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ABSTRACT
The temperature dependence of the charge carrier density, mobility, and Seebeck coefficient of melt-grown, bulk ZnGa2O4 single crystals was
measured between 10 K and 310 K. The electrical conductivity at room temperature is about σ = 286 S/cm due to a high electron concentration
of n = 3.26 × 1019 cm−3 caused by unintentional doping. The mobility at room temperature is μ = 55 cm2/V s, whereas the scattering on
ionized impurities limits the mobility to μ = 62 cm2/Vs for temperatures lower than 180 K. The Seebeck coefficient relative to aluminum at
room temperature is SZnGa2O4−Al = (−125±2) μV/K and shows a temperature dependence as expected for degenerate semiconductors. At low
temperatures, around 60 K, we observed the maximum Seebeck coefficient due to the phonon drag effect.

© 2020 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/10.1063/5.0002847., s

I. INTRODUCTION

Transparent conducting oxides (TCOs) have drawn attention
due to their possible application in high-power, optical, or gas
sensing devices.1–8 Recently, β-Ga2O3 and related semiconducting
oxides with ultra-wide bandgaps of over 4 eV are in the focus,
since they offer transparency in the visible spectrum, semiconduct-
ing behavior, and breakthrough electric fields of several MV/cm. The
fundamental research has been extended from binary to ternary and
quaternary systems to find new substrate material for epitaxial thin
film growth, as well as to make use of a higher degree of freedom in
terms of doping.9

ZnGa2O4 is a novel ternary conducting oxide that crystal-
lizes in the spinel crystal structure, which makes it interesting as
a substrate for ferrite spinels.9 Furthermore, the material might be
promising for electrical application, which gives rise to a study of
the fundamental electric and thermoelectric transport properties.
The isotropic thermal conductivity at room temperature is λ = 22
W/mK,9 but many other material parameters remain to be clarified.

Theoretical values for the bandgap of ZnGa2O4 were predicted to
be indirect (K-Γ) with values between 2.69 eV–4.71 eV10–16 or direct
(Γ-Γ) with a value of 2.79 eV.17 The experimental bandgap was found
at values of 4.0–5.0 eV measured on synthetized ZnO:Ga2O3 pow-
ders,18 ceramics,19 films obtained by mist-CVD,20 films obtained by
sol–gel,21 and bulk crystals obtained by the flux method,22 while
the experimental optical bandgap measured on bulk single crys-
tals obtained from the melt is 4.6 eV.9 Theoretically calculated
effective masses are in the range of m∗ = 0.22–0.66 me.13,15–17

Little is known about electric transport parameters. On the
one hand, ZnGa2O4 ceramics show low electrical conductivity
(σZnGa2O4,ceram. ≈ 30 S/cm19). On the other hand, melt-grown
bulk single crystals showed a high electrical conductivity of about
50–500 S/cm.9

In this work, we investigate as-grown bulk ZnGa2O4 of blueish
coloration and perform temperature-dependent Seebeck, van der
Pauw, and Hall measurements between T = 10 K and T = 310 K.
We discuss the results in terms of electron scattering processes and
thermoelectric effects observed using a degenerate semiconductor.
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The samples have been grown using the vertical gradient freeze
method,9 without intentional doping. Powdered ZnO and Ga2O3,
each with a purity of 99.999%, were used as starting materials. The
growth was performed in an Ir crucible with an excess of 0.2 mol. %
of ZnO to compensate its losses at high temperatures. The growth
atmosphere consisted of O2/Ar (20 vol. %/80 vol. %). The heating up
and cooling down times were 7 h and 10 h, respectively, and resulted
in single crystal blocks with a blue and transparent appearance. As
can be seen from Ref. 9 (Fig. 7), the composition of the obtained
crystals was close to stoichiometric. All crystals grown in this way
showed a similar defect structure as has been reported,9 without low-
angle grain boundaries. For further details on the growth conditions
and structural and chemical characterization of the material, see the
study by Galazka et al.9

II. EXPERIMENTAL DETAILS
To perform electric and thermoelectric measurements, a micro-

lab, consisting of metal lines, has been manufactured on the surface.
Figure 1 shows a microscopic image and a schematic view of the
microlab, which allows the measurement of the Seebeck coefficient,
conductivity using the van der Pauw method, and the Hall resis-
tance. The Ohmic contacts used for measuring the thermovoltage
U th are located in the middle of the four-point metal lines (Ohmic
contacts 1 and 3 in Fig. 1), which serve as thermometers and allow
the measurement of the temperature difference ΔT.

