [2,3], and it can be used for high-temperature gas
sensors [4]. B-Ga, 03 has a monoclinic lattice structure, which
corresponds to the C2/m space group with lattice parameters
of a =12.23A, b =3.04A, and ¢ = 5.80 A and an angle of
103.7° between the a and c axes [5]. Due to this angle, the
basis vectors of the unit cell, @ and ¢, are not orthogonal
to the (100) and (001) planes in B-Ga, O3, respectively. The
low symmetry of the unit cell is prone to result in anisotropic
physical properties.

Notable anisotropies in B-Ga,O3 have been found in the
thermal conductivity [6-8] as well as the dielectric func-
tion by the polarization-dependent refractive index [9] and
fundamental onset of optical absorption [9-11]. In addition,
slight anisotropies of the high-frequency and static dielectric
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constant of $-Ga, O3 have been reported by theory and exper-
iment [12-16].

The conductivity anisotropy is given by the ratio of the
electrical conductivity in two different defined directions. The
same holds true for the mobility tensor fi, as the conductivity
tensor & = enfi, with the charge carrier density n and elec-
tronic charge e being scalars.

For electronic device applications such as transistors, a
mobility anisotropy would translate into an increased perfor-
mance of the devices oriented along a certain crystallographic
direction compared to those along other directions. As shown
in Table I, quite contradictory experimental values on the
conductivity anisotropy can be found in the literature, whereas
no estimate has been reported so far on the off-diagonal
element of conductivity. Reported conductivity anisotropies
range from 17-times-higher conductivity for the b direction
compared to the ¢ direction [10], over the same mobility in the
a and b directions, and 1.2-times-higher conductivity in the ¢
direction [20] to a negligible anisotropy [17], where no direc-
tion was favored for transport. In metal-oxide -semiconductor
field-effect transistors (MOSFETSs), a 10-15% larger channel
mobility in the a* direction compared to the ¢ direction has
been observed [21]. Using ellipsometry, the same mobility
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TABLE I. Overview of the literature on transport anisotropies and associated methods in 8-Ga,O;. The “Anisotropy” is the “Quantity”
in direction “Dir. 1” divided by that in “Dir. 2” at room-temperature electron concentration “n@RT.” Directions a, b, c are parallel to the
a, b, ¢ axes of the unit cell, and a*, ¢* are parallel to the (100), (001) surface normals. “n/s” denotes “not specified.” {: The anisotropy
of less than 1.1 for o (line 3) was calculated from a van der Pauw resistance anisotropy ratio of less than 1.3 given in Ref. [17] using the
conversion into conductivity anisotropy elaborated in Ref. [18]. #: The samples used for different transport directions (line 4) had different

electron concentrations.

Quantity Method Dir. 1 Dir. 2 Anisotropy n(cm™3) @RT Ref.
o 4-probe b ¢ 17 (extrinsic) 5.2 x 10" [10]
o van der Pauw b c 2 (twins) >10'8 [19]
o van der Pauw all all <1.1% 5 x 10'°-5 x 10" [17]
nw Hall bar c a, b 12# 4 % 10"7,7 x 10'7,9 x 10" [20]
n MOSFET channel a* c 1.1 3 x 107 [21]
" ellipsometry a,b c* 2 3.5x%x 10" [14]
W optical Hall all all <l1.1 4 x 10", 6 x 10'8 [22]
ILPLOPS theory c* a 1.18 to 1.40 107 to 10% [23]
ILPLOPS theory a b 0.851t00.78 10'7 to 10%° [23]
JLPLOPS theory c* b 1.01 to 1.09 107 to 10%° [23]
s theory n/s n/s estimated <1.4 [23]
JAPLOPS theory c* b 0.64 t0 0.92 5x 10" to 10" [24]
s theory any any assumed 1 5 x 10" to 10" [24]
ILPLOPS-IIS theory c* b 0.69 to 0.92 5 x 10" to 10" [24]
m' optical Hall all all <l1.1 4 x 10,6 x 10'8 [22]
m" theory all all <1.05 [12,25-27]

in a and b, but only half the mobility in the ¢ direction, has
been measured [14]. In combination with an external magnetic
field, the same method, termed optical Hall effect, has yielded
rather isotropic mobilities (within ~10%) [22].

As the mobility depends on the effective mass m and
scattering time T, 4 = <%, its anisotropy is determined by the

anisotropy of m" and 7. First-principles calculations from sev-
eral groups using different methods arrive at a fairly isotropic
effective electron mass [12,25-27] with anisotropies typically
below 1.05, which is confirmed by experimental data of the
effective mass using optical Hall effect measurements [22].
The scattering time is related to the dominant scatter-
ing mechanism, polar longitudinal optical-phonon scattering
(PLOPS), and ionized impurity scattering (IIS) [23,24,28].
At and above room temperature, the mobility is typically
limited by PLOPS [23,28], whereas IIS is dominating at
high impurity or point-defect densities (including compen-
sating impurities/point defects) or lower temperatures. De-
pending on the scattering mechanism, the monoclinic sym-
metry of B-Ga, O3 suggests more or less anisotropic scattering
times. Hence, the change of dominant scattering mechanism
with temperature likely leads to a temperature-dependent
anisotropy of the scattering rates. Recent first-principles cal-
culations of the electron mobility limit of B-Ga,0Os, in-
deed, suggested a moderate anisotropy with higher mobil-
ity in the ¢* than in the a or b directions [23]. In that
work, the PLOPS-limited mobility (neglecting IIS) in the
c* direction has been predicted to be up to 9% and 40%
higher than in the a and b directions, respectively, to become
more isotropic with decreasing electron concentrations, and
anisotropies of up to 1.4 for the IIS-limited mobility were
estimated. Another first-principles study [24] predicts oppo-
site trends for the PLOPS-limited mobility with a 36% lower
mobility in the ¢* than in the b direction, which becomes

more isotropic with increasing electron concentration, and
isotropic IIS.

Besides the intrinsic material properties, samples might be
extrinsically anisotropic on average due to oriented extended
defects such as grain boundaries and twin boundaries. As
an example, Ref. [19] found a room-temperature transport
anisotropy as high as 2 in Ga,03(100) thin films containing
a high density of incoherent twin boundaries. Likewise, the
high anisotropy of 17 from Ref. [10] has been interpreted in
terms of extrinsic causes by Refs. [17,23].

