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Abstract

Knowledge of the origin of deep levels and their impact on electrical properties is critical
for device applications of -Ga,0s;. By annealing under oxygen (O;) atmosphere, the resistivity
in shallow donor (zirconium) doped -Ga,Os:Zr single crystals is found to increase by more than
ten orders of magnitude to (7+4)x10'® Q-cm, comparable to the resistivity achieved by iron (Fe)
acceptor doping (5+3)x10'" Q-cm. We combine thermo-electric effect spectroscopy (TEES) and
positron annihilation spectroscopy (PAS), which are sensitive to deep levels and concentration of
open volume defects, with modelling of the electrical properties, to study these strongly
compensated crystals. We find the compensating level in the O, annealed B-Ga,;Os:Zr sample to
be located at 0.727+0.021 eV (E2*) below the conduction band which correlates with a vacancy
signal from PAS data. The defect is most likely the relaxed split Ga vacancy V'g, rather than a
simple gallium vacancy considering theoretical predictions of a small energy barrier to relax. We
observe that, due to the unique nature of these vacancies and anisotropy in the monoclinic lattice,
the Doppler broadening parameter is rather small compared to other wide gap compounds, and in
such a case positron diffusion length is a suitable parameter to estimate open volume defect

concentration.

I. INTRODUCTION

"deceased
corresponding author, john.mccloy@wsu.edu




Ultra-wide band gap (UWBG) B-Ga,0; is emerging as the material of choice for next
generation power electronics suitable for high voltage and high frequency operations, UV
detectors, high temperature gas sensors, and potential nano-photonic devices, due to its attractive
properties including large band gap ~4.8 eV, high breakdown field of =<8 MV/cm, low on-state
resistance, and availability of low defect density native substrates both highly n-type and semi-
insulating [1-8]. Similar to many other wide gap oxides, high p-type conductivity is challenging
to obtain, due to the localized oxygen p-orbital, and hole self-trapping [9]. High n-type
conductivity is typically obtained by doping with Si, Sn, or Ge [10]. Recently, we demonstrated
similar or higher electron concentration with zirconium (Zr) or hafnium (Hf) doping, with
additional advantages of higher mobility, higher dopant solubility, and lower dopant vapor

pressure [11,12].

Acceptors in f-Ga,0s are deep, and these defects can influence the electrical and optical
properties as compensation and recombination centers. Deep extrinsic acceptors Fe and Mg are
known to cause high resistivity and are used to obtain semi-insulating wafers by various melt
growth techniques. In the present investigation we report that high resistivity, comparable to that
obtained by deep acceptor doping, is achieved by annealing shallow donor-doped crystals under
oxygen (O,) atmosphere and creating a sufficient concentration of native defects. Among the
possible native defects, the formation of gallium vacancies (Vg,) and associated defect
complexes with hydrogen are thermodynamically favorable under oxygen-rich conditions for
Fermi level positions closer to the conduction band, and they are predicted to be deep
acceptors [13—15]. Techniques such as electron paramagnetic resonance and infrared
spectroscopy studies have identified these defects [16—18]. Positron annihilation studies have

shown high concentration of open volume defects related to Vg, under oxygen-rich conditions



which caused compensation of Si donors [19,20]. Deep acceptors with various energy levels
have been reported to reduce the n-type conductivity in donor-doped and undoped B-Ga,0; films

and bulk crystals [21-24].

The techniques that are commonly employed to determine the energy levels and defect
concentrations, based on capacitance transients, generally use conductive samples with free
electron concentrations ~10'® cm™ or higher, but these measurements are challenging when the
material becomes semi-insulating. Further, the presence of an electric field during emission from
the traps is reported to alter the estimated trap parameters due to field enhanced emission
rates [25]. In order to quantitatively describe electrical compensation in shallow donor-doped f-
Ga,0O3 and identify the origin of the involved defect, we apply thermo electric effect
spectroscopy (TEES) that is sensitive to deep levels in semi-insulating materials and positron
annihilation spectroscopy (PAS) with its sensitivity to vacancy type defects in neutral and

