10P Publishing

@ CrossMark

OPENACCESS

RECEIVED
6 October 2021

REVISED
15March 2022

ACCEPTED FOR PUBLICATION
21 March 2022

PUBLISHED
8 June 2022

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

Mater. Res. Express9 (2022) 065902 https://doi.org/10.1088,/2053-1591 /ac5{8a

Materials Research Express

PAPER

Thermal conductivity, diffusivity and specific heat capacity of
as-grown, degenerate single-crystalline ZnGa,0,

Johannes Boy', Riidiger Mitdank', Zbigniew Galazka®® and Saskia F Fischer"

' Novel Materials Group, Humboldt-Universitit zu Berlin, Newtonstraf3e 15, 12489 Berlin, Germany
*> Leibniz-Institut fiir Kristallziichtung, Max-Born-Strafle 2, 12489 Berlin, Germany
* Author to whom any correspondence should be addressed.

E-mail: boy@physik.hu-berlin.de and saskia.fischer@physik.hu-berlin.de

Keywords: zinc gallate ZnGa,O,, thermal diffusivity, thermal conductivity, specific heat capacity, boundary scattering, umklapp scattering,
phonon mean free path

Abstract

This work provides the first experimental determination of the low-temperature thermal properties
for novel highly pure single-crystalline ZnGa,O,. The temperature dependence of the thermal
conductivity, diffusivity and specific heat capacity of as-grown, degenerated ZnGa, O, single crystals is
measured using the 2w-method between T = 27 K and room temperature. At room temperature the
thermal diffusivityis D ~ 6.9 - 10~ ® ms, the thermal conductivity is A &~ 22.9 W mK " and the specific
heat capacity is Cy ~ 537 ] kgK ~'. The thermal conductivity increases with decreasing temperatures
due to reduced phonon-phonon Umklapp scattering down to T'= 50 K. For lower temperatures the
thermal conductivity is limited by boundary scattering.

1. Introduction

Only recently, has the transparent semiconducting wide-bandgap oxide ZnGa,0O, been successfully grown as
single crystals using the vertical gradient freeze method [1]. These novel ZnGa,O, single crystals may find
possible applications as a substrate material 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 of 3-Ga,O3. ZnGa, O, is cubic (Fd3m space group) with a normal spinel
structure in which Zn** and Ga®" cations are distributed in tetrahedral and octahedral lattice sites, respectively
[6]. Therefore, it may provide a good lattice-matched substrate for magnetic Fe-based spinel films and because
ZnGa,0, is a cubic system with no distinguished cleavage planes it may enable the growth of large volume
crystals and wafer fabrication [1]. It was shown that the thermal conductivity of ZnGa,O, is isotropic at room
temperature with the value of about 22 W m™' K~ ' measured by a laser flash technique [1] and therefore similar
to that of 5-Ga,O5 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 ZnGa,O,, such as the thermal conductivity, the
thermal diffusivity and the specific heat capacity, remain unexplored. However, these thermal material
parameters are important for the understanding of charge and heat scattering mechanisms in novel devices.

Here, we provide the first experimental determination of the temperature-dependent thermal conductivity,
diffusivity and specific heat capacity of as-grown, degenerate single-crystalline ZnGa,O,. Therefore, the 2w-
method [7, 8] is implemented, which consists of microfabricated metal heater and sensor lines to induce and
detect temperature oscillations by applying AC currents and measuring voltages. This method allows the
simultaneous determination of thermal conductivity and diffusivity. Therefore, the Debye temperature and the
mean free path can be determined as a function of temperature. We discuss the scattering mechanisms that
dominate the phonon transport and apply the Debye-model to the specific heat capacity, which yields an
approximation for the Debye-temperature.

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. (a) Schematic overview over the 2w-measurement setup. The microscopic image shows the ZnGa,O, surface with the four-
point metal lines on top. The blurred metal structures originate from the thermoelectric measurement platform on the other side of
the sample, which were used in another study [2]. (b) Electron micrograph of titanium/gold heater- and sensor lines, indium contacts
and gold wires.

2. Materials and methods

The measurement setup used here consists of the electrically conducting ZnGa,0, bulk sample and one pair of
metallic heater lines on its surface. The metallic four-point lines serve as a heater and sensor and can be seen as a
microscopic image in figure 1(a).

The sample was grown using the vertical gradient freeze method [1]. The starting materials were ZnO and
Ga, 03 with a purity 0f 99.999% each and no intentional doping. The growth was performed in an O,/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
electron microscopy bright field images have revealed Moiré patterns that could originate from nano-particles of
metallic nature and lattice distortion [1]. Further details are available in Galazka et al [ 1], in particular regarding
the growth method and parameters, structural and chemical characterization including micrographs of the bulk
crystal and cut-wafer pieces ([1]: figure 2), x-ray diffraction pattern ([1]: figures 8, 10) and high-resolution
transmission electron microscopy image ([ 1]: figure 12) as well as the electric and thermoelectric
properties [1, 2].

