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ABSTRACT

Diffusion of native defects such as vacancies and their interactions with impurities are fundamental to semiconductor crystal growth, device
processing, and design. However, the transient equilibration of native defects is difficult to directly measure. We used (Al,Ga;—x)203/Ga,03
superlattices (SLs) to detect and analyze transient diffusion of cation vacancies during annealing in O, at 1000-1100 °C. Using a novel finite
difference scheme for diffusion with time- and space-varying diffusion constants, we determined diffusion constants for Al, Fe, and cation
vacancies, including the vacancy concentration dependence for Al. In the case of SLs grown on Sn-doped § — Ga, O3 (010) substrates, gradients
observed in the extent of Al diffusion indicate a supersaturation of vacancies in the substrates that transiently diffuse through the SLs coupled
strongly to Sn and thus slowed compared to undoped cases. In the case of SLs grown on (010) Fe-doped substrates, the Al diffusion is uniform
through the SLs, indicating a depth-uniform concentration of vacancies. We find no evidence for the introduction of Vg, from the free surface
at rates sufficient to affect Al diffusion at at. % concentrations, establishing an upper bound on surface injection. In addition, we show that
unintentional impurities in Sn-doped Ga;Os3 such as Fe, Ni, Mn, Cu, and Li also diffuse toward the surface and accumulate. Many of these
likely have fast interstitial diffusion modes capable of destabilizing devices, thus suggesting that impurities may require further reduction.
This work provides a method to measure transients in diffusion-mediating native defects otherwise hidden in common processes such as ion
implantation, etching, and film growth.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0206398

I. INTRODUCTION

B — Ga,03 is an ultra-wide bandgap (UWBG) semiconductor
with potential for a superior performance in power electronics as
well as in solar blind UV photodetectors and in transparent contacts

Many groups have observed the formation of insulating surface
layers on n-type 8 — Ga,O; during annealing in air or O." © This
formation of an insulating surface layer allows for facile formation
of UV photodetectors. This phenomenon was originally attributed
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for photovoltaics."” To further advance this technology, a thor-
ough understanding of native and impurity defect processes dur-
ing, for example, single crystal growth, epitaxial growth, and other
fabrication steps must be developed.

to the elimination of Vo, which were presumed to act as shallow
donors, before refined DFT calculations indicated that Vo was a
deep donor unable to contribute directly to n-type conductivity.”
Oshima et al. documented the \/# kinetics of the insulating layer
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thickness formed during O annealing and demonstrated that an
SiO; cap could prevent it.” This indicates that direct exposure of the
Ga, 03 surface to oxygen does control the compensation of n-type
conductivity in some way. Meanwhile, positron annihilation exper-
iments have demonstrated the presence of Vg, in both bulk crystals
and thin films.”’ These experiments show increases in Vg, concen-
tration or charge states accompany O, annealing, which makes them
a strong candidate for n-type compensation.'”'" Many mechanisms,
involving oxygen, Vga, Vo, and n-type dopants (Sn and Si), have
been proposed. Some of these involve defect complexes instead of
bare Vg, and Vo. " Despite these existing studies, the specific
mechanisms and rates of Vg, introduction via processes such as bulk
defect pair formation, climb of dislocations, injection from other
structural defects, or in-diffusion from surfaces remain unknown.
At the root, this is because native defects such as vacancies and inter-
stitials are significantly more difficult to observe than, for example,
impurity atoms.

With the exception of the direct interstitial impurity mecha-
nism, self- and tracer-diffusion is mediated by native defects such
as vacancies or interstitials.”'*** Low concentrations of isovalent
substitutional cations in oxides should exhibit primarily vacancy-
mediated mechanisms under oxygen-rich conditions, provided that
the radius of the cation is not significantly less than that of the
host atom. Such conditions will favor cation vacancies and suppress
cation interstitials. Interstitial mediated mechanisms may be possi-
ble under metal-rich conditions, which favor cation interstitials. The
diffusion constant of isotopic or chemical tracers is proportional to
the local concentration of mediating native defects and the correla-
tion factor parameterizing their interactions such as complexation.
Thus, for vacancy mediated hopping, the tracer diffusion “constant”
can vary in space and time with the concentration of mediating
vacancies. Different samples may exhibit different diffusion con-
stants by virtue of their vacancy content, an effect that may explain
the typical scatter of experimental diffusion rates. This, in turn, can
be affected by dopant impurities through Fermi level effects as well
as the samples’ thermal and chemical history. For dopant ions that
control the local Fermi level, the local equilibrium of native defects
can result in that dopant’s diffusion constant being dependent on its
own concentration.”

Commonly, it is assumed (and in careful experiments, ensured)
that diffusion-mediating native defects rapidly equilibrate with local
impurity concentrations compared to the experimental timescale.
Rapid equilibration can be assumed in samples containing dense
sources and sinks such as polycrystals; however, in high-perfection
crystals like those in this study, equilibration may be limited by injec-
tion at or transport from remote surfaces. Experiments in which
native defect processes occur on similar timescales to tracer or
impurity diffusion translate to time- and space-varying vacancy con-
centrations and thus time- and space-varying impurity diffusion
constants. A technologically important example is ion implanta-
tion in which massive supersaturations of native defects are created
in distributions spatially correlated with the implanted impurity
profile, which provides an alternative mechanism of concentration-
dependent diffusion for short timescales and low temperatures™”’
applicable to both dopants and isovalent impurities. Etching and
layer deposition may also inject native defects from the free
surface.”

