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Abstract: Face-to-face annealed sputter-deposited aluminum nitride (AIN) templates (FFA Sp-AIN)
are a promising material for application in deep-ultraviolet light-emitting diodes (DUV-LEDs),
whose performance is directly related to the crystallinity of the AIN film. However, the influence
of the sputtering conditions and annealing on the crystallinity of AIN films have not yet been
comprehensively studied. Accordingly, in this study, we fabricate AIN films on sapphire substrates
through sputtering deposition followed by face-to-face high-temperature annealing, and investigate
the influence of the sputtering conditions, such as the sputtering gas species and chamber pressure,
on the crystallinity of the AIN films before and after annealing. The results revealed that reducing
the amount of Ar in the sputtering gas significantly enhances the c-axis oriented growth during
the initial stages of sputtering deposition and mitigates the tilt disorder of the layer deposited on
the initial layer, resulting in low threading dislocation densities (TDDs) in the annealed AIN films.
Decreasing the chamber pressure also effectively improves the crystallinity of the annealed AIN films.
Thus, although high-temperature annealing can reduce the TDDs in AlN films, the properties of the
as-sputtered AIN films have a significant effect on the crystallinity of FFA Sp-AlN films.

Keywords: AIN; sapphire; radio frequency sputtering; face-to-face annealing; crystallinity; X-ray
diffraction; atomic force microscopy; deep-ultraviolet light-emitting diodes

1. Introduction

Aluminum nitride (AIN) is considered to be an attractive material owing to its physical
characteristics such as an ultrawide bandgap energy, a transparency to deep-ultraviolet
(DUV) light, superior thermal conductivity, large piezoelectric response, and thermal and
chemical stability. Recently, IlI-nitride-based DUV light-emitting diodes (LEDs) have re-
ceived significant attention for sterilization and disinfection applications [1,2]. To fabricate
DUV-LEDs with high efficiency and long-term reliability, the crystallinity of AlGaN, which
acts as the light-emitting layer and the electrically conductive layer, must be improved [3,4].
The crystallinity of AlGaN is significantly influenced by that of the underlying AIN buffer
layer. Therefore, the preparation of high-quality AIN templates can improve the perfor-
mance of DUV-LEDs. Although free-standing AIN substrates fabricated through the subli-
mation method already possess threading dislocation densities (TDDs) of 103~10° cm~2 [5],
these free-standing substrates cannot be realistically employed in industrial mass produc-
tion as the bulk crystals are extremely expensive and are available only up to a diameter of
5.08 cm (2 inches). Therefore, AIN templates with a high crystallinity should be fabricated
on foreign substrates such as sapphire. Various growth techniques for AIN films have
been developed using conventional methods such as metalorganic vapor phase epitaxy
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(MOVPE) or hydride vapor phase epitaxy (HVPE), but the TDDs of AIN on sapphire sub-
strates are still approximately 108 cm 2 owing to a large lattice mismatch between AIN and
sapphire [6]. Consequently, alternative schemes, such as post-deposition high-temperature
annealing, have been developed to synthesize AIN films on sapphire with low TDDs.
During high-temperature annealing at approximately 1700 °C, rearrangement of atoms
and recrystallization occur in the AIN film [7]. Consequently, the numerous threading
dislocations (TDs) that initially exist in the AIN films are diminished. Studies have shown
that high-temperature annealing is not only effective for MOVPE-grown AIN but also for
sputter-deposited AIN [8]. Furthermore, a face-to-face annealing setup prevents the AIN
film from undergoing thermal decomposition under extremely high temperatures and
enables the annealing of the AIN films at 1013 hPa in an N, atmosphere [8]. Face-to-face
annealed sputter-deposited AIN templates (FFA Sp-AIN) are a promising low-cost and
high-quality alternative AIN template for DUV-LED applications. Multiple studies have
reported that DUV-LEDs using FFA Sp-AIN with low TDDs have better performance than
those using conventional MOVPE-grown AIN templates with relatively high TDDs [9,10].

Several researchers, including us, have reported on the high-temperature annealing of
AIN thin films on sapphire substrates. The AIN deposition methods used in these studies
can vary significantly, from radio frequency (RF) sputtering [11-18], to direct current (DC)
sputtering [19], MOVPE [20-23], and molecular beam epitaxy (MBE) [24]. A combina-
tion of sputtering and MOVPE has also been used, e.g., annealing of homoepitaxially
MOVPE-grown AIN on a thin AIN buffer deposited by sputtering [25-27]. Nevertheless,
the general consensus in all these studies is that high-temperature annealing improves
the crystallinity of AIN. Furthermore, most of these studies indicate that the higher the
annealing temperature and the longer the annealing time, the better the crystallinity of the
AIN. However, the reported crystallinity after high-temperature annealing varies across
these studies, even if the annealing conditions were similar. Therefore, the influence of
the crystallinity of AIN before annealing on that of after annealing must be clarified to
fabricate AIN templates with high crystallinity after high-temperature annealing.

