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ABSTRACT

Homoepitaxial Si-doped (010) B-Ga,O3 epitaxial layers with thicknesses ranging from 1.2 to 12 ym were grown simultaneously via close-
injection showerhead metal-organic chemical vapor deposition on both Czochralski and edge-defined, film-fed grown (010) p-Ga,Os:Fe
substrates. Structural characterization was performed via x-ray diffraction [full-width at half maxima of 21-72 arcsec depending on epilayer
thickness and substrate, measured from the symmetric (020) reflection], x-ray topography, Raman spectroscopy, cathodoluminescence spec-
troscopy, and transmission electron microscopy. Surface characterization was performed via atomic force microscope (AFM) and Nomarski
imaging, and electrical characterization was performed via electron paramagnetic resonance spectroscopy and Hall effect measurements. In
addition, thermal conductivity was measured via steady-state thermoreflectance. AFM imaging revealed a number of extended defects form-
ing in the epilayer, and transmission electron microscopy imaging detailed a V-shaped pit defect formed by misoriented twin defects likely
originating from a defect at or near the substrate surface. The Hall effect data (N5 = 2.81-3.1 x 107 cm™ and py = 81.5-103.5 cm*/V s),
surface roughness (1.78-4.25 nm rms), and thermal conductivity measurements (19.3-19.8 W/m K) yielded comparable results among all
samples, independent of epilayer thickness. These results suggested that even thicker, high quality epitaxial (010) f-Ga,O3 could be grown via
this technique, provided that the development of the observed extended defects can be mitigated.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0268313
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INTRODUCTION

The high critical field (Ec = 6-8 MV/cm) of B-GaO3 suggests
that high voltage vertical electronic devices can be achieved with
a thinner epitaxial layer, resulting in lower specific on-resistance,
faster transit times, lower switching and conduction losses, and thus
higher overall circuit efficiency. Among the six phases of gallium
oxide (a, B, y, 8, &, and k), all of which are of scientific interest in this
rapidly expanding field of research, the monoclinic (-phase) is the
only wide or ultra-wide bandgap (Eg = 4.6-4.9 eV) semiconductor
platform with a large-area, melt-grown native substrate technology
platform and the ability to grow thick (>10-20 ym) homoepitax-
ial layers with high quality and controllable doping via shallow
hydrogenic donors (Np-Nj < 10" cm™ to >10%° cm™®).!° These
properties, as well as its thermal, chemical, and radiation stability,
have positioned p-Ga,Os as a leading candidate semiconductor for
next-generation power devices with ultrahigh power Baliga’s figure
of merit in the range of 2400-3444."""" Commercial homoepitaxial
(001) B-Ga,Os for vertical device applications is typically grown via
halide vapor phase epitaxy (HVPE).'> HVPE is the leading technique
for the growth of very thick GaN drift layers; however, other epitaxial
methods such as metal-organic vapor phase epitaxy (MOVPE, a.k.a.,
metal-organic chemical vapor deposition or MOCVD) have also
been commercialized with high quality and high wafer throughput
capability. Recently, high growth rate close-injection showerhead
metal-organic chemical vapor deposition (CIS-MOCVD) has been
developed commercially to demonstrate high quality (010) f-Ga;Os
epitaxial layers with electron mobilities of nearly 200 cm*/V s at
room temperature (>23 000 cm?/V s at cryogenic temperatures) and
background compensation levels of 2 x 10" cm™.""* The Close
Injection Showerhead (CIS) design in this reactor had a 10 mm
showerhead-to-susceptor gap. It features separate injection zones
for oxygen and metal-organic (MO) precursors, minimizing prema-
ture oxidation and enabling faster growth rates for p-Ga,O3. This
configuration also suppresses parasitic pre-reactions and droplet
formation, improving crystalline quality and transport properties.
Even though a high growth rate has been demonstrated by the
CIS-MOCVD technique, device demonstrations such as lateral tran-
sistors and vertical diodes have utilized relatively thin epilayers
(1-2 ym) grown at a relatively low rate of about 1-1.5 ym per hour."”
Most recently, over 6 ym thick drift layers have been demonstrated
as well.'®

