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Abstract
This work provides thefirst experimental determination of the low-temperature thermal properties
for novel highly pure single-crystalline ZnGa2O4. The temperature dependence of the thermal
conductivity, diffusivity and specific heat capacity of as-grown, degenerated ZnGa2O4 single crystals is
measured using the 2ω-method betweenT= 27K and room temperature. At room temperature the
thermal diffusivity isD≈ 6.9 · 10−6m2s, the thermal conductivity isλ≈ 22.9WmK−1 and the specific
heat capacity isCV≈ 537 J kgK−1. The thermal conductivity increases with decreasing temperatures
due to reduced phonon-phononUmklapp scattering down toT= 50K. For lower temperatures the
thermal conductivity is limited by boundary scattering.

1. Introduction

Only recently, has the transparent semiconducting wide-bandgap oxide ZnGa2O4 been successfully grown as
single crystals using the vertical gradient freezemethod [1]. These novel ZnGa2O4 single crystalsmayfind
possible applications as a substratematerial for homo- or heteroepitaxial growth in high-power electronics, gas
sensors or optical devices [1–5]. Full transparency in the visible and near infrared spectral regions is given by the
optical absorption edge at 275 nm. The optical bandgap extracted from the absorption coefficient is direct with a
value of about 4.6 eV, close to that ofβ-Ga2O3. ZnGa2O4 is cubic (Fd m3 space group)with a normal spinel
structure inwhichZn2+ andGa3+ cations are distributed in tetrahedral and octahedral lattice sites, respectively
[6]. Therefore, itmay provide a good lattice-matched substrate formagnetic Fe-based spinel films and because
ZnGa2O4 is a cubic systemwith no distinguished cleavage planes itmay enable the growth of large volume
crystals andwafer fabrication [1]. It was shown that the thermal conductivity of ZnGa2O4 is isotropic at room
temperaturewith the value of about 22Wm−1 K−1measured by a laser flash technique [1] and therefore similar
to that ofβ-Ga2O3 along the [001] axis [7].

While the low-temperature electrical and thermo-electrical transport properties have recently been studied
[2], the low-temperature thermal properties of single crystalline ZnGa2O4, such as the thermal conductivity, the
thermal diffusivity and the specific heat capacity, remain unexplored.However, these thermalmaterial
parameters are important for the understanding of charge and heat scatteringmechanisms in novel devices.

Here, we provide thefirst experimental determination of the temperature-dependent thermal conductivity,
diffusivity and specific heat capacity of as-grown, degenerate single-crystalline ZnGa2O4. Therefore, the 2ω-
method [7, 8] is implemented, which consists ofmicrofabricatedmetal heater and sensor lines to induce and
detect temperature oscillations by applying AC currents andmeasuring voltages. Thismethod allows the
simultaneous determination of thermal conductivity and diffusivity. Therefore, theDebye temperature and the
mean free path can be determined as a function of temperature.We discuss the scatteringmechanisms that
dominate the phonon transport and apply theDebye-model to the specific heat capacity, which yields an
approximation for theDebye-temperature.
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2.Materials andmethods

Themeasurement setup used here consists of the electrically conducting ZnGa2O4 bulk sample and one pair of
metallic heater lines on its surface. Themetallic four-point lines serve as a heater and sensor and can be seen as a
microscopic image infigure 1(a).

The sample was grown using the vertical gradient freezemethod [1]. The startingmaterials were ZnO and
Ga2O3with a purity of 99.999% each andno intentional doping. The growthwas performed in anO2/Ar
atmosphere and resulted in a transparent single crystal of bluish coloration. The resulting crystals have a
composition close to stoichiometric, without cracks, twins, and low-angle grain boundaries. Transmission
electronmicroscopy brightfield images have revealedMoiré patterns that could originate fromnano-particles of
metallic nature and lattice distortion [1]. Further details are available inGalazka et al [1], in particular regarding
the growthmethod and parameters, structural and chemical characterization includingmicrographs of the bulk
crystal and cut-wafer pieces ([1]: figure 2), x-ray diffraction pattern ([1]:figures 8, 10) and high-resolution
transmission electronmicroscopy image ([1]:figure 12) aswell as the electric and thermoelectric
properties [1, 2].

The four-pointmetal lines consist of titanium (7 nm) and gold (35 nm). Theywere patterned by standard
photolithography,magnetron sputtering and lift-off processing after cleaningwith acetone, isopropanol and
subsequent drying inN2. The as-sputteredmetal lines form a Schottky contact relative to the ZnGa2O4, with a
dynamic resistance greater thanRdyn,sch� 1000Ω [2]. By electrical contacting with goldwire and indium, see
figure 1(b), themetal lines stayed isolated from each other and the ZnGa2O4. Thismethod has proven successful
before [2, 9, 10]. Electronmicrographswere taken by aRaith Pioneer II system.

