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ABSTRACT

Defects in pulsed-laser deposition grown x-Ga, O3 have been investigated using thermal admittance spectroscopy and secondary ion mass

spectrometry (SIMS). A k-Ga,O; film was grown on either a tin-doped indium oxide or an aluminum-doped zinc oxide buffer layer on a 8
sapphire substrate functioning as back contact layer in vertical diode structures. In both sample types, a distinct signature in the capacitance ‘é‘
signal was observed in the temperature range of 150-260 K. The corresponding defect charge-state transition level, labeled E,, was found to g
exhibit an activation energy of 0.21 eV. Potential candidates for the E, level were investigated using a combination of SIMS and hybrid-func- 8
tional calculations. SIMS revealed the main impurities in the sample to be tin, silicon, and iron. The hybrid-functional calculations predict =
the acceptor levels of substitutional iron to lie 0.7-1.2 eV below the conduction band minimum depending on Ga-site, making Feg, an ;
unlikely candidate for the E, level. Furthermore, Si as well as Sn substituting on the sixfold coordinated Ga2 site and the fivefold coordi- g
nated Ga3 and Ga4 sites are all shallow donors in x-Ga, O3, similar to that of f-Ga,O;. Sn substituting on the fourfold Gal site is, however,
predicted to have levels in the bandgap at 0.15 and 0.24 eV below the conduction band minimum, in accordance with the extracted activa-
tion energy for Ey. Thus, we tentatively assign Sng,; as the origin of the E, level.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0150994
1. INTRODUCTION intriguing for devices based on polarization doping including high-
s . 5,12,13
Gallium sesquioxide is a semiconductor material that has seen electron mobility transistors. .. . .
. . . . In order to accomplish functioning and reliable devices from
a rapid surge of interest in recent years and a correspondingly fast ; ] .
. . . k-Ga; 03, an understanding and control of electrically active
technological advancement. Properties, such as an ultrawide . . .
1 . 5 defects is imperative. To date, however, both the experimental and
bandgap of around 5eV, a large critical field strength,” and a . . L
. L . - theoretical knowledge of defects in the material is scarce. The
widely tunable n-type conductivity, make the material promising imental investisations have been impeded i ¢ due to th
for high-power electronic devices and ultraviolet optoelectronics.’ oiper renta Tivestigations ngve beeh lmpecec T patt che fo e
or hugh-p . P e limitations in growing a high-quality material with a controlled
Five dlfferenF polymorphs of the. material are usually reported. "Fo conductivity. Only recently, for instance, the growth of x-Ga,Os
date, the main focus .hfis been directed toward the thermOdYn‘_iml' without any rotational domains was realized,  as well as the first
cally~ stal?le mon.ochmc phase, -Ga,Os. However, t.here Is a report on Schottky barrier diodes and pn-heterojunctions.”
growing interest in the metastable phases of the material, among  Well-behaved rectifying junctions are a prerequisite for performing
which the orthorhombic phase, x-Ga, 03, is considered the second several defect spectroscopy techniques, such as deep-level transient
most stable polymorph, with a thermal stability up to around  spectroscopy (DLTS) and thermal admittance spectroscopy (TAS).
700°C.”""" k-Ga, 03 has been calculated to have a large spontane- As of now, there exists one study where DLTS and TAS measure-
ous polarization of 23uCcm~2, which makes the material ments have been conducted on x-Ga,0Os;, in which they study
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k-films grown by halide vapor phase epitaxy on GaN/sapphire
templates.'® The measurements reveal the presence of several deep
levels with trap energies ranging from 0.3 to 1eV below the con-
duction band minimum (CBM).

In this work, we study x-Ga,O3 grown by pulsed-laser depo-
sition (PLD) on two different substrates, aluminum-doped zinc
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FIG. 1. j-V characteristics for two different diode structures. The structures are
depicted schematically in the plots. (a) The two j-V curves show the least and
the most rectifying diode on the AZO-sample. (b) A representative j-V curve for
the diode structure with an ITO-substrate functioning as the back contact layer.