In this work, homoepitaxial (010) B-Ga,O3 with a thickness
of up to 12 ym was grown via the CIS-MOCVD technique, and
extensive characterization of these films was performed to evaluate
their suitability for future p-Ga, O3 high voltage device development.
We report film quality evaluation via several methods described
below, some of which have not been applied to (010) B-Ga O3
homoepitaxial layer characterization before, such as steady-state
thermoreflectance (SSTR). Typically, extended defect characteri-
zation in B-Ga,O3; wafers is performed via the etch pit method
using hot phosphoric acid.'” It is well-known that the presence of
defects such as nanopipes, particularly in (010)-oriented p-Ga,0s3,
can lead to extended defect formation in epitaxial p-Ga;Os. This
was initially observed experimentally in vertical Schottky diodes
with anode area dependence of the reverse-bias breakdown volt-
age.'® Subsequently, extended defect studies, primarily via x-ray
topography (XRT) techniques, have demonstrated the presence of

pubs.aip.org/aip/apm

many types of extended defects in f-Ga O3 crystals and epitaxial
layers.'” " The observed types of extended defects included stack-
ing faults, slip planes, and threading dislocations. Cooke et al. have
reported extended defects in ~1 ym thick MOCVD B-Ga, O3, show-
ing inverted-pyramid shaped extended defects originating from
underlying defects in the substrate.”’ Similar defects were observable
via atomic force microscopy (AFM) imaging near the edge of simi-
lar samples of about 1 ym thick CIS-MOCVD f-Ga,O3 reported in
the past.'” In this work, we show the evolution of similar extended
defects as a function of film thickness. With equal importance, we
demonstrate that, aside from the presence of these and other defects
that we have not fully understood at this time, the quality of the epi-
taxial films was similar in most cases, with only the thickest layers in
some cases exhibiting lower mobility as well as higher rocking curve
widths.

EXPERIMENTAL

Four growths were performed at Agnitron Technologies Inc.
via the CIS-MOCVD technique using nominally on-axis (010)
B-Ga,O3:Fe substrates. For each growth, a 10 x 15 mm? (010) edge-
defined film-fed growth (EFG) and a 25 mm (1-in.) diameter (010)
Czochralski-grown (CZ) wafer were co-loaded into the MOCVD
reactor after a 30-min soak in concentrated hydrofluoric acid to
remove silica particulates from the chemical-mechanical polishing
process.r";z"“ Epilayers of 1.2, 3.6, 6, and 12 ym thickness were
successively grown at a pressure of 15 Torr, a substrate tempera-
ture of 840 °C, and a O2/TMGa precursor flow rate ratio of 1500,
with a target Si doping level of 2 x 10'” cm™ employing silane gas
and a nominal growth rate of about 1.5 ym/h. For Si doping, 25
ppm silane diluted in nitrogen (SiH4/N3) with a molar flow rate of
3.7 x 10~° mol/min was used. During film growth, the temperature
was first ramped to 700 °C, at which point gallium was introduced
into the reactor to initiate deposition. A thin (~50 nm) undoped
Ga, 03 nucleation layer was grown as the temperature increased to
750 °C. Gallium flow was then halted, and the substrate temperature
was further ramped to 840 °C for the growth of the main layer.

Epitaxial layer structural characterization was performed using
a modified Bruker/Jordan Valley high-resolution x-ray diffraction
(HR-XRD) instrument in triple axis mode (analyzer crystal between
sample and detector) with Cu Ka; radiation. Additional structural
characterization was performed via double crystal XRT (1-BM at
APS, Argonne National Laboratory), transmission electron micro-
scopy (TEM), selected area electron diffraction (SAED) (also at
Argonne National Laboratory), and the orientation map using a
Tescan Tensor electron microscope.

Thermal conductivity measurements were performed via the
steady-state thermoreflectance in fiber optics (SSTR-F) technique
using a LaserThermal SSTR-F instrument with a 7.5 ym laser spot
size.”* Penetration depth is defined by the spot size, which makes the
SSTR-F technique suitable for thermal conductivity characterization
of relatively thick epitaxial layers. An 80 nm thick Al transducer layer
was deposited on the f-Ga,O3 samples by electron beam evapora-
tion prior to SSTR-F characterization. Areas with large-area defects
on the samples were avoided in the SSTR-F instrument via software
calibration before each measurement.

