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ABSTRACT

We study the electrical and optical properties of degenerate ZnGa,O, films grown by metalorganic chemical vapor deposition (MOCVD) on
sapphire and semi-insulating films grown by pulsed laser deposition (PLD) on fused silica. After a forming-gas anneal at 700°C, the
MOCVD film is highly conducting, with a room-temperature carrier concentration of 2 x 10*°cm ™, a mobility of 20 cm®/V s, and direct
bandgap absorptions at 3.65eV and 4.60 eV. Under the same annealing conditions, the PLD film is semi-insulating, with a direct bandgap
absorption at 5.25eV. The phonon structure, important for electrical and thermal conduction as well as superconductivity and other quan-
tum phenomena, is very complicated due to the large number of atoms (and, thus, phonon branches) in the unit cell. However, we show that
the phonon contributions to electron mobility (1) can be directly measured by quantum-based magnetoconductivity over the temperature
span T = 10-200 K. From an approximate analytical formula, s, = function (T, T), we calculate an effective phonon energy kT,,(T) that
takes account of all phonon contributions at temperature T. For T = 10-200 K, the value of kT, ranges from about 10 to 90 meV, consistent
with the energy range of the ZnGa,0O, phonon density of states (at 0 K) calculated by density functional theory. The total measured mobility
can then be modeled by s ' = i ' + fpn ', where f; is the mobility due to ionized-impurity scattering. With a high bandgap, controlla-
ble conductivity, high breakdown voltage, and bulk-growth capability, ZnGa,0, offers opportunities for high-power electronics and UV
detectors.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0014827

In the past few years, the wide-bandgap semiconductor -Ga,0Os
has been challenging SiC and GaN in high-power-electronic and UV-

materials, the electron mobility is difficult to model, mainly due to a
large number of optical phonons.'”"” For example, f-Ga,O; has ten

photonic applications, mainly because of its much higher bandgap,
higher breakdown voltage, availability in bulk form, and controllable
conductivity.'* More recently, another material, ZnGa,O,, has been
shown to have similar properties: bulk growth with controllable con-
ductivity,” a high bandgap,” ” and a high breakdown voltage."’ For
example, bulk material, with a bandgap of 4.6 eV, can easily be made
semi-insulating; however, it can also be made highly conducting with
a carrier concentration of 9 x 10"°cm™> at a mobility of about
100 cm?/V s.” Additionally, ZnGa,O, has a large advantage over
B-Ga,0O5 in ease of Ohmic-contact formation.'' However, in both

atoms in its unit cell, which means that there are 30 normal-mode
phonons (3 acoustic, 27 optical), many of which have strong electron-
phonon interactions. Similarly, ZnGa,O, has 14 atoms in the unit cell,
generating 39 optical phonons. Thus, the usual simplification of
assuming only one dominant optical phonon in the scattering, e.g., as
applied to ZnO (72-meV LO phonon) and GaN (93-meV), is not pos-
sible. Furthermore, in all highly doped n-type thin films, the donor
positions are random, leading to disorder and partial localization of
the electrons.*'” Also, the region near the substrate/layer interface
will suffer lattice disorder. In such an environment, selection rules are
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relaxed and phonon modes are mixed, with even acoustic modes
mixing with optical modes. Clearly, the theoretical problems of model-
ing transport in disordered materials are very challenging. With that
in mind, we have introduced a method of investigating phonons.'®
Our approach is to find an effective phonon energy kT, that will cor-
rectly represent the fotal electron-phonon scattering at a given temper-
ature T, i.e., KTp,(T). This method makes use of the wave nature of the
electron as it diffuses and scatters among the random donors and
other lattice imperfections, a process perhaps best understood through
the Feynman approach to quantum mechanics. That is, we can think
of the electron wave as being broken into a sum of all possible paths
whose amplitudes (not intensities) must be added and then squared to
get the final result. Among the various paths, there is a probability that
the electron will scatter around a loop of centers, thus returning to the
point at which it entered the loop. In such a case, the electron can tra-
verse the loop in either a clockwise or counterclockwise direction, and
since the distance is exactly the same, those two paths will interfere
constructively at the entry point, thus becoming more probable than
random paths containing no loops. Because the motion around a loop
essentially moves the electron backward, the resistivity is effectively
increased over that of a path of similar length with no loops. However,
this constructive interference can be reduced or destroyed if the elec-
tron phase is changed during the loop traversal, a process that can
occur in the presence of a magnetic field or an inelastic scattering
event. For the semiconductors of interest here, inelastic phonon scat-
tering is the most important phase-destroying lattice process, although
at very low temperatures (say, T < 5K), spin-orbit scattering can also
contribute.

