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Vacancy-type defects introduced by mechanical polishing in basic ammonothermal
GaN and their annealing behavior were studied using a monoenergetic positron beam.
The major vacancy-type defect in the sample was identified as a Ga-vacancy (Vga)
coupled with hydrogen atoms. After mechanical polishing, high-density dislocations and
stacking faults were introduced in the subsurface region (< 240 nm). In this region, the
vacancy-type defects detected by positron annihilation were divacancies (VGaVn) and
their complexes with hydrogen atoms. After ultra-high-pressure annealing at 1400°C,

{0001} basal slip bands were the predominant defects observed using a transmission



electron microscope. The major vacancy-type defects for the annealed samples were
identified as Vga coupled with multiple Vx [ex Vga(Vn)3] and their complexes with
hydrogen atoms. The observed annealing behavior of vacancies agreed with that

estimated using photoluminescence spectroscopy.
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1. Introduction

Gallium nitride (GaN) is the primary widegap semiconductor for not only
optoelectronic devices but also high-frequency and high-power devices [1-3]. With its
high electron velocity, high breakdown strength, high thermal conductivity, and low on-
resistance, GaN-based power devices have pushed forward the limits of Si- and SiC-based
power chips. The application fields of GaN-based power devices will expand into next-
generation networks as well as the automotive and aerospace industries. Most
commercially available GaN-based devices have been fabricated using GaN grown on
foreign substrates such as Si, SiC, GaAs, and sapphire, due to the difficulty in growing
cost-effective GaN substrates. Thus, technologies have been extensively studied for
suppressing the introduction of defects, such as threading dislocations, caused by lattice
mismatch between GaN and substrates [2,4]. However, demand is increasing for free-
standing GaN substrates for fabricating high-quality optical devices and vertical high-
power transistors. The major growth techniques for bulk GaN are ammonothermal and
sodium-flux methods [5—9]. The significant features of these GaN substrates are their low
threading dislocation density (TDD) and low curvature radius [8,9]. GaN wafers grown
by halide vapor phase epitaxy (HVPE) and its derivative, oxide vapor phase epitaxy
(OVPE), are often used as “quasi-bulk” GaN substrates [10,11]. However, they have
larger TDD and curvature radius than bulk GaN because of the differences in lattice
constants and thermal expansion coefficients of GaN and foreign substrates.

In the ammonothermal growth technique, GaN feedstock is dissolved in supercritical
ammonia in a high-pressure autoclave [6,8,9]. The dissolved feedstock is transported to
native seeds, and the crystallization occurs under supersaturation conditions. To

accelerate crystal growth, mineralizers are added to the ammonia, thereby enhancing the



dissociation and solubility of GaN. The typical growth temperature and pressure of
ammonia are 400—750°C and 100—-600 MPa. In the sodium-flux method, Ga and Na are
mixed in a crucible at around 900°C under a nitrogen atmosphere (0.5—-5 MPa), where Na
increases the solubility of atomic nitrogen in the Ga flux [5,7].

After crystal growth, wafers are fabricated through multiple procedures, including
wire saw cutting, mechanical polishing (grinding and lapping), and chemical-mechanical
polishing (CMP) [12-16]. GaN crystals, however, exhibit high brittleness and hardness
but low fracture toughness, which easily leads to brittle damage, such as fractures and
cracks, during machining [14,16]. The major phenomena during mechanical polishing are
plastic deformation and lattice distortions at elevated temperatures due to grinding heat,
which introduce high-density stacking faults, dislocations, amorphous regions, and
nanocrystalline regions. These types of damage are removed by post-grinding processes
such as lapping and CMP. To fabricate an epitaxial-ready surface, the root-mean-square
(RMS) roughness must be less than 0.1 nm [8]. Because the removal rate of CMP is low,
wafering time is governed by this process, and hence affects the overall manufacturing
cost. Both mechanical and chemical processes during the wafering process are closely
related to the final surface conditions [15,17]. Thus, defects introduced by the mechanical
polishing process need to be known in detail to optimize wafering process parameters.
Positron annihilation is a technique for characterizing vacancy-type defects in solid-state
materials [18]. This technique has been used to detect vacancy-type defects in bulk GaN
and GaN grown on foreign substrates [19-23]. In the present study, we used a
monoenergetic positron beam to characterize vacancy-type defects introduced by the

mechanical polishing process in basic ammonothermal GaN.