Polarized Raman spectroscopy was performed via a single-
mode 488 nm laser beam made coaxial with the detection axis

APL Mater. 13, 081117 (2025); doi: 10.1063/5.0268313
© Author(s) 2025

13, 081117-2

91:¥5:91 920z Ateniged /g


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

APL Materials ARTICLE

using the beam splitter part of a volume-Bragg-grating filter set
from OptiGrate. These filters allow Stokes and anti-Stokes Raman
measurements closer than 10 cm™ to the laser. A 50x microscope
objective (NA = 0.75) was used to both focus the incident light into a
small spot (~0.4 yum) and collect the scattered light, which was then
dispersed in a half-meter Acton SP-2500 single-spectrometer and
detected using a Princeton Instruments CCD array (Spec-10:400BR
back-thinned, deep-depleted).

The electron paramagnetic resonance (EPR) measurements
were done at 300 K with a commercial (E-300) Bruker Biospin
9.5 GHz spectrometer. Estimates of the spin concentrations were
made from double numerical integration of fits to the EPR line
shapes and the use of a well-calibrated P-doped Si standard.

AFM imaging was performed using a Bruker Dimension
FastScan AFM system in tapping mode. Preliminary cathodolumi-
nescence (CL) spectra were collected with an electron beam current
of 3 yA and a beam energy of 3 keV in ultrahigh vacuum at 5 K with
a 10 s integration time. Hall effect measurements were performed
at room temperature using Ti/Au Ohmic contacts deposited on the
corners of 5 x 5 mm sized samples and rapid-thermal annealed at
470 °C for 60 s in a N, atmosphere.

RESULTS AND DISCUSSION

Table I summarizes the measured rms surface roughness from
AFM imaging, Hall effect measurements (carrier concentration and
mobility), and thermal conductivity measured via the SSTR-F tech-
nique for each epilayer thickness. Bhattacharyya et al. have reported
rms roughness and Hall mobility from similarly grown but lower-
doped MOCVD epilayers.'® For a 6 ym thick epilayer, the reported
rms roughness values were 0.8 and 1.3 nm for 1.2 and 6.3 ym thick
epilayers, respectively. Electron concentration (Ns) and Hall mobil-
ity (uu) values measured by the Hall technique yielded similar values
for the different thickness epilayers, Ns = 2.81-3.1 x 10" cm™ and
pu = 81.5-103.5 cm?/V s, in good agreement with reported Hall
mobility values for similar doping levels.”> These were further cor-
roborated by EPR and thermal conductivity measurements, which
we have employed for additional characterization of the epitaxial
layers in this study.

SSTR-F measurements were performed in a sequential auto-
mated fashion on all samples, avoiding large-area defects as a part
of the calibration sequence for each sample. A consistent signal
response was measured among the four samples measured via this
technique, as shown in Fig. S1, confirming the measured ther-
mal conductivity with a low degree of measurement uncertainty,
as shown in Table I. This measurement, combined with the rest of
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FIG. 1. X-ray diffraction on-axis omega (rocking curve) scans around the (020)
reflection as a function of epilayer thickness and (a) EFG and (b) Czochralski (010)
(-Ga, 03 substrates used for MOCVD growth.

the values listed in Table I, suggests that aside from the presence of
large-area extended defects, the thermal conductivity of the B-Ga, O3
epilayers was not affected by epilayer thickness.

The triple axis x-ray diffraction measurements for the CZ-based
samples are shown in Figs. | and 2, and the full-width at half maxima
(FWHM) values extracted from the omega-scans (rocking curves)

TABLE I. Summary of AFM, Hall effect, and steady-state thermoreflectance (SSTR) results from the CIS-MOCVD epitaxial $-Ga,; O3 samples.

MOCVD epilayer Roughness, Hall mobility, Carrier concentration, Epilayer thermal
thickness (ym) rms (nm) UH (cm?/V's) Ns (x 10 em™) conductivity (W/m K)
1.2 1.78 (10 x 10 ym) 95.5 2.9 19.8+0.8
3.6 3.00 (20 x 20 um) 103.5 2.81 19.4+0.8
6.0 2.75 (20 x 20 ym) 100 2.79 19.3+£0.8
12 4.25 (20 x 20 ym) 81.5 3.1 194+1.1
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FIG. 2. Glancing exit x-ray diffraction rocking curve data aligned to the (—623)
reflection with a log intensity y-axis as a function of epilayer thickness and (a) EFG
and (b) Czochralski (010) p-Ga 03 substrates used for MOCVD growth.