ARTICLE pubs.aip.org/aip/apm

Herein, we grow and isothermally anneal superlattices (SLs)
consisting of isovalent Al tracer concentration spikes in f-Ga;O3.
We use these SLs to investigate the diffusion of cation vacancies
(VGa), the interdiffusion of Al, and the diffusion of intentional
dopants (Fe or Sn). Al diffusion in superlattices epitaxially grown
on Fe substrates occurs with spatially uniform vacancy density,
while in samples grown on Sn-doped wafers, we show strong evi-
dence for transient diffusion of cation vacancies out of the substrate.
Using a novel modification of the Crank-Nicolson finite difference
scheme, we infer the diffusion of the vacancies mediating Al dif-
fusion. The final Al profiles in this work record a weighted time
average of [ Vga] at each depth. The Dy, we extract should also be
understood as a time-averaged value in the presence of certain Sn
(donor) or Fe (acceptor) concentrations and small amounts of Al
Our experiments thus set lower bounds on the true Dy, and Ga self-
diffusion constant for single crystalline f — Ga,O3. We determine
the diffusion constants for Al including its dependence on local Vg,
concentration, for Vg, (likely in the form of Sng,-Vga complexes),
and for Fe under conditions of low vacancy concentration and low
electron density. Finally, we serendipitously discovered that many
other cation species such as Fe, Mn, Ni, Li, and Cu also diffused from
the EFG-grown Sn-doped substrates and accumulated near the free
surface.

Il. EXPERIMENTAL AND NUMERICAL METHODS

Superlattices (SLs) consisting of 6 or 9 alternating layers of
200 nm unintentionally doped (UID) - Ga,0O3 and 10-15 nm
(AlyGa(-x))203 (AIGO), where x20.05 were epitaxially grown using
organometallic vapor phase epitaxy (OMVPE) in an Agnitron Agilis
100 system on (010) Sn or Fe doped 5 — Ga, O3 substrates obtained
from Novel Crystal Technology (NCT) grown by edge fed growth
(EFG). The vendor reports Fe or Sn concentrations in the mid-
10" ¢cm™, and etch pits from nanovoids and dislocations are
<10°/cm®. The lowest practical Al concentration of ~5 at.% was
used, and layers below the critical thickness were used in order to
prevent introduction of misfit dislocations. SLs always began and
ended with 200 nm Ga;Oj; spacers. UID layers grown under the
same conditions exhibit #-type doping in the low 10'®/cm® range.
Annealing was carried out for times between 2 and 80 h with the
SL side of the sample exposed to O in a quartz tube furnace in 1
atm of flowing O,. Prior to annealing, the annealing tube and the
quartz or sapphire plates on which samples sat were etched with
aqua regia to remove any metal contamination. During annealing,
temperature was ramped at 10 °C/min and then held constant for
the indicated time, after which it was allowed to freely return to
room temperature.

Dynamic secondary ion mass spectroscopy (d-SIMS) profiles
were collected before and after annealing on each individual sam-
ple by EAG Eurofins. The depth was calibrated by measured crater
depths and concentrations using ion implanted composition stan-
dards. Comparing multiple SIMS profiles from each sample and
between samples as well as x-ray diffraction Pendellosung fringes
allowed us to quantify the uncertainty in depth scales, resulting
primarily from growth rate variation, of at most Ax=+6%. This
translates to relative uncertainty in extracted diffusion constants of
order (Ax)*=+0.4%, which we expect is much smaller than uncer-
tainties from sample to sample variations in doping and defects. The
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annealing temperature accuracy at the location of the samples was
measured to be within a few degrees of nominal.

The most general microscopic formulation of tracer diffusion
problems is coupled reaction-diffusion of defects and complexes
wherein the tracer-native defect complexes have different diffusion
coefficients than the isolated species.w";‘H The fraction of time, or
population fraction, of complexes relates to the binding energy and
connects to the correlation coefficient of random walk theory.”

Vacancy mediated diffusion of Al is assumed due to the chem-
ical similarity of Ga and Al. Somewhat surprisingly, numerical
treatment in the case of non-steady-state vacancy-mediated diffu-
sion is not widely considered. Thus, a novel numerical approach
based on the Crank—Nicolson scheme (second-order centered finite
differences in space, forward and linear in time) was developed. We
assume the local Al diffusion constant, D,j, to be Arrhenius acti-
vated and proportional to the local concentration of cation vacancies
(shorthanded as [V,] in number/cm® acknowledging the small Al
content). It thus takes the following form:

Du=Dy-exp( 4] =D* [Vaul -exp %) = Dun(T) - [Vaa),
ksT ksT
1
in which D, (cm?/s) is the conventional prefactor, D* (cm?’/s) is a
constant for all temperatures, E, is the Al hopping activation energy
given a neighboring vacancy, kg is Boltzmann’s constant, T is abso-

lute temperature, and D,oo(T) = D* exp ( £, ) is a constant at each

ks T
temperature. Fick’s second law for isothermal tracer Al diffusion
becomes

o[Al] @ O[Al]\ _ 0Dy O] Al] *[ Al]
ot ’&(DA‘ ox )’ ox ox DA 2
)
[ Vaa] 8[Al H*[Al
o {0 )

Not assuming spatial uniformity of the diffusion constant introduces
the cross-derivative term involving gradients of both [Al] and [ Vga].

The second-order space central difference, first-order forward
time discretization of this equation on a uniform grid of spacing Ax
is

w1 [ (D}, + 4D} - D},) +
At 8AXx 2 N-1 N-1 N+1 N-1
x (DI, +4DJ“—D§,TI) 8(u, D} +ul'DI)
+uN+1(_ +4DJ +D;\I+1)
+ulfl (- Df+1 + 4D +DJ+11)] 3)

in which the space and time grids are indexed, respectively, by the
superscript j and subscript N and Ax and At are the x and t inter-
vals, respectively. Dirichlet and von Neumann boundary conditions
were applied for Al at the deepest points in the substrate and sur-
face, respectively. To simplify simulation, which we implemented in
MATLAB,” we used analytical solutions for the diffusion of [ Vi, ],
which is tantamount to assuming that vacancy diffusion does not
depend on Al concentration. This assumption was justified by the
chemical similarity of Al and Ga and the small maximum Al concen-
tration. We find the best balance of assumptions and distinguishable

pubs.aip.org/aip/apm

differences in modeled profiles by assuming depth-constant (but dis-
tinct) initial [ Va] conditions in the OMVPE-grown SL layers and
the EFG-grown substrates. Because of the high dynamic range of
the SIMS data with low uncertainty (meaning that both the peaks
and valleys of the Al profiles are measured with good signal-to-noise
ratios), we chose to use the square difference of logio([Al]) between
the measured and simulated profiles (summed over the J points in
each profile) as our goodness of fit (GOF) parameter,

J
GOF = LZ (10810 [Alnoger ()] - logyo[Alsnas(/)])°. (4)

J-35

Dy,,, the product [VGa]ssps - Doo, and the ratio [VGalepitayer/
[ VGa|sups are the three free parameters (degrees of freedom) of each
scenario directly extractable from the simulation/fitting and robustly
determined for each annealed sample.

