(7))
R
(7))
>
(TR
on
T O
c.0
| \—
50
0Q
RE- ¢

Deep level defects in 3-Ga203 pulsed laser

deposited thin films and Czochralski-grown
bulk single crystals by thermally stimulated

techniques

Cite as: J. Appl. Phys. 125, 105103 (2019); https://doi.org/10.1063/1.5049820
Submitted: 25 July 2018 . Accepted: 25 February 2019 . Published Online: 14 March 2019

Buguo Wang, David Look, and Kevin Leedy'@

) S

an N

View Online Export Citation

®

CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Growth and characterization of B-GapO3 thin films on different substrates
Journal of Applied Physics 125, 105701 (2019); https://doi.org/10.1063/1.5061794

Perspective: Gay03 for ultra-high power rectifiers and MOSFETS
Journal of Applied Physics 124, 220901 (2018); https://doi.org/10.1063/1.5062841

A review of GapOz materials, processing, and devices
Applied Physics Reviews 5, 011301 (2018); https://doi.org/10.1063/1.5006941

YOUR OPTICAL

COATING PARTNER

J. Appl. Phys. 125, 105103 (2019); https://doi.org/10.1063/1.5049820

© 2019 Author(s).

125, 105103


http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/738797472/x01/AIP/Alluxa_Whitepaper_JAP_PDF_2019/Alluxa_Whitepaper_JAP_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.5049820
https://doi.org/10.1063/1.5049820
https://aip.scitation.org/author/Wang%2C+Buguo
https://aip.scitation.org/author/Look%2C+David
https://aip.scitation.org/author/Leedy%2C+Kevin
http://orcid.org/0000-0003-4349-6408
https://doi.org/10.1063/1.5049820
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5049820
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5049820&domain=aip.scitation.org&date_stamp=2019-03-14
https://aip.scitation.org/doi/10.1063/1.5061794
https://doi.org/10.1063/1.5061794
https://aip.scitation.org/doi/10.1063/1.5062841
https://doi.org/10.1063/1.5062841
https://aip.scitation.org/doi/10.1063/1.5006941
https://doi.org/10.1063/1.5006941

Journal of
Applied Physics

ARTICLE scitation.org/journalljap

Deep level defects in B-Ga,Oz pulsed laser
deposited thin films and Czochralski-grown bulk
single crystals by thermally stimulated techniques

Cite as: J. Appl. Phys. 125, 105103 (2019); doi: 10.1063/1.5049820

Submitted: 25 July 2018 - Accepted: 25 February 2019 -
Published Online: 14 March 2019

© th @®

View Online Export Citation CrossMark

Buguo Wang,'?) David Look,'? and Kevin Leedy”

AFFILIATIONS

'Semiconductor Research Center, Wright State University, Dayton, Ohio 45435, USA
2Air Force Research Laboratory, Sensors Directorate, Wright-Patterson AFB, Ohio 45433, USA

2)Author to whom correspondence should be addressed: buguo.wang@wright.edu

ABSTRACT

Thermally stimulated techniques—thermally stimulated current (TSC) spectroscopy and thermally stimulated depolarization current
(TSDC) spectroscopy—were used to comparatively study the electrical properties and deep level defects in 3-Ga,O; pulsed laser deposited
thin films and Czochralski-grown bulk crystals. It was found that the samples are highly resistive and each sample may have different dark
current activation energy. Deep level defects revealed by the thermally stimulated techniques vary from sample to sample. In addition to the
common traps E; (~0.56 eV), E, (~0.84 eV), and E; (~0.99 eV), reported in the literature and revealed by DLTS studies of Ga,O3 bulk crystals,
that were also found in our samples by the thermally stimulated techniques, a trap at ~110 meV and several other traps are revealed specifically

by TSDC between 105 and 225 K.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5049820