around the (020) and (—623) reflections from all samples are pre-
sented in Table I1. The asymmetric (—623) reflections were generated
in the glancing exit (GE) geometry. The (-623) reflection was cho-
sen to provide a more surface sensitive measurement. In this case,
95% of the diffracted intensity is from the top 1.6 ym of material.
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FIG. 3. EPR spectra obtained at 300 K for four Si-doped Ga, 03 epilayer samples
grown on CZ (010) B-Ga, O3 substrate with varying thickness for the magnetic field
(B) oriented parallel to the b-axis. Microwave frequency = 9.78 GHz. The spectra
are displaced vertically for clarity.

Therefore, the majority—or all—of the diffracted intensity is com-
ing from the epitaxial layers for all of these samples. Any increased
width, therefore, is not directly associated with diffraction from the
substrate but rather from defects that form in the epitaxial layer or
from the replication of defects that originate in the substrate. With
the assumption that the substrate defects are similar for all layer
thicknesses, one may conclude that any change in peak width is asso-
ciated with defects that are present in the epitaxial layer. In addition,
Fig. S9 of the supplementary material shows representative GE recip-
rocal space maps from the 6 and 12 ym samples grown on a CZ
substrate.

The rocking curve full width at half maximum (FWHM) for
the combined epitaxial layer and substrate for nearly all of the layers
was in the range of 20-30 arcsec for the (020) reflection for all sam-
ples except the 12 ym-thick layer on the CZ substrate (74 arcsec).
While XRD characterization was not possible to perform on these
substrates prior to growth, separate XRD measurement of Fe-doped
EFG (010) B-Ga,0s3 bare substrate yielded a FWHM of ~20 arcsec
and a FW(0.01)M of ~70 arcsec for the (020) symmetric reflection.
FWHM values from the (020) reflection from EFG and CZ (010)
B-Ga;Os substrates have been reported by Liao et al. (UID EFG,

TABLE II. Summary of XRD and GEXRD data from the (020) and the (—623) reflections, respectively, from the CIS-MOCVD epitaxial $-Ga, O3 samples.

MOCVD epilayer (010) EFG sub. Aw (020) (010) CZ sub. Aw (020) (010) EFG sub. Aw (623) (010) CZ sub. Aw (623)
thickness (ym) FWHM (arcsec) FWHM (arcsec) FWHM (arcsec) FWHM (arcsec)

1.2 22 32 27 27

3.6 30 25 18 33

6.0 21 24 26 32

12 32 74 42 105
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13 + 2 arcsec), Yao et al. (UID EFG, 28-31 arcsec), Golz et al. [43.2
and 104.4 arcsec for UID and Sn-doped EFG Ga; O3, respectively, in
addition to data for many samples of (100) CZ Ga,0s], and Lavelle
et al. [<50 arcsec for (010) CZ, Fe-doped].”””* ** The (~623) rock-
ing curve widths were similar for most samples and are in the range
of 20-30 arcsec, but the widths for the 12 ym layer thicknesses were
higher—FWHM was 42 arcsec for growth on the EFG substrate and
105 arcsec for growth on the CZ substrate. In all cases, the uncer-
tainty was less than +1 arcsec. The larger FWHM values for the
12 ym-thick layers compared to the others correlate with the den-
sity and size of the surface defects that are present; this correlation
indicates that the lattice planes in the 12 ym-thick layers are more
distorted than for the other layers because of the extended defects,
which will be discussed in more detail.