The 2ω-measurement setup [8] is shown in figure 1(a) andworks as follows. The right Lock-In amplifier (SR
830) creates oscillating joule heating in the heatermetal line. The heating powerP ismeasured by the left Lock-In
amplifier (SR 830). A constant current source unit (Keithley 6221) imprints a current into the sensor line. The
temperature oscillationsΔT aremeasured as a 2ω-voltage oscillationU2ω by the right Lock-In amplifier. The
measurements are carried out in a pulse tube cryocooler under vacuumbetween 20K and room temperature.
The 2ω-method allows the determination of the thermal properties in any crystal orientation.However, since
the spinel crystal structure forms a cubic lattice, no anisotropy of the thermal diffusivity and conductivity is
expected.

Figure 1. (a) Schematic overview over the 2ω-measurement setup. Themicroscopic image shows the ZnGa2O4 surfacewith the four-
pointmetal lines on top. The blurredmetal structures originate from the thermoelectricmeasurement platformon the other side of
the sample, whichwere used in another study [2]. (b)Electronmicrograph of titanium/gold heater- and sensor lines, indium contacts
and goldwires.
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The joule heating is created by an alternating current, leading to the temperature oscillation [11]
wD µ = +T P U I t2 1 cos 20 0( ) · ( ( )), with the voltage amplitudeU0, current amplitude I0, angular frequency

of the oscillationω and time t. The temperature oscillationsΔT are detected by the change of the resistance of the
sensor lineR= R0+ dR0/dT ·ΔT, withR0 the resistance of the sensor line at the given bath temperatureT. The
temperature dependence of the sensor and heatermetal lines is depicted infigure 2(a) and follows the Bloch-
Grüneisen-relation [12]. The change of resistancewith temperature dR0/dT is obtained fromnumerical
differentiation and shown infigure 2(b). The overall temperature oscillation in the sensor lineΔTS is detected
from theU2ω signal

= DwU
R T I

T
d d 2

2
, 12

S,0 S,DC
S

( ) ( )/

with the change of the resistance of the sensor linewith temperature dRS,0/dT, sensor detection current IS,DC.
The thermal properties are determined from the frequency dependence of the 2ω-voltage signalU2ω. The

solution of the thermal conduction differential equation for an oscillating temperature is

Figure 2. (a)ResistanceR0 of the heater and sensormetal lines as a function of temperatureT and (b) change of resistance with
temperature dR0/dT as a function of temperatureT. In (c) exemplarymeasurements of the real part of the 2ω-voltage as a function of
frequency f = ω/(2π) forT = 50, 150 and 300 K together withfits of the zero-order Bessel function of the second kind are shown.
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with the heater power per unit length of the heater P/LH, the thermal conductivity of the ZnGa2O4λ, the zero-
order Bessel function of the second kindK0, the inverse thermal penetration depth w=q D2 and the thermal
diffusivityD [13]. Figure 2(c) shows exemplary data of the real part of the 2ω-voltage wU2( )R as a function of
frequency forT= 50, 150 and 300 K. The solid lines represent the fits. The thermal diffusivity is obtained from
the position of theminimum, and the thermal conductivity depends on the slope at low frequencies.

The geometry andwidth of themetal lines have to be considered aswell [8]
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HerewH andwS denote half the linewidth of the heater and sensor line, respectively. Here,ΔTS is retrieved from
equations (2) and (3) for the distance fromheater to sensor line r= 250 μm.More details on the 2ω-method can
be found in the literature [7, 8].

3. Results

The results for the thermal diffusivityD, thermal conductivityλ and specific heat capacityCV as a function of
(inverse) temperature can be seen infigure 3 and table 1. The thermal diffusivityD infigure 3(a) shows a power-
law increase with decreasing temperature. This is attributed to phonon-phonon interaction limiting the thermal
conductivity andwill be evaluated subsequently for the phononmean free pathΛ. At temperatures belowT� 70
K the dominant scattering process changes, leading to a change of temperature dependency.

Infigure 3(b) the thermal conductivityλ is depicted.The roomtemperature value isλ(T= 300K)≈ 22.9WmK−1

andagreeswellwith thepreviously reported value [1]λ(T= 300K)≈ 22.1WmK−1measuredby a laserflash
technique.The thermal conductivity also increaseswithdecreasing temperaturewithλ∝ T−1, formsamaximumof
λ≈ 154WmK−1 at aroundT= 50 Kanddecreases for lower temperatures.This temperaturedependencewas
observedbefore [2] andcouldbedue to adistortionof the lattice thatwaspreviouslyobserved asMoirépatterns [1].