The four-point metal lines consist of titanium (7 nm) and gold (35 nm). They were patterned by standard
photolithography, magnetron sputtering and lift-off processing after cleaning with acetone, isopropanol and
subsequent drying in N,. The as-sputtered metal lines form a Schottky contact relative to the ZnGa, 0,4, with a
dynamic resistance greater than Rgy, s, 2> 1000 €2 [2]. By electrical contacting with gold wire and indium, see
figure 1(b), the metal lines stayed isolated from each other and the ZnGa,O,. This method has proven successful
before[2,9, 10]. Electron micrographs were taken by a Raith Pioneer II system.

The 2w-measurement setup [8] is shown in figure 1(a) and works as follows. The right Lock-In amplifier (SR
830) creates oscillating joule heating in the heater metal line. The heating power P is measured by the left Lock-In
amplifier (SR 830). A constant current source unit (Keithley 6221) imprints a current into the sensor line. The
temperature oscillations AT are measured as a 2w-voltage oscillation U,,, by the right Lock-In amplifier. The
measurements are carried out in a pulse tube cryocooler under vacuum between 20 K and room temperature.
The 2w-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.
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Figure 2. (a) Resistance R, of the heater and sensor metal lines as a function of temperature Tand (b) change of resistance with
temperature dRy/dT as a function of temperature T. In (c) exemplary measurements of the real part of the 2w-voltage as a function of
frequency f = w/(2m) for T = 50, 150 and 300 K together with fits of the zero-order Bessel function of the second kind are shown.

The joule heating is created by an alternating current, leading to the temperature oscillation [11]
AT x P = (Uyly /2) - (1 4 cos(2wt)), with the voltage amplitude Uy, current amplitude Iy, angular frequency
of the oscillation wand time t. The temperature oscillations AT are detected by the change of the resistance of the
sensor line R = Ry + dR,/dT - AT, with R, the resistance of the sensor line at the given bath temperature T. The
temperature dependence of the sensor and heater metal lines is depicted in figure 2(a) and follows the Bloch-
Griineisen-relation [12]. The change of resistance with temperature dR,/d T is obtained from numerical
differentiation and shown in figure 2(b). The overall temperature oscillation in the sensor line AT is detected
from the U, signal

_ (dRs,0/dT)Is,pc V2

UZw ATS) ( 1)

with the change of the resistance of the sensor line with temperature dRs o/dT, sensor detection current Is pc.
The thermal properties are determined from the frequency dependence of the 2w-voltage signal U,,,.. The
solution of the thermal conduction differential equation for an oscillating temperature is
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AT(r) =

L koan, @
TLH A
with the heater power per unit length of the heater P/ Ly, the thermal conductivity of the ZnGa,O,4 A, the zero-
order Bessel function of the second kind Ky, the inverse thermal penetration depth ¢ = /2w/D and the thermal
diffusivity D [13]. Figure 2(c) shows exemplary data of the real part of the 2w-voltage 23(U,,) as a function of
frequency for T = 50, 150 and 300 K. The solid lines represent the fits. The thermal diffusivity is obtained from
the position of the minimum, and the thermal conductivity depends on the slope at low frequencies.

The geometry and width of the metal lines have to be considered as well [8]
P 1 w1

AT =

Ws
Ko(g-(d+ o0 — dodp. 3)
7TLHA 2WH —WH 2W5 ”[WS 0 q ( p)) p (
Here wyyand wg denote half the line width of the heater and sensor line, respectively. Here, AT is retrieved from
equations (2) and (3) for the distance from heater to sensor line r = 250 . m. More details on the 2w-method can
be found in the literature [7, 8].

3. Results

The results for the thermal diffusivity D, thermal conductivity A and specific heat capacity Cy as a function of
(inverse) temperature can be seen in figure 3 and table 1. The thermal diffusivity D in figure 3(a) shows a power-
law increase with decreasing temperature. This is attributed to phonon-phonon interaction limiting the thermal
conductivity and will be evaluated subsequently for the phonon mean free path A. At temperatures below T' < 70
K the dominant scattering process changes, leading to a change of temperature dependency.

In figure 3(b) the thermal conductivity \ is depicted. The room temperature value is \(T = 300K) ~ 22.9 W mK !
and agrees well with the previously reported value [ 1] (T = 300K) ~ 22.1 W mK ' measured by a laser flash
technique. The thermal conductivity also increases with decreasing temperature with A oc T, forms a maximum of
A~ 154 W mK " ataround T = 50 K and decreases for lower temperatures. This temperature dependence was
observed before [2] and could be due to a distortion of the lattice that was previously observed as Moiré patterns [1].