Hall effect measurements performed on square-sized Van der
Pauw geometry samples can be affected by as much as a 20%
error caused by contact geometry and size relative to sample size.”’
To confirm the carrier densities measured using the Hall effect
technique via an independent technique, EPR measurements were
performed at room temperature. EPR spectra obtained for the four
B-Gay03:Si epilayer samples (tepi. = 1.2-12 ym) with the magnetic
field (B) oriented parallel to the b-axis (B||(010)) are shown in Fig. 3
for a narrow field scan of 12 G.*° A single signal is found character-
ized by a Zeeman splitting g-value of ~1.963 with a peak-to-valley
linewidth of 0.95 G for the 1.2 ym-thick epilayer sample and sharper
linewidths of 0.22-0.35 G for the three thicker epilayer samples. In
addition, an angular rotation study for the 12 ym thick Si-doped -
Ga, 03 epilayer sample (see Fig. S2) reveals a very weak anisotropy
of this signal with extremal g-values of 1.9625 with BJ||(010) and
1.9585 with B1(010) (we note that strong EPR signals associated
with Fe** on the Ga lattice sites in the intentionally Fe-doped par-
ent B-Ga,Os bulk substrates were observed from wide magnetic
field scans of 7 kG). Very similar g-values have been reported pre-
viously by several groups' "' from EPR studies of B-Ga,Os bulk
substrates and are “fingerprints” for shallow donors (both Si and Sn)

5mm
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and delocalized (conduction) electrons. The double numerical inte-
gration of the Lorentzian EPR line shapes and comparison with a
phosphorus-doped Si standard yields a concentration of uncompen-
sated shallow donors (N4-N,) for the four epilayer samples between
1.0and 1.8 x 107 cm™. These values are in good agreement with the
room-temperature carrier concentrations found from the Hall effect
transport results (Table I), given the typical 50% uncertainty in the
quantitative EPR analyses.*” Thus, the g-values and spin concentra-
tions found for this EPR signal strongly support its association with
the n-type Si dopants in these epilayer samples.

Figure 4 shows an x-ray topography tilt map of the 6 ym thick
epilayer grown on the EFG substrate. The map was generated from
multiple double crystal x-ray topography images using the (820)
reflection. Overall, the material exhibited a slight lattice curvature
of about 80 arcsec over a diagonal length of the sample, indicating
the overall high quality of the substrate and epitaxial layer. There
were a few rounded features that were 2-5 x 2-5 mm” in area that
were slightly misoriented with the average lattice curvature. The
cyan arrow points to one of these regions. The round features were
also observed in optical microscopy as a higher density or clusters
of pits. In this XRT image, they corresponded to regions of epitaxial
B-Ga, O3 that were slightly misoriented by 10-20 arcsec with the sur-
rounding material. The white arrow corresponded to a macroscopic
cluster of pits over a region that was misoriented by more than the
200 arcsec range measured over the remainder of the wafer. How-
ever, from the measurements, it was not known if that region was a
(010) grain that was misoriented by more than the 200 arcsec mea-
sured angular range, a different orientation, or even a polycrystalline
or amorphous region.

The individual surface defect density increased with film thick-
ness, as shown in Figs. 5 and 6. The AFM measurements in Fig. 5
were used to examine surface defects and surface roughness. Because
the defect sizes were comparable in extent to the AFM scan regions,
including such defects in roughness measurements would make the
roughness dependent on specific locations, so the rms roughness
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FIG. 4. Tilt map generated using x-ray topography for the 6 um thick epilayer on EFG substrate. The defect dense region, shown as the black spot on the right side of the
sample, is tilted >200° away from the rest of the material. See Figs. S10-S12 in the supplementary material for additional TEM images from this sample.
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(e) 6 um epi, R, = 2.6 nm

20 um

FIG. 5. AFM images of four (010) epitaxial growths on Czochralski (010) B-Ga; 03 substrates: (a) and (b) 1.2 um, (c) and (d) 3.6 um, (e) and (f) 6 #m, and (g) and (h) 12 yum.
The root-mean-square roughness Rims measured away from defective regions within these images is shown in Table |. Surface striations, shown in fine detail in (a), and
the hillocks in (c) and (h) are oriented along the [001] direction, which is also the direction the (100) easy cleave plane intersects the (010) growth plane. As shown in (d),
some defects grow into pits surrounded by parallelogram-shaped ridges; the acute-angle-corners of these parallelograms point in the direction of the surface striations. These
parallelogram-shaped defects are more commonly seen with flakes growing off one or both of their obtuse-angle-corner sides.
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FIG. 6. AFM of defect evolution as a function of epi thickness for the (a) 1.2 ym and (b) 3.6 um thick Ga, O3 epilayers on a Czochralski (010) p-Ga, O3 substrates.

values reported in Table I were measured in the defect-free regions.
AFM images show [001] surface striations in regions apparently free
of surface defects. Various types of defects are shown in the 1.2 ym
epi-layer [Figs. 5(a) and 5(b)], the 3.6 ym epi-layer [Figs. 5(c) and
5(d)], the 6 ym epi-layer [Figs. 5(e) and 5(f)], and the 12 ym epi-
layer [Figs. 5(g) and 5(h)]. Earlier and later growth stages of all of
these various types of defects show up in different locations in the
thinner and thicker epi-layers.