Rather narrow ranges of parameter values reproduce the Al
profiles especially for the samples grown on Sn substrates. If we
assume a value for [ V. ] in the substrates (discussed below), min-
imizing the GOF across many diffusion simulations allows us to
extract [ Vi, ] in the epilayer, Do, for the Alat each T4, and Dvga
at each T. Any difference between actual and assumed [ Viga | s will
affect [VGa]ep,-laye, and D,,. Thus, if the actual concentration is later
found to be 10x higher than assumed in our analysis, then Do, would
be 10x lower but [ VGa]epiayer also 10x higher. Uncertainties in the
final extracted parameter values were estimated from the curvature
of the GOF with respect to each parameter. Further discussion of
numerical methods and error propagation are in the supplementary
material.

lll. EXPECTATIONS OF VACANCY INITIAL CONDITIONS
AND INITIAL OBSERVATIONS ON AL DIFFUSION

First, we discuss expectations for the initial conditions of con-
centrations of Vg, in the substrates and superlattices and then
present and initially assess the SIMS data. An intuition for a
completely ionic crystal suggests that Vg, should exist only in
the 37 charge state and thus have concentration scaling o< (nﬂ)3

2 ).“‘ Modern density functional theory (DFT) with

hybrid functlonals accurately predicts that defect charge states may
change if E r moves above or below charge transition levels and
can account for complexation with other defects.””” At equilib-
rium with all other factors held constant, the concentration of
VGa should be proportional to the n-type doping concentration;
however, differences in chemical potentials (e.g., po,) and temper-
atures during bulk crystal and OMVPE growth will modify this
ratio.

A number of experiments””'"'**** have detected and stud-
ied cation vacancies; however, the most credible quantification
of Vga or its complexes in Sn-doped wafers comes from the
E.-2.0 eV signal measured by deep level optical spectroscopy
(DLOS). DLOS measurements on different but very similar OMVPE
layers report a concentration of ~10'°/cm’ for the E.-2.0 eV
defects,’’ while DLOS measurements of E.-2.0 eV defects in NCT
Sn-doped bulk crystals are reported at 0.8-1.2 x 10'¢/cm® for
wafers matching the nominal Sn concentration of those used
herein ([Sn] =3.5-5x 10"¥/cm®).*" For analysis, we assume

or oc exp(

1,13
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[VGa] = 10'/cm® vacancies in the Sn-doped substrates unless
otherwise mentioned.

While it is possible that DLOS may not detect some vacancies
bound in complexes, the near-unity doping efficiency measured for
Sn in bulk substrates in the 10'®/cm’ range indicates that [Vg,]
cannot be much larger. Unfortunately, junction capacitance based
defect spectroscopies such as DLTS or DLOS cannot be performed
on insulating samples, e.g., Fe-doped wafers or oxygen annealed
ones; thus, comparable quantification is not available for Fe-doped
substrates. All substrates were grown at T, (kpTperr ~ 0.18 V)
by EFG under reduced po, conditions.””*’ In Fe-doped Ga,Os, the
Fermi level is pinned at the TS charge transition level corre-
sponding to the 0/- transition of the Feg, acceptor located very near
E.-0.8 eV by DLTS and related techniques.*"” Sn-doped substrates
are degenerately doped or very close to it, thus E; ~ E.. For both of
these E 7 values, isolated Vg, should be in the g = 3™ charge state;

thus, [V, ] in the Sn-doped substrates should be higher than in the
Fe-doped substrates by a factor of exp (22EV) ~ 10° if [Vg,] in
both substrate types equilibrate at T,,;. If Vg, stay equilibrated to
a temperature lower than the freezing temperature, this ratio would
increase, while if most of the Vg, are in (Snga — VGa)zf complexes
or (Vga— Vo)~ divacancy complexes, this ratio would be ~10* or
100, respectively. While the unintentional doping in our OMVPE
layers grown at 800 °C is in the low 10" /cm”, it is very difficult to
predict the ratio of [ Viga ] in the SLs to those in the substrates because
of the very different growth conditions. In addition, in unpublished
experiments we have carried out, we find that annealing Sn-doped
wafers in 1 atm O, at 1050 °C requires at least two weeks for full
equilibration; thus, [ Vga] will not equilibrate in the full wafer dur-
ing OMVPE growth. Thus, we consider the ratio of [ Vga.] in the SL
to that in the substrate to be an unknown parameter to be deter-
mined in the fitting. Despite the nominally identical growth of the
superlattices, the initial conditions for the Vg, or complexes medi-
ating Al diffusion may be different from run to run, for those grown
on Fe- or Sn-doped substrates, and from individual substrate to
substrate.

