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Static Dielectric Constant of β-Ga2O3 Perpendicular to the
Principal Planes (100), (010), and (001)
A. Fiedler, z R. Schewski, Z. Galazka, and K. Irmscherz

Leibniz-Institut für Kristallzüchtung, 12489 Berlin, Germany

The relative static dielectric constant ɛr of β-Ga2O3 perpendicular to the planes (100), (010), and (001) is determined in the temperature
range from 25 K to 500 K by measuring the AC capacitance of correspondingly oriented plate capacitor structures using test frequencies
of up to 1 MHz. This allows a direct quantification of the static dielectric constant and a unique direction assignment of the obtained
values. At room temperature, ɛr perpendicular to the planes (100), (010), and (001) amounts to 10.2 ± 0.2, 10.87 ± 0.08, and 12.4 ±
0.4, respectively, which clearly evidence the anisotropy expected for β-Ga2O3 due to its monoclinic crystal structure. An increase of
ɛr by about 0.5 with increasing temperature from 25 K to 450 K was found for all orientations. Our ɛr data resolve the inconsistencies
in the previously available literature data with regard to absolute values and their directional assignment and therefore provide a
reliable basis for the simulation and design of devices.
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Monoclinic gallium sesquioxide (β-Ga2O3) has gained overwhelm-
ing interest in recent years due to its promising properties for high
power electronics.1 Due to the large bandgap of about 4.8 eV,2 a break-
down electric field as high as 8 MV/cm can be estimated. Combined
with the feasibility of n-type doping in the range from 1013 cm−3 to
1020 cm−3, and a reasonable electron mobility of up to 200 cm2/Vs,3,4,5

β-Ga2O3 might outperform GaN and SiC as a material for low-
frequency unipolar vertical power switches.6 To evaluate the po-
tential of β-Ga2O3 for power electronics, several demonstrator de-
vices such as field effect transistors7–12 and Schottky barrier diodes
were fabricated.13,14 Such devices are realized on the technologi-
cally most relevant surfaces of β-Ga2O3, i.e. (100), (010), or (001).
Hence, the direction of the electric field in the space charge re-
gion underneath the Schottky contacts or the gates is primarily
perpendicular to one of these planes. For device design, in par-
ticular for the calculation of the electric potential and the field
distribution in the active region, the relative static dielectric con-
stant ɛr has to be known. Due to the monoclinic structure of
β-Ga2O3, ɛr is expected to be anisotropic. Up to now however, de-
vice related experiments and simulations have assumed an average
static dielectric constant 〈ɛr〉 ≈ 10 disregarding the anisotropy. This
average value traces back to reports by Hoeneisen et al., who mea-
sured for single crystals ɛr = 10.2 ± 0.3 perpendicular to (100),15 or
by Passlack et al. who measured 〈ɛr〉 between 9.93 ± 0.39 and 10.2
± 0.6 for amorphous films16 as well as 〈ɛr〉 = 9.57 for polycrystalline
films.17 Recently, however, an experimental study by ellipsometry18

and calculations by density functional theory19–21 have revealed that
there is a significant anisotropy in the relative static dielectric con-
stant. Although these reports roughly agree in the magnitude of the
principal components of the static dielectric tensor, they are incon-
sistent with respect to the crystal axis assignment of the components.
Hence, providing reliable data of the static dielectric constant’s mag-
nitude and direction dependence is still an issue for a correct design
and simulation of β-Ga2O3 devices.

Here, we report on AC capacitance measurements of the rel-
ative static dielectric constant ɛr of β-Ga2O3 perpendicular to the
(100), (010), and (001) plane in the temperature range from 25 K to
500 K by using correspondingly oriented plate capacitor structures.
Such measurements allow a direct determination of ɛr from the sam-
ple capacitance and geometry. The values obtained should be better
suited for purposes of device simulation than those available so far.
Our results indeed confirm an anisotropy of ɛr of up to 25% between
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the different crystal orientations, but more important, resolve the am-
biguity in the orientation assignment.