negative charge state [26,27].
IL. EXPERIMENTAL METHODS

A. Thermo-Electric Effect Spectroscopy

In this study, two types of bulk single crystals are investigated by TEES. One is a
zirconium-doped crystal (B-Ga,03:Zr), with room temperature electron concentration ~5x10"
cm™, that was cleaved in (100) orientation from a Czochralski (CZ) grown boule. The growth
and electrical properties are described elsewhere [11]. The crystal was annealed at 1050 °C or
1400 °C for 15 hours in an oxygen atmosphere. The second sample is a CZ grown Fe-doped
crystal provided by Northrup Grumman Synoptics. The orientation for the Fe-doped sample is
not measured but believed to be either (100) or (001), as it was easy to cleave layers from the

sample surface. TEES measurement involves trap filling at a low temperature by optical
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excitation followed by thermal emission from the trap during heat up. In TEES, the driving force
to extract thermally emitted carriers is a temperature gradient rather than a bias across the
thickness of the sample. The technique works best for materials with low thermal conductivity
and is particularly suitable for high resistivity materials where the dark current is low enough to
allow observation of current signal from traps, which is typically of the order of few pico amps
(pA). TEES has been applied in the past to semi-insulating GaAs [28], GaN [29], CdZnTe [30],
and CdTe [31], to identify native defects, dopants, and complexes. The energy level of the traps
can be extracted from the initial onset of the current or by applying different heating rates in
multiple scans, i.e., the variable heating rate method (VHR). The VHR method commonly used
in conductivity glow curve analysis [32] is used to estimate the trap energies and cross section

using equation 1.

In (ﬁ) — B (UthVnchB) (1)

B kpTm Eth

Ej is thermal ionization energy, Ty is temperature corresponding to maximum current, 3 is
heating rate with units K/s, kg is Boltzmann’s constant, g, is trapping cross section, v, is carrier
) th

thermal velocity, and V. is effective density of states.

Samples for TEES measurements had area ~8x8 mm” and (1-2) mm thickness. Planar
contacts of Ga+In were applied on the top and bottom surfaces of the sample and connected to a
Keithley 6517 electrometer for current measurement. The samples were illuminated with sub-
bandgap photons (365 nm, 385 nm, or 400 nm), for 1000 s at a low temperature. TEES spectra
were collected by heating up the sample at constant rates between 0.05 K/s to 0.3 K/s, with an

imposed temperature gradient of 10 K across the thickness.

B. Positron Annihilation Spectroscopy



Samples for PAS included, in addition to the two samples studied by TEES, an undoped
crystal grown using high purity Ga,O; powder labelled as HP, an unintentionally doped (UID)
sample in the as-grown not annealed state (UID-na) and following annealing in O, at 1050 °C or
1400 °C, and a Zr-doped sample annealed at 1400 °C. We employed Doppler broadened PAS,
with a monoenergetic variable energy positron beam up to 70 keV, equivalent to a mean
implantation depth of ~6.3 um in B-Ga,Os. After implantation in the sample, the positron
thermalizes in a few picoseconds followed by thermal diffusion and possible trapping at open
volume defects, if present in neutral or negative charge state, leading to an increase in
annihilations with low momentum delocalized electrons. Doppler broadening is measured with a
pair of high purity Germanium (HPGe) detectors with an energy resolution of 1.45 keV full-
width half maximum (FWHM) at 511 keV and high detection efficiency of >100% relative to
Nal scintillators. The second detector is used in coincidence to veto against positrons that
backscatter from the sample and annihilate near but not on the sample, a systematic effect that
cannot be ignored for materials with high average atomic number (Z) and high density such as

Ga203.

The Doppler broadening signal is composed of annihilation events in a narrow central 1.5
keV wide window of the 511 keV annihilation peak, the S-parameter, and a partially anti-
correlated signal from the wings of the peak, the W-parameter 2.6 to 5.85 keV from the peak. S
and W are normalized by the total peak rate in a 11.7 keV window after background subtraction.
When positrons trap in vacancies prior to annihilation the central S fraction increases, and the W
fraction decreases with increasing concentration in vacancies. In contrast, the peak is broadened
for annihilations in a defect-free lattice where the positron annihilates from its delocalized bulk

state carrying contributions from high momentum core electrons. # also contains annihilations



with high momentum electrons bound to atoms next to the vacancy. This adds a defect-type
specific component to . A linear correlation of S vs. W with a constant slope indicates changes
in the concentration of a single defect type. Changes in slope point to changes in the defect type.
The dynamic range is determined by the bulk S value (Sp) for defect-free lattice and the S value
for saturation trapping (Sgq) when all the positrons annihilate from a trapped state. The dynamic
range typically spans about 6 orders of magnitude in defect concentration. However, the
technique is most sensitive to defect concentration (c;) in the ~1x10" ¢cm? to =5x10" ¢cm™
range. The vacancy defect concentration ¢, is estimated using equation 2.