Figures 1(a) and 1(b) show the Al and dopant SIMS profiles
before and after annealing for 20 h in 1 atm O, at 1050 °C for two

pubs.aip.org/aip/apm

superlattices grown nominally identically on Sn- or Fe-doped sub-
strates. For the SLs on Fe-doped substrates, Al diffuses without any
detectable gradient in the extent of diffusion of the (Al, Ga),0O;
layers in the superlattices. Meanwhile, for SLs on Sn-doped sub-
strates, the extent of Al diffusion is greater for (Al, Ga),0s3 layers
closer to the substrate than the surface, and, overall, the Al diffu-
sion is much faster. This is consistent with a larger [Vga.] in the
Sn-doped substrates compared to the SLs and to that in the Fe-doped
substrates, which diffuses through the SLs toward the surface on a
non-negligible timescale compared to the annealing time. For both
types of samples, we find no evidence for vacancy creation or in-
diffusion from the free surface (e.g. greater extent of Al diffusion
near the surface) at concentrations sufficient to affect Al diffusion
from about 5 at. % down to 10'®/cm”®. Such an effect could be tak-
ing place, but apparently at concentrations significantly lower than
the estimated 10'®/cm® from the Sn-doped substrates. In the case
of Fe-doped substrates, Vg, diffusion could be much faster than
the time required for Al diffusion at the given Vg, concentration
such that it does equilibrate quickly compared to the experimental
time. As discussed later, Sng, donors form complexes with acceptor-
like Vi, but acceptor-like Feg, do not; therefore, we should expect
isolated Vg, to diffuse faster through SLs grown on Fe-doped sub-
strates. Figure 1(c) is a 3D rendering of a similar SL (this one
having nine repeat units ) constructed from Time of Flight (ToF)-
SIMS after being annealed for 20 h at 1100 °C in O, showing the
same behavior, with greater diffusion of Al near the SL/substrate
interface.

IV. ANALYSIS OF Al AND Fe DIFFUSION FOR SLS
ON Fe-DOPED SUBSTRATES

For SLs on Fe-doped substrates, uniform [V, ] in the SL and
substrate eliminates the cross-derivative term in Eq. (2) for the Al
diffusion, reducing it to the usual form of Fick’s second law. We
tried many scenarios of different [ Vg, ] in the SL and substrate, but
the best agreement with experiments was found for the case where
both began with the same low concentration. Evolving the initial to
final Al SIMS profiles for the sample annealed at 1050 °C allows us to

a) 1050 C - Fe Doped Substrate b) 1050 C - Sn Doped Substrate c)
0 g,
—— AlOh —— AlOh o® 00 05, K,

—~ 1022 1 —— Fe-0h —~ 1072 —— Sn-0h NV 90 %20 )
< — = Al-20h < l — = Al-20h 0402
E 1020 - Fe-20h E 1020 - N —-\Sn-ZOh A0 0,
s 5

S 8 J S 8 R o}

& 10t ® 10t

€ €

@ 1016 0 1016 A

e C

S S

10 ) o g o 104 09090900000l Sub-
= BSEBS El S8 S S 85 S S .Ga
00 05 0 15 0.0 . : . B8 h
Depth (um)

FIG. 1. Pre- and post-annealing quantified Al, Sn, and Fe SIMS profiles for superlattices grown on (a) Sn-doped and (b) Fe-doped substrates and annealed 20 h in 1 atm
flowing O, at 1050 °C. The lower detection limits are 5 x 10 /cm® for Fe, 5 x 10> /cm® for Sn, and 3 x 10'7 /em? for Al. (c) 3D rendering of ToF SIMS data for a SL on the
Sn-doped substrate after annealing at 1100 °C for 20 h, showing the lateral uniformity over an area 100 x 100 um? and increasing intermixing deeper in the sample (compare

to Fig. 2).

APL Mater. 12, 081101 (2024); doi: 10.1063/5.0206398
© Author(s) 2024

12, 081101-4

10:6G:61 G202 I4dy 20


https://pubs.aip.org/aip/apm

APL Materials ARTICLE

extract a value of Daj = Doo(T) - [Vga] = 3.5 x 107*8 cm?/s, assum-
ing [Vga] = 10"/cm’, ie., ~100 times less Vg, than for Sn-doped
substrates, assuming Doo(T) is the same for both.

The diffusion of Fe itself appears to be complex, probably
involving at least two modes such as interstitial and substitutional
(which in turn may each involve different charge states). This
conclusion is reached because, in addition to the [Fe] smoothly con-
nected to that in the wafer, we established through many exacting
experiments (see the supplementary material) that Fe additionally
diffuses through the central portion of the SL and piles up near the
surface—i.e., the [Fe] distribution near the surface is not a SIMS
artifact nor does it arise from vapor phase transport. This accumula-
tion at the surface was reproduced in both d- and ToF-SIMS, across
multiple samples, and is also reproduced for Sn-doped substrates in
which [Fe] is initially considerably lower in the substrate as discussed
in Sec. VI. This requires a significantly faster diffusion mode such as
interstitials and could also involve y-Ga;Os.

The difference between the integrated Fe concentrations in
the SL before and after annealing is ~8.4 x 10 cm?. Of this,
8.0 x 10" /cm* accumulated near the surface. The remaining 4 x
10'2/cm?® Fe that diffused only short distances into the SL region
apparently diffuses via a second, slower mode, which we presume to
be substitutional hopping. Assuming that this corresponds to diffu-
sion of Fe into a long half-space without complexation allows us to
use the analytical solution to Fick’s second law,*

C(x,t):cs“bsz_CSL(1+erf|:x_xL:|), (5)

9

in which C,,, and Cs; are the initial [Fe] concentrations in the
substrate and SL, respectively, x; is the depth of the SL/substrate
interface, and D is the diffusion constant for Fe. Fitting the pro-
file near the SL/substrate interface yields a diffusion constant of
Dge =6 x 1071° cmz/s. The diffusion of Fe and other transition
metals in Ga,O; certainly warrants additional experimental and
theoretical scrutiny, including Fermi level effects. Fe is present at
appreciable concentrations in most if not all Ga,O3 bulk crystals as
an impurity introduced from raw materials or Ir crucibles and dies.*’