The microlab has been manufactured by standard photolithog-
raphy and magnetron sputtering of titanium (7 nm) and gold
(35 nm), after cleaning with acetone and isopropanol and subse-
quent drying. The as-sputtered metal lines of the microlab are iso-
lated due to a Schottky contact relative to the ZnGa2O4 bulk crys-
tal. Ohmic contacts with the ZnGa2O4 bulk crystal were achieved
by direct wedge bonding with an Al/Si-wire (99%/1%) on the

FIG. 1. Overview of the function of the Seebeck microlab consisting of Ti/Au lines.
A two-point conductor at the top (or bottom) of the picture serves as a line heater
(Line heater 1) to create a temperature gradientΔT across the sample. Line heater
2 at the bottom may be used in case Line heater 1 gets damaged. The temperature
difference is being measured by the change in the four-point resistance in the
thermometer lines at the bottom of the sketch (Thermometer 2) and below the
line heater (Thermometer 1). At marks 1 and 3, Ohmic contacts were prepared,
which are used to measure the thermovoltage (Uth). Additional Ohmic contacts (2
and 4) are located at the sample edges and allow van der Pauw measurements.
The two unlabeled pads above Line heater 1 were used in advance for technical
investigations and do not affect this study. See text for further details.

FIG. 2. Exemplary two-point I–V curves at room temperature between two Ohmic
contacts (contacts 1 and 2 in Fig. 1) achieved by wedge-bonding with aluminum
wire (inset) with a resistance of Rohm. ≈ 12 Ω and two separated heater lines
manufactured by standard photolithography and magnetron sputtering of Ti/Au
(7 nm/35 nm) which are in contact with Au wire and Indium (red squares, con-
tacts i and k in Fig. 1) and a Schottky diode contact (yellow triangles, contacts 1
and i in Fig. 1). The dynamic resistance of the Schottky barriers in reverse bias is
at least two orders of magnitude higher, Rdyn.,sch ≥ 1000 Ω, than that of the Ohmic
contact.

deposited metal structure, creating point contacts. To keep some
parts of the microlab isolated relative to the thin film, electrical
contacts were prepared by attaching a gold wire with indium to
the Ti/Au metal lines (at positions a–l in Fig. 1). This procedure
can be compared to the one used with β-Ga2O3, shown in Refs. 23
and 24. Figure 2 displays exemplary two-point I–V curves at room
temperature.

The experimental procedure is carried out in a CryoVac Konti-
IT flow cryostat between T = 10 K and T = 320 K. The sample is in a
helium atmosphere at standard pressure. After the bath temperature
is stabilized, the van der Pauw and Hall measurements are carried
out. Subsequently, the Seebeck measurements are performed. The
Seebeck measurements involve the creation of various temperature
differences by imprinting different currents into the line heater. The
thermovoltage is measured simultaneously for approximately 3 min,
which allows us to create a stable temperature difference across the
sample. Then, while keeping the heating current constant, the resis-
tances of the thermometers are measured. This procedure is repeated
within bath temperature intervals of 10 K.

III. MEASUREMENT RESULTS
We present the measurement results of the electric and the

thermoelectric transport, as shown in Figs. 2–8. To quantify the
quality of the contacts, two-point I–V curves were measured at room
temperature and are shown in Fig. 2. The red square and orange tri-
angles in the main plot show the I–V curves of Schottky–Schottky
(contacts i and k in Fig. 1) and Schottky–Ohmic contacts (contacts
1 and i in Fig. 1), respectively. The I–V curve for the Ohmic–Ohmic
contact configuration (contacts 1 and 2 in Fig. 1) can be seen as
blue circles in the inset. The two-point I–V graphs of the different
Schottky contact configurations show the expected diode curve for
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FIG. 3. Conductivity σ as a function of temperature T. The conductivity reaches a
maximum in the temperature range of T = 125 K to T = 175 K and shows a rather
weak temperature dependence.

forward bias (positive voltages) as well as reverse bias (negative volt-
ages). The dynamic resistance of the Schottky–Ohmic and Schottky–
Schottky contacts is at least two orders of magnitude higher than
the Ohmic–Ohmic contact resistance of 12 Ω, shown in the inset.
Therefore, a good electrical isolation between the heater lines and
the ZnGa2O4 bulk crystal is achieved.