N §-S,
u-z S,—S

C;, =

2)

N: number density of atoms 1.88x10** cm™ for Ga,O3; u: specific trapping rate ~3x10'/s
[27] [33] for negatively charged vacancies; and t: positron lifetime in the defect-free lattice for
which a value of 176 ps is used [19]. Like in many other novel crystalline materials, particularly
when they are more complex than basic semiconductors as silicon and germanium, a perfect
defect-free reference sample is not available. The estimation of a defect concentration remains
that, an estimate. A crystal grown at WSU from high purity starting material, however, shows
evidence of high quality from a positron perspective. A bulk lifetime measurement is consistent
with a single lifetime of 176 ps. A longer component on the order of 400 ps with an intensity of
several percent is likely due to the **Na source deposited directly onto the sample. 176 ps is

consistent with the lifetime reported by W.Y. Ting et al. [Materials Science and Engineering B91-92

541-544 (2002)]. Vepfit of depth profile data in the [001] orientation yields a good fit with a single

layer and Syye- = 0.4160+0.0003 and a diffusion length of L = 92+8 nm.



Unlike more commonly studied semiconductors, the electronic structure of B-Ga,O; is
highly anisotropic [34]. The Doppler signature is found to change depending on the direction of
the emitted annihilation photons relative to the lattice orientation. Secondly, the gallium vacancy
(VGa), which can exist on a tetrahedral as well as on an octahedral site, is also found to relax into
a split configuration where a gallium atom sits on an interstitial site between two gallium
vacancies V'g, of which 3 configurations are possible, due to the low energy barrier of ~0.53 eV
to relax into the split state is 0.53 eV [35]. Karjalainen et. al. [34] has shown that this leads to an
unusually small vacancy Doppler signal S of only about 2 to 3% above defect-free Ga,O3. The
values are used in lieu of a perfect sample. The Doppler value of S = 0.4160 for the [001]
orientation is the lowest and the result for the [010] orientation is about 2% higher, consistent

with the work reported in ref. [34].

The defect concentration ¢, can also be estimated from the measured positron diffusion
length L, which is another defect-sensitive parameter in PAS. In defect-free material, it reflects
the finite lifetime of positrons. Depth profiles of positron annihilations can be used to extract the
positron diffusion length. The observed depth profile is a convolution of the actual damage depth
profile with the implantation profile and the diffusion of thermal positrons until trapping or
annihilation from the defect-free state. The diffusion length decreases L, (bulk value) to Ly
(saturation trapping) with increasing concentration of trapping defects c;, which can be estimated

using equation 3.

_ N (L
=izl ®

The values obtained from the high-purity source material sample are used to estimate the defect

concentration: S, = 0.4160 and (5S4 ~1.03-Sy), and a diffusion length of L, = 100 nm = 92nm in



the same sample. The resulting defect concentrations should be considered as lower limits based

on the uncertainty about the “defect-free” nature of the reference sample.

Theoretical work on 3-Ga,Os predicts a positron wave function aligned as near 1D
channels along the [001] axis along tubes of the larges open space in the crystal lattice and
perpendicular to the main cleavage plane. Implanting positrons in this direction and detecting the
Doppler signal in the two perpendicular directions yields the lowest and highest S as a function
of orientation. The diffusion of positrons however, is independent of this quasi rotation of the
detector around the sample. Diffusion or tunneling of positrons perpendicular to this direction is
possible. The diffusion length 1 has a larger dynamic range than the relatively small range in S of

2 to 3%. L may be a better measure of the defect concentration in Ga;Os.
II1. RESULTS AND DISCUSSION

A. Electrically Compensating Acceptor Levels Observed in TEES
Following oxygen annealing, the resistivity of the B-Ga,0O3:Zr sample increased by nearly
10 orders of magnitude from ~0.1 Q-cm to ~7x10'" Q-cm, whereas the as-grown Fe-doped
sample had resistivity (5+3) x10'' Q-cm. The current versus voltage (I-V) characteristics of these

samples are shown in Fig. 1.
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FIG. 1, I-V characteristics of O, annealed Zr-doped sample, and Fe-doped not annealed (Fe-na) crystal.