ARTICLE pubs.aip.org/aip/jap

oxide and tin-doped indium oxide, functioning as back contacts
of vertical Schottky barrier diodes. We use a stack of PtOy/Pt as
Schottky contacts. Current-voltage measurements confirm rectify-
ing diodes. From capacitance-voltage measurements, we extract
an effective carrier concentration in the low 10'® cm™> range. TAS
reveals a defect level with an activation energy of about 0.21 eV
for a thermal emission to the CBM. Combining secondary ion
mass spectrometry (SIMS) data and hybrid-functional calcula-
tions leads us to propose Sn substituting on the tetrahedrally
coordinated Ga-position as a possible origin for this observed
defect level.

Il. METHODS

The x-Ga, 03 samples used in this study were grown by PLD
(around 620 °C growth temperature) on either a stack of nominally
undoped ZnO on a highly conductive Al-doped ZnO (AZO) back
contact layer or on a In,O3 layer with 2 at. % SnO, (ITO). In both
cases, the substrate was single-side polished 10 x 10 mm? sapphire
substrates, with a-plane orientation in the first case and c-plane in
the latter (see Ref. 15 for more details of the sample growth). The
resulting thickness of the x-Ga,O; layer is 25-400 nm. The
AZO-sample was subsequently cut into a 5 x 5mm? sample using
a laser cutter.

For electrical characterization, circular Schottky contacts with
diameters between 150 and 750 um were deposited using reactive
DC sputtering. PtOx was deposited in 50 SCCM O,/50 SCCM Ar
with a sputtering power of 30 W. Metallic Pt was subsequently DC
sputtered in an Ar atmosphere. The x-Ga,Os-film does not fully
cover the substrate stack but leaves the corners exposed. Hence, by
depositing Au in the corners, it is possible to make an ohmic
contact with the conducting AZO or ITO layer underneath.
Layouts of the diode structures are depicted in Figs. 1(a) and 1(b).

Current-voltage (I-V) and capacitance-voltage (C-V) mea-
surements of the diodes were performed at room temperature. The
I-V characterization was carried out using an AGILENT 4155C
semiconductor parameter analyzer connected to a SUSS wafer
prober system with tungsten needles, while the C-V measurements
were performed using a Boonton 7200 capacitance meter and a
1 MHz probing frequency.

TAS in the temperature range of 20-300 K was conducted
using an Agilent 4280A LCR meter, with a 50 mV AC probing
signal with nine measurement frequencies between 1kHz and
1 MHz and a reverse bias of —0.5 V.

To identify and quantify impurities in the samples, SIMS was
performed. A spectrometer of type Cameca IMS7f with a primary
ion source of O; was employed for SIMS measurements. To
measure the created crater depth, a Veeco Dektak 8 stylus profil-
ometer was used. Implanted reference samples were used to
convert counts into concentration.

First-principles calculations were performed using the projec-
tor augmented wave method'”'® and the screened hybrid func-
tional of Heyd, Scuseria, and Ernzerhof (HSE),19 as implemented
in the VASP code.”” The Ga 3d electrons were treated explicitly as
valence electrons. The fraction of screened Hartree-Fock exchange
was adjusted to o = 0.33, as this parametrization reproduces the
experimental direct bandgap value of 4.9eV for 5-Ga,0;." For
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k-Ga,03, we obtain a comparable direct bandgap value of 5.0 eV,
in line with previous HSE calculations by Gake et al.”' The calcu-
lated lattice parameters (a = 5.03 A, b=8.654, and ¢ =9.27A)
are in good agreement with experimental data.’
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FIG. 2. Thermal admittance spectroscopy results. (a) Capacitance as a function
of temperature for measurement frequencies from 1kHz to 1MHz for the
k-Gay03 grown on an ITO substrate. The inset shows the associated conduc-
tance measurement for the same frequencies. Offsets in conductance between
the measurements have been removed for clarity. (b) Fits to the Arrhenius rela-
tion, and the extracted and calculated values for the trap energy level and
capture cross section for both ITO- and AZO-substrate samples.
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Defect formation energies and thermodynamic charge-state
transition levels were evaluated using the formalism described in
Ref. 22. The chemical potential of Sn, Si, and Fe impurities is refer-
enced to the solubility-limiting phases SnO, (Sn), SiO; (SiO,), and
Fe,O3 (Fe), respectively, in the O-rich (Ga-rich) limit. Formation
energies are plotted for intermediate conditions, which is taken to
mean halfway between the O-rich and Ga-rich limit. For charged
defects, we apply finite-size corrections following the scheme out-
lined in Refs. 23-25 with a static dielectric tensor &, = 17.0,
g,, = 16.0, and &, = 18.1, calculated as described by Gake et al,”!
but using the strongly constrained and appropriately normed
(SCAN)® semilocal functional for the ionic contribution. Defect
calculations were performed using 80-atom supercells (2 x 1 x 1
repetition of the conventional unit cell), a plane-wave cutoff of
400eV, and a single special k-point at (0.25,0.25,0.25).
Convergence tests for Sng, and Feg, employing a semilocal func-
tional result in differences of about 0.1 eV between defect forma-
tion energies calculated using 80- and 480-atom supercells.