I. INTRODUCTION

Transparent semiconducting oxides such as the beta phase of
gallium sesquioxide (B-Ga,O;) have attracted a lot of attention
recently because of their extended transparency to the deep ultravi-
olet." B-Ga,O; has a bandgap around 4.7 eV; therefore, the absorp-
tion edge can reach below 260 nm. Optoelectronic and power
electronic devices such as MOSFETs based on -Ga,O; have been
demonstrated.” Bulk B-Ga,O5 grown by several different techniques
has been reported and its electrical properties have been investi-
gated;"® among them, the deep level defects (traps) of bulk crystals
have been studied by deep level transient spectroscopy (DLTS) and
by optically and thermally stimulated defect spectroscopy.”™
Electron and hole trap densities in f-Ga,Oj; films grown by hydride
vapor phase epitaxy (HVPE) and deep level defects in Ge-doped
B-Ga,O5 layers grown by plasma-assisted molecular beam epitaxy
were also reported.'™'" Recently, the growth of B-Ga,0; thin films
by pulsed laser deposition (PLD)'*'” has also attracted a lot of atten-
tion since this method is more flexible than other film growth
methods, and the PLD films have been fabricated into several kinds
of devices;'* therefore, it is necessary to understand basic electronic
properties such as carrier transport and electrically active defects in

these materials. However, deep level defects in these films, espe-
cially those in highly-resistive Ga,O; materials, have not been
fully explored because of experimental difficulties; e.g., they are
not amenable to capacitance-based defect analysis techniques,
such as deep level transient spectroscopy (DLTS). Although deep
level defects of bulk Ga,0O3 have been studied by several groups,
there is still some confusion about revelations and interpretations
of trap energy levels in the literature, and moreover, there are few
comparisons of defects in bulk materials with those in thin films,
especially those grown by PLD.

In this paper, we use two different thermally stimulated tech-
niques'°—thermally stimulated current (TSC) spectroscopy and ther-
mally stimulated depolarization current (TSDC) spectroscopy—to
comparatively study deep-level defects in highly resistive thin films
grown by PLD with those in bulk single crystals grown by the
Czochralski (CZ) method.

TSC spectroscopy involves filling electron and hole traps in
the material by illumination at low temperature and then warming
the sample in the dark while recording the current due to the
thermal emission of carriers from the traps.'® In other words, traps
at different energy levels are first filled by either optical or electrical
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injection, usually at a relatively low temperature. Subsequently,
electrons or holes are emitted by raising the temperature. TSC mea-
surements can, therefore, detect the trap—a peak in the current
observed at a given temperature; but unlike the case for DLTS, TSC
cannot tell whether a peak is due to an electron or a hole trap.

The emission is thermally activated, so the emission rate e,
(for electrons) is given by the usual formula determined from
detailed-balance considerations:

e, = 0, NV exp (_ET/kT)» (1)

where o, is the capture cross section for the trap, N is the effective
conduction-band density of states, vy, is the thermal velocity, and
Er is the trap energy with respect to the conduction band. A
similar formula can be written for hole emission. A given trap will
begin to emit at a characteristic temperature with the emission rate
increasing rapidly according to Eq. (1). However, the emission
probability will drop as the trap is depleted of electrons (or holes),
so that the current Igc will go through a peak

Itsc = CVyeu, 7,Nre, exp (—J e,,/ﬁdT') R 2)

where e is the electronic charge, p is the electron mobility, T is
the free-electron lifetime, Nt is the trap density, Vj, is the bias
voltage, and C is a constant related to sample geometry. Thus, a
fit of the integral Eq. (2) to a TSC spectrum of a given trap will
yield 0, and Er.

In the variable heating rate method, the TSC peaks shift when
the heating rate is changed, and the relationship between the tem-
perature of the TSC peak T,, and the heating rate p is given by

4
Er = kTmln% + kT,In(N.vpko,/Er), 3)

where k is Boltzmann’s constant, N, = 2(2mm*kT,,/h?)*?. Since the
second term on the right side of the equation is usually much
smaller than the first term, so that the second term is neglected, an
approximate activation energy of a trap at T, can then be deter-
mined from

T4
Er = kTmlnF’”. 4)

The TSDC technique is a very sensitive method for the study of
dipolar relaxations in polymers and dielectrics through a polarization-
depolarization process.'” The technique has been widely employed to
investigate and characterize relaxation processes, charge-storage, and
charge-decay processes in a number of materials. TSDC, the electric
field-induced thermally stimulated current, may be generated by
various mechanisms: (1) orientation of permanent dipoles (in polar
materials), (2) trapping of charge by structural defects and impurity
centers, and (3) build-up of charges near heterogeneities such as
amorphous-crystalline interfaces in semi-crystalline polymers, grain
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boundaries in polycrystalline materials, and electronic defects in
single crystals.