2. Experimental

The samples investigated were 1-in.-diameter GaN wafers grown by using the basic
ammonothermal process on native substrates. Details of the growth method, reactor
configurations, and the physical properties of basic ammonothermal GaN are described
elsewhere [8,9,24]. The major impurities in the samples were hydrogen (10'° cm™) and
oxygen (10! cm™). The samples with two types of (0001) surface preparation were
studied. The first type will be referred to as “rough polishing,” and the second one as
“optically flat.” Details about both surface finishes were given in Table 1. The samples
were first cut from bulk as-grown crystal using a wire saw and then lapped on both sides
(N-polar and Ga-polar). The rough-polished sample underwent polishing step 1, and the
optically flat sample underwent all the polishing steps. The two presented surface finishes
are representing wafering steps preceding CMP. More details about the wafering
procedure can be found elsewhere [25]. To understand the annealing behavior of defects
introduced by the rough polishing, the samples were annealed at temperatures between
1000°C and 1400°C for 5 min under a N> pressure of 1 GPa using an ultra-high-pressure
annealing (UHPA) system [26].

The surface conditions of the samples before annealing were characterized using an
X-ray diffractometer (XRD). From measurements of 20-o XRD profiles for the sample
after rough polishing, the full-widths-at-half-maximum (FWHMs) of the reflection from
(002) were found to be 161 and 146 arcsec along the a- and m-axes, respectively. After
optically flat polishing, they decreased to 28 and 36 arcsec, respectively. The surface
morphologies for the samples after rough and optical polishings were evaluated using
atomic force microscopy (AFM). Figure 1 shows AFM images of these samples, where

RMS after rough and optical polishings were 8.7 nm and 0.17 nm, respectively. The



damaged subsurface of the rough-polished sample was also characterized using a
transmission electron microscope (TEM). The sample was prepared by focused ion beam
(FIB) milling (Ethos NX5000 series, Hitachi High-Tech Co.) after covering the surface
with carbon layers. TEM bright-field (BF) images were obtained by the Thermo Fisher
Scientific Talos F200X G2 transmission electron microscope. Photoluminescence (PL)
spectra were measured by using a He-Cd laser at 325 nm and a power density of 38 W/cm?
at room temperature.

Details of the positron annihilation spectroscopy and its application for the
characterization of vacancy-type defects are described elsewhere [18,22,23,27]. A
monoenergetic positron beam was used to measure Doppler broadening spectra of the
annihilation radiation as a function of incident positron energy E. Obtained spectra were
characterized by the § parameter defined as the fraction of annihilation events in the
energy range between 510.22 and 511.78 keV, and by the W parameter defined as the
number of annihilation events in the energy ranges of 504.14-507.96 and 514.04-517.86
keV. The depth distributions of vacancy-type defects in the rough-polished samples
before and after annealing were obtained by analyzing the S—E relationship using the
computer code VEPFIT [28]. The coincidence Doppler broadening technique was also
used to identify the vacancy-type defects in the samples [18].

The Doppler broadening spectra for the positron annihilation in GaN containing
vacancy-type defects and defect-free (DF) GaN were simulated by QMAS (Quantum
MAterials Simulator) code [29,30]. Details on the simulation of positron annihilation in
group-I1I nitrides using QMAS are given elsewhere [31,32]. The simulation code uses the
projector augmented-wave (PAW) method [33] and a plane-wave basis set. An

orthorhombic supercell equivalent to 4 x 4 x 2 hexagonal unit cells with a wurtzite



structure was used in the calculation. The number of atoms in the supercell was 128 if
there is no vacancy. The planewave energy cutoff and the force convergence criterion
were set to be 20 Ha and 5 x 107> Ha/Bohr, respectively. Only the I point is used for the
Brillouin zone sampling. Atomic positions were optimized by determining the Hellmann-
Feynman forces, where the effect of a positron on the atomic configurations was not
considered. The electronic exchange-correlation interaction was treated on the basis of
the Perdew—Burke—Ernzerhof-type generalized gradient approximation [34]. The
electron-positron interaction was treated on the basis of the local-density approximation
[35]. The energy resolution of the Ge detectors for coincidence Doppler broadening

spectra (0.90 keV, full width at half maximum) was convoluted with the simulated spectra.