We use the same naming convention for different Ga- and
O-sites as in Gake et al.”'

lll. RESULTS AND DISCUSSION
A. Current-voltage and capacitance-voltage

Typical current density-voltage (j-V) characteristics are
shown in Fig. 1. The figure reveals a rectification between forward
and reverse bias for both of the diode structures. The two j-V
curves in Fig. 1(a) show the most and the least rectifying diode on
the AZO-substrate sample, which varies from above three orders of
magnitude to roughly one order of magnitude. The j-V character-
istics of xk-Ga,O3 grown on an ITO-substrate, Fig. 1(b), show on
average better diode behavior, displaying rectifications up to

roughly eight orders of magnitude.”” For both sample structures,

the j—V measurements confirm diode behavior required for capaci-
tance spectroscopy measurements. Note that the hysteresis seen in
the j-V curve in Fig. 1(b) have been reported previously]5 and are
related to the measurement time constant and charging currents.”®

From C-V measurements (not shown), we extract the net
doping density (Np — Na) of the samples. For the x-Ga,O; layer
grown on ITO, a net doping density between 2 x 10" cm™! and
5% 10" cm™ was estimated using the calculated dielectric cons-
tant of ~17. The Fermi level is, accordingly, close to CBM. For the
AZO-substrate sample, the C-V measurements reveal markedly
larger variations in the net doping density between the diodes,
varying from 2 x 107 cm™ to 4 x 10'® cm™, suggesting an appar-
ent lateral inhomogeneity. One possible explanation for this varia-
tion could be a capacitance contribution from the back surface
interface between the x-Ga,Os; and the ZnO layer,15 effectively
resulting in two bias-dependent capacitances connected in series
giving rise to the observed large variability. In this case, the less
varied net doping density values for the ITO sample could be
explained by a better ohmic back contact.

B. Thermal admittance spectroscopy

Figure 2(a) shows TAS results for the ITO-substrate sample,
where the measured capacitance as a function of temperature for
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different probing frequencies reveal one capacitance step, inter-
preted as a charge-state transition level labeled Ey. The capacitance
signal confirms that the free charge carriers arise in the x-Ga, O3
layer, in accordance with the C-V-measurements, but that not all
the carriers respond to a 1 MHz signal at room temperature. This
frequency dependence may contribute to some of the variations
observed in the extracted net doping density, as discussed above.
The inset in Fig. 2(a) shows the corresponding probing frequency
normalized conductance measurement. Note that the frequency
normalized conductance displayed an offset between the measure-
ment frequencies, which has been normalized for clarity.
Importantly, the conductance characteristics also display the signa-
ture of a charge-state transition level E,y. Figure 2(b) shows the
associated Arrhenius plot, which is constructed from the peak
maxima in conductance. The activation energy for the trap
(E. — E;) is found from the slope of the Arrhenius line to be
0.21 eV. The capture cross section was calculated to be approxi-
mately 3 x 107! cm?, using a theoretical value for the electron
effective mass in x-Ga,O; of 0.26m..”' The same TAS-signature
was observed in the AZO-substrate sample, and the corresponding
Arrhenius plot for this diode structure is also shown in Fig. 2(b),
which supports the assumption that E, is, indeed, a trap level in
the x-Ga, O3 films.