In our previous research, we reported that the TDDs in FFA Sp-AIN can be reduced by
increasing the sputtered AIN film thickness [15-17]. However, the current understanding
of the relationship between the sputtering conditions and the crystallinity of FFA Sp-AIN
is quite limited [18] and has not yet been discussed in detail. To the best of our knowledge,
there are no comprehensive studies on the crystallinity of AIN sputtered films using
RF sputtering with an AIN sintered target and on that of AIN after annealing. In this
study, we fabricated AIN films through sputtering, with various supplied gas species at
various chamber pressures, followed by high-temperature annealing, and compared the
crystallinities of the AIN films before and after annealing. The results indicate that the
deposition conditions and properties of the as-sputtered AIN films have a significant effect
on the final crystallinity of FFA Sp-AIN.

2. Materials and Methods

AIN films were deposited through RF sputtering on c-plane sapphire substrates with
a surface off-cut angle of 0.2° relative to the m-axis. The diameter of the substrates was
5.08 cm (2 inches). Figure 1a shows the schematic illustration of the sputtering system.
Polycrystalline sintered AIN (99.9%) was used as the source target for the RF sputtering,
and the distance from the target to the substrate (I-S) was 14 cm. The substrates were
set in a face-down arrangement. The background pressure of the sputtering chamber was
less than 6.0 x 10~ Pa. Pure N; or No—-Ar mixtures were used as the sputtering gases.
N, was prepared by passing the vaporized liquid nitrogen through an inert gas purifier.
Ar was supplied directly from the cylinder. The nominal purity of the N, and Ar was
higher than 99.99999% (7N) and 99.9999% (6N), respectively. When using pure Np, Ar was
introduced only at the time of the ignition of RF-plasma. During AIN deposition, the
substrate temperature and RF power were maintained at 600 °C and 700 W, respectively.
Two groups of AIN films were fabricated herein: in the first group, 330 nm-thick AIN films
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were deposited under a fixed sputtering pressure of 0.1 Pa, using various N, /(N + Ar)
ratios ranging from 25% to 100%; in the second group, 185-245 nm-thick AIN films were
deposited under various sputtering pressures ranging from 0.05 to 1.5 Pa. For the second
group, only N, was used as the sputtering gas. The gas flow supplied during the fabrication
of the samples was maintained at 24 sccm. The sputtering pressure was controlled by a
tunable conductance bulb placed between the sputtering chamber and the vacuum pump.
After deposition, high-temperature face-to-face annealing was performed at 1700 °C in
an Nj atmosphere at 1013 hPa for 3 h. Figure 1b shows the schematic illustration of the
experimental setup for face-to-face annealing. Subsequently, X-ray diffraction (XRD) was
performed using an X'pert MRD (Malvern Panalytical, Malvern, UK) with an X-ray mirror
and channel-cut Ge(220) 2-bounce monochromator to characterize the crystallinity and
lattice constants of the AIN films. Herein, CuK,; radiation (A = 0.15406 nm) was used as the
X-ray source. A channel-cut Ge(220) 3-bounce analyzer and Xe proportional detector were
used to measure the high-resolution X-ray rocking curve (XRC), and a one-dimensional
semiconductor array detector was used to measure the XRD reciprocal space map (XRD-
RSM). The ideal smallest XRC full width at half maximum (FWHM) value of the AIN(0002)
diffraction with the experimental setup used herein was approximately 9 arcsec. During
the XRD measurement, the X-ray irradiation area on the AIN film was smaller than 1.1 mm
(the length parallel to the X-ray irradiation direction) x 1.6 mm (the width perpendicular
to the X-ray irradiation direction) for the high-resolution XRC setup and smaller than
0.4 mm x 6.5 mm for the XRD-RSM setup. An MFP-3D atomic force microscope (AFM)
(Oxford instruments, Abington, UK) was used to investigate the surface morphology of the
samples. The AFM measurements were carried out in the AC mode. The XRD and AFM
characterizations were performed on the center of each sample. However, the crystallinity
and surface morphology of the samples were uniform except for the area 5 mm from
the periphery of the wafers. Additionally, regardless of the sputtering conditions, it was
confirmed by optical microscope observation that there was no crack or volcano-shaped
macroscopic defect [14,17] on the AIN, neither before nor after annealing.
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Figure 1. Schematic illustrations of (a) RF sputtering system for AIN deposition, and (b) face-to-
face annealing.