Experimental

The β-Ga2O3 crystals used in the present study were either
grown by the Czochralski (Cz) method at the Leibniz-Institut für
Kristallzüchtung or by the edge-defined, film-fed growth method
(EFG) at Tamura Corp., Japan. To obtain semi-insulating material, the
unintentional n-type doping of β-Ga2O3 is compensated by magne-
sium (Cz) or iron (EFG) doping. A detailed description for the EFG22

and the Cz23–25 growth can be found elsewhere. The Cz crystals were
oriented by Laue diffraction and subsequently sawed, cleaved, and pol-
ished to obtain samples with the surface orientations (100) and (001),
corresponding to the surface normals a∗ and c∗, respectively. For the
(010) oriented sample (surface normal b) a substrate wafer from an
EFG crystal was used. Figure 1a illustrates the axis assignment with
respect to the unit cell of β-Ga2O3. Figure 1b shows a scheme of the
plate capacitor structure used for the AC capacitance measurements.
Contacts were deposited by electron beam evaporation of Ti (20 nm)
and Au (50 nm) in vacuum at a pressure of few 10−6 mbar using cir-
cular shadow masks aligned congruently on opposite sites. The area A
of the contacts and its uncertainty were determined by polygonal area
analysis of microphotographs. The thickness d of the samples was

Figure 1. (a) The monoclinic unit cell of β-Ga2O3 is illustrated using
VESTA.28 The (100) and the (001) planes are indicated by dashed lines on
which a∗ and c∗ are perpendicular, respectively. The (010) plane is perpen-
dicular to the viewing direction b. (b) Scheme of the plate capacitor structure
used in the AC capacitance measurements. A is the area of the contact and d is
the thickness of the sample. The contacts on the semi-insulating β-Ga2O3 are
either fabricated on the planes (100), (010), or (001).
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Table I. The experimentally determined values for the area A of
the contact, the thickness d of the sample and the capacitance C
of the plate capacitor structure at room temperature on the three
different planes (100), (010), and (001) are shown.

Surface orientation
of the sample (100) (010) (001)

A [mm2] 53.0 ± 0.2 53.2 ± 0.2 23.0 ± 0.2
d [μm] 325 ± 5 509 ± 5 110 ± 3
C [pF] 14.71 ± 0.04 10.06 ± 0.03 22.92 ± 0.06

measured using a commercial digital dial indicator (Mitutoyo Corp
ID-S112SB) with a resolution of 1 μm and an accuracy of 3 μm. The
error of d was calculated by the root mean square of the indicator’s
accuracy and the statistical error from a number of measurements at
different spots on the sample. The capacitance was measured using a
HP4284A precision LCR meter (Hewlett Packard). We made sure that
the loss tangent tan(δ) was smaller than 0.1 to neglect the influence of
the conductance on the AC capacitance measurement. The capacitance
C was independent from the frequency in the range from 20 kHz to
1 MHz and also independent from the DC bias between −100 V and
+100 V. Thus all prerequisites were fulfilled to use the AC capacitance
measuring method. For the determination of the relative static dielec-
tric constant ɛr, we measured the capacitance at zero bias, to reduce the
leakage current at elevated temperatures. A test frequency of 1 MHz
was chosen since the LCR meter has the highest accuracy in this range
and the loss tangent tan(δ) is smaller with larger frequencies, which
mainly plays a role for higher temperatures.

The temperature dependence of the capacitance was measured be-
tween 25 K and 500 K in a Janis CCS-400H/204N closed cycle re-
frigerator cryostat. The capacitance of the setup (without sample) was
determined to be 0.85 pF and was taken into account for the zero
correction.

Results and Discussion

The experimentally determined values for the contact area, the
sample thickness and the capacitance at room temperature on the three
different planes (100), (010), and (001) are summarized in Table I. The
relative static dielectric constant ɛr is calculated via the formula for
plate capacitors

εr = C · d

A · ε0
, [1]

where ε0 = 8.854 × 10−12 F/m is the vacuum permittivity.
The resulting ɛr perpendicular to the (100), (010), and (001) plane

between 25 K and 500 K is plotted in Figure 2. One-sigma error bars
are indicated for each measurement by the shaded areas. The relative
error in the sample thickness is dominating the calculated error of ɛr.
A significant difference of ɛr up to 25% between the three different
orientations is found. However, only a weak temperature dependence
is observed for all orientations with ɛr increasing by about 0.5 from
25 K to 450 K (Table II). A reliable measurement of the capacitance

Table II. The relative static dielectric constant ɛr perpendicular
to the planes (100), (010), and (001) of the monoclinic lattice of
β-Ga2O3 at different temperatures.