The relaxation frequency for the dipole disorientation a(T) is
often envisaged to follow an Arrhenius shift, therefore

E
a(T) = opexp (— ﬁ) , (5)

where oy is the characteristic relaxation frequency (t—o0) and E
is the activation energy for dipole disorientation at temperature
T. The TSD current Itspc(T) generated by the decay in polarization
follows:

t

E 1
Irspc(T) = o exp (— ﬁ) Py exp {_ ;J

a(T)d(t)} . (6)
tq
Here, Py is the initial equilibrium polarization, r = dT/dt, and tg is
the time of commencement of TSD. Since the temperature is raised
linearly with time, r = B, where P is a constant heating rate.

The peak temperature, T,,, for the current peak can be
obtained by differentiating Eq. (6):

B ﬁE E 1/2

Therefore, the activation energy E of the trap at the peak T, is
approximately

E = kT, In(T2/B). (®)

From Eq. (8), it can be seen that T, will shift towards a higher
temperature if a higher heating rate p is employed. T,, is indepen-
dent of the forming conditions, such as polarization field E, and
temperature Tp, provided that the equilibrium polarization has
been attained.

The activation energy of a trap can thus be obtained from the
slope of In (T2 /B)vs 1000/ T,,. Alternatively, the activation energy
can also be calculated by the shift of the TSD current maximum
with the heating rate. If the heating rate is changed from B, to B,,
the activation energy for the relaxation can be estimated from the
corresponding shift of the peak temperature T,;,; to Tt

E 9

— k(Tml Tm2) In (,Bl Téz)
Tml - TmZ )BZTrznl ’

In this paper, TSC and TSDC spectroscopies are used to study
both highly resistive f-Ga,O; thin films and bulk crystals. Because
it is difficult to employ the DLTS technique to study deep level
defects of highly resistive materials, both TSC and TSDC spectros-
copies have been used in the past to study defects in many semi-
conductors such as GaAs,'® GaN,'” and SiC,”” and dielectrics such
as oxides and halides.”’ ** For semi-insulating materials, they have
a distinct advantage over DLTS.
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Il. EXPERIMENTAL

In this study, highly resistive f-Ga,O3 thin films with thick-
nesses from 152 nm to 519 nm were grown on a-Al,O; (0001) in a
Neocera Pioneer 180 PLD system with a KrF excimer laser
(Coherent COMPexPro 110, A =248 nm, 10 ns pulse duration). The
chamber base pressure was 2.66 x 107° Pa with O, or Ar gas intro-
duced during deposition to a working pressure of 5-50 mTorr.
Substrates were heated by a backside heater to between 550 and
650 °C. The laser operated at a pulse rate of 10 Hz with an energy
density of 3Jcm? measured at the target. The target was a 50 mm
diameter by 6 mm thick 99.99% pure sintered oxide ceramic disk of
Ga,03 with 0.1wt.% SnO,. For a different growth experiment
(film-2), a 950 nm thick film was grown from a pure Ga,O; target
(99.995%) in a mixture of 50% O,/50% Ar at a pressure of
100 mTorr and a substrate temperature of 650 °C. After growth,
5 x 5 mm? samples were soldered with indium dots forming ohmic
contacts at diagonal corners. The bulk single crystals were grown
by the CZ method at Northrop Grumman SYNOPTICS. An 8 x
8 x 2 mm> sample with (010) orientation of unintentionally-doped
resistive single crystal was used for TSC and TSDC studies.

The dark current (DC), TSC, and TSDC experiments were
carried out in a modified BioRad 4600 DLTS spectrometer using
an electrometer (Keithley 617) for measuring currents and a cryo-
stat equipped with a liquid nitrogen pump for controlling tempera-
ture from 83 to 450 K.

During the TSC study, samples were first cooled from 450 to
83 K in the dark. The traps were filled at 83 K by illumination with a
400-nm light (LED) or combination with a white light (note: despite
the fact that Ga,O; has a ultra-wide bandgap, a longer-wavelength
light source such as a 400 nm LED can often be used to fill traps of
energy less than 3.1 eV from a band edge). The photocurrent (PC)
response was recorded at 83K during a 5-60 min illumination
period and the decay of persistent photocurrent (PPC) (if any) was
then recorded for 30-600s after switching the light off. After
that, the TSC spectrum was measured during warming at a rate
B =0.1-0.4 K/s under a bias of 75-100 V. When no illumination was
applied, the dark current (DC) was measured as a function of
temperature through both the cooling and warm-up processes for
comparison.