High resistivity in Fe-doped crystals is known to be caused by Fe acceptors located (0.75-
0.82) eV below the conduction band [36] [37]. Here we investigated the origin of high resistivity
in the O, annealed B-Ga,0;:Zr. Two prominent defect levels (TEES current peaks) at =175 K

and =280 K are observed in the TEES spectrum for this sample as shown in Fig. 2.
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FIG. 2, TEES spectrum of O, annealed B-Ga,03:Zr sample, obtained with a heating rate of 0.2 K/s, and

illumination with 365 nm at 100 K.



Arrhenius fits using equation 1 estimated energies of 0.573 £ 0.030 eV and 0.727 + 0.021
eV, respectively, for the traps observed near 175 K and 280 K. Deep electron traps with similar

energies have been reported in various f-Ga,0Os single crystals and films; however, their origins

are not clearly determined [24] [38] [39].

The VHR method used here to estimate the trap energy assumes negligible re-trapping of
the emitted carriers. In cases when recombination is not monomolecular, the VHR method can
give erroneous values for trap parameters. We also applied the initial rise method, which
disregards any recombination kinetics, since very early in the trap emptying process, far from the
temperature corresponding to maximum TEES current (Ty), the emission is thermally activated.
However, the technique is sensitive to the selection of initial current. Therefore, to avoid
distortions in the current baseline, the trap filling was performed at a temperature (180 K) where
the lower temperature traps are left empty. Fig. 3(a) and (b) show the energy of the trap near 280
K determined by VHR method (0.727 +/- 0.021 eV) and initial rise method (0.734+0.008 eV),

confirming the accuracy of the estimated energy.
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FIG. 3, (a) VHR TEES spectra and Arrhenius fit for the 280 K peak of the O, annealed B-Ga,Os:Zr with energy

0.727 eV, and (b) energy estimated by initial rise method ~0.734 eV.

10



Here, in order to quantitatively describe the compensation in the O, annealed B-Ga,03:Zr,
sample, we model the resistivity, taking into account the observed traps at 0.573 eV and 0.73 eV
and the measured values for donor concentration Np (5%10'” cm™) and energy level Ep (15 meV)
before annealing [11]. Using charge neutrality equation 4 we obtain the resistivity as a function
of concentration of deep acceptors (N) with energies (Ex) at =<0.573 eV and =0.73 eV below the

conduction band.

Np _ Ny
p+ Ef~Ep . It + Ea-Ef 4)
1+gp-e kT 1+g4-e kT

Here p and n are free hole and electron concentrations, respectively. The degeneracy factors for
donor and acceptor levels are g, and gy, respectively, and Ef is the position of the Fermi level

(E¢) with reference to the valence band edge.

Fig. 4 shows the E¢ positions and the resistivity as the acceptor concentrations are varied
in the 10'® cm™ to 10" cm™ range. Clearly, the measured resistivity of ~7x10'° Q-cm is attained
with the 0.73 eV trap, at concentrations ~1x10'® cm™ or higher, whereas the 0.57 eV trap is too
shallow to pull the Fermi level deep enough to cause the observed resistivity. The origin of the
level at 0.573 eV could not be identified from this study; however, levels with energy (0.5-0.6)

eV have been reported to be likely associated with metallic impurities [24] [39].
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FIG. 4, Modeled Fermi level position and resistivity in the O, annealed -Ga,Os:Zr sample as a function of
concentration of acceptors at 0.57 eV and 0.73 eV below conduction band.