V. ANALYSIS OF Al DIFFUSION FOR SLS
ON Sn-DOPED SUBSTRATES

Figures 2(a)-2(c) present the initial and final SIMS profiles for
[Al] for samples annealed at 1000, 1050, and 1100 °C for 20 h.
The extent of Al diffusion within each SL is greater near the sub-
strate than near the surface, indicating that the local concentration
of [ Vga] was non-uniform and greater near the substrate for a signif-
icant portion of the annealing time. Samples (a) and (b) were grown
in the same OMVPE growth run, while sample (c) was grown in a
different run; this is important for understanding the smaller degree
of Al diffusion despite this sample’s higher annealing temperature,
as discussed in more detail below. Figures 2(d) and 2(e) reproduce
the data from (a) but also overlay simulated Al concentration pro-
files at 2 h intervals (red solid) for the best-fit parameters within
two assumptions for Vg, diffusion (green dashed) described in the
following.

pubs.aip.org/aip/apm

Diffusion parameter estimation from each experiment was
accomplished by evolving the measured initial Al SIMS profile for-
ward in time under many scenarios and fitting to the final SIMS
profiles. Each tested scenario is defined by Egs. (1) and (2), assum-
ing initial [VGa] in the SL and substrate, [ Vga]| diffusion behavior
explained below, and values for D,, for Al and Dy,,. It is clear for all
Sn-doped samples that the initial [ V. ] in the SLs must be at least 10
times lower than in the substrates, which agrees with intuition given
the higher substrate n-type doping. The effects of Dy,,, and the initial
[ VGa] ratio on the broadening and peak-to-valley [Al] ratio for each
Al-containing layer in the SLs are sufficiently distinct that we can
determine their values with low uncertainty within each scenario.

As shown in Fig. 2(d), we first tested the hypotheses that
Va diffuse freely without interactions from the Sn-doped substrate
through the SLs according to the error function solution of Eq. (5)."°
These simulations were able to reproduce the final Al SIMS data
extremely well as judged by inspection and by GoF values «1 as
seen in Table I. Thus, the gradient in the extent of Al diffusion in
the SLs on Sn-doped substrates is consistent with this hypothesized
mechanism of out-diffusion of Vg, from the substrate.

Since the [Al] depth profiles are essentially records of the time-
integrated [Vga] profile, it may not be possible to infer its exact
functional shape from small numbers of experiments. However, the
[Al] data very clearly show evidence for larger time integrated [ Vga |
near the substrate, ruling out scenarios in which, for example, [ Va]
are introduced at the free surface and diffuse inward. In addition, it
could be hypothesized that Vg, are introduced under oxidizing con-
ditions via Frenkel pair generation and out-diffusion of Ga;. Since
this mechanism creates electrically neutral pairs, it should occur
at the same rate in the SLs, Fe-doped substrates, and Sn-doped
substrates. Thus, any diffusion of Al enhanced by this mechanism
would be depth-uniform and have an upper bound set by the rate
observed in SLs on Fe-doped substrates—at least 2 orders of mag-
nitude slower than for Sn-doped substrates. While this mechanism
cannot be ruled out, it certainly cannot explain the experiments on
Sn-doped substrates.

Diffusion of Vg, according to Eq. (5) would imply that (a)
the total number of Vg, is conserved and (b) the functional shape
of their concentration profile is unaffected by non-uniformities in
[Sn](x, t) or [Al](x, t) (although the value of Dyg, may be affected).
Since Al and Ga are chemically very similar, this is reasonable for Al
Frodason et al.”* studied the diffusion of Sn from (001) Sn-doped
substrates into UID HVPE-grown Ga, O3 at annealing temperatures
1050-1250 °C and fit them with a numerical reaction-diffusion
(R-D) model. In their work (and in some similar intermediate Sn
d-SIMS profiles obtained in this work but not shown herein), Sn dif-
fuses with a front shape appearing on a log plot as a rounded step
function. Sn is most stable as a substitutional Sng, donor, and, thus,
it is logical to expect that Coulomb attraction results in larger corre-
lation for Sn than Al with V,. Theoretical and experimental work
has established fairly conclusively that Sn and Vg, interact strongly
while diffusing.”****

During out-diffusion from Sn-doped substrates, Vg, dynam-
ically complex with (on average) a small fraction of the available
Sn (since [Vga] < [Snca]). Complexed Vg, diffuse slower than
free Vga, while substitutional Sng, diffuse only while complexed
or correlated with a vacancy.”’ Critically for assessing how this will
affect Al diffusion, the Snga—Vga complexation reaction’s equilib-
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FIG. 2. (a)-(c) SIMS profiles of Al before (blue) and after (red) annealing for 20 h at

the indicated temperatures. (d) and (e) Initial and final SIMS data from 1000 °C sample

with the results of finite difference simulation shown in red for 2 h increments under the assumption that Vs, diffuses as erf(x, t) (d) or as piecewise linear solution to the
Snga—V s complex reaction—diffusion (e). Samples (a) and (b) were grown in the same OMVPE growth, while sample (c) was grown in a different run. The initial SIMS Al

profiles were used as initial conditions for the finite difference code with space- an

d time-varying diffusion constants and evolved to the final time; computed profiles are

shown in red for increments of 2 h. Goodness of fit values were computed for the final profiles sweeping a large range of the model parameter space in order to determine
the best values of Vg, initial step-function profiles, Vg, diffusion constant, and proportionality constant between [V, ] and Da. The assumed initial Vs, step function profile
is evolved using either the erf()) assumption or the piecewise-linear approximation to the reaction diffusion of complexes, as shown in green dashed curves. The apparent
decrease in the extent of Al diffusion between (b) grown at 1050 °C and (c) grown at 1100 °C is accounted for by a difference in the initial [V, ] in the substrate, as explained

in Sec. V.

rium rate constant was determined to be small in our temperature
range, meaning that each complex is bound for only a short time
before dissociating.”* Therefore, Vg, passing through the SLs has a
high likelihood of assisting in Al diffusion even while co-diffusing
with the Sn. The effective diffusion constant for Vg, and thus for
Ga and Al diffusion in the presence of donors such as Sn should
be smaller than the value in intrinsic or acceptor-doped 8 — Ga;O3
(e.g., Fe-doped). The degree of retardation of cation vacancy diffu-
sion will depend on the concentrations of donors and vacancies and
thus be variable from experiment to experiment and vs depth and
time within any diffusion experiment.