Figures 5(a) and 5(b) were measured on the 1.2 ym epi film.
Figure 5(a) shows a closeup AFM image of the fine surface striations
observed along the [001] crystalline direction in this and appar-
ently all defect-free regions of these samples. Figure 5(b) shows a
larger scan region that also contains several representative defects,

which by no means exhaust the types seen. Figures 5(c) and 5(d)
were measured on the 3.6 ym epi film; Fig. 5(c) shows representative
“ridge” features that also have surface striations in the [001] direc-
tion; Fig. 5(d) shows a pit surrounded by a parallelogram-shaped
feature whose two acute-angled-corners point along the surface stri-
ations; often such features have surface flakes growing off one or
both of their obtuse-angle-corner sides. Figures 5(¢) and 5(f) were
measured on the 6 ym epi film; Fig. 5(e) shows a defect upon which
material having surface striations along a different direction was
growing; Fig. 5(f) shows a similar feature over which that growth
appears to have progressed across the whole defect. Figures 5(g) and
5(h) were measured on the 12 ym epi film; Fig. 5(g) covers a seem-
ingly defect free region, whereas Fig. 5(h) shows a ridge and the

Average of spectra measured with polarization varied 0 - 360° at four different spots on and near pit
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FIG. 7. Polarization-averaged z(yy)z Raman spectra for normally incident 488 nm light are plotted for the indicated spots on a 12 um-thick (010) p-Ga203 homo-epitaxial
growth on Czochralski (010) 3-Ga,O3 substrate. Green: flat region having striations along the [001] direction. Red: ridge having striations along the [001] direction. Black:
growth flake adjacent to a parallelogram shaped ridge around a pit. Blue: non-flat pit bottom. The polarization-averaged spectra for the flat (green) and ridge (red) regions,
identical within the noise, correspond to (010) B-Ga; 03, as do the polarization-curves for the individual Raman lines (Figs. S4-S6 of the supplementary material).
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FIG. 8. Low-temperature (4 K) cathodoluminescence spectra from four samples
of CIS-MOCVD B-Ga,03 homoepitaxial layers grown on CZ (010) p-Ga, O3 sub-
strates. All spectra were acquired from regions of the samples free from extended
defects.
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corner of a pit lined with a parallelogram shaped boundary. Over-
all, surface defects continue to nucleate, develop, and grow with
increasing film thickness.

Figure 6 shows a further example of defect evolution as a func-
tion of B-Gay O3 epitaxial layer thickness. The AFM images for the
1.2 ym [Fig. 6(a)] and 3.6 ym [Fig. 6(b)] thick epilayers depict the
formation of the pit/parallelogram/flake defects seen in these sam-
ples. What appear to be earlier stages in Fig. 6(a) show only one
feature sticking up above the normal epi surface and no pit; once
such features reach a certain size, a fracture line appears on the
adjacent epi-surface, which travels a short distance before being ter-
minated by a nominally symmetric feature sticking up above the
epi surface. The fracture typically enlarges to a pit around which
a parallelogram feature often grows, as shown in Fig. 6(b); such
parallelograms appear symmetrically oriented relative to the [001]
direction of the surface striations. More commonly, large flakes
begin growing at the upper-left and/or lower-right of features, as
shown in Fig. 6(b). See Figs. S7 and S8 of the supplementary material
for an example. The Nomarski microscope images in Fig. S8 give
additional large-area illustrations of the scope of the macroscopic
defects characterized in this work.