For TSDC measurements, the contacts were on two opposite
(010) faces of the bulk crystal. The crystal was set on an indium
buffered aluminum foil which was grounded and used as one contact;
an indium dot was soldered on the central area of the top face for the
other contact with bias. Thus, the configuration for crystal TSDC
spectral measurements is a sandwich structure; whereas for thin films,
two contacts were on the same top face, similar to the TSC configura-
tion. The contacts were connected to an electrometer (Keithley 617).

We performed TSDC measurements between 83 and 450 K at
a heating rate $=0.1-0.4K/s after polarization. Before the mea-
surements, a dc electric field E,=—100V was applied to the
sample at a polarization temperature Ty, variable from room tem-
perature (RT) to 450K for a polarization time t,, and then the
sample was cooled down to 83 K while still under the field. When
the temperature reached 83 K, the bias was turned off immediately.
The system was then kept at the temperature for 1 min to stabilize
before warming up and measuring the TSDC.

ARTICLE scitation.org/journalljap

lll. RESULTS AND DISCUSSION
A. Deep levels in PLD-grown g-Ga,Os thin films

TSC spectra of a PLD-grown B-Ga,O; thin film (film-1) using
three different heating rates are shown in Fig. 1(a). Several peaks
can be found from these spectra. The dominant peak E; shifts with
the heating rates. However, other small peaks do not seem to
appear in every measurement because the sample possesses some
persistent photocurrent (PPC) and generates more dark current
which overlaps the peaks. For the 0.3 K/s heating rate, which was
measured first and had the smallest DC, the peaks are more
obvious. But continuing with more measurements, some PPC grad-
ually accumulates and the DC increases, so peaks E; and E, at
heating rates 0.25 K/s and 0.2 K/s gradually become invisible.”* The
dominant peak actually consists of two overlapping peaks E;, and
Eip, as shown in Fig. 1(b). Overall, at least six traps between
200 and 450 K could be postulated in this sample.

Comparison of a TSC spectrum with the DC is shown in
Fig. 1(c). The dominant peak containing E;, and E;;, is clearly
shown in TSC and the dark current activation energy is ~0.62 eV.
The net TSC (total TSC minus DC) is shown in Fig. 1(d). The peak
near 425K can be fitted with a modified Gaussian, yielding one
peak at ~414 K with E, at 0.90 eV (E,) and another at ~441 K with
E,=~0.99 eV (E3), with the calculations based on Eq. (4).

TSC and DC spectra of the second thin film (film-2) are
shown in Fig. 2. The DCs were about 1pA at RT and less than
65 pA at 450K, indicating the sample is highly resistive at room
temperature (RT). The dark current activation energy (Epc) is
~0.84 eV. TSC measurements show that no peaks were observed in
this sample. But the TSC and DC are different from 300 to 450 K,
and the net TSC shows a broad peak near 420 K which can be
subjected to a Gaussian fitting, yielding one peak at ~388 K with
E,=~0.84¢eV (E,) and another at ~435 K with E, = ~0.97 ¢V (E3).

A 152 nm thick PLD-grown $-Ga,Oj3 thin film-3 was studied
by TSDC and is shown in Fig. 3. The sample was kept under a bias
of —100 V at 425 K initially for 5 min before cooling down to 83 K,
and then the bias was turned off and the TSDC was measured
while raising the temperature. It can be seen that the dominant
peak at ~112K shifts with the heating rate, with an activation
energy of ~0.105eV obtained through Eq. (8). A bump between
350 and 400 K can be also seen, indicating that one or two other
peaks (i.e., E; and/or E; peaks) may also be present.