3. Results and Discussion

Figure 2 shows cross-sectional BF-TEM images of the samples after (a) rough
polishing and annealing at (b) 1000°C, (c) 1100°C, (d) 1200°C, and (e) 1400°C. Before
annealing treatment [Fig. 2(a)], the observed surface morphology is typical for GaN
wafers after mechanical polishing [14—16]. In the subsurface region (< 100 nm), the dark
area corresponds to the region with high-density stacking faults and dislocations. The area
is also expected to include amorphous regions resulting from lattice distortions induced
by abrasive stress [16,36,37]. The arrows in Fig. 2(a) show dislocations along with
pyramidal planes, which are also typical defects introduced by mechanical polishing [16]
and deformation by Vickers indentation [38—40]. In the region > 100 nm, dislocation
loops multiply and move by cross-slips on the {0001} basal and {1011} pyramidal planes
[38].

Above 1100°C annealing [Fig. 2(c)—(e)], the dark area (< 100 nm) and the



dislocations along the pyramidal planes disappeared and were replaced by {0001} basal
slip bands [arrows in Fig 2(e)]. These slip bands are also common defects introduced by
the Vickers hardness test [38—40]. The basal slip band is a more stable defect than non-
basal slip systems in hcp materials. At high annealing temperatures (> 1100°C), a certain
amount of stress can be introduced by the recrystallization of the subsurface amorphous
region. The basal slip band is considered to effectively suppress such stress. Horibuchi et
al. [41] reported that threading dislocations in basic ammonothermal GaN were changed
into helical dislocations while the epitaxial layer was being deposited on the GaN
substrate at 1100°C. The helical dislocations mainly consisted of dislocations along the
{0001} basal planes, suggesting that basal-plane defects are stable at high temperature.
Figure 3 shows the S values of rough-polished GaN before and after annealing (1000,
1100, 1200, 1400°C) as a function of E. The mean positron implantation depth is shown
on the upper horizontal axis. The S—F relationship for optical-polished GaN is also shown.
For this sample, the S value saturated at £ > 10 keV, suggesting that the positron
annihilation at the surface had a negligible effect in this energy range, and the obtained S
value is the one corresponding to the positron annihilation in bulk. The S value for defect-
free GaN 1is reported to be 0.442 [22,23,27]. The larger S value (0.451) for
ammonothermal GaN, therefore, is due to the trapping of positrons by vacancies. The
diffusion length of positrons (Lq) for optical-polished GaN was obtained to be 30+2 nm.
This value is shorter than typical defect-free GaN (80-100 nm) [22,23], suggesting the
suppression of the positron diffusion due to vacancies. After rough polishing, the S value
in the subsurface region (£ < 10 keV) increased, suggesting the trapping of positrons by

vacancy-type defects. The S value in the damaged region increased after 1000°C and

began to decrease above 1100°C.



By analyzing the S—F relationships, the depth distributions of S were obtained. In the
fitting procedure, the region scanned by positrons was divided into three blocks, with the
3t (deepest) block corresponding to the bulk S value. The fitting determined the S values
for each block and their positions. For rough-polished GaN, Lq in the 3™ block was fixed
to that of optical-polished GaN. The L4 values in the first block were determined from the
fits and were obtained to be about 10 nm. The value of Lq in the 2" block was fixed to be
the one for the 1% block. The solid curves in Fig. 3 are fits to the experimental data, and
Fig. 4 shows the obtained depth distribution of S. Before annealing, the high S value
(0.477) was observed in the subsurface region (< 50 nm) and remained at 0.47 up to 240
nm. The observed behavior of S reasonably agreed with the surface morphology observed
by TEM (Fig. 2). After annealing at 1000°C, the S value at < 50 nm increased, which can
be attributed to vacancy-type defects agglomerating in the highly damaged area. After
annealing above 1100°C, the S value in this region tended to decrease preferentially.