Polarized Raman spectra from various regions of the 12 ym
thick B-Ga,Os3 epilayer are shown in Fig. 7. The reader is referred
to the supplementary material (Figs. S4-S6) for the detailed assign-
ments of each Raman mode in p-Ga,03.* These polarization aver-
aged spectra were collected from four different spots (defect-free
area, ridge, pit rim, and pit bottom), as shown in the correspond-
ing Nomarski microscope image, confirming the phase purity of the
epitaxial layers away from and within a macroscopic defect. We note

"(202) ({11)

Substrate

FIG. 9. Cross-sectional transmission electron micrographs and selective-area electron diffraction (SAED) images of a single V-shaped defect imaged on the 6 um thick
Gay 03 epilayer on EFG (010) p-Ga 03 substrate with the corresponding selected area diffraction patterns showing the presence of misoriented twin domains surrounded
by bulk single crystal material. Regions 1, 2, and 3 correspond to the (010) bulk Ga, 03 with the [10-2] zone axis. The diffraction pattern in the green frame is a simulated
pattern of (010) orientation along the [10-2] zone axis. The diffraction patterns in the yellow and blue frames are the diffraction patterns from the V-shaped components and

are mirror images.
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the shoulder on the Bg(5) modes on the spectrum collected from a
pit bottom, the origin of which is presently unknown. Further spa-
tial maps of the intensities of the A¢(3) and Ag(10) modes are given
in Fig. S6 of the supplementary material as a function of incident
light polarization angles. The reader is further directed to Figs. S4-S6
of the supplementary material for additional angle-averaged spectra
and polarization curves collected from the 12 ym thick p-Ga, O3 epi-
layer away from defects (Fig. S4), on a surface ridge (Fig. S5), and on
a pit ridge (Fig. S6).

CL spectra obtained at 4 K for the 3-Ga, O3 homoepitaxial films
on Czochralski substrates are shown in Fig. 8. Monte Carlo simu-
lation of the depth dependence of electron-hole excitation for an
accelerating voltage of 3 kV yielded an estimated Bohr-Beth maxi-
mum range of 80 nm. Therefore, the CL spectra were acquired near
the sample surfaces. Self-absorption was not taken into consider-
ation because -Ga;Os3 is an indirect gap semiconductor and the
energies of the emission bands are below the bandgap. There was a
systematic reduction of the broad emission intensities with increas-
ing film thickness, but no large variations of the emission band line
shapes were observed. However, normalized peak intensity spectra
(not shown) indicate a 10-15 meV rigid redshift of the CL spectrum
for the 12 ym thick film and a reduction of the peak intensity around
3.40 eV. These observations may result from increasing concentra-
tion of gross structural defects across the surface of thicker films, but
a direct correlation with these defects will require detailed, higher
lateral resolution CL measurements.

To understand the nature of these observed defects, cross-
sectional transmission electron microscopy (TEM) was taken across
a single defect (Figs. 9 and 10) as well as within the high defect den-
sity region (Figs. S10-S12) (identified as the misoriented region in
Fig. 4 topograph). Both TEM samples were taken along the [102]
zone axis. In Fig. 9, the cross section taken across the single pit
revealed a V-shaped defect with misoriented twinned grains that cre-
ate a 68° angle, which corresponds to the angle with the (830) and
(—830) twinned planes. This defect structure is quantifiably differ-
ent from the V-shaped (a.k.a., sympetalous) defect reported in the
study by Cooke et al., where an 89° angle and differently oriented
twinned sections were reported.’’ In addition, selected area elec-
tron diffraction measurements showed that the region between the
V-shaped twinned grains exhibited the same orientation as the bulk
material, suggesting a directional growth of the misoriented defect.
In the defect dense region (Fig. S10), polycrystalline material was
observed with elongated grains in the out-of-plane direction. There-
fore, the misoriented section of material observed in the topography
image was not associated with a misoriented single crystal or an
amorphous region. The observed structure is reminiscent of poly-
crystalline growth, such as with diamond, for example, where small,
nucleated grains compete during growth and eventually intersect,
leaving a limited number of larger width columnar grains with a
few dominant growth directions (see Fig. $10).** A precession elec-
tron diffraction measurement shown in Fig. S11 mapped the inter-
facial region, and the orientation distributions were determined.
Interestingly, very little of the material was of (010), but rather
a mix of orientations, with the (001) orientation the most preva-
lent orientation. In this defect dense region, the epilayer-substrate
interface had a roughness of ~18 nm (see Fig. S12) and showed
no evidence for a high quantity of threading dislocations originat-
ing from the substrate, eliminating such defects as sources for the
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polycrystalline growth. Overall, the high defect density in the epi-
taxial layers does not correspond to a high defect density in the
substrates. This suggests that these V-shaped defects can also orig-
inate from surface damage (i.e., surface cleaning or polishing) and
are not only associated with threading dislocations formed during
bulk growth.