In this paper, we experimentally determine the intrinsic
anisotropy and relative magnitude of the off-diagonal element
of the conductivity tensor of §-Ga,Os with high accuracy
(uncertainty of <5%) to shed light on the conflicting values of
published theoretical and experimental transport anisotropy.
The extracted conductivity is close to isotropic and we demon-
strate large transport anisotropies to be extrinsically caused by
extended defects.

II. SAMPLES AND METHOD

A. Samples

To largely rule out the extrinsic effect of extended defects
on transport anisotropy, semiconducting bulk substrates were
chosen as the sample material with the highest structural qual-
ity available. Square-shaped 5 x 5 mm? (0.5 to 0.7 mm thick-
ness) wafers with different orientations, i.e., Czochralski-
grown [29,30] (100), (001), and (201) as well as edge-defined
film fed grown [31] (201) and (010) (from Tamura Corpora-
tion) were investigated in this work. The edges of the squares
were oriented along low-index crystallographic directions.
The samples are described in Table II. Samples G100al-a2,
G00lal-a3, and G-201a were prepared from the same boule
grown by the Czochralski method at the Leibniz-Institut fiir
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TABLE II. Overview of the results of the x-ray diffraction measurements and the properties of the samples: orientation, doping, room-
temperature Hall electron density and mobility, and assessed quality. The surface orientation is given by the numbers in the sample name. UID

refers to unintentionally doped samples.

Sample Electron Electron XRD w o rocking
name Orientation; Edges ~ Doping density (cm™) mobility (cm?/Vs) Quality reflection curve FWHM (°)
G100al  (100);[010],[001] UID 2.9 x 10" 123 high 400 0.060
G100a2 (100);[010],[001] UID 2.5 x 10" 125 high 400 0.012
G100b (100);[010],[001] UID 8.3 x 10 60 high 400 0.041
G100c (100);[010],[001] UID 5.6 x 107 104 low (extended defects) (4 00) ~2
G00lal  (001);[100],[010] UID 4.7 x 10" 111 high 002) 0.015
G001a2 (001);[100],[010] UID 3.9 x 10" 120 high 002) 0.022
G001a3  (001);[100],[010] UID 3.0 x 10" 134 high 002) 0.020
G-20la  (201);[102],[010] UID 4.7 x 10" 111 high 201) 0.017
G-201atl (201);[102],[010] UID 1.3 x 10" 156 high 201) 0.016
G-201at2 (201);[102],[010] UID 1.3 x 10" 156 high 201 0.016
G-201bt  (201);[102],[010] Sn 5.9 x 108 69 high 201) 0.034
GO10at  (010);[102],201) UID 1.1 x 10V 125 high 020 0.012
GO10bt  (010);[102],(201) Sn 1.3 x 10'8 65 high 020 0.029

Kristallziichtung. To study the impact of extended defects on
the transport anisotropy, a (100)-oriented sample containing
low-angle grain boundaries, G100c, was prepared.

Disk-shaped ohmic contacts of 100 to 300 um diameter
close to the corners of the sample were reproducibly defined
on the top surface of the samples using photolithography
to minimize geometrical errors. A distance of the contacts
from the sample edges of 700 to 850 pum was chosen to
prevent unintentionally contacting the side of the sample by
individual contacts. This approach ensures reproducible and
well-defined current injection (only through the top surface)
by all four contacts to provide a current distribution that can
be readily compared to the results of our corresponding finite-
element calculations. All contacts were deposited by electron
beam evaporation of Ti/Pt/Au (20/20/150 nm), followed by
rapid thermal annealing at 480°C for 60 s in N,. The Pt
layer served as the diffusion barrier as deterioration of Ti/Au
contacts was observed upon annealing.

The electron densities of the samples were in the range of
8 x 10'® to 6 x 10'® cm™3 at room temperature.

B. Structural characterization

The crystal quality of the wafers was assessed by x-ray
diffraction (XRD) using Cu-Ke radiation and a 1 mm detector
slit. Wide-range, symmetric, on-axis 2@ — w scans confirmed
phase-pure material by the presence of only the 8-Ga,0O3 re-
flexes belonging to the specified wafer orientation. Figure 1(a)
shows an example for the two (100)-oriented wafers G100a2
and G100c. To detect the potential existence of twins or
rotational domains, off-axis XRD peaks were measured by &
scans with rotational angle & around the surface normal. In
these scans, the off-axis diffraction peaks were measured in
skew-symmetric geometry with the sample tilted by the angle
V. The presence of a single peak in the ® scan of the 4 0 1
reflex for all (1 0 0)- and (0 O 1)-oriented samples, exemplarily
shown in Fig. 1(b) for G100a2 and G100c, confirms the
absence of twins or rotational domains. Likewise, a onefold
rotational symmetry was confirmed for all (—2 0 1)-oriented
samples by the presence of only one peak in the & scan of the

4 0 0 reflex (not shown), and the expected twofold rotational
symmetry was confirmed for all (0 1 0)-oriented samples by
the presence of only two peaks, 180° apart from each other, in
the & scan of the 1 1 1 reflex (not shown).

To assess the crystal quality in more detail, w-rocking
curves of the on-axis substrate reflections, sensitive to lattice
tilting, were taken for all samples. The low full width at
half maximum of these curves below 0.1°, documented in
Table II, confirms the comparably high crystalline quality.
The only exception is sample G100c, with a rocking curve
consisting of a broad distribution of narrow peaks, whose
origin is discussed next.

Low-angle grain boundaries in G100c

Figure 2 compares this sample to two other (1 0 0)-
oriented ones. Photographs of the wafers placed between
two crossed polarizers with white-light illumination from
the backside exhibit a comparably homogeneous contrast for
G100b, shown in Fig. 2(a), but an inhomogeneous contrast
with stripes oriented approximately along the [0 1 0] direction

(b)
1401
['¥=24.4 deg

G100a2

G100c

Intensity (arb. units)

4180 -90 0 90 180
O (deg)

20-0 (deg)