B. Deep levels in CZ-grown B-Ga,Oz bulk crystals

Similarly, the deep level traps in CZ-grown p-Ga,O; bulk crys-
tals were also studied using both TSC and TSDC techniques.
Figure 4(a) shows the DC under 100 V bias as a function of inverse
temperature. Note that the resistance at about 385 K (1000/T = 2.6)
is approximately 100 V/1000 pA = 10" Q, indicating that the crystal
is semi-insulating despite the fact that it was unintentionally doped.
On the other hand, the DC activation energy is 0.3 eV, which in a
simple conduction model would be near the energy of the dominant
donor and would seemingly generate a much lower resistivity at
385 K. This inconsistency can possibly be explained by the high light
sensitivity of this material, which produces not only photocurrent
but also persistent photocurrent (PPC), i.e., the failure of the traps to
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FIG. 1. TSC spectra of Ga,Oj thin film-1. (a) TSC after illumination of 400 nm LED mixed with white light at 83 K, at a bias of 100V for 30 min with different sweeping
rates, at least five traps were found between 200 and 350 K through these measurements. (b) Two peaks E4, and E4, contained in the dominant peak can be fitted by a
Gaussian curve fit. (c) Comparison of TSC and DC, the Epc is 0.62 eV. (d) The peak at 425K appears in the net TSC, which can be fitted by Gaussian fit producing

peaks E, at ~414 K and E; at ~441 K.

empty quickly after the light is removed. Moreover, because
the crystal is very sensitive to light, a stronger light and/or longer
illumination produced more PC and thus more PPC, as shown
in Fig. 4(b).

Because of the strong PPC, TSC spectra were not easily mea-
surable in the bulk crystal and thus the defects were primarily
studied by TSDC. Figure 5 shows TSDC spectra under two
different polarization conditions. At least 9 peaks, including those
obtained in the thin films, were found in these spectra. Despite the
differences in TSC and TSDC, their respective spectra are com-
parable. As seen in Fig. 5, peaks E;, E,, and E; that appeared in
Figs. 1 and 2 were also found in the TSDC spectra; in addition, a

peak around 225K (E;,) appears in both spectra. However, the
peaks at ~150 K and a spike between E;, and E; at ~230K in the
TSDC spectra are not seen in the TSC spectra.

C. Discussion

The dark currents generated in each sample were different,
so that the activation energies were different. Earlier we estimated
from Fig. 4(a) that the resistance of the bulk sample was about
10" Q at 385 K. From Figs. 1(c) and 2(b), it is clear that the PLD
thin films have similarly high resistances. Since such high resis-
tances are not compatible with low DC activation energies, we
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peaks E, at ~388 K and E; at ~435K (inset), through a Gaussian fit. (b) The DC activation energy for this sample is ~0.84 eV.

believe the latter can sometimes be influenced by the traps them-
selves, perhaps by stray light or PPC following intentional light
irradiation. Even weak stray light could continuously fill a trap
while thermal excitations were emptying it. The net result would be
an equilibrium electron concentration and current at a given
temperature, with the measured Ep related to the trap energy.

The Epc of thin film-1 is 0.62 eV, Ep¢ of thin film-2 is 0.84 eV,
while the bulk has an Epc ~0.30 eV. An Ep for thin film-3 was not

10.8
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FIG. 3. TSDC spectra of a 152 nm B-Ga,O; thin film-3, initially under a bias of
—100V at 425K for 5min before cooling down to 83K. The inset is the
Arrhenius plot which leads to an activation energy of ~0.105 eV.

obtainable. From the Epc we obtained, it is suggested that the
electrical conductions in thin film-2 and the bulk crystal are
trap-assisted tunneling conduction as 0.84 eV and 0.30 eV, respec-
tively, are one of their traps as revealed by TSC or TSDC. The
observed variation of different dark current domination may be
related to different preparation conditions. The background
n-type conductivity of p-Ga,O; may result from an oxygen defic-
iency and deviation from the stoichiometry, which can lead to
oxygen vacancies or Ga interstitials.”>*° But a widely reported
unintentional background donor for melt-grown bulk Ga,O; is
silicon,”” while the films’ conduction may be controlled by Fe
and other impurities since 0.84 eV is attributed to iron.”’

Depending on the growth conditions and orientations, each
Ga,0; sample may have a slightly different bandgap E, as well. It is
reported that E, varies from 4.5 to 4.9 eV depending on sample
stoichiometry and crystal quality." For our samples, optical mea-
surements also give an E; around 4.5-4.9 eV. The traps around 0.1
to 1eV revealed by our thermally stimulated techniques in both
thin films and the bulk crystal are listed in Table I. Each sample
clearly has different dominant traps; also, in some cases, a particu-
lar trap may show slightly different energy levels.