These phenomena have been quantified in a 3D theory due to
Kawabata,'” who calculates a term Ao(B,T) = ¢(B,T) — ¢(0,T), where
B is the magnetic-field strength. Kawabata’s Ao is a positive contribu-
tion to conductivity, arising from quantum interference, and we will
thus call it “quantum magnetoconductivity” (QMC). Note that it com-
petes with the usual classical magnetoconductivity (CMC), a negative
contribution. (As is well known, the CMC vanishes for a single band
of degenerate electrons, but can be non-zero if two or more types of
electrons are present.'®) For all the materials that we have investigated
so far, the QMC is much larger than the CMC at very low tempera-
tures and even up to about 200 K or higher.

Kawabata’s result for Ac(B,T) is

Ao(B,T) = —& > 2[(N 1+ 608,72

o8, T) = 5y 2 (V14 908, 1)
1

] 1/2°
(N +5+0(B, T))

~(N+(8,1))""] - M

where

BB 3e
o4B0= 41n(T)D(T)  4h(32n)* 1, (T) pyor(T)B @

Here, D(T) is the electron diffusion coefficient, 7y, is the inelastic
phonon scattering time, and (B) is a “magnetic length” defined by I(B)
= (h/eB)"? = 25.656nm at B=1 T = 10kG, the field strength used
for most of our measurements. In Eq. (2), we have modified
Kawabata’s formula by setting 7, = m" /e and also by invoking the

scitation.org/journal/apl

Einstein relation to get D = (M) (Ve (1teor)/3e, Where v¢ is the Fermi
velocity.'® It is very helpful that n and i, in Eq. (2) can each be inde-
pendently determined in the same experiment from measurements of
current I, Hall voltage Vy;, and B alone. Then, since pi,,(T) is the only
unknown quantity in Eqs. (1) and (2), it is also determined without
knowledge of any other material parameters, putting it on a par with
the Hall-effect measurements of n and p. For comparison, in a
future work, we will pursue a first-principles calculation of i, vs T via
density functional theory.

Having established a direct method of measuring zi,,p,, we seek to
relate it to material parameters, and for that, we use the equation

T
4meo(3/m) Y313 n1/3 Tsinh? (2—1;1)

T) = .
.uph( ) ekTIfh(m*)z(Eo/Eoo ) (3)

This equation has been published elsewhere'® and is a somewhat
modified version of a first-order variational calculation due to
Howarth and Sondheimer."” For ZnGa,O,, we use the measured
value ¢, = 9.8 and estimated values ¢, = 3.6 and m™ = 0.28m,,.
With these material parameters and the measured values of p,(T),
we can treat Eq. (3) as a transcendental equation and calculate
KTpn(T) from pipy(T).

The total mobility can then be modeled by ot = i '+
,uphfl, where ; is the mobility due to ionized-impurity scattering,m‘zo
given below:

24m* 2’ 1 n "
/Ji,«(n) = S n (1 N (n)) - MZZNii - ”iiO(n) ZzNii7
T )
4)
31347836 k2 nt/3
= 5
y(n) o )

For charge Z =1, the fit of p vs T yields Nj;, the ionized impurity
concentration. Then, the relationships n = N, - N and N = Np
+ N, for degenerate electrons, give N, and N, the donor and accep-
tor concentrations, respectively.”’ This is one of the very few ways to
determine these quantities. Cases for which Zp, and Z, #1 are illus-
trated elsewhere.'”’

ZnGa,0, sample #1 was grown at 200 °C by pulsed laser deposi-
tion (PLD) as a superlattice: 10-nm ZnO followed by 10-nm Ga,Os,
15 periods, and ~ 300nm total thickness. At room temperature
(295K), its resistivity, mobility, and electron concentration were 4.24
x 1072 Q cm, 624cm?/V s, and 2.36 x 10" cm >, respectively.
Reflectance and transmittance measurements were carried out at
room temperature using a Perkin-Elmer Lambda 900 UV/Vis/NIR
spectrometer over the energy range of 0.38-6.7 eV. Absorption coeffi-
cients were calculated by a method that allows both high and low val-
ues to be determined, i.e., no approximations are required.”’ Anneals
were performed for 10 min at 500, 600, and 700 °C in a tube furnace
under flowing forming gas (FG) consisting of 3% H, and 97% Ar. The
latter two anneals produced semi-insulating material. Absorption coef-
ficients are plotted in Fig. 1. Here, we have chosen to plot o vs E,
rather than the usual («E)” vs E (Tauc plots) because the latter holds
only for amorphous materials. In fact, our annealed PLD samples are
polycrystalline at 600 and 700 °C, with 2-Theta XRD analyses showing
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FIG. 1. Plots of o vs E in PLD-grown ZnGa,O,4 #1, unannealed, and annealed for
10 min in forming gas at 500, 600, and 700 °C, respectively.

only ZnGa,O, with a preferred (111) orientation. Complete structural
analysis of the films is beyond the scope of the current work and war-
rants an additional study. Note that as the sample is annealed up to
700 °C, the bandgap increases to 5.25¢V, among the highest values
ever reported for either ZnGa,O, or f-Ga,0s.