FIG. 1. XRD scans to determine the substrate orientation shown
exemplarily for samples G100a2 and G100c. (a) Symmetric on-axis
20 — w scans showing the presence of reflexes, labeled by their
Miller indices, only related to the 1 0 O wafer orientation. The peak
marked by “*” is related to Au(l 1 1) of the ohmic contact. (b) ¢
scan of the 4 0 1 reflex. The onefold rotational symmetry indicates a
single-crystalline material without rotational domains or twins.
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FIG. 2. Comparison of (100)-oriented wafers with different
structural quality: G100a2, b without and G100c with low-angle
grain boundaries. (a),(b) Photographs of (a) G100b and (b) G100c
placed between two crossed polarizers with white-light illumination
from the backside. The crystallographic directions are indicated by
white arrows. Horizontal lines in the sample G100c indicate the grain
boundaries. No such defects are visible in the sample G100b. The
dark dots are the disk-shaped ohmic contacts. White arrows and
labels on the wafer in (b) mark the positions of EBSD scans of grain
boundaries shown in Fig. 3. (¢) XRD w-rocking curves of the 4 0 0
reflex of samples G100a2, b, and c, with the inset detailing those of
G100a2 and b. The solid (dotted) red line describes the tilt mosaic of
G100c towards the [0 1 0] ([0 O 1]) direction. (d) XRD detailed ®
scan of the 4 0 1 reflex of G100a2 and G100c.

for G100c, shown in Fig. 2(b). These stripes likely represent
single-crystalline domains that are slightly twisted and tilted
with respect to each other, as indicated by the multipeak
structure of the rocking curve [Fig. 2(c)] and detailed ® scan
[Fig. 2(d)], respectively. The inhomogeneous contrast is due
to the trichroism of B-Ga,O; resulting in differently colored
regions for differently oriented grains.

To clarify the nature of the grain boundaries, scanning elec-
tron microscopy (SEM)-based electron backscatter diffraction
(EBSD) maps and line scans of the surface were taken for
sample G100c. While XRD results give an integral picture of
the orientation of single-crystalline domains, EBSD provides
related local information on the orientation [32]. Figure 3(a)
shows an EBSD map of the orientation deviation for a rep-
resentative low-angle grain boundary in the region marked
“M” in Fig. 2(b). The average misorientation between the
two grains is about 2.2°. Variations within the individual
grains are due to the limited accuracy chosen for this map. To
resolve the misorientations for the different rotation axes and
achieve a higher accuracy, we have resorted to high-resolution
(HR)-EBSD measurements based on the cross correlation
of high-quality Kikuchi patterns [33] using the commercial

(a)

-
o
=

0deg 2.5deg
— : 4 —
5'(b) axis: S 3,(C) axis:
§ 4' —D_:b* % 2 —._b*
s o - @
c 2 o ¢
g1 e | B0 TN
£ ol Ve 1 911 1001 ‘
= —l001] 2 —p
0.00.10.20.30.40.5 1 2 3 4 5

position (mm) grain boundary GB#

FIG. 3. Local variations of the surface orientation measured by
EBSD for the G100c sample. (a) Map of the orientation deviation
around the grain boundary marked “M” in Fig. 2(b) with the overall
rotation angle relative to the average orientation of the lower grain
encoded on a color scale. (b) HR-EBSD line scan with a step size
of 20 um crossing three grain boundaries along the (vertical) arrow
“L” in Fig. 2(b). The deviation is given by the individual rotation
angles around the specified axes. (c) Relative misorientation between
adjacent grains extracted from microscopic line scans across the
grain boundaries marked by “GBx” in Fig. 2(b). GB1-3 correspond
to the boundaries in (b).

tool CROSS-COURT3. Figure 3(b) depicts a “macroscopic”
HR-EBSD line scan [marked by “L” in Fig. 2(b)] across
three low-angle grain boundaries achieved by mechanically
shifting the sample stage and recording Kikuchi patterns at
each position. Additionally, the relative rotations obtained
from microscopic line scans across five grain boundaries
[marked GB1-GBS5 in Fig. 2(b)] are summarized in Fig. 3(c).
These measurements show that the misorientation at the grain
boundaries is dominated by a rotation around the b axis of
up to 3.6°, i.e., the main rotation axis lies in the plane of
the sample and is orientated along the grain boundary. The
rotation around the out-of-plane ¢ axis can be up to 1°, while
the ¢ axis shows only minor contributions of less than 0.3°.
These local measurements of the rotation are consistent with
the global data provided by the w-rocking curves for sample
G100c.

Hence, all investigated wafers can be considered single
crystalline, except for G100c, which consists of a finite num-
ber of single-crystalline domains with low-angle (<4°) grain
boundaries. This sample allows us to investigate the influence
of low-angle grain boundaries on the transport properties.

C. Extracting a two-dimensional conductivity anisotropy
by van der Pauw measurements and simulation

In order to investigate the effect of the scattering mecha-
nisms and energy barriers due to low-angle grain boundaries
on the conductivity anisotropy, transport measurements were
conducted. These measurements were done in van der Pauw
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FIG. 4. Potential distribution calculated by finite element simu-
lation of a square shaped van der Pauw sample in the configuration
used for resistivity anisotropy measurements (left) and Hall-effect
measurements (right). r denotes contact radius, d is the distance from
the contact to the edge, and o, and o, are the offset of the contact
position in these directions. This image was calculated for isotropic
conductivity, no magnetic field and a geometry relative to the sample
length defined by r, d, o,, ando,, being 0.05, 0.1, 0, and 0.

geometry (square with four contacts close to the corners) at
temperatures between 50 and 380 K in a closed-cycle helium
refrigerator.

Hall measurements were performed in a magnetic field of
B = £0.5 T, oriented perpendicular to the substrate surface.
For Hall measurements, the two sets of contacts diagonal to
each other are used for applying current / and measuring
voltage V, respectively. Using the two contacts on one edge
parallel to x of the square sample for applying I and those
on the opposite edge for measuring V, the four-terminal
resistance along x, Ry, is determined. The same is done for
the other two edges (perpendicular to the former ones), which
yields Ry. These R, and R, are used as described in the
original work by van der Pauw to calculate the geometrical
average of the anisotropic sheet resistance Rye = 1/,/0:0y,
with sheet conductivities o, and oy in the x and y direction,
respectively. The van der Pauw resistance anisotropy is given
by their ratio Aygp = Ry/R,. This value can be translated into
the conductivity anisotropy A = o0, /o, along these axes using
finite-element method (FEM) simulations of the current and
voltage distribution for each sample.

We recently described in detail how we used this method
for the determination of the transport anisotropy of another
semiconducting oxide with anisotropic crystal structure, SnO,
[34], and compared the method to the Hall bar geome-
try [18]. In addition, we have demonstrated the validity of
the anisotropic van der Pauw method for the conductivity
anisotropy due to a finite number of oriented planar defects
by FEM simulations in the Supplemental Material of [34].