ɛr for E perpendicular to

(100) (010) (001)

T = 25 K 9.9 ± 0.2 10.53 ± 0.08 12.1 ± 0.4
T = 150 K 10.0 ± 0.2 10.64 ± 0.08 12.2 ± 0.4
T = 300 K 10.2 ± 0.2 10.87 ± 0.08 12.4 ± 0.4
T = 450 K 10.4 ± 0.2 11.14 ± 0.08 12.6 ± 0.4

Figure 2. The relative static dielectric constant versus the temperature per-
pendicular to (100), (010) and (001) between 25 K and 500 K. Selected values
are presented in Table II.

above 500 K was not possible due to the increased leakage current
leading to a loss tangent tan(δ) > 0.1.

The resulting ɛr perpendicular to the (100), (010), and (001) plane
at room temperature is summarized and compared to literature data
in Table III. For ɛr perpendicular to the (100) plane, we confirm the
experimental result by Hoeneisen et al.15 They determined ɛr also
using AC capacitance measurements, but for crystals grown by the
Verneuil technique as well as for flux grown crystals suggesting that
extrinsic effects are of minor importance. ɛr perpendicular to the (010)
and (001) planes were up to now only determined by ellipsometry18

and density functional theory calculations19–21. They used a Cartesian
system (a, b, c∗) for the ɛr tensor, so that ɛr perpendicular to (100)
measured by us deviates from their value with E ‖ a, which, in our
opinion, does not make too much difference and cannot be the rea-
son for the deviations discussed in the following. As the comparison
in Table III shows, these reports and our results fairly agree in the
magnitude of ɛr. However, the order of the ɛr values with respect to
the crystal axes does not agree. Considering the deviations in the ɛr

values based on DFT calculations, it does not make sense to compare
the absolute values with ours. The ellipsometry results of Schubert
et al.18 disagree with ours within the error bars. They used a gener-
alized Lyddane-Sachs-Teller relation (LST) to determine the relative
static dielectric constant in the monoclinic system. The LST is an in-
direct approach to determine ɛr from the phonon modes of an ionic
crystal, which may fail in the presence of free charge carriers. In their
study β-Ga2O3:Sn single crystals with net donor concentrations of (2 –
9) × 1018 cm−3 were used.18 Since Sn is a shallow donor in β-Ga2O3

26

nearly full ionization at room temperature can be assumed. Hence,
free charge carriers are present in the samples they used, which could

Table III. The relative static dielectric constant ɛr perpendicular to
the (100), (010) and (001) plane of the monoclinic lattice of β-Ga2O3
at room temperature.

ɛr for E perpendicular to

(100) (010) (001)

This work 10.2 ± 0.2 10.87 ± 0.08 12.4 ± 0.4
Exp. Ref. 15 10.2 ± 0.3 - -
Exp. Ref. 18 12.(7)a 11.(2) 10.(9)
Theory Ref. 19 10.84b 11.49b 13.89b

Theory Ref. 20 11.4a 11.0 15.0
Theory Ref. 21 11.88a 9.22 12.61

aE ‖ a ∦ a∗
bcrystal axes assignment unknown
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explain the discrepancies with our results. There are also reports on
polycrystalline and amorphous films, that give an average value over
all orientations of 〈ɛr〉 = 9.57,17 〈ɛr〉 = 9.93 ± 0.39, and 〈ɛr〉 = 10.2
± 0.6.16 The average of the relative static dielectric constant over all
orientations is in our case 〈ɛr〉 = 11.2 ± 0.2. The larger value can
be explained by the fact that amorphous networks are less densely
packed than the crystalline phase resulting in a significantly lower
relative static dielectric constant for the amorphous phase. This was
shown especially for binary and mixed oxides.27

Summary

The relative static dielectric constant ɛr of β-Ga2O3 perpendicular
to the planes (100), (010), and (001) has been determined at room
temperature to 10.2 ± 0.2, 10.87 ± 0.08, and 12.4 ± 0.4, respec-
tively. ɛr increased by about 0.5 with increasing temperature from
25 K to 450 K for all orientations. ɛr was directly determined from AC
capacitance measurements and the geometry of correspondingly ori-
ented plate capacitor structures. This makes the orientation assignment
clearly comprehensible. Since demonstrator devices were realized on
β-Ga2O3 surfaces with one of the three principal orientations (100),
(010), or (001), the electric field direction in the space charge region
underneath the Schottky contacts or the gates is essentially perpendic-
ular to one of these planes. Therefore, the values reported here allow
an exact device design.
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