The thermal conductivity has an electronic and a phononic contributionλ= λe+ λph. The electronic part
of the thermal conductivity can be estimated by theWiedemann-Franz-relation [14]

l s= L T , 4e 0 ( )

with the Lorentz-constant L0 and the electrical conductivityσ. ForT= 300 Kσ≈ 287 S cm−1 [2] leading to a
negligible electronic contribution ofλe≈ 0.22WmK−1 that decreases with decreasing temperature. Hence the
dominant heat transport in ZnGa2O4 is by phonons.

The specific heat capacity is calculated by

l
r

=C
D

, 5V ·
( )

with themass density of ZnGa2O4 [15] ρ= 6.2 g cm−3, which is assumed constant for the investigated
temperatures. Starting from low temperatures, the specific heat capacity increases due to an increase of occupied
phononmodes. The non-saturated room temperature value isCV≈ 540 J kgK−1. Additionally, four fits of the
Debye-model [16] are shown
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with the number of atomsN, Boltzmann constant kB andDebye temperatureΘD. Thefits withDebye
temperatures ofΘD= 600 and 700 K reproduce the data best. The deviation of thefit from the data at low
temperatures is due to the complex crystal structure of ZnGa2O4 and the lattice distortionmentioned before.

4.Discussion

The temperature dependence of the phononmean free pathΛ gives insight into the dominant phonon scattering
mechanisms and is shown infigure 4(a). It was calculated assuming a temperature independent sound velocity
of ZnGa2O4 [15] of v= 7849 m s−1 usingΛ= 3D/v. The room temperature value isΛ(T= 300K)≈ 2.5 nm that
increases with decreasing temperature toΛ(T= 27K)≈ 170 nm. ForT= 100 to 300 K the data is well explained
by phononUmklapp scattering as shown infigure 4(a) by the dashed line. At lower temperatures the data is well
explained by adding boundary scatteringwith amean distance of the boundaries of dboundary≈ 170 nm, see the
dash-dotted line and the combined fit as a solid line infigure 4(a). The boundary scatteringmay be caused by the
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deformation of the lattice, whichwas observed asMoiré patterns in transmission electronmicroscopy bright
field images and had an average distance of about 120 nm [1, 2].

The thermal conductivity of semiconductors is an important parameter for the heatmanagement in
electrical devices, in particular for wide-bandgap semiconductors in use for power electronics. The results from

Figure 3. (a)Thermal diffusivityD, (b) thermal conductivityλ and (c) specific heat capacityCV as a function of (inverse) temperature.
Fits of theDebye-model are included in (c) for variousDebye-temperaturesΘD.

Table 1.Values for the thermal diffusivityD,
thermal conductivity λ, specific heat capacityCV

and phononmean free pathΛ forT = 27 K, 50 K
and 300 K.

T [K] 27 50 300

D [10−6 · m2 s−1] 442 316 7

λ [W/mK] 94 154 22.9

CV [J/kgK] 34 78 536

Λ [nm] 168 120 2.6
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this work are compared to values from the literature and othermaterials infigure 4(b). It can be seen that the
results of this work using the 2ω-method fit well with the room temperature values of ZnGa2O4 fromGalazka
et al [1]. Furthermore, the thermal conductivity is well comparable to that of the sesquioxideβ-Ga2O3 [7, 17],
both being an order ofmagnitude lower than that of silicon [18] and silicon carbide [19]. However, the thermal
conductivity of ZnGa2O4may be increased at low temperatures, if the cause for boundary scattering, i.e. lattice
defects, is reduced or eliminated.

5. Summary

In summary,weprovide thefirst experimental determinationof the low-temperature thermal properties of as-
grown single-crystalline ZnGa2O4. The simultaneous determination of the thermal conductivity anddiffusivity
were enabled by the 2ω-method, forwhichmetal lineswith a Schottky barrierwere fabricated to electrically
conductingZnGa2O4. At room temperature the thermal conductivity isλ(T= 300K)≈ 22.9WmK−1 and for
temperatures above 100K the phonon transport is limited byphononUmklapp scattering.At lower temperatures
boundary scattering at lattice defects limits the thermal conductivity toλ(T= 27K)≈ 95WmK−1. Thus, if the
cause for boundary scattering, i.e. lattice defects, is reduced or eliminated, the thermal conductivity ofZnGa2O4

maybe increased at low temperatures.
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