For each sample, geometric details were derived from
micrograph images, including the size, position, and shape
of the contacts. Using our FEM simulations, the impact of
deviations from the ideal van der Pauw geometry for each
sample (such as extended size and position of the contacts
away from the sample edges) on measured sheet resistance,
its anisotropy, as well as electron concentration n and resulting
average mobility pave = (/Ix/Ly are correctly accounted for.
Examples of a potential distribution resulting from the FEM
simulation can be found in Fig. 4. The relation A(A,4p) and

TABLE III. Van der Pauw resistance anisotropy A,,p calculated
by two-dimensional FEM simulations for square samples with con-
ductivity anisotropy A and different sizes and positions (offset o, as
shown in Fig. 4) of the disk-shaped contacts. All sizes are relative
to the edge length of the square sample. Note that for isotropic
conductivity and symmetric contact placement, the van der Pauw
anisotropy is unity for all values of the contact radius and distance
of the contacts from the edge.

Contact Distance contact Offset of

radius to the edge contact positiono, A Ayp
All values All values 0 1 1
0.05 0.2 0.1 1 1.14
0.01 0.01 0 1.1 1.35
0.05 0.1 0 1.1 132
0.05 0.2 0 1.1 126
0.01 0.01 0 2 9.4
0.05 0.1 0 2 7.7
0.05 0.2 0 2 5.4

correction factors for R,ye, 7, ilaye derived from FEM simula-
tions for the geometries used in this work are summarized in
Tables IIT and IV, respectively, as well as in Ref. [34].
Obtaining reliable values of A crucially depends on a
precisely defined contact geometry as any deviation from a
square arrangement by an aspect ratio L, /L, of a sample with
a length of L, and L, impacts the resulting conductivity (or
mobility) anisotropy A by a factor (L, /L, )? [18]. We tested the
accuracy of our experimental technique using several isotropic
Si bulk samples, a highly perfect semiconductor, and contact
geometry defined by photolithography. The resulting devia-
tions of A from unity were <0.7% for each of these samples,
which can be seen as the intrinsic geometrical uncertainty
of our experiment. A potential experimental artifact that can
impact the observed in-plane conductivity anisotropy is the
microscopic location of the current injection into the semi-
conductor under the ohmic contact pad. In our simulations, we
are assuming current injection along the periphery of the con-
tact. Low electron concentrations and low temperatures can,
however, lead to a significant increase of contact resistance
and inhomogeneous current injection underneath the contacts

TABLE IV. Correction factors for quantities derived from van
der Pauw and Hall measurements for square samples with different
sizes and positions (offset o, as shown in Fig. 4) of the disk-
shaped contacts, calculated using two-dimensional FEM simulations.
Measured quantities are multiplied by the correction F' to obtain the
“true” quantities. All sizes are relative to the edge length of the square
sample.

Contact Distance contacts Offset of F for F for F for

radius to the edge contact position 0, Ry n ave
0 0 0 1 1 1

0.05 0.1 0 1.01 0.84 1.18
0.05 0.2 0 1.10 0.58 1.57
0.01 0.15 0 1.02 0.80 1.23
0.05 0.2 0.1 1.09 0.60 1.53
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FIG. 5. The unit cell of B-Ga,0; projected along the b axis
(= [010] direction). The unit basis vectors along the directions
a, b, ¢ and the unit vectors perpendicular to the (100), (010), (001)
planes (along a*, b*, and c*) are shown. The 1-axis=e}, 2-axis=e;,
and 3-axis=e, refer to the chosen Cartesian coordinate system to
describe the conductivity tensor in this work (a*bc system). The
angle between a* and a as well as ¢ and ¢* is 13.7°. The directions
a, a*, ¢, c* are in the shown plane and perpendicular to b = b*.

(contact freeze-out). For the lithographically defined contacts
with diameter of 300 (100) um, whose center has a distance
of 850 (750) um to the nearest sample edges, a maximum
anisotropy artifact can arise for current injection only at one
point on the contact pad that is located, e.g., in the horizontal
direction towards the outer edge of the sample, but in the
vertical direction towards the center of the sample. In this
extreme case, the maximum apparent van der Pauw anisotropy
for isotropic conductivity is 1.33 (1.09), which corresponds
to an error for the extracted conductivity anisotropy 11 %
(£3 %). Experimental comparison of the extracted transport
anisotropy using two different contact sets (300 and 100 pum
diameter) each on samples G100al and G100b yielded an
agreement within 1-2% between the different contact sets,
indicating negligible inhomogeneity of current injection un-
derneath the contacts in these cases.

D. The three-dimensional conductivity tensor

Figure 5 schematically shows the monoclinic unit cell of
B-Ga,03 along with the unit basis vectors along a, b, ¢ as
well as unit vectors perpendicular to the lowest index planes
along a*, b*, c¢*. The vector representation of physical prop-
erties requires an orthonormal system. Two different systems
abc* and a*bc have been chosen by different authors. We will
use the a*bc system by aligning the 1-axis along the (100)
surface normal a*, the 2-axis along b, and the 3-axis along the
c axis, as indicated in Fig. 5. In this system, the conductivity
tensor & of B-Ga, 03, which relates electric field E and current
density j by j = 6 E, can be expressed at zero magnetic field
as [35]

=10 o O |, (1
Oac 0 Occ
where the off-diagonal elements both have the same value

o4+c. For isotropic materials, the conductivity tensor is a
unity matrix times the scalar conductivity value. Different

values of the diagonal elements indicate different conductivity
values along the axes of the coordinate system. Off-diagonal
elements indicate a rotation between the axes of the coordinate
system and the directions of minimum and maximum con-
ductivity. Measurements using the van der Pauw configuration
probe the conduction in the plane of the two-dimensional (2D)
sample. In the following, we will derive the impact of the
off-diagonal elements on 2D conductivity measurements in
different sample orientations.

Rotation of the coordinate system

To use this derivation for differently oriented samples and
a conductivity tensor defined in the a*bc system, a rotation of
the coordinate system to the system of the sample axes has to
be done. The rotation of a tensor by the angle « around the
b axis can be given as

Gt = RyG R, 2)

where the rotated conductivity tensor oy, follows a unitary
transformation using the rotation matrix for a rotation around
the b axis:

cos(w) O sin(x)
R, = 0 1 0 . 3)
—sin(e) 0 cos(a)

The transformation described by Eq. (2) can be derived by
writing the relation j = &FE before and after applying a
rotation,

jrot = Rotj = Raéﬁ = Rao_'R;lesz_: = &rotErol~ (4)

To rotate the coordinate system by a certain angle, both
vectors and matrices have to be rotated by the negative value
of that angle.