The temperature dependence of the electrical conductivity σ is
shown in Fig. 3. The conductivity is between 285 and 315 S/cm for

FIG. 4. Hall charge carrier density n as a function of temperature T. A simple linear
fit model has been applied to the data (red dashed line). It can be seen that the
overall change in charge carrier density in the temperature range of T = 10 K to T
= 320 K is more than one order of magnitude smaller than the Hall charge carrier
density.

FIG. 5. Mobility μ as a function of temperature T. Two fits for m∗ = 0.22me (red
dashed line) and m∗ = 0.66me (yellow dotted line) have been calculated with
Eqs. (6)–(10) and plotted. The high temperature dependence can be explained
by electron scattering with polar optical phonons. One can observe saturation of
the mobility for temperatures lower than T ≤ 180 K. This can be explained by
electron scattering with ionized impurities.

the entire temperature range. For higher temperatures, T ≥ 260 K,
the conductivity σ is decreasing. A maximum can be identified
around T = 150 K.

Hall measurements were performed to determine the charge
carrier density, which is depicted as a function of temperature in
Fig. 4. A linear fit has been added to the plot, showing weak tem-
perature dependence. The Hall charge carrier density is at n = 3.1
× 1019 cm−3 for the entire temperature range.

The measurement of electrical conductivity and Hall charge
carrier density allows the calculation of the electron mobility μ. The
electron mobility as a function of temperature is plotted in Fig. 5. At
room temperature, a mobility of μ = 55 cm2/V s was measured. The
mobility increases with a decrease in temperature until it reaches a
plateau-like feature of μ = 62 cm2/V s at T = 180 K and below.

To understand the results of mobility, we calculated the mean
free path le of the electrons as a function of temperature, as shown
in Fig. 6(b). The mean free path can be calculated with the following
formula:

le =
√

2EFm∗
μ
e

. (1)

Here, EF is the Fermi energy and e is the elemental charge. The
Fermi energy was computed from the reduced electron chemi-
cal potential η = EF/kBT with the Boltzmann constant kB. The
reduced electron chemical potential η was calculated after Nilsson.25

This method interpolates the range between non-degenerated and
degenerated semiconductors and determines the reduced electron
chemical potential η as follows:

η =
ln n

NC

1 − ( n
NC
)2 + ν(1 − 1

1 + (0.24 + 1.08ν)2 ), (2)
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FIG. 6. (a) Calculated [Eq. (2)] relative Fermi energy for effective masses of m∗
= 0.22me (blue dots) and m∗ = 0.66me (red squares) as a function of tempera-
ture is shown. The Fermi level lies in the conduction band at all temperatures and
shows only weak temperature dependence and (b) the calculated mean free path
[Eq. (1)] le,m∗/me

of the electrons as a function of temperature T for m∗ = 0.22me

(blue solid line) and m∗ = 0.66me (red dashed line), as well as the mean free dis-
tance between single ionized donors n−1/3 (yellow dashed dotted line), assuming
a simple cubic distribution, is shown.

ν = ⎛⎝
3
√
π n
NC

4
⎞
⎠

2/3
, (3)

with NC being the effective density of states in the conduction band,

NC = 2(2πm∗kBT
h2 )

3/2
, (4)

with h being the Planck constant. For effective masses of m∗

= 0.22me and m∗ = 0.66me, Fermi energies of 160 meV and 50 meV,
respectively, above the conduction band minimum were obtained.
This can be seen in Fig. 6(a). Even though Eq. (2) is valid for non-
degenerate and degenerate semiconductors, the results shown in
Fig. 6 give only a rough estimation since the effective mass model
does not consider the occupation of the conduction band.