The dominant peak in thin film-1 contains two traps 0.52 eV
and 0.49 eV. These two traps can be assigned as E,, and E;;,. The
dominant traps in thin film-2 are 0.84 eV (E,) and 0.99 (E;), while
0.1 eV is the only dominant peak in thin film-3. The bulk crystal
has a dominant trap at 0.3 eV plus Ey, E,, and Es.

Traps E;, E,, and E; in Table I have been reported in DLTS
experiments previously,”” but some differences in energy for a
specific trap have been noted earlier. The energy level E; varies
from 0.54 to 0.62 eV, E, is between 0.76 and 0.85 eV, and E; varies
from 0.99 to 1.06 eV below the conduction band. Another reported
trap, E4 at ~1.48 eV, is not observable in our experimental system
since a temperature higher than 500 °C is required to reveal it.
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The targets of film-1 and film-3 were all doped with Sn. Tin is
assumed to be a shallow donor, but the grown films were not con-
ductive. Therefore, tin might not be activated or did not go in as a
donor in our cases. A similar case was found in Sn-doped B-Ga,0;
layers on sapphire by MOVPE.” Difficulties in achieving Sn-doped
B-Ga,O5 electrically conductive have been attributed to the
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FIG. 5. TSDC spectra of bulk B-Ga,0s;. The inset contains a log plot for
greater clarity. Before TSDC measurements, the sample was initially polarized
under a dc electric field E,=—100V, at temperatures T,=425 and 450K for
polarization times t,=2 min and 5 min, respectively. (Since some heating fluctu-
ations occurred when the temperature was at ~400 K or above in cryostat or
because of different polarization conditions, slight differences in peak positions
such as E; can be seen.)

compensation Sn donor by deep acceptor species ascribed to
gallium vacancies or carbon-related states.”” Nevertheless, most of
the traps we found match with what have been reported in the
literature. For film-2, which was grown at a high T (~650°C) in
O, + Ar, the DC activation energy was ~0.84eV, and the only
broad TSC peak at ~425 K produced peaks E, at ~388 K and E; at
~435 K. For this sample, E, is lower than what we found in film-1,
but closer to what has been reported for E, in bulk crystals.

Comparing the bulk crystal spectra with those of the thin
films, some peaks appear in the spectra of both thin films and bulk
crystals, but more peaks were found in the TSDC spectra of the
bulk crystal because the electronic defects or crystal lattice deforma-
tion such as impurity-induced defects or structural changes with
temperature in a crystal could be more easily reflected by TSDC
processes. Note that thermally stimulated processes induced by
polarization are not only related to the individual defects but also
to the crystal field, and thus may lead to some different spectra in
the single crystals than in the films and in the TSDC than TSC.”’

TSDC spectra depend on the polarization process. Applying a
bias on the sample at high temperature facilitates quicker polariza-
tion of the crystal structure and produces more TSD current, and
the corresponding peaks are more observable in the TSDC mea-
surements. At the same high T, a longer polarization time t, at the
same field E,, could produce stronger TSDC too, as seen in Fig. 5.
Therefore, in the actual measurement, we first raised the sample
temperature to 450 K without bias, and then applied the bias at this
temperature for 5min or more before cooling down to 83K at a
constant rate to reach the equilibrium polarization. In addition,
different polarization conditions may lead to slightly different
spectra so that a specific peak may have a different intensity or the
position may be slightly different. For example, E, and E; show
some difference in each TSDC spectra. The slightly different
spectra might also result from some thermal non-uniformity in the
crystal since B-Ga,Oj3 has a small thermal conductivity.'
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TABLE I. Comparison of traps and their activation energies found in 8-Ga,Oj3 thin films and bulk crystals by thermally stimulated techniques.