7ZnGa,0y4 #2 in our study was a 350-nm-thick layer grown at
700°C by metalorganic chemical vapor deposition (MOCVD) on a
c-plane (0001) sapphire (Al,O3) substrate; growth details are given
elsewhere.'”'! At room temperature (295XK), its resistivity, mobility,
and electron concentration were 5.60 x 107> Q cm, 18.1cm*/V s, and
6.16 x 10" cm >, respectively. To increase the conductivity, the sam-
ple was annealed at 700°C for 10 min in flowing forming gas (FG),
consisting of 3% H, and 97% Ar. The resistivity, mobility, and concen-
tration changed to 1.79 x 107° Q cm, 19.7cm?/V s, and 1.77
x 10*%cm 3, respectively. Temperature-dependent Hall-effect mea-
surements over the range of 13-320 K were carried out in a LakeShore
7507 apparatus at a magnetic field strength of B=1 T (10kG). At
13K, the resistivity, mobility, and concentration were 1.71 x 107> Q
cm, 20.7cm?/V s, and 1.76 x 10 cm 3, respectively. From these
low-temperature results, we calculated donor N, and acceptor N,
concentrations of 7.87 x 10*°cm “and 6.10 x 10*°cm >, respec-
tively,” giving a compensation ratio of N/Np, = 0.78. This high com-
pensation ratio suggests that the material is not yet optimized and
likely can be improved by reducing N 4.

Reflectance and transmittance measurements on ZnGa,0, #2
were carried out at room temperature, and absorption coefficients
were calculated as shown in Fig. 2. Unlike the case for ZnGa,0O, #1,
here, there are two contributions to the bandgap, a small one at
3.45eV and a larger one at 4.48 eV. The simplest explanation for this
observation is that there is a small amount of ZnO phase separation,
represented by the 3.45-eV contribution. On the other hand, the XRD
showed (hkl) lines associated only with ZnGa,O,, and so the fraction
of ZnO cannot be too high. This issue will have to be explored further.

Besides the strong absorptions shown in Fig. 2, we can also study
weak absorptions. Note in Fig. 3 that some of the reported deep-center
energies” occur near steep increases in o. Since o is quantitative, there
is an opportunity to calibrate concentrations of such deep centers, a
task to be pursued at a later time.

We now consider the QMC measurements and analysis. We
begin by solving AGex(T) = AGneo(T,Bn,pteopsfiph)> @ transcendental
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FIG. 2. Plot of o vs E for MOCVD grown ZnGa,0, #2 annealed at 700 °C in form-
ing gas. Note two direct bandgap transitions, at 3.45 and 4.48 eV.

equation, at each value of T, where Aatheo(T,B,n,ytot,uph) consists of
Egs. (1) and (2). The only unknown is i, since n and j are mea-
sured in the same experiment at the same time by the Hall effect. We
employ the “root” function in MathCad™” to solve this equation, but
most math programs have a similar function to accomplish this pur-
pose. The solution is the curve pi,,(T) vs T, and this is plotted in Fig. 4
as a function of annealing in forming gas at several different tempera-
tures, 500-700 °C. These curves are very robust and repeatable even
though Ac/g < 0.001. The solid curves are fits to Eq. (3) and will be
discussed below. For comparison, we also plot the measured Hall
mobility, fter ~ (5 * + uphfl)*l, following an anneal of 700 °C for
10 min. Here, p; represents the effects of ionized impurities on the
electron scattering, and it is clear that this mechanism totally domi-
nates phonon scattering (since wi b o> ,uphfl) over the range,
T =10-170K. (Here, we ignore acoustic-mode deformation potential
scattering, calculated from Eq. (4) in Ref. 16 because it contributes
only 0.03 and 0.8% of the total scattering at 13 and 300K,

5 |
10 I E =466eV
I (literature)
E :
S
4 |
e 10 | r
3
deep centers I
(literature) I
2.42 3.65eV I
3 Il
10” 1 | -
[ |
T T Il L T : T ¥

E (eV)