In order to determine the thermoelectric properties, the ther-
movoltage is measured as a function of temperature difference.
Figure 7 shows the normalized thermovoltage as a function of nor-
malized temperature difference for bath temperatures of 30 K, 100 K,
and 295 K. Small offsets (Uos < 50 μV) have been subtracted from the
data. The Seebeck coefficient is determined by

S = −Uth

ΔT
. (5)

The change in the Seebeck coefficient as a function of bath tem-
perature can be observed by the change in the slope of linear fits.
Furthermore, the maximum achieved temperature difference ΔTmax
is depicted in Fig. 7.

FIG. 7. Measured thermovoltage Uth normalized by the maximum of the temper-
ature difference at different bath temperatures as a function of the normalized
temperature difference. An offset Uos < 50 μV has been subtracted from the plotted
data.

The Seebeck coefficient S has been determined for temperatures
between 30 K and 320 K. The results are shown in Fig. 8 as a func-
tion of temperature T. The Seebeck coefficients are in the range of
S = −25 μV/K at T = 30 K to S = −125 μV/K at room temperature.

FIG. 8. Seebeck coefficient S as a function of temperature T. The red area marks
the values for the Seebeck coefficients, which can be calculated with Eq. (11) if
the effective mass and scattering parameter are varied between 0.22–0.66me and
−1/2 to 3/2, respectively. For T ≤ 200 K, a calculated Seebeck coefficient with
r = 1.0 and m∗ = 0.35me has been plotted (black dotted line), which fits the data
well for 100 K ≤ T ≤ 200 K. Furthermore, for T ≤ 200 K, the difference between the
measured and calculated Seebeck coefficients has been plotted and is assumed
to be due to the phonon drag effect (green solid line).
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Below room temperature, the magnitude of the Seebeck coefficient
decreases steadily down to T = 100 K. For lower temperatures, it
shows a maximum at T = 60 K.

IV. DISCUSSION
We discuss all electrical and thermoelectrical properties in

detail. The electrical conductivity, as shown in Fig. 3, has a weak
temperature dependence when compared with that of β-Ga2O3.23

The qualitative temperature dependence is as expected for semi-
conductors. Below room temperature, the conductivity increases
due to the decrease in electron–phonon interaction and decreases
when defect scattering becomes more dominant. From a quan-
titative perspective, the weak temperature dependence originates
partly from the very weak temperature dependence of the Hall
charge carrier density, as shown in Fig. 4. The unintentionally
doped ZnGa2O4 is a degenerate semiconductor, which we con-
clude from the high magnitude and the weak temperature depen-
dence of the charge carrier density and the calculated relative Fermi
level shown in Fig. 6(a), which is above the lower conduction band
edge for all cases. Furthermore, this is in agreement with the Mott
criterion, which gives an approximation for a critical charge car-

rier density nc = ( m∗e2

16πε0εs h̵2 )
3

above which the semiconductor is
degenerate. ε0 is the vacuum permittivity, and h̵ is the reduced
Planck’s constant. For the static dielectric constant, εs = 9.88 has
been used, which was obtained for Zn0.99Cu0.01Ga2O4.26 The criti-
cal charge carrier density is nc(m∗ = 0.22 ⋅me) = 1.2 × 1018 cm−3

and nc(m∗ = 0.66 ⋅me) = 3.1 × 1019 cm−3, depending on the assumed
effective masses m∗ = 0.22–0.66me. The critical carrier density lies
underneath the Hall charge carrier density for all cases. At present,
the origin of the charge carriers remains unknown. However, theo-
retical studies have calculated formation energies of various defects
in ZnGa2O4, like nitrogen.16,38 One could think of native defects,
such as antisite defects of Ga and Zn or oxygen vacancies. On the
other hand, impurities within the crystal could lead to electrical con-
ductivity as well. Due to the position of the relative Fermi level,
conduction within the conduction band is expected to be the major
charge transport mechanism, and only weak contributions of impu-
rity bands, as observed in β-Ga2O3,39 are assumed and therefore
neglected.