For samples having either one edge along the b axis or
both edges within the ac plane, a corresponding Cartesian xbz
system can be defined with the x axis either along the surface
normal or along one sample edge, respectively. The corre-
sponding tensor elements o,,, 0,,, and o,, can be obtained by
a rotation of the coordinate system around the b axis by the
angle y [described in Fig. 6(b)] from the a*bc system to the
system of the sample edges as follows:

Oxy = Oa*a*COSZ)/ — O eSIN2y) + UL.L.sinzy, (®)]
Oy, = 04+cCO8(2y) + %(a,m* — 0c)8in(2y), (6)

Oy = Ogrgr sinzy + ogesin(2y) + occcoszy, @)

where oy, is the same in both systems. For the a*bc system,
aligning a* = x and z = c requires no further rotation. For
the abc* system, aligning a along x and z along c¢*, the tensor
elements in the a*bc system can be obtained by a rotation of
y =13.7°.

E. Calculation of the two-dimensional
in-plane conductivity tensor

Using the general form of the conductivity tensor for
a monoclinic material [Eq. (1)] in the Cartesian coordi-
nate system of the sample edges with the 2-axis aligned
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=[100
(6) {100

Yoo, =103.7° \\,0@\
15

FIG. 6. (a) Overview of the orientation of the samples. Three
samples have one edge along the b direction and the other edge
is within the ac plane. (b) These three samples and the angles
between them are shown in a projection onto the ac plane. This
sketch includes the directions of minimum («#) and maximum (u« + v)
conductivity in the ac plane; « is the angle from these directions to
the a* and ¢ axes. For each sample, y is the angle from the ¢ axis to
the direction of the sample edge in the ac plane.

along b,
6=10 ow 0], (3)

the relation j = & E can be written as

Jx E, onEy + o E;
bl=0|E| = onEp . 9
Jz E, o Ex + o E;

For 2D samples with the surface normal along the x direc-
tion, one edge along the z direction in the a*c plane, and the
other edge along b, the condition of zero current perpendicular
to the surface (j, = j, = 0) can be applied to Eq. (9),

0= GxxEx + szEza (10)

which is equivalent to fixing the electric field perpendicular to
the surface to

oxE;

E, = (11)
UX}C
Using Eqgs. (9) and (11):
Jx Gxx(_ Ggfz) + o E;
| = owEp
Je 0 (—Z5) + 0:E;
0
= owEp , (12)
2

(Uzz - %)Ez

which can be rewritten to

Jr 0 0 0 E,

| =10 ow 0 Ey|. (13)
N 02

Jz O O O‘ZZ_i Ez

Oxx

The 2D tensor in the coordinate system of the sample edges,
the axes b and z, is now given by the bz components of the
conductivity tensor in Eq. (13),

o 0
&b = ( i gz,>. (14)
0 Oz — é

The experimentally determined value of the conductivity
anisotropy of one sample can now be given as the ratio of
the diagonal elements in Eq. (14),

0.
Abe = —“be G (15)

1. (100) orientation

For (100)-surface samples (=a*) with edges along [010]=b
and [001]=c, we can align these three directions along the
x, vy, and z axes, defining our Cartesian xbz=a"bc reference
system. No further rotation is required and Eq. (15) can be
rewritten as

2
aﬂ* C

O
AN = — (16)
Obb

2. (001) orientation

The (001)-surface samples (=c*) have edges along
[100]=a and [010]=b. The angle from the c axis to the a axis
is Yoo1) = 103.7°. Therefore, the (001) samples are rotated
by an angle of y 01y = 103.7° compared to the (100) samples
around the b axis, as visualized in Fig. 6. So Egs. (9) to (15)
would be valid after a rotation of the coordinate system of
Yo1) = 103.7°.

Using this transformation [Egs. (5) to (7)], the measured
anisotropy for (001) samples can be described by Eq. (15) as
well. This rotation is equivalent to the transformation from
the a*bc to the c*ba system. Consequently, by aligning the x,
y, and z axes along the directions c¢*, b, and a, Eq. (15) can
be expressed in the c*ba system. As the conductivity is the
same in ¢* as in the —c* direction (USING Cerer = O(—¢r—c*)),
the tensor elements o,,, 0.+, and o are the same in the
abc* system and the ¢*ba system:

2
ac*

AE’OOI) — Ockc . (17)
Obb

3. (201) orientation

The (20 1)-surface samples have edges along [010]=bh
and [102]. The angle from the ¢ axis to the [102] direction
is Y1) = 28.9°. The measured 2D anisotropy is given by
Eq. (15), with the tensor elements rotated according to Egs. (5)
to (7) by the angle (3¢,
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4. (010) orientation

For completeness, we are giving the transformation for
(010)-surface samples with edges along [102] and (201) as
well. As there is no off-diagonal conductivity tensor element
perpendicular to the surface, the three-dimensional conductiv-
ity tensor from Eq. (8) can easily be rewritten to the 2D tensor,

oF = Ozz  Oxz (18)
Oy Oxx)’

To obtain the conductivity tensor elements in the zx-
coordinate system of the sample edges, a rotation of the co-
ordinate system of 28.9° = y,5¢;, around the b axis according
to Egs. (5) to (7), where the [102] is aligned with the 1-axis
(=x) and the (20 1) direction with the 3-axis (=z) of the 3D
coordinate system. For the general case, 2D FEM simulations
can be done using this conductivity tensor to obtain the
relation to the measured transport anisotropy. A rotation of
a multiple of 90° does not change the absolute value of the
off-diagonal conductivity tensor elements [compare Egs. (5)
to (7)]. Therefore, the van der Pauw resistance anisotropy is
independent of the value of the off-diagonal element for sym-
metric samples with no anisotropy in the diagonal elements.
Our FEM simulations in the experimentally relevant range
(off-diagonal values and deviations of the diagonal elements
anisotropy from unity of less than 10% each) confirm the
validity of the approximation A"? ~ o, /o, within an error
of less than 0.05%.