The thermal conductivity has an electronic and a phononic contribution A = A. + A,p,. The electronic part
of the thermal conductivity can be estimated by the Wiedemann-Franz-relation [14]

Xe = LoTo, (4)

with the Lorentz-constant Ly and the electrical conductivity . For T = 300 K o ~ 287 S cm ™' [2] leading to a
negligible electronic contribution of \. & 0.22 W mK " that decreases with decreasing temperature. Hence the
dominant heat transport in ZnGa,QO, is by phonons.

The specific heat capacity is calculated by

v =2, )
D-p
with the mass density of ZnGa,0, [15] p = 6.2 g cm ™, which is assumed constant for the investigated
temperatures. Starting from low temperatures, the specific heat capacity increases due to an increase of occupied
phonon modes. The non-saturated room temperature value is Cy ~ 540 ] kgK ~'. Additionally, four fits of the
Debye-model [16] are shown

T Op/T x4ex
) [ ®

D (ex — 12

with the number of atoms N, Boltzmann constant kg and Debye temperature Op. The fits with Debye
temperatures of Op = 600 and 700 K reproduce the data best. The deviation of the fit from the data at low
temperatures is due to the complex crystal structure of ZnGa, 0, and the lattice distortion mentioned before.

4. Discussion

The temperature dependence of the phonon mean free path A gives insight into the dominant phonon scattering
mechanisms and is shown in figure 4(a). It was calculated assuming a temperature independent sound velocity
of ZnGa,0, [15] of v= 7849 m s~ ' using A = 3D/v. The room temperature value is A(T = 300K) ~ 2.5 nm that
increases with decreasing temperature to A(T = 27K) ~ 170 nm. For T'= 100 to 300 K the data is well explained
by phonon Umklapp scattering as shown in figure 4(a) by the dashed line. At lower temperatures the data is well
explained by adding boundary scattering with a mean distance of the boundaries of dj,oundary = 170 nm, see the
dash-dotted line and the combined fit as a solid line in figure 4(a). The boundary scattering may be caused by the
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Figure 3. (a) Thermal diffusivity D, (b) thermal conductivity A and (c) specific heat capacity Cy as a function of (inverse) temperature.
Fits of the Debye-model are included in (c) for various Debye-temperatures O,

Table 1. Values for the thermal diffusivity D,
thermal conductivity ), specific heat capacity Cy
and phonon mean free path A for T= 27 K, 50 K

and 300 K.

T[K] 27 50 300
D[107%- m?s™] 442 316 7
A[W/mK] 94 154 22.9
Cv [J/kgK] 34 78 536
A [nm] 168 120 2.6

deformation of the lattice, which was observed as Moiré patterns in transmission electron microscopy 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 heat management in
electrical devices, in particular for wide-bandgap semiconductors in use for power electronics. The results from
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Figure 4. (a) phonon mean free path A as a function of temperature. Included are fits for boundary Apsundary (dash-dotted line),
Umklapp Aymkiapp (dashed line) and combined boundary and Umklapp scattering Aymkiapp+boundary (S0lid line). (b) Thermal
conductivity A as a function of temperature. Included are values from this work and literature for other materials like ZnGa,0; [1],
-Ga,053[17],Si[18], SiC [19] and GaN [20].

this work are compared to values from the literature and other materials in figure 4(b). It can be seen that the
results of this work using the 2w-method fit well with the room temperature values of ZnGa,0O, from Galazka
etal[1]. Furthermore, the thermal conductivity is well comparable to that of the sesquioxide 3-Ga,05 [7, 17],
both being an order of magnitude lower than that of silicon [ 18] and silicon carbide [19]. However, the thermal
conductivity of ZnGa, 0,4 may be increased at low temperatures, if the cause for boundary scattering, i.e. lattice
defects, is reduced or eliminated.

5. Summary

In summary, we provide the first experimental determination of the low-temperature thermal properties of as-
grown single-crystalline ZnGa,O,. The simultaneous determination of the thermal conductivity and diffusivity
were enabled by the 2w-method, for which metal lines with a Schottky barrier were fabricated to electrically
conducting ZnGa,0,. At room temperature the thermal conductivity is \(T = 300K) ~ 22.9 W mK " and for
temperatures above 100 K the phonon transport is limited by phonon Umklapp scattering. At lower temperatures
boundary scattering at lattice defects limits the thermal conductivity to (T = 27K) ~ 95 W mK ', Thus, if the
cause for boundary scattering, i.e. lattice defects, is reduced or eliminated, the thermal conductivity of ZnGa,O,
may be increased at low temperatures.
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