Since in our experiments, Sn also diffused through the SLs, our
modeling should be at least consistent with these findings. Herein,
it was not possible to implement a full numerical reaction-diffusion
scheme involving Vg, Al, and Sn; while we did reproduce and test
the numerical model used in Ref. 24, the unavailability of para-
meters for Al-containing defects and complexes meant that a simpler
approach was needed. Thus, we developed an analytical approxima-
tion for the x and t evolution of both [Snga] and [Vg.] within this
R-D process during isothermal annealing (see the supplementary

material). When plotted on a linear scale (which is relevant for the
Al diffusion constant), the R-D front shapes are approximated well
by a piecewise linear function defined as follows:

C:uhs C(x’ t) > Csub:»
Cepi C(X, t) < Cepi
C(x,t) =4 Cmax - 6
(o t) 144 Coi 2 C(x,1) ... (©)
2 VDt

and C(x,t) > Cyps.

At t = 0, this is a step function but the initially vertical
section pivots vs time such that its intercepts with the max and
min concentration values far away from the interface move as
/Dt. This piecewise linear function accurately captures most of
the dynamic range of the Sng.—Vga steps from Ref. 24 and our
re-analysis of those data. It only fails to capture the shape of the
low-concentration leading edge of Sn diffusion (2-3 orders of mag-
nitude below the minimum [Al] herein) and at high concentrations
in the substrate (which is irrelevant for the SL diffusion). Since Al
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TABLE I. Effective Al diffusion coefficient (Do) and gallium vacancy diffusion coefficient for the error function model and reaction—diffusion (R-D) linear model for SLs grown
on Sn- and Fe-doped (010) 3 — Ga03 and annealed at 1000, 1050, and 1100 °C. In the Fe, a uniform initial Vg, profile is assumed, so now the value for Dy, is reported. Doo
is given assuming indicated initial values for [ Vg, ] in the SL and substrate as explained in Sec. V.

Diffusion Anneal Initial [Vga] in Initial [Vga] in

Sample  Dopant model temp (°C) Doo (cm’/s) Dy, (cm?/s) SL (cm™) substrate (cm™?) GoF
SnA Sn Erf 1000 7.0+0.5x 107 6+1x107 1 0 10%° 0.01185
SnA Sn Linear 1000 6.0+ 0.5x 107 4+1x1075 0 10%° 0.01411
SnB Sn Erf 1050 2.7+0.1x107%° 6+1x107 1 0 10%6 0.009 56
SnB Sn Linear 1050 27+02x107°  4:03x107%® 0 10%6 0.005 28
SnC Sn Erf 1100 8.0+1.0x107% 4+1x107" 2.0 x 101 2 x 10" 0.012 44
SnC Sn Linear 1100 80+1.0x107° 13+02x107%2 0 2% 10" 0.01911
Fe Fe NA 1050 3.5+ 0.5 x 107 N/A 0 10'6 0.051 88
Ea (eV) 39+03 20+1.2

diffusion scales with [V, ], the details of the leading edge will not
dominate the time-integrated Al diffusion. The difference between
the classical erf () solution and piecewise linear R-D profiles may be
seen by comparing the green dashed curves in Figs. 2(d) and 2(e).
Figure 2(e) shows fitting of one example dataset using the piecewise
linear model for the evolution of [ Vg, |(x, t). By inspection, the Al
diffusion is also well-described using this model for Vg, diffusion
and Table T shows that statistically similar GoF values are obtained
for both models.

The best-fit model for Al diffusion assuming erf () diffusion for
[VGa] suggests that a significant gradient of [Va] (and thus Sng,)
should remain at the end of our experiments, while the RD model
and our piecewise approximation thereof predict that [Vg,] and
[Sn] should be closer to uniform at the end of the experiment. The
latter is in agreement with the measured, nearly uniform final [Sn]
profiles as exemplified by Fig. 1(b). In addition, using the piecewise
linear approximation allows us to recover the Arrhenius behavior
for both Al and V.. Moreover, the Dy, values extracted using the
piecewise linear model smoothly join with those from Ref. 24 despite
Dy,, being extracted from our [Al] profiles and from [Sn] profiles in
theirs, indicating that in both cases the diffusivity of Snga—Vga com-
plexes or at least the interactions between Sng, and Vg, determine
the rate limiting step(s). We take these observations as confirma-
tions that the piecewise R-D approximation for Vg, diffusion more
accurately represents the microscopics of Vg, diffusion in these SLs.

A subtle point is that our modeling using either the erf() or
piecewise linear models explains the Al diffusion assuming that Vg,
originate in the substrate and that their total number is conserved at
least to a tolerance of a few percent. However, in Ref. 24, Vi, were
assumed to appear via unspecified generation or transport processes
as needed to maintain local equilibrium with the diffusing Sn—in
other words that Vg, may not be conserved. The supplementary
material contains a thorough discussion of this issue as far as it can
be addressed in the current work. Succinctly, the lower extent of dif-
fusion of Al close to the free surface rules out large concentrations
of [VGa] being injected there (“large” relative to at. % concentra-
tions of Al). Since the concentrations of Sn in Ref. 24 range from
10" to 10" /cm?®, these experiments are sensitive to much lower con-
centrations of Vga. The high-concentration features of the [Sn](x,t)

R-D diffusion front shape can be reproduced assuming that Vg,
is conserved; however, the low-concentration leading tail cannot
be reproduced. Thus, we can only conclude that any bulk genera-
tion or injection of Vg, must be below the capability of the present
experiments to resolve. Resolution of these fine details should be
possible in future experiments using smaller tracer concentrations
designed to identify and quantify the mechanisms introducing V.
during annealing under oxidizing conditions. The lack of evidence
for [Va] in-diffusion from the free surface in our [Al] data herein
raises a question for future investigations: what sources, sinks, and
transport processes for [ Va | operate in order to establish equilibra-
tion with local Fermi levels and po, during annealing and growth?
However, for the immediate purpose of analyzing our Al diffusion
data, this question is immaterial since the R-D models predict the
free [Vca] able to facilitate Al diffusion to have functional shape
closely mimicking the Sn profile.