Traps found by thermally stimulated techniques

Ga,0; samples Growth conditions Epc E, Eic Enb Ei. E; E, E;
Thin film-1 PLD 0.62 0.43 0.49 0.52 0.56 0.91 0.99
~519 nm 50 mTorr O,, 550 °C

Thin film-2 PLD 0.84 0.84 0.97
~950 nm 100 mTorr, 50%0, + 50%Ar, 650 °C

Thin film-3 PLD 0.105 ~0.80

~152 nm 5mTorr Ar, 550 °C

Bulk CZ 0.30 ~0.1 0.30 0.43 0.54 0.62 0.82 ~1.00
E309-176#9 (010) plate

8 x 8 x 2 mm’ Unintentionally-doped

Despite different dwelling conditions (T, and t,) producing
slightly different TSDC spectra in Fig. 5, the TSDC spectra of the
crystal are similar to the TSC spectra we found in the thin films
and the DLTS of other crystals reported in the literature. Therefore,
the dominant peaks such as E,, E,, and E; have been readily
detected by both TSC and TSDC. On the other hand, because
TSDC can reveal crystal lattice relaxation, some of the traps at
~150 K that might be related to the Ga,O3 crystal lattice relaxation
upon crystal field variation only appear in the TSDC spectra of the
bulk crystal.

It is understandable that different growth conditions or
methods produce samples that may contain different deep level
defects; even a same trap in the similar samples may appear at a
slightly different energy level. The different trace impurities or
defect centers in each sample may be responsible for the spectral
differences between samples. Besides, the different measurement
conditions may also lead to some differences in the spectra.
Nevertheless, the most characteristic traps we found in the resistive
PLD films as well as in the bulk crystals either by TSC or by TSDC
are generally similar to those reported in the literature by other
techniques such as DLTS.

Several featured trap identities in B-Ga,O; have been pro-
posed. Irmscher et al.® believe that Fe and Co, common contami-
nants, may be involved in the levels at around 0.54 (E;) and 1.0 eV
(E3) below the conduction band minimum (CBM). Feg, is a likely
candidate for the 0.84 eV (E,) level.”” Zhang et al.” report a level
appearing in the vicinity of 0.80eV (E,) below the CBM. This
center, conventionally labeled E,, has been identified in numerous
samples grown from independent techniques and may result from
the most dominant source-background compensation of iron in
most of B-Ga,0; samples.

A donor at ~110 meV was studied by Neal et al. via tempera-
ture dependent Hall-effect measurements up to 1000 K and by tem-
perature dependent admittance spectroscopy.”’ They believe that a
native defect such as an anti-site or interstitial is possibly responsi-
ble for this center, since oxygen and gallium vacancies have been
determined to be deeper donors and acceptors. Another possibility
is that silicon on the octahedrally coordinated Ga(II) could be
responsible for the 110 meV donor. Interestingly, we find this peak
only in TSDC spectra, and only in CZ-grown bulk and thin film-3.

With respect to the other thin films, film-3 is thinner and was
grown in a low pressure Ar atmosphere; these reasons might lead
to this particular trap being dominant in this sample, but the exact
reasons are unknown.

Deep level defects at 0.62eV, 0.82eV, 1.00eV, 2.16 eV, and
4.40 eV have been detected in (010) f-Ga,Oj3 by optically and ther-
mally stimulated defect spectroscopy.”'’ By employing a steady-
state photo-capacitance (SSPC) spectroscopy technique, Nakano’
revealed defects located at ~0.80, ~2.04, ~2.71, ~3.71, ~3.87, and
~4.30 eV, respectively.

Self-trapped holes and gallium vacancies in the deep level
region have also been found in P-Ga,0O; crystals using electron
paramagnetic resonance (EPR)’"* and identification of one
oxygen vacancy-related and two gallium vacancy-related energy
levels in various B-Ga,Os3 samples by depth-resolved cathodolumi-
nescence spectroscopy and surface photovoltage spectroscopy.’
Since the TSC and TSDC techniques cannot distinguish whether
the trapped carriers are holes or electrons, it is not ruled out that
some of the traps we found could be attributed from these
vacancy-related deep level defects.

IV. SUMMARY

By comparatively studying the thermally stimulated current
spectroscopy and thermally stimulated depolarization current spec-
troscopy of B-Ga,Oj; films grown by PLD and bulk crystals by CZ,
we not only have found conventional traps such as E;, E,, and E;
reported in the literature using DLTS but also other traps. This work
demonstrates that current-based trap emission, such as that associ-
ated with TSC and TSDC, can effectively reveal deep level defects in
highly-resistive semiconductor materials, especially those not amena-
ble to capacitance-based analytical techniques, such as DLTS.
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