From the height of the capacitance step in Fig. 2(a), we find
that the concentration of Eg is roughly 12% of the room temperature
net doping density. For the specific diode measured in Fig. 2(a), this
amounts to a defect concentration of about 3 x 107 cm™3. We
similarly find for the AZO-substrate sample that the capacitance
step in the TAS-measurement amounts to a defect concentration of

21
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FIG. 3. Secondary ion mass spectrometry results for impurities Si, Fe, and Sn
in both sample types.
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12% of the net doping density. The large spread in extracted Np
values for the AZO-substrate sample, however, makes it necessary to
exercise caution in deriving absolute concentrations based on Np
for that sample.

Notably, we do not observe a freeze-out level in TAS measure-
ments despite reaching temperatures down to 20 K. The remaining
capacitance can at least partially be explained by the capacitance
caused by the highly degenerate buffer layer. This capacitance con-
tribution from the vertical structure makes the estimated concentra-
tion of Ey of about 3 x 107 cm ™3, a lower bound.

C. Secondary ion mass spectrometry

From SIMS measurements, we found Sn to be the most preva-
lent impurity in both sample types, with average concentrations of
around 6 x 10¥ cm™3 throughout the films, see Fig. 3. A consider-
able concentration of Sn is expected in the samples, as Sn is a pre-
requisite in the growth process and the Ga,O; PLD targets used
contain 2 at. % SnO,.

The second most dominant impurity we find is Si, which in
both sample types is found in concentrations of around
2 x 10" cm™3. Si and Sn are the two most common donor dopants
in B-Ga, 03, and a similar behavior is expected in x-Ga,O;. The
high values of Np can, therefore, be explained by the large concen-
trations of Si and Sn. Of note, however, is the difference between
the acquired SIMS concentrations and Np, where, e.g., the tin con-
centration is one order of magnitude larger than the typical Np
values. This implies that (1) a large part of Sn in the crystal is not
electrically active, or that (2) there is a substantial concentration of
compensating acceptors present. However, we can at present not
determine the dominant mechanism due to the lack of reliable
mobility measurements.

Finally, we also find a considerable amount—1 X 1088 cm—
of Fe in the samples.

3_

D. Results of first-principles calculations

Hybrid functional calculations were performed to investigate
possible candidates for the trap level observed in TAS, assuming an
impurity-related origin. Guided by the findings from SIMS mea-
surements, we have explored defects related to impurities Si, Sn,
and Fe. It should be noted that at this point we cannot dismiss that
the origin of the E; level could be related to intrinsic defects or a
common impurity such as hydrogen (H) (the concentration of H
was below the detection limit for our SIMS instrument of
=<1 x 10" cm™3). However, assuming that the intrinsic defect
structure is similar across different polymorphs,”' we do not expect
any intrinsic thermally stable shallow defects at concentrations
compatible with Ey.”""*

In n-type material, both Si and Sn have the lowest formation
energy when substituting for Ga compared to substituting for O or
as interstitials. Based on previous theoretical studies on these impu-
rities in B-Ga,03">"* and AlGaO; alloys,” Sig, and Sng, in
k-Ga,O; are expected to either behave as shallow donors or
DX-centers with a £(+ / — ) level in the bandgap. For Si, only the
single positive charge state could be stabilized for all four Ga sites.
It, therefore, seems like, akin to in B-Ga,Os,”” Si is an efficient
n-type dopant. From the lack of compatible charge-state transition
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levels in the band gap, Si is consequently not likely to give rise to
the E, level.

In Fig. 4, the calculated formation energies for
Ga-substitutional Sn in x-Ga, O3 are shown. Sn substitution on the
sixfold coordinated Ga2 position and on fivefold coordinated Ga3
and Ga4 positions exhibits £(+ / — ) levels inside the CB and will,
thus, behave as shallow donors. Sn substituting for the fourfold
coordinated Gal, however, displays a different behavior with
£(+ /0) and £(0/ — ) levels inside the calculated bandgap at Fermi
level values of E. — 0.24 eV and E. — 0.15¢eV.