The sample annealed at 1050 °C [Fig. 2(b)] exhibits a greater
extent of diffusion than the one annealed at 1100 °C [Fig. 2(c)],
counter to what would be expected for Arrhenius activation if the
two samples had identical initial concentrations of [ Vga]. This was
initially a source of great consternation until we realized that the
sample annealed at 1100 °C [Fig. 2(c)] was grown in an earlier
growth run using a different substrate, while the samples annealed at
1000 and 1050 °C [Figs. 2(a) and 2(b)] were grown at a later date on
pieces of a different Sn-doped (010)  — Ga, O3 wafer. [ Vg, ] is likely
to vary spatially even within the same EFG-grown bulk crystal; thus,
some variation from wafer to wafer should not be surprising. Like-
wise, despite using nominally the same growth recipe for all three
samples, some variation is reasonably likely in [ Vg, ] within the SL
between growth runs.

The finite difference model in Sec. II ultimately depends on
Dpi(x,t) as defined in Eq. (1); thus, fitting via simulation does not
directly measure [Vg,] but rather the Doo(T) x [Vga](x,t) prod-
uct. In our final analysis, we conclude that [V,] = 10 /cm? in the
substrates for the 1000 and 1050 °C annealed samples, but explored
possibilities that the substrate and SL for the 1100 °C sample had
different [Vga.]. In all cases, the value of [ Vg, ] in the SL was deter-
mined independently for each sample through the fitting process.
After testing a wide range of scenarios, the data from the 1100 °C
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sample are best explained by lower initial [Vg,] = 2 x 10> /cm® in
that sample’s substrate. A more sensible behavior for Do, (T) com-
patible with an Arrhenius law with activation energy 3.9 + 0.3 eV is
obtained, which is comparable to the value of 4.2 eV obtained for
Alg, diffusion in (-201) 8 — Ga,0s3 in Ref. 49. Table I summarizes
the final best-fit parameters for both erf () and piecewise linear mod-
els for Vg, diffusion, and Fig. 4 shows our data in the context of the
existing literature.

In Figs. 1(a) and 1(b), we compare two SLs annealed at 1050 °C
on Fe- and Sn-doped substrates. On the Sn-doped substrate, the
best-fit scenario within the piecewise linear model of Vg, diffu-
sion yields D,o = 2.7 x 1073 cms/s at an initial value of [Vga]
=10"/cm’ in the substrate. Dy, for Al in the absence of Vg,
complexing with Sn would be expected to be the same or larger,
depending on how significantly the presence of Sn limits the abil-
ity of Vg, to mediate Al diffusion. If we do assume that Dy, is the
same for samples grown on both Fe- and Sn-doped substrates, we
estimate that the initial [ V. ] in the substrate for samples grown on
Fe-doped substrates would be 10**/cm?, or ~100 times lower that for
the Sn-doped substrates. This is on the lower end of the range of esti-
mated ratios based on expected Fermi level positions, but given the
lack of direct comparison data and uncertainty regarding the effects
of Sn and Fe co-diffusing with V., considered reasonable.

VI. DIFFUSION OF UNINTENTIONAL IMPURITIES

In addition to the d-SIMS of Al, Fe, and Sn presented so far,
we also used ToF-SIMS 3D reconstructions and survey d-SIMS
detecting all elements present (at lower spatial and concentration
resolutions than Al profiles). These revealed that many other ele-
ments besides Fe or Sn also diffuse out of Sn-doped substrates,
through the SLs, and accumulated at the free surfaces. Figure 3 shows
the concentration-calibrated SIMS profiles for five illustrative metals
present in the SL shown in Fig. 2(b), annealed at 1000 °C. After col-
lecting the 20 h annealed SIMS profile shown in Fig. 2(b), the sample
was immersed in aqua regia for 10 min to remove any possibility of
metal contamination at the surface and then annealed in O, for an
additional 10 h (total 30 h) as part of efforts to eliminate the possibil-
ity of Fe surface contamination diffusing into the SL while annealing
inside the tube furnace (supplementary material). Given the known
presence of many of these elements in wafers grown from melts held
in Ir crucibles—e.g., EFG**"" and the high purity of OMVPE-grown
layers, we infer that these elements diffused into the SLs from the
substrate.

Mn, Fe, and Ni accumulate at the surface to depths that
are incompatible with typical SIMS artifacts. [Cu] exhibits a con-
centration peak around the middle of the SL, perhaps indicating
interactions between its charge states and the Fermi level within
a space charge region. All these transition metals are likely capa-
ble of multiple interstitial and substitutional diffusion modes in
multiple charge states. Ti was also detected at 10'°/cm® uniform
in depth through the d-SIMS survey scan, while Si and Na were
also detected in ToF-SIMS. Li being extremely small is suspected to
be capable of fast interstitial diffusion and is depleted rather than
enriched close to the surface. These different behaviors are consis-
tent with an electrochemical potential gradient affecting different
elements and charge states differently near the surface. A deple-
tion width and built-in potential ¢(x) induced by surface Fermi
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FIG. 3. Low spatial and concentration resolution “survey” SIMS profiles of five
species, which show a high concentration and non-homogenous behavior for the
SL on the Sn-doped substrate annealed at 1000 °C for 30 h in oxygen. Each
survey is fit with a univariate spline function (solid line).

level pinning is the simplest example, and defects with different
relative charges q would accumulate or deplete as exp (q;‘;#;)) self-
consistently following the Poisson-Boltzmann equation. However,
it has been frequently observed that 8 — Ga,O3 surfaces, especially
in the presence of additional impurities, can change to the differ-
ent y — Ga,O3 phase, which would of course change the chemical
potential for each impurity, perhaps causing them to accumulate.
Further analysis of these profiles is beyond the scope of this work,
but the observation of these impurities, some like Cu, Na, and Li
being notoriously fast diffusers in semiconductors, calls for further
quantification of impurities and their diffusion in multiple phases
of Ga;03 and in devices from fabrication to long-term degradation
under high fields and temperatures.