F. Reconstructing the three-dimensional conductivity tensor

The 3D conductivity tensor has four independent elements
[compare Eq. (1)]. Measurements of the 2D in-plane con-
ductivity anisotropy of three differently oriented samples are
thus sufficient to characterize the 3D conductivity anisotropy,
as the tensor components can be normalized to one of the
components. The (100), (001), and (201) surface samples all
share one edge along the b direction and the other one in the
ac plane [visualized in Fig. 6(a)]. Thus, their measured trans-
port anisotropies [Eq. (15)] are ratios of ac-plane conductivi-
ties and oy

The 3D conductivity tensor given by Eq. (1) can be diago-
nalized by rotating the a*bc coordinate system by an angle —«
around the b axis into the e,be,, coordinate system, whose
axes are given by the directions ¢, and e, of minimum and
maximum conductivity # and (u + v), respectively, in the ac
plane, as illustrated in Fig. 6(b):

A u 0 0
oMM — 10 oy 0 . (19)
0O 0 u+v

Conversely, ™™™ can be expressed in the a*bc system
by a rotation of the e,be,,-system by « around the b axis,
corresponding to a rotation of the tensor by —«,

Oaa* 0 Oac
a*be 0 Obp 0
Oaxc 0 Occ

Q
I

u + vsin’a 0 vsinocosa
0 Opb 0 . (0
vsinecose 0 u+ vcostw

Using the relation between the e, be,, and the a*bc coor-
dinate system, the conductivity anisotropy for a (100) sample
in Eq. (16) can be calculated using Eq. (20),

B 2
u + vecosla — —(”;Ij:lf;?
. @1

A000) _
’ b
For the general case, a rotation of the angle (o + y) instead of
o has to be used,
Al = uty , 22)
o[ 1+ L sin* (o + y;)]

where y is the angle from the ¢ axis to the direction of the
sample edge in the ac plane for each sample [see Fig. 6(b)]
and i denotes the surface orientation [e.g., (100), (001),
and (201)]. This equation can be rewritten to a system of
three coupled equations. As we are interested in conductivity
anisotropies only, we can set the conductivity in the b direction
O'bb=11

A0 [1 + 2 sin®(a + J/(lOO))]/(u +v)—-1=0, (23
AZD [l + 2 sin®(a + V(im))]/(u Tuv)—-1=0, (24
A@”p+£ﬁﬁw+mmﬂ/w+w—l=a (25)

with Y1o00) = 0°, Yaor = 28.9°, and Y(001) = 103.7°.

For these three sample orientations, «, u, and v are the
same and can thus be determined by solving the resulting sys-
tem of the three coupled Eqgs. (23) to (25) numerically using
the experimentally measured A’ . The conductivity tensor in
the a*bc system can then be readily calculated by Eq. (20).

III. RESULTS AND DISCUSSION
A. Room-temperature results

The measured value of the 2D conductivity anisotropy at
room temperature, together with their relation to the three-
dimensional conductivity tensor & are summarized in Table V.
For all samples, except G100c containing extended defects, a
fairly isotropic in-plane conductivity was observed at room
temperature with deviation of the conductivity anisotropy
from unity of below 5%. Theory suggests a dependence of
transport anisotropy on electron concentration or prevalent
scattering mechanism (see Refs. [23,24] and Table I). We
are thus using the data of samples G100a2, G0Ola2, and G-
201a, which were prepared from the same Czochralski-grown
boule and have similar electron concentrations (in the range
of 2.5 x 10'7 to 4.7 x 10'” cm™3), to obtain the conductivity
tensor given by Eq. (1) in the a*bc reference system by solving
the system of coupled Egs. (23) to (25). The resulting tensor
(normalized to the conductivity in the b direction) at room
temperature is

satbe 1.01£0.04 0 0.05+0.03
(T =300K) = 0 1 0 ,
Obb 0.05£0.03 0 0.96=+0.01
(26)

with the uncertainties based on those of the extracted 2D
conductivity anisotropies in Table V of +1%, +3%, and
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TABLE V. Values of the measured 2D conductivity anisotropy A
at room temperature for different samples. The values were derived
from comparing the measured van der Pauw anisotropy A, ,p to finite-
element simulations (see Table III). As the off-diagonal element is
much smaller than the diagonal elements, the given values are an
approximation for the ratio of the conductivity along one side of the
sample (c axis, a axis, [102]) and the other (b axis).

Sample 2D anisotropy 2D anisotropy
name (3D tensor elements) value
2*
G100al / a2 S 0.95 / 0.96
G100b T g 1.00
Obb
02* -
G100c (extended defects) e 0.76
‘72.*
G00lal / a2 /a3 “% 1.02 / 0.99 / 0.95
T
G-201a / atl /at2 — 1.01 /0.97 / 0.97
(72 =
o _ [lO%J(ZUl)
G-201bt e 1.00
GO010at / bt Jiozyioz) 1.03 /1.07
9(301)(201)

+3% for G100a2, GOOla2, and G-201a, respectively. Based
on this tensor, the calculated 2D conductivity anisotropy
0'[1()2][102]/0‘@01)(201) = 1.06, using Egs. (18) and (5) to (7),
agrees well with the corresponding experimental value of
1.03 for the (010)-oriented UID sample GO10at shown in
Table V. Generally, our room-temperature results indicate a
small anisotropy of the conductivity, with o,+,+ and o, being
a few % higher and lower than oy, respectively, and the
nondiagonal elements o+, amounting to no more than a few %
of o,. Due to the nonzero off-diagonal element, the actual di-
rection of highest mobility in the a-c plane is (59 + 15)° from
the ¢ direction towards the a* direction with a conductivity
(1.12 £ 0.09)x that in the perpendicular direction of lowest
conductivity. For comparison to other works using the abc*
reference system, we calculate the conductivity tensor in that
system to be

—abe* 0.99+0.03 0 0.06=+0.03
(T =300K) = 0 1 0
Obb 0.06+£0.03 0 0.99+0.02
27

To analyze the anisotropies of the scattering time, the
conductivity tensor can be compared to an effective mass
tensor. The tensor taken from [25], which Furthmiiller ez al.
calculated by first principles, can be rotated to the a*bc
reference system and normalized to m* along the b axis,

o 1.009 0 —0.001
=] o 1 o |. (28)
My, \—0.001 0 0.973

As the conductivity and the effective mass are close to
isotropic, the overall scattering time at room temperature is

B® «G100b = G100a2 clb
§1.10 . ° e G100bch |
£ a ° G001a2alb ||
2 o v G-201a[102)/b
G 105F = . i
S . G-201a
5 Y . [102]/b
3] VVvVVyVvVyVwye e® Y A\ 2 A4
=)
= N[0 E——— [ g .
& . 2 @
(&] ] ]
(| | |
AN

" mme 5,
G100a2 c/b
50 100 150 200 250 300 350
Temperature (K)

0.95 |

FIG. 7. Temperature-dependent 2D conductivity anisotropy A
for representative samples with different surface orientations. The
in-plane directions of the sample edges that result in the conductivity
anisotropy, e.g., “c/b” resulting in A = ../, are given with the
sample name. The dashed line denotes completely isotropic in-plane
conductivity.

quite isotropic as well. Using the relation & = e¢’n-%, the

m
results from Eq. (26), and the effective mass tensor from [25],
the 7 tensor, normalized to 7, can be calculated to be

1.024£0.04 0 0.05=+0.03
- 0 1 0 (29)
W \0.05+£003 0 0.94+0.01

T

at room temperature, with 7, being (9 & 5)% higher
than 7.