From the energy of the calculated charge-state transition
levels, Sng,1 appears as a possible candidate for the measured
trap signature. Indeed, the energies of both &(+ /0) and
£(0/ —) are close to the activation energy extracted from TAS
measurements of 0.21 eV. Experimentally, we only observe one
level. One explanation could be a difference in capture cross
sections, possibly requiring higher temperatures or lower fre-
quencies in order to observe both transitions for Sng,;. On the
other hand, the calculations are performed with an 80-atom
supercell, which might not provide sufficiently converged
results to distinguish whether Sng,; in fact exhibits positive-U
behavior or negative-U like the three other Sn-configurations,
as the two calculated charge-state transition levels are separated
by merely 0.1 eV.

1— Snga1
Snga2
Sngas
_: = Sngas4
1~ Feca1
Fega2
Fegas

Formation energy (eV)

1 -~ Fecas

Intermediate ]

0 1 2 3 4 5 6
Fermi level Er (eV)

FIG. 4. Calculated formation energies for substitutional Sn and Fe on four
inequivalent Ga-sites under intermediate conditions. The different Ga-sites are
marked in the structure shown. The formation energies for the O-rich (Ga-rich)
limit can be found by adding (subtracting) 1eV. Our calculations result in a
bandgap energy of 5 eV, and the shaded gray area represents Fermi-level ener-
gies that fall within the conduction band.
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The experimental estimate for the defect concentration of E,
is, however, hard to reconcile with what one would expect from the
predicted stability of Sng,;. The formation energy of Sng,; is 1.2 eV
higher than the lowest energy configuration Sng,s for the +1
charge state. In an equilibrium situation, the concentration of Sng,
compared to other three configurations should, thus, be negligible,
even at growth temperature.”” On the other hand, depending on
the growth conditions, the concentration ratios might not fully
match up with an equilibrium case, and one could speculate that a
portion of the Sn is frozen in on the tetrahedral position during
growth. Indeed, in previous experimental studies on 3-Ga,O;, one
has observed that Si and Sn also occupy thermodynamically unfa-
vored positions in the lattice.”

Similar to Si and Sn, Fe also prefers the Ga sites under n-type
conditions, and calculated formation energies for substitutional Fe
on four inequivalent Ga-positions are presented in Fig. 4. Feg, is
predicted to act as a deep single acceptor, similar to that in
B-Ga,0;. In $-Ga, 03, the transitions for Ga-substitutional Fe have
been assigned to the E, level (E. — E; ~ 0.78¢V), which is com-
monly observed by DLTS.”’~** From Fig. 4, we see that comparable
transitions for substitutional Fe on fourfold and sixfold coordinated
Ga-sites in x-Ga,Oj3 are predicted to be somewhat deeper than in
ﬁ-Ga203.

All the Fe transitions are relatively deep and correspondingly
poor candidates for E;. However, there is considerable uncertainty
tied to the bandgap value, with reported values between 4.4 and
5.0eV,””** and, thus, the positions of the calculated transition
levels relative to the CBM. With this uncertainty in mind, the
apparently too deep transitions of Feg,; and Feg,s cannot be fully
ruled out as being responsible for the observed TAS-signature.

E. Conclusion

In summary, we investigate a defect signature, E,, in
PLD-grown x-Ga,O; using a combination of TAS, SIMS, and
hybrid-functional calculations. Two different vertical Schottky
barrier diode types have been measured, one with AZO and the
other with ITO functioning as the back contact. We use a stack of
PtOy/Pt as Schottky contacts. The E; level, with an activation
energy of ~ 0.21€V, is observed in TAS measurements on both
diode types. Using SIMS, we identified Sn, Si, and Fe as dominant
impurities in the x-Ga,O; films. Guided by the SIMS results, we
performed hybrid-functional calculations, and we find Sng,; to
have charge-state transition levels close to the measured activation
energy for Ej.
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