We next compared these defects in the annealed donor-doped sample with those
measured on the unannealed acceptor-doped (Fe-na) sample. As shown in Fig. 5(a), two levels
near =275 K and =320 K are prominent. The energy of the level near 275 K is estimated to be
~0.73 eV by VHR method, indicating that the level is common to the Fe-doped and annealed Zr-
doped samples. The dominant level near 320 K has energy 0.810+0.028 eV as shown in Fig.
5(b). Several studies report a level in the energy range, 0.7-0.8 eV. Our results indicate that there
are in fact two closely spaced defects in this range. This is in agreement with Ingebrigtsen et
al. [37], , who report levels at 0.75 eV and 0.78 eV, with the former assigned to a native defect
because of its appearance upon proton irradiation, and the latter to a Fe acceptor. We assign the
0.81 eV level to Fe acceptors responsible for the high resistivity in the as grown Fe doped
sample. On the other hand, the common ~ 0.73 eV level in the O, annealed f-Ga,Os:Zr, sample

and Fe-doped as grown sample is likely associated with a native defect, which we further show
below to be related to Vga.
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FIG. 5, (a) VHR TEES spectra for Fe doped sample and (b) Arrhenius fit using equation 1 the peak near 320 K.

B. Confirmation of the Native Defect Identity by PAS
The type and concentration of open volume defects is determined from PAS data. As
noted earlier, Ga,0O3; poses several challenges to PAS measurements. Determination of defect
concentration, using equation 2, requires S, value for each of the crystallographic orientations.
However, reliable determination of S, for all orientations is missing due to the lack of
measurements on high-quality defect-free Ga,O; samples. Among the various samples
characterized in our laboratory using PAS, the lowest S value is measured on an UID crystal
grown by CZ method using high purity Ga,0O; source powder, referred to as HP. This lowest
value of $=0.4160+0.0003 is measured along the [001] direction and is used as S for estimating
cqa. The PAS data are presented in Fig. 6. The data presented in Fig 6 (a) display one type of
annihilation at the surface (high S) and a single layer throughout the depth probed by the positron
beam (~6.3 um). A custom fitting program VEPFit"' is applied to deconvolute the positron
implantation profile from the diffusion length and provides S values for distinct layers of a
damage depth profile [40]. Simple layers with constant annihilation characteristics are used. Fits

are shown as solid lines in the figure. The bulk S - W data are shown in Fig 6(b). For clarity in

13



the figure, only the HP sample and the Zr-doped sample annealed under O, at 1050 °C are shown
in Fig 6 (a), whereas in the S-W plot of Fig 6 (b), we have also included the as-grown Fe-doped
sample, an UID sample in the as-grown not annealed state (UID-na) and following annealing in
O, at 1050 °C or 1400 °C, and a Zr-doped sample annealed at 1400 °C. The resistivity in the
UID samples were also observed to increase by various orders of magnitude depending on

annealing conditions.

Using the reported small dynamic range of <3% (Sgq ~1.03-Sp) for Ga-vacancy defects in
Gay03, and the measured bulk S value of the samples, which are found to be in the range from
2.25% above Sp, up to the upper end of the dynamic range, with respect to the HP sample, ¢, is

estimated to be in the range from =~ 1x10"” ¢cm™ to 5%10"® cm™ or higher.
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FIG. 6, (a) Depth profile of S-parameter for HP and O, annealed Zr doped samples, and (b) S vs. W plot, for HP, O,
annealed Zr doped, Fe-na, and the UID samples with both as grown and O, annealed conditions.

We next estimated ¢, from diffusion length L, which favorably showed less sensitivity to
orientation and a larger dynamic range. The S parameter for the HP sample shows a gradual
trend from annihilations at the surface (typically high § values) to a constant value of S deep in
the sample (>1 um), with a value of S, = 0.4160+0.0003 that is the lowest among all samples.
The L value for the HP sample is the longest measured at 92+8 nm, close to what is expected in
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high quality defect-free material, and is chosen as L, in this study. The O, annealed sample
shows a much more rapid initial decrease with implantation depth, and the S levels off much
closer to the surface to a constant value of S. The S value for all the annealed samples is 2.25% to
>3% above that for the HP sample, corresponding to short diffusion lengths between L~6 nm to

10 nm.