FIG. 3. Absorption coefficient for MOCVD-grown ZnGa,O, #2 compared to repre-
sentative deep-center and bandgap (Eg) energies (dashed lines) reported in the lit-
erature.” (The “cusp” in the data at about 1.4eV is artificial, due to a detector
change in the spectrophotometer.) Note that the thresholds in o correspond roughly
to some of the deep-center energies.
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FIG. 4. MOCVD sample #2: determination of s, vs T from solving Acineo(itpn.T)
= Acexp(T) at each value of T, from 13 to 160 K. Various curves represent different
annealing temperatures. The measured Hall-effect mobility 14 and carrier concen-
tration n (in units of cm~°) after a 700 °C anneal are also shown. Note that phonon
scattering has very little effect on s since ;=" > yph‘1over the whole tempera-
ture range.

respectively.) However, as T increases, phonon scattering always
becomes stronger (i.e., uphfl increases) and will cause a reduction in
Urop> €.8.> at room temperature.

To convert 1,,(T) into the effective phonon energy kT,,(T) at
each T, we use Eq. (3). This equation constitutes the first term in a var-
iational calculation'” and, thus, is only an approximation. In an earlier
work,'® on f-Ga,0;, it was thought to be accurate to about 20%. With
this limitation in mind, we solve Eq. (3) as a transcendental equation
over the range of T=13-160K. The results for the unannealed and
500 °C annealed samples are plotted as solid points in Fig. 5, and at
the limits of the measurement range, we get KT},,(13K) = 11 meV and
KTph(160K) = 90 meV.

One way to check on the reasonableness of these numbers is to
calculate the total phonon density of states in the perfect crystal,
ignoring disorder from both the random donors and the lattice

140 o . o Ao, Unalnn .
o N KTn , Unann
& 120 1 ¢ o 40/500C,FG =
o% « kT ,500C, FG
g 100 2% & i
_g- i Do - L
. 80 D%
S (a g
g 01 %,
L 404 oo :
2 S o
20 - 1o %00 3
" 0008 Ssie
0 . S oo e
0 50 100 150 200

T (K)

FIG. 5. Ag(B,T) = ¢(B,T) — o(0,T) for MOCVD-grown ZnGa,0,, unannealed, and
annealed at 500 °C in forming gas: open points, experimental; closed points, calcu-
lations of p(T) from Egs. (1) and (2) and then KTpn(T) from () in Eq. (3).
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FIG. 6. Theoretical phonon density of states (T=0) in single-crystal ZnGa,0,.
Also shown are the values of kT, determined at 13 and 160K from Fig. 5. Note
that the theoretical (T=0) and experimental (T =13-160K) energy spans are
quite similar. However, a simple, mathematical extension of the kT, vs T curve to
295K is unsuccessful.

mismatch. For that, we use the Quantum Espresso software pack-
age” that includes density functional theory (DFT) for the lattice
structure and density perturbation theory”* for lattice dynamical
properties (DFPT). We used ultrasoft pseudopotentials with the
PBEsol exchange-correlation potential,”” a plane wave cut-off of
125Ry and a 16 x 16 x 8 Monkhorst-Pack k-point grid for structure
relaxation with a convergence criterion of 1 mRy/a.u. The Brillouin
Zone sampling for lattice dynamical properties consisted of an
8 x 8 x 8 k-point grid for the electrons and a 4 x 4 x 4 q-point grid
for phonons. The result, at T =0, is given in Fig. 6 and is compared
with the measured kT, at 13 and 160 K.

The resulting energy ranges are surprisingly close and suggest that
our effective phonon concept has at least a degree of validity. It is then
interesting to speculate about extending the kT, vs T curve to room
temperature, 295 K. Indeed, it is easy to fit the curves with an analytical
function of the form KkT,,=a[l —exp(-T/b)]. For example,
a=264meV and b=366K for the annealed sample, giving KTy
=146 meV at 295K, well out of range of the DoS at T =0. Of course,
we would expect disorder to broaden the DoS, likely moving it to higher
energies, but this question will require a more complete theoretical
analysis.

In summary, we have studied an emerging semiconductor mate-
rial, ZnGa,0,, and shown that it competes favorably with another
much more widely studied material, f-Ga,0Os, including having a
higher bandgap. Temperature-dependent Hall-effect measurements
and analysis yielded donor and acceptor concentrations, and reflec-
tance and transmittance measurements gave both band-to-band and
deep-center absorption coefficients. The phonon structure of
ZnGa,0O, is very complicated due to a large number of atoms in the
unit cell. However, we have elucidated the phonon properties using
quantum magnetoconductivity measurements and shown reasonable
agreement with density functional theory.
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