The charge carrier mobility was calculated and is shown in
Fig. 5. The room temperature value is lower than the best value
reported9 but is within the range of reported values. This indicates
that there are a higher number of defects in the sample investigated.
For the high temperature regime, the mobility is limited by optical
phonon (OP) scattering. OP scattering can deviate significantly from
the T−3/2 dependence of acoustic deformation potential scattering27

due to its inelastic nature.
In chemically related TCOs β-Ga2O3

28 and ZnO,29 it was
shown that polar optical phonon scattering is the dominant scatter-
ing mechanism at high temperatures due to partial ionic bonding.
The following equation by Askerov has proved to be useful for the
interpretation of polar optical phonon scattering in degenerate ZnO
films:29,30

μPOP,deg = eh̵
4αEPOPm∗

(e
EPOP
kBT + 1), (6)

with

α = ( 1
ε∞
− 1
εs
)
√
m∗e2

4πε0h̵
√

2EPOP
. (7)

Here, EPOP is the average energy of the optical phonons, α is the polar
coupling constant, and ε∞ is the high frequency dielectric constant.
The high frequency dielectric constant of β-Ga2O3

31,32 (ε∞ = 3.57)
has been used since the exact value for ZnGa2O4 is unknown, and it
is expected in the same range as the values for ZnO33,34 (ε∞ ≈ 3.7).

The mean free path in Fig. 6(b) shows that there is a tem-
perature independent process that limits the mean free path at
le,max = 4 nm. This limit becomes clear for temperatures lower than
T ≤ 180 K when the electron–phonon interaction becomes weaker.
Furthermore, the mean free distance between single ionized donors,
assuming a simple cubic distribution, is shown. This simple model
is justified since the base lattice formed by the O2− ions is a cubic
crystal system. One can see that there is an upper limit of le,max
= 4 nm and that the simple model for the donor distribution predicts
a mean distance in the same range.

There are two approaches to explain the low temperature limit
of the electron mobility. On the one hand, it can be explained by
the scattering of electrons with neutral impurities. The Hall charge
carrier data shown in Fig. 4 suggests a constant ionization of the
donors, acceptors, and vacancies for the investigated temperature
interval; hence, NII = const. This leads to the assumption that the
neutral impurity density NNI = const as well. Electron scattering on
neutral impurities can be described by27 μNI ∝ N−1

NI . Thus, if there
is no change in concentration of the neutral impurities, there will be
a temperature independent upper limit of the mobility, which can be
observed in Fig. 5.

On the other hand, high electron concentrations in semicon-
ductors mean that there is either a high concentration of singly
ionized impurities or a lower density of ionized impurities with
a higher degree of ionization. Furthermore, the scattering of elec-
trons in degenerate semiconductors with ionized impurities can
be described by the Brooks–Herring equation,35 which has been
successfully applied to degenerate ZnO films29,36 and has a weak
temperature dependence,

μII,deg = n
Z2NII

24π3(ε0εs)2h̵3

e3m∗2

1

ln[1 + β(n)] − β(n)
1+β(n)

, (8)

with

β(n) = 31/34π8/3ε0εsh̵2n1/3

e2m∗
. (9)

Here, Z is the degree of ionization, and NII = ND + NA = 2NA + n is
the density of ionized impurities, with donator and acceptor densi-
ties ND and NA, respectively. Ionized impurity scattering is expected
to be more dominant since there is a high density of ionized donors
due to the high Hall charge carrier density.

The fits shown in Fig. 5 have been calculated using
Matthiessen’s rule; considering the scattering on polar optical
phonons and ionized impurities after Eqs. (6) and (8), respectively,
we get

μ = ( 1
μPOP,deg

+
1

μII,deg
)
−1

, (10)
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for effective masses of m∗ = 0.22me and m∗ = 0.66me. The m∗

= 0.22me fit (red dashed line) results in an acceptor density NA
= 6.65 × 1019 cm−3 and a phonon energy EPOP = 87 meV. For the
m∗ = 0.66me fit (yellow dotted line), an acceptor density NA = 6.15
× 1018 cm−3 and a phonon energy EPOP = 140 meV were obtained.
These results lead to compensation ratios (NA/ND) between 13% and
70% for m∗ = 0.66me and m∗ = 0.22me, respectively. The fit results
reported are to be understood as an estimation of the experimentally
obtained acceptor density, donor density, and phonon energy and
may be used to compare the intrinsic properties with those of other
degenerate TCOs, where the same fit models may be applied. The
high compensation ratios are due to the high donator and acceptor
densities, which could originate from a high amount of Zn2+/Ga3+

antisite defects. The high charge carrier density could be caused by
electrically active antisite defects as well as oxygen vacancies. The
origin of ionized impurities needs further investigation.