VIl. CONTEXTUALIZING RESULTS

Figure 4 compares the measured and computed diffusivities
in Ga;O3 from this work and that from the literature. Our val-
ues of Dy, extracted using the piecewise linear model for R-D
have remarkable agreement with the diffusion of Sng.—Vga com-
plexes reported by Frodason’* and follow a sensible Arrhenius trend
with activation energy 1.96 + 1.19 eV. Our values extracted with the
erf (x,t) model are an order of magnitude lower and deviate from
the Arrhenius behavior. The blue rhombuses plot the free diffusion
of uncomplexed Vg, from Ref. 24 and are at least three orders of
magnitude faster than our results for the vacancies responsible for
Al diffusion under either scenario, which is consistent with our con-
clusion that the co-diffusing Sn also slows the progress of Vg, in our
experiments.
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FIG. 4. Arrhenius plot of data in the present work along with data from the existing literature. Our values of Dy, extracted using the erf () and piecewise linear models are
shown as red pentagons and triangles, respectively. The diffusion constants required for insulating layers measured in Ref. 5 are shown as blue circles. Dy, and Dsy,, v,
from Ref. 24 are shown as blue rhombuses and triangles, respectively. Based on our extracted values of Do, (T) for Al, we present Dy for two concentrations of Vs, [see
Eq. (1)]: [Via] = 10" cm=3 appropriate for Al in Sn-doped wafers (purple solid squares) and [VGg,] = 10" cm~=3 appropriate for semi-insulating or oxygen annealed
samples (half-filed purple squares). The latter agrees well with recently published data by Uhlendorf and Schmitt.*Y De, extracted from the slow-diffusing component in
Fig. 1(a) is shown as inverted brown triangles. In addition, Dgi from Ref. 50 is shown as brown crossed-circles; this follows a similar activation energy but is apparently slightly

slower than the diffusion of (Snga—Vsa) complexes.

Since Doy a1(T) cannot be shown directly on this plot, we mul-
tiply it by two different [Va] to show the range of Dy expected
in most situations aside from, for example, ion implantation.
[VGa] = 10*/cm?® represents equilibrated conditions for heavy n-
type doping as in Sn-doped EFG-grown wafers, while [Vga]
=10"/cm® may be expected in UID to insulating conditions as
found for our SLs on Fe-doped substrates. This latter set is in good
agreement with Dy derived from the interdiffusion of a thin AL, O3
layer on Ga, O3 during oxygen annealing.”

The inverted brown triangles show D for the slow diffusion
channel from Fe-doped substrates into the SLs. This value is sim-
ilar to those experienced by Al, so we speculate that it may be
vacancy-mediated but modified by the expected Coulomb repulsion
between Vi, and Feg, acceptors compared to the case of Al. Further
detailed studies will be needed to understand the diffusion of Fe and
other metals prone to charge state changes and possibly diffusing by
multiple mechanisms simultaneously.

Oshima et al. used capacitance methods to measure the expan-
sion of an insulating layer on the surface of n-type samples up to a
few pym thickness during O, annealing. The kinetics of layer thick-
ening were consistent with a diffusion-limited process; thus, we
plot their diffusion constants derived from thickness = /Dt as blue
circles. These diffusion constants are consistent with the vacancy-
mediated diffusion of Sn, Si, and Al under n-type conditions found
herein and in Refs. 49 and 24. As discussed in Sec. V1, the conversion
of surface layers to insulating may also include surface band bend-
ing and possibly phase changes to y-Ga,O3. Clearly, there are many
questions to be explored with direct experiment and theory in the
diffusion and annealing behavior of native defects and impurities in
Ga203.

VIll. CONCLUSIONS

In this work, we investigated the diffusion of Vg, using spe-
cially designed superlattices that allow gradients in the extent of
diffusion and thus history of [Vga] to be inferred. Vg, are avail-
able in great numbers in Sn-doped substrates, transiently diffusing
outward toward the epilayers in our experiments. This allowed us
to measure Dyga, which we found was significantly affected by its
co-diffusion with Sn donors. We developed a novel finite difference
scheme, in which the diffusion of impurities such as Al is depen-
dent on the local concentration of V.. We find no evidence for Ga
vacancies introduced from the surface significantly affecting the Al
diffusion, although these may be introduced at lower concentrations.
The diffusion rates extracted for Vg, are far lower than those pre-
dicted for free vacancies based on DFT calculations. Instead, they
are retarded by the strong Coulomb attraction to donors such as
Sn and Si highlighting that that doping will have indirect effects on
Ga self-diffusion and on isovalent Al diffusion. Diffusion and sur-
face accumulation of unintentionally introduced impurities such as
Fe, Mn, Cu, and Li bear further exploration, including the effects of
surface potential and phase changes.

SUPPLEMENTARY MATERIAL

See the supplementary material for the derivation of the piece-
wise linear approximation of the reaction diffusion of Snga—Vga
complexes and quantitative comparison with the numerical solu-
tions described in Ref. 24. The supplementary material also con-
tains a discussion reconciling an apparent contradiction in a priori
assumptions on the conservation or non-conservation of Vg, in our
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modeling and that described in Ref. 24, and an analysis of the effects
of lateral non-uniformity in d-SIMS profiles. It also describes our
efforts to validate the apparent accumulation of Fe at the surface dur-
ing annealing and eliminate the possibility that this is either a SIMS
artifact or a result of surface contamination.
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