B. Temperature dependence and scattering mechanisms

The temperature dependence between 50 and 380 K of
measured 2D conductivity anisotropies A in the coordinate
system of the sample edges is shown in Fig. 7 for a repre-
sentative set of samples. (Note that the discussed changes of
anisotropy with temperature for differently oriented samples
is systematic as demonstrated for further samples with the
same orientations in Fig. S1 in the Supplemental Material
[36].)

A deviation of A from unity of less than 5% can be seen for
temperatures between 175 and 380 K for all samples. These
results suggest a rather isotropic conductivity at application-
relevant (high) temperatures.

Between 380 and 100 K, the anisotropy of samples G0OO1a2
and G-20la remains almost constant within 3% and 1%,
respectively (0.98 to 1.01 and 1.02 to 1.02, respectively).
In contrast, for the same temperature range, both G100a2
and G100b show a systematic increase of the anisotropy by
~10% (0.96 to 1.05 and 0.99 to 1.10, respectively), which we
attribute to a change of the dominant scattering mechanism as
discussed next.

The electron mobility in B-Ga,03 free from extended
defects is mainly limited by polar longitudinal optical phonon
scattering (PLOPS) and ionized-impurity scattering (IIS)
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FIG. 8. Average Hall mobility (top) and electron concentration
(bottom) as a function of temperature for various sample orientations.
Measured values were corrected for the geometry effects of nonedge
contact placement and finite contact size (see Table IV for correction
factors). For comparison, we plot as broken line the PLOPS limit of
mobility taken from Ref. [37] as well as the shaded region denoting
a stronger IIS than PLOPS.

at fixed ionized point charges [23,28,37]. With increasing
temperature, the electron mobility limited by PLOPS (upLops)
or IIS (uns) decreases or increases, respectively, and higher
ionized point charge concentrations (including dopants, com-
pensating dopants, or point defects) decrease the IIS-limited
mobility [28]. Figure 8 shows the temperature-dependent
Hall electron mobility and Hall electron concentration of
the representative set of samples. (The corresponding data
for all investigated samples are shown in the Supplemental
Material [36].) To identify the dominant scattering mech-
anisms (PLOPS or IIS) for all samples, we compare the
measured temperature-dependent mobilities u to the case
of pLops = pns, i.€., u=1/(1/pupLops + 1/uns)=mpLops/2 by
Matthiessen’s rule, drawn as the boundary between the shaded
and white region in the top panel of Fig. 8. Data points in the

T ¥ T E T u T T
2 405k Adominant 1S dominant PLOPS_'
= 1.
¢ A N DGa*a*/be

O O O o O
© 1.00- [, ....................... 4
o) NN
o A
Q LA A AN A
8 0'95,: GCC/(sbb 1
2 T o T
o 0.05 S 43 o o0 O
N O m - ]
% OG c/(j Gaa/obb
g 0.00 F o a*c' “bb A 6,J0, |1
o) o
Z O GOy
-0.05

100 150 200 250 300 350
Temperature (K)
FIG. 9. Visualization of the temperature-dependent 3D conduc-

tivity tensor elements of f-Ga,O; normalized to the conductivity in
the b direction, oyy,.

shaded region correspond to stronger IIS than PLOPS. Here,
upLops Was taken from Ref. [37] describing B-Ga, O3 samples
with the currently highest documented electron mobility. At
temperatures below ~250 K, all samples (Fig. 8, top) are
dominated by IIS, whereas PLOPS is dominant for samples
G100a2, GOOla2, and G-20la at higher temperatures. As
in the room-temperature case, the three latter samples, with
similar electron mobility and concentration, are used to extract
the temperature-dependent components of the conductivity
tensor, shown in Fig. 9.

The tensor elements at temperatures above 250 K [in-
cluding those at room temperature given in Eqgs. (26)
and (27)] represent dominant PLOPS. They are nearly
isotropic (O'(-C/O'bb ~ 0.96, G(-*C-*/Obb ~ 0.99, O'ua/O'bb ~ 0.99,
and 0«4+ /opp, &~ 1.01), in fair agreement with the theoretically
predicted o+« /opp & 1.02 of Ref. [23] as well as the exper-
imentally determined o,+,+/0.,=1.10 to 1.15 of Ref. [21],
both for dominant PLOPS and similar electron concentra-
tion to that of G100a2, G00la2, and G-201a. Our results,
however, are significantly contrasting the theoretically pre-
dicted stronger anisotropy o+« /opy = 0.64 of Ref. [24] and
0aa/0by = 0.84 of Ref. [23] as comparison to Eq. (27) yields.

Figure 9 further shows o, /o = 1.05 and o4+ /opp =
1.00 at 100 K, where IIS is strongly dominating (cf. Fig. 8,
top). These results indicate fairly isotropic IIS, but with higher
occ/0opp than in the case of PLOPS. Our experimental results
are in agreement with the upper bound of 40% and 10%
deviation from the isotropic case experimentally determined
by optical Hall effect measurements of samples with IIS-
dominated mobility at high donor concentration [22] and
estimated theoretically for IIS [23], respectively, and give
additional information on the directionality of the anisotropy.

Differently from the other representative samples, sam-
ple G100b is dominated by IIS at virtually all investigated
temperatures (see Fig. 8, top). Comparing G100b (strong
relative IIS) to G100a2 (weaker relative IIS), we find the
anisotropy o../op, to be systematically higher for G100b
(see Fig. 7), reaching o../op, ~ 1.10 at 100 K. In qualitative
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FIG. 10. Conductivity anisotropy of sample G100c containing
low-angle grain boundaries along the b direction. The dashed line
denotes completely isotropic in-plane conductivity. The inset shows
an Arrhenius plot of the barrier-related mobility [compare Eq. (31);

the fit between 200 and 365 K results in an activation energy of
93 + 5 meV].

agreement with an increase of o../op, for G100a2 with de-
creasing temperature, this result corroborates systematically
higher o../0op, for dominant IIS than for dominant PLOPS.
This systematically higher IIS-dominated conductivity in the
¢ direction compared to the almost equal conductivities in the
a and b directions is likely related to the higher dielectric
constant (of 12.4) for the ¢ direction compared to the almost
equal dielectric constants (of 10.2 and 10.9) for directions
perpendicular to ¢ [15,16].