The species of vacancy-type defects can be identified by using the relationship
between the S and W parameters [18]. Figure 5 shows S—W plots obtained from the
coincidence Doppler broadening spectra for the rough-polished GaN samples before and
after annealing (brown symbols). As shown in Fig. 3, the region that yields a high S value
shifted toward the inside of the sample as the annealing temperature increased. To
evaluate these regions, the E values for the coincidence measurement increased with
annealing temperature. For the sample before annealing, £ was fixed at 2.1 keV. The
values of E were fixed at 3.6, 5.6, 6.6, and 6.6 keV for the samples annealed at 1000°C,
1100°C, 1200°C, and 1400°C, respectively. The (S,/) values for the ammonothermal
GaN after optical polishing and defect-free GaN grown by using metal-organic vapor

phase epitaxy (MOVPE) on the GaN substrate were also measured at £ = 28.6 keV. The



latter value corresponds to the positron annihilation in defect-free (DF) GaN [42]. The
simulated (S, /) values for defect-free GaN (DFcan)), a Ga-vacancy Vaga, their complexes
with nitrogen vacancy (Vn) [Vca(VN)s, #=1-3], and these complexes with oxygen and
hydrogen [VGa(ON)n, nH-VGa, and H-VGa(VN),, n=1-4] are also shown in Fig. 5 (blue
symbols).

For the sample after optical polishing, the (S,/) value was close to that of 2H-Vga.
For ammonothermal GaN prepared under similar growth conditions to those used in the
present experiment, the (S,/) value was obtained to be almost identical to that of optical-
polished GaN [23]. In this report (ref. 23), the positron lifetime spectrum was also
measured and analyzed assuming a single component, with a positron lifetime of 0.181
ns. This lifetime was longer than the positron lifetime for typical defect-free GaN (0.16
ns) [22], suggesting that almost all positrons annihilate from the trapped state. The
simulated positron lifetime for 2H-Vga. was reported to be 0.185 ns [23], which was close
to the obtained lifetime for the ammonothermal GaN. Thus, the major defects in optical-
polished GaN can be identified as Vga coupled with hydrogen atoms. This is consistent
with previous reports on basic and acidic ammonothermal GaN [20,21,43]. For the
sample after rough polishing, the (S,/) value was close to that of VGaVn and/or H-VGaVn,
suggesting that the major vacancy-type defects detected by positron annihilation in the
deformed region are such defects. After annealing at 1000°C, the value shifted to the
upper-right. Above 1100°C, the values appear to lie on a line, but an extension of the line
toward the left-hand side does not approach the defect-free value. This suggests that the
observed variation of the (S,/) values was not due to vacancy concentration decreasing
but to the defect species changing. Because the value for the sample after annealing at

1400°C was close to the (S,/) for H-Vga(VN)3, the average number of hydrogen atoms
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trapped by vacancy clusters [ex Vga(Vn)3] increased as temperature increased from
1000°C to 1400°C. For ion-implanted GaN (before annealing), the major defect species
was reported to be Vga-type defects (Vga and/or VgaVn) [27,42,44]. If the vacancy
concentration is high, the defect size increases to (VgaVn)s after annealing at 1000°C
[27,44]. Because the motion of dislocations consumes vacancies, the suppression of the
increase in vacancy clusters in the present samples could result from high-density
dislocations as a sink of vacancies. The formation energies (Er) of complexes of Vga-type
defects and hydrogen atoms in GaN have been calculated using first-principles density-
functional theory [45—48]. The value of Er depends on the Fermi level position, but Er
for nH-Vga tends to be lower than Er for Vga, and the same is true for larger vacancies
such as VgaVn. The energy required for removing hydrogen atoms from a hydrogenated
vacancy is positive. Thus, the formation of vacancy-hydrogen complexes could also
account for the suppression of larger vacancy clusters after high-temperature annealing.
In Fig. 4, the S value in the subsurface region (30—60 nm) decreased after annealing above
1100°C. During UHPA, hydrogen was reported to be introduced from the atmosphere
during annealing above 1000°C [27]. Thus, the decrease in S in this region can be
attributed to the formation of vacancy complexes with hydrogen atoms diffused from the
surface.