Figure 10 shows a proposed model for V-shaped defect for-
mation and evolution based on the available data in this work.
Figure 10(a) shows the area where the TEM lamella of width W
was lifted out via the standard focused-ion beam technique. This
TEM sample, shown in cross section in Fig. 10(b) (also in Fig. 9),
is also shown schematically in cross-sectional side-view [Fig. 10(c)]
and front-view [Fig. 10(d)]. Regions 1, 2, 3, and the substrate pos-
sess the same orientation in Fig. 10(d), suggesting that the V-shaped
defect evolved at an angle with respect to the overall growth direc-
tion and the TEM images only captured one cross section. Our
present hypothesis is that an imperfection at the substrate surface
(e.g., a roughness or a pit) could have provided a nucleation site for
the misoriented twin domains denoted with red, blue, and yellow
circles in Figs. 9 and 10. Therefore, the substrate/epilayer interface
imaged in Fig. 11 directly underneath the V-shaped defect would be
smooth, as the substrate surface defect would not be located in the
TEM sample. However, Ref. 31 did image a threading dislocation
at the epilayer—substrate interface that nucleated into the V-shaped
pits observed at the surface.’!

Hypothesize
interface
roughness at
origin

(c) t

w

FIG. 10. Proposed model for V-shaped defect formation and evolution. (a) Scan-
ning electron microscope (SEM) top-view image of a region with a single V-shaped
defect. (b) TEM cross-sectional image from Fig. 9 shown with the correct ori-
entation of the Ga,O3 domains as related to the SAED patterns. (c) Schematic
showing hypothesis for origin of V-shaped defect from epitaxial interface rough-
ness showing the cross-section of a TEM lamella with thickness W. (d) Schematic
of V-shaped defect showing regions 1, 2, and 3 aligned with each other.
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FIG. 11. Cross-sectional transmission electron micrograph of the substrate—
epilayer interface underneath the V-shaped defect imaged on the 6 um thick
Gay 03 epilayer on the EFG (010) -Ga, 03 substrate.

CONCLUSION

The origin of surface defects was investigated in homoepi-
taxial (010) B-Ga,O; films as a function of epilayer thickness in
the 1.2-12 ym range grown via CIS-MOCVD with a substrate
temperature of 840°C and 15 Torr pressure. Optical Nomarski
microscope images and AFM imaging revealed surface pitting dis-
tributed nonuniformly across the sample, with regions of high and
low density of surface defects. AFM imaging profiled the evolu-
tion of extended defects as a function of epilayer thickness. Detailed
polarized Raman spectroscopy analysis showed only the presence
of monoclinic B-phase Ga,O3; within the extended defects. TEM
imaging revealed a V-shaped defect consisting of misoriented twins
of B-Ga,O;3 in the 6 um thick film. EPR spectra and Hall mea-
surements showed good agreement in Si doping levels of 2.8-3.1
x 10"7 cm™, with slightly lower mobilities associated with the higher
defect densities that also led to broadened (020) and (-623) rock-
ing curves. Thermal conductivity measurements performed away
from the extended defects were in the range of 19.3-19.8 W/m
K, also independent of epilayer thickness. These results suggest
that extended defects are the primary killer defect in thick CIS-
MOCVD epitaxial f-Ga,O3, at least for the case of growth using
on-axis (010) B-Ga,Os substrates. Growth of Ga,O3 with excel-
lent growth rate and high structural and electrical quality has been
reported in the literature via various techniques, including molec-
ular beam epitaxy, hot-wall MOCVD, and mist-CVD techniques,
as well as the close-coupled showerhead MOCVD from a different
reactor manufacturer.”” ' While the quality of epitaxial Ga,O3 con-
tinues to improve, at this time, the understanding and elimination of
extended defects still remain priorities in order to produce epitaxial
layers with relevant thickness for ultrahigh voltage power electronics
applications.

SUPPLEMENTARY MATERIAL

In the supplementary material, we include the following addi-
tional data: resistance vs input power SSTR signal, EPR spectra,

pubs.aip.org/aip/apm

Raman maps, spectra, polarization curves, Nomarski and AFM
images of extended defects, representative GE RSM maps, and TEM
images.
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