The measurement of thermovoltage as a function of temper-
ature difference, as shown in Fig. 7, reveals that there is a major
change in the maximum reached temperature difference for differ-
ent bath temperatures. This also correlates with the precision of the
data points. The maximum reached temperature difference depends
on the imprinted heating power but is more strongly dependent on
the thermal conductivity of the material. The higher the thermal
conductivity of the material, the more difficult it is to create large
temperature differences. This is the main reason for the increas-
ing uncertainty of the Seebeck coefficient at lower bath tempera-
tures. From the change of maximum temperature difference, one
can conclude the change of the thermal conductivity of the mate-
rial. Having a look at the error bars of the Seebeck coefficient in
Fig. 8, which is correlated with the maximum temperature difference
and, therefore, with the thermal conductivity, one can see that the
thermal conductivity seems to have a maximum value around Tbath
= 60 K and decreases as the temperature decreases further. This
could be due to a distortion of the lattice, which has been reported in
Ref. 9 as particles revealing Moiré patterns in transmission electron
microscopy bright field images.

The Seebeck coefficient (Fig. 8) is negative, which means that
electrons are the major charge carriers. This is in agreement with the
Hall charge carrier results. The Seebeck coefficient is lower than the
one reported24 for β-Ga2O3 in the same temperature regime. This
can be understood since the semiconducting oxide investigated here
is degenerate.

The red area in Fig. 8 marks the calculated Seebeck coefficients
following the commonly used equation27,40 for degenerate semicon-
ductors, assuming the effective mass to be between m∗ = 0.22me and
m∗ = 0.66me and the scattering factor r to be between r = −0.5 and r
= 1.5,

Sd(m∗,n, r) = −kB

e
(r +

3
2
)π

2

3
1
η

. (11)

The scattering parameter r is based on the assumption that the elec-
tron relaxation time τe follows a power law dependence τe ∝ Er . In
other investigations, it was observed that μ∝ Er′ and r ≊ r′ + 1 hold
well in the investigated temperature interval. In general, μ = μ(E, T)
and r′ are calculated by the assumption E = E(T) = kBT and

d ln(μ)
d ln(T) = r

′ +
∂r

∂ ln(T) . (12)

A calculated Seebeck coefficient with r = 1.0 and m∗ = 0.35me was
added as a thin black dashed line, which fits the data for 100 K ≤
T ≤ 200 K best. For T < 200 K, the difference in the calculated
Seebeck coefficient with r = 1.0, m∗ = 0.35me, and the measured
Seebeck coefficient is plotted as a green solid line. We conclude
that the observed deviation in the theoretical Seebeck coefficient
is due to the phonon drag (PD) effect,41,42 which has a maximum
value of about SPD ≈ 125 μV/K at T = 60 K. A more quantita-
tive analysis of the phonon drag effect requires detailed knowledge
of the scattering parameter and therefore a deeper understand-
ing of the scattering mechanisms limiting the charge transport in
ZnGa2O4.

V. CONCLUSION
In conclusion, we have shown that as-grown bulk ZnGa2O4

single crystals show a higher electrical conductivity at room tem-
perature (σZnGa2O4 ≈ 300 S/cm) than that shown in earlier inves-
tigated ZnGa2O4 ceramics (σZnGa2O4,ceram. ≈ 30 S/cm19), as-grown
β-Ga2O3 bulk (σβ−Ga2O3 ≈ 3 S/cm23), or as-grown ZnO bulk
(σZnO ≈ 40 S/cm37) due to the high charge carrier density. The
donor mechanisms remain to be established. The wide bandgap
of the material makes it suitable for application in high-power
devices, which can become even more promising if p-doped material
becomes available. In terms of the power factor Pf = σS2 for ther-
moelectric applications, ZnGa2O4 has a room temperature value of
PfZnGa2O4 ≈ 4.7 μW/K, which is more than 5 times higher than that of
β-Ga2O3, with Pfβ−Ga2O3 ≈ 0.8 μW/K. Therefore, ZnGa2O4 is a more
promising material for thermoelectric applications of transparent
conducting oxides.
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