Figure 6 shows PL intensities for GaN wafers after rough polishing and annealing
treatments (1000—1400°C). The result for the sample after optical polishing is also shown.
For this sample, the origin of the green luminescence (GL) band (2.40 eV) has been
attributed to several causes, including nitrogen vacancy (Vn)-related defects and a carbon
atom at the nitrogen site (Cn) [49-51]. Because the carbon concentration in

ammonothermal GaN is relatively low, the origin of the GL band can be attributed to V-
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related defects [52,53]. The blue luminescence (BL) at 2.96 ¢V has also been attributed
to several defects, such as Mgga, Znga, Cn, Cca, and Vga-related complexes [54-59]. For
ammonothermal GaN, the most probable candidate was reported to be Vga coupled with
hydrogen and/or oxygen atoms [52], but Mgga. and/or Znga could be partially associated
with this luminescence peak [57].

The intensities of near-band-edge (NBE) emission, GL, and BL emissions decreased
due to non-radiative recombination centers being introduced by rough polishing. After
annealing at 1000°C and 1100°C, the intensities of these emission bands recovered as
annealing temperature increased. After annealing at 1200°C, however, the GL band
intensity began to decrease, and the BL emission became the dominant contributor to the
luminescence after annealing at 1400°C. As discussed above, the annealing of the rough-
polished sample increases the number of VN coupled with Vga-type defects. Thus, the
observed suppression of the GL band can be attributed to complexes forming between

Vaa-type defects and to the concentration of Vn-type defects decreasing.

4. Summary

We used positron annihilation to study vacancy-type defects introduced by rough
polishing in basic ammonothermal GaN. Doppler broadening spectra of the annihilation
radiation were measured for the samples before and after the polishing. The major
vacancy-type defect in the sample was identified as Vga-type defects coupled with
hydrogen atoms. The rough polishing introduced high-density stacking faults and
dislocations in the subsurface region (< 240 nm). The major vacancy-type defects in this
region were divacancies and their hydrogen-complexed forms. After UHPA at 1400 °C,

{0001} basal slip bands were the predominant defects observed by using a TEM. Even at
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this temperature, high-density vacancy-type defects were still found to exist, and the
number of Vn coupled with Vg, increased (ex. H-VGaVn — H-Vga(Vn)3). The variation
of PL spectra for the samples before and after annealing was well explained by the
annealing behavior of vacancies observed by positron annihilation. The present work
showed that positron annihilation spectroscopy is a valuable technique for optimizing
both mechanical and chemical polishing processes, because it can determine depth

distributions of defects and the defect species non-destructively.
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Fig. 1. AFM images of basic ammonothermal GaN wafers after (a) rough polishing (RMS

= 8.7 nm) and (b) optical polishing (RMS = 0.17 nm).

Fig. 2. Cross-sectional BF-TEM images of basic ammonothermal GaN wafers after (a)

rough polishing and annealing at (b) 1000°C, (¢) 1100°C, (d) 1200°C, and (e) 1400°C.

Fig. 3. S parameters as a function of incident positron energy £ for ammonothermal GaN
wafers after rough polishing and annealing treatments (1000—-1400°C). Results for
the wafer after CMP are also shown. Solid curves represent fits to experimental data,
and results are shown in Fig. 3. Ranges of green, blue, and ultraviolet luminescence

bands (GL, BL, and UVL) are shown.

Fig. 4. Depth distributions of S for ammonothermal GaN wafers after rough polishing and

annealing treatments (1000—1400°C).

Fig. 5. S—W relationships for ammonothermal GaN wafers after rough polishing (RP) and
annealing treatments (1000—1400°C). (S,/) values for ammonothermal GaN after
optical polishing (OP) and MOVPE-GaN (DF) are also shown. (S,/) obtained by
simulations for defect-free GaN (DF(ca), VGa, VGa(VN)n, VGa(On)w, nH-VGa, H-

VGa(VN)n (n = 1-4) are shown as blue symbols.

Fig. 6. PL intensities for ammonothermal GaN wafers after rough polishing (RP) and
annealing treatments (1000—1400°C). The result for the wafer after optical polishing

(OP) is also shown. Energy ranges corresponding to red, yellow, green, blue, and

20



ultraviolet luminescence are shown as bars (RL, YL, GL, BL, and UVL).
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