C. Anisotropy by extended defects

Large conductivity anisotropies with significantly higher
conductivity in the b than in the ¢ direction have been
identified in sample G100c, which contains low-angle grain
boundaries oriented approximately along the b direction (see
Figs. 2 and 3). In this sample, the room-temperature conduc-
tivity anisotropy o../op, & 0.77 (shown in Table V) is much
stronger than that of the comparable high-quality samples
G100al, G100a2, and G100b. A qualitatively similar behavior
with o../op & 0.06 and o../op = 0.5 at room temperature
has been observed in B-Ga,O3 (100) bulk samples of un-
known structural quality [10] and layers containing a high
density of incoherent twin boundaries oriented along the b
direction [19], respectively. Planar defects, such as twin or
grain boundaries, are typically associated with energy barriers
that impede electron transport across the defects, explaining
the relatively lower conductivity along the ¢ direction for
G100c [38,39]. For convenience, we plot the temperature
dependence of the inverse anisotropy, op,/0., for sample
G100c in Fig. 10. A strong increase of anisotropy with
decreasing temperature from op,/0.. = 1.14 at T = 360 K
to opp/0cc > 20 at T = 50 K is observed. (We note that the

350 ———bm—>—-vb—-+—"F—"—"F—""—""T—"7

i [ G100a2 ®  G100a2
z300F = F G100c [001]]
< 250 | = . G100c [010] ]

u
>.200 [ " .
150 | .. -
2 -

e 100 ' [ .-
3 50 -
L L ]
0 - -

50 100 150 200 250 300 350
Temperature (K)

FIG. 11. Temperature-dependent Hall mobility for sample
G100c containing low-angle grain boundaries along the b direction.
Cyan rhombs: mobility along ([010]) and perpendicular to ([001])
the grain boundaries. Black squares: mobility of a similar sample
without these defects (G100a2) for comparison.

increasing anisotropy o../op, With decreasing temperature in
samples G100al, G100a2, and G100b cannot be related to
such extended defects as it is inverse to the increasing o,/ 0
of G100c.) Figure 11 shows the mobility in the direction
parallel and perpendicular to the low-angle grain boundary
defects in sample G100c. Parallel to the defects, the mobility
is similar to that of a comparable sample without these defects,
G100a2, whereas it is drastically reduced perpendicular to the
defects, especially at low temperatures. Above room temper-
ature, however, the mobilities in both directions coincide and
decrease with increasing temperature as expected for phonon-
limited transport, indicating a negligible effect of the grain
boundaries. Assuming the mobility u within the grains to be
isotropic, the total mobility perpendicular to the defects ([001]
direction), 14 , is reduced due to the activated, barrier-related
mobility Uvarriers

1 1 1
— = —+ . (30)
n1 n Mbarrier
AsAg ~ 22~ pufpy,
Eq
Mbarrier = Ao' 1 = pnoerr, (31)

using this equation, the activation energy for the transport
across the barriers is E4 = (93 £5) meV for temperatures
between 200 and 365 K (see inset of Fig. 10). Interestingly,
this barrier is orders of magnitude higher than that found at
low-angle grain boundaries of bulk SnO, [34], which might
also explain the difficulties in realizing conductive, nonsingle-
crystalline -Ga,Os; films with grain or (rotational) domain
boundaries.

IV. SUMMARY AND CONCLUSION

Using van der Pauw measurements with well-defined
contact geometry and FEM modeling of the structures, the
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anisotropy of the electrical conductivity in high-quality bulk
B-Ga,03 wafers with different surface orientation was pre-
cisely determined.

Most importantly, fairly isotropic behavior with conductiv-
ity ratios of less than 1.10 along different low-index directions
at temperatures between 100 and 380 K was found at electron
concentrations of the order of 3 x 10'7 cm™>. Based on the
extracted anisotropies, the ratio of the nonzero elements of
the conductivity tensor was determined and the off-diagonal
element was found to be no more than (5 &= 3)% of the diag-
onal ones. A consequence relevant for optimum performance
of transport-based electronic devices, such as transistors, is
the direction of highest mobility, which is rotated (59 % 15)°
from the ¢ direction towards the a* direction in the a-c plane.

Conductivity anisotropies well in excess of 10%, as re-
ported in Refs. [10,20], are likely not intrinsic, but rather
related to experimental artifacts or extrinsic causes, such as
extended structural defects (incoherent twin boundaries [19]
or grain boundaries). To this end, we experimentally demon-
strated that high anisotropies can indeed be caused by oriented
low-angle grain boundaries whose barriers were found to be
up to 93 meV high. Therefore, we suggest to use the in-plane
conductivity anisotropy of a bulk or thin-film sample, e.g.,
measured by the experimentally straightforward van der Pauw
method, as a quality indicator for extended defects oriented
along an in-plane direction.

Comparison to the slightly anisotropic effective mass ten-
sor indicates that the intrinsic transport anisotropy is strongly

influenced by the scattering times of anisotropic scattering
mechanisms. Inspection of the temperature-dependent elec-
tron mobility between 100 and 380 K allowed us to distin-
guish dominant polar longitudinal optical-phonon scattering
(PLOPS) from dominant ionized-impurity scattering (IIS):
Irrespective of scattering mechanism, the conductivities in
the a and b directions agree within 2%. The ratio of the
conductivities along the ¢ and b directions, however, is 0.96 +
0.01 for PLOPS and increases up to 1.12 for IIS. We tenta-
tively relate the a — b isotropy and ¢ — b anisotropy of IIS
to the corresponding anisotropy of the dielectric constant of
B-Ga,03 [15,16]. Most of the conductivity anisotropies pre-
dicted by first-principles theory [23,24] are significantly larger
than those experimentally found in this work. Their predicted
dependence on electron concentration [23,24] motivates fur-
ther experimental investigation of the transport anisotropy at
higher electron concentrations (e.g., above 10'° cm™3).
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