It should be noted that a shorter diffusion length may also be interpreted as presence of a
positive potential at the surface that would repel positrons towards the bulk. Such a possibility is
ruled out here. Firstly, the data shown in Fig. 6 indicate a significant increase in S parameter after
annealing, suggesting the presence of vacancies or their complexes or clusters that trap positrons.
As the concentration of these defects increases, the diffusion length must decrease. The directly
observed increase in S and the sharper transition with depth from the surface S value to the bulk
S value, i.e., shorter diffusion length, both match our interpretation. Secondly, Lovejoy et al.
discussed electric fields due to band bending in Ga,O3 and reported a potential caused by surface
defects of only 0.5 V, positive at the surface, and extending to ~ 7 nm into the bulk [41].
Modeling PAS data with these parameters and a long diffusion length leads to poor fitting to the
observed data. The shallow range of the electric field is incompatible with a long diffusion length

and the observed data.

Defect concentrations estimated using equation 3, using the diffusion length, fall in the
range (3-8) x10"® cm™ for all the annealed sample with approximately 20% uncertainty. The data
trend for the Fe-doped sample has the second longest diffusion length, L=274+2 nm, which
correspond to ¢4 ~3.8x10'7 cm™. However, the S value for this sample is the second highest. The
discrepancy in the trend between L and S, as well as the small deviation from straight line for

some of the samples on the S-W plot, are likely the effect of orientation-dependent anisotropy.
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Regarding the origin of the open volume defect, we note from Fig. 6 (b) that the bulk S
and W values for all the samples fall close to a straight line, suggesting one type of open volume
defect in all the samples. Under O,-rich annealing conditions, the formation of gallium vacancies
(or oxygen interstitials) is energetically favored, and an increased density of vacancies has been
observed by PAS on oxygen-annealed Si and Sn doped samples [42]. In addition, theoretical
calculations indicate that oxygen vacancies are too small to trap positrons [43]. Therefore, the
small observed change in the PAS signal is due to either a few large open volume defects such as
Viga — Vo complexes or due to high concentrations of smaller open volume defects. The latter
scenario is consistent with the model of resistivity based on the observed traps, estimated trap

concentration, and short positron diffusion length.

The PAS results also supports reported observations on Ga,0O;. The range from defect-
free S, to saturation value Sy is rather small, with 2-3% variation compared to a more common 4-
6% range in other materials such as GaN and ZnO, an effect that is attributed to atypical
relaxation of atoms near a gallium vacancy [34]. A near neighboring Ga atom moves into the
center of the vacancy resulting in two smaller open volumes or split vacancies (2Vg,-Ga;) also
designated as V'g,; these structures have been predicted by density functional theory and

observed by scanning transmission electron microscopy [44].

Hydrogen plays a major role in Ga;Os, and can occupy the open volume in the split Ga
vacancy since it has been well documented to form OH bonds and cannot exist in unrelaxed
vacancies [17]. This would lower the positron Doppler signal S. Here, care was taken to avoid
exposure to hydrogen during annealing and none was observed to be present in Fourier-

transform infrared (FTIR) spectroscopy in as grown unintentionally doped (UID) material.
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Furthermore, introduction of hydrogen would be inconsistent with increasing resistivity, as it can

passivate these acceptor states.

This indicates that the open volume defect seen here is not likely to involve neutral
oxygen vacancy (Vo), dopants, hydrogen, or their complexes with Vg,. The results strongly point
towards split gallium vacancies as the defect identified with TEES at a depth of 0.73 eV (E2%*)
below the conduction band that is responsible for the observed strong compensation of the

shallow Zr donors after O, annealing.
IV. CONCLUSION

In summary, a defect level at ~0.73 eV (E2*) with concentration ~10'® cm” is found to
be responsible for more than 10 order of magnitude increase in resistivity in O, annealed samples
doped with shallow donors (Zr). Observations of a lower than typical range of variation in
positron S-parameter and the high concentration of open volume defects estimated from the
measured positron diffusion length supports similar PAS observations and is consistent with a
model of compensation based on split gallium vacancies. Careful positron measurements, as
shown here, can quantify the concentration, in spite of anisotropy of the S value, which depends
on sample orientation with respect to incident positrons and collected annihilations. The positron
diffusion length can be determined independently of the sample orientation and can provide
more reliable information on open volume vacancy-like defect concentrations for Ga,O; and

other materials with similar challenges.
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