3. Results and Discussion
3.1. Effect of Sputtering Gas Species

In this section, we discuss the relationship between the supplied No—Ar ratio and
the characteristics of the AIN films before and after annealing. The deposition rate of the
AIN varied with the Np—Ar ratio. As the N»/(N, + Ar) ratio increased from 25% to 100%,
the deposition rate decreased from 4.0 to 2.7 nm/min. The Ny-Ar ratio influences the
deposition rate owing to the difference in the sputtering effectiveness of the N atom and the
Ar atom. However, as an AIN sintered target was used herein, the change in the deposition
rate with the variation in the N/(Ny + Ar) ratio was not as significant as that usually
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observed during reactive sputtering with an Al metal target. The deposition duration was
modified based on the N,/ (N, + Ar) ratio to achieve a uniform AIN film thickness.

Prior to performing FFA, we investigated the crystallinity of the as-sputtered AIN
films. The as-sputtered AIN and FFA Sp-AlN in this study exhibited a wurtzite (hexagonal)
rather than a zincblende (cubic) structure. Its phase was confirmed by the existence of XRD
peaks from specific asymmetric diffractions. Figure 2 shows the XRD-RSM images of the
as-sputtered AIN films that were sputtered using N, /(Ny + Ar) ratios of 25% and 100%. The
AIN(0002), AIN(0004), and AIN(0006) symmetric diffractions were characterized herein.
As shown in the RSM images of the (0002) diffraction, the diffraction peak comprised
two characteristic peaks. One was a streaked signal extending from the top of the peak
at g. =~ 0.402 to the origin of the reciprocal space, and the other peak broadened toward
the g, direction. The streaked signal diffracted from the highly c-axis oriented thin quasi-
coherent AIN layer just above the sapphire substrates [28,29]. The quasi-coherent layer
inherited the flatness and excellent crystallinity of the sapphire substrate. Compared to
those of the unstrained bulk AIN (c = 4.9808 A, gc = 0.40154 [5]), the streaked characteristic
and smaller g, value of the quasi-coherent layer in the RSM image reflect its compressive
stress and graded c-axis lattice constant. In contrast, the broad peak in the RSM image is
related to the relaxed layer that exists above the quasi-coherent layer. This relaxed layer
has a smaller c-axis lattice constant (larger g, value) than the bulk AIN. The broad feature
toward the g, direction reflects its out-of-plane orientational disorder (crystalline tilt) or
a small in-plate correlation length. Comparing the two RSM images, the AIN sputtered
using pure N, had a stronger signal intensity from the quasi-coherent layer compared to
the sample that was sputtered using the No—Ar gas mixture. The difference between the
two samples was more pronounced in the RSM images of the higher-order diffractions.
For example, in the (0004) and (0006) diffractions of the N, /(N, + Ar) = 25% samples
(Figure 2b,c), only the signal from the relaxed layer can be observed. However, in the
(0004) and (0006) diffractions of the N, /(Ny + Ar) = 100% samples (Figure 2e,f), the streak
feature of the quasi-coherent layer could be identified as well. This is possibly because
the quasi-coherent layer of the sample sputtered using pure N, had a larger thickness or
higher crystallinity than the sample sputtered using the No—Ar mixture.

High-resolution XRC measurements were performed to quantitatively evaluate the
effect of the sputtering gas on the as-sputtered AIN films. Figure 3a shows the XRC
profiles of the AIN(0002) diffraction obtained using an analyzer crystal placed in front
of the detector. The XRC profiles correspond to the cross-sectional profiles of the RSM
images formed horizontally along the g, axis at g, = 0.40170 and g, = 0.40198, which
passed through the intensity peaks of the RSM images. The AIN(0002) XRC profiles
represent the tilt component of the crystalline orientation disorder. The sharp specular
peak that originated from the quasi-coherent layer and the broad wing peak with relatively
low intensity that originated from the relaxed layer can be observed in the XRC profiles.
Similar profiles have been reported for an ErAs/GaAs system [30], MOVPE-grown AIN
on sapphire [31], and sputter-deposited AIN on sapphire [13,32]. As shown in the RSM
images, the intensity of the sharp peak was higher for the film that was deposited using
pure N than for that using the N,—Ar mixture. Furthermore, the line width of the broad
peak for the Nj-sputtered sample was narrower than that for the Np—Ar-sputtered sample.
The XRC profiles were fitted as a superposition of a sharp peak (Gaussian) and a broad
peak (Lorentzian or pseudo-Voigt function). The peak intensities and the FWHM of each
peak were derived to evaluate the crystallinity of the quasi-coherent and relaxed layers.
Figure 3b shows the peak intensity of the sharp peak and FWHM values of both the sharp
peak and the broad peak as a function of the N /(N + Ar) ratio. The intensity of the sharp
peak increased monotonically as the N /(N; + Ar) ratio increased. In contrast, the FWHM
values of the sharp peaks were between 9.5 and 11.4 arcsec for all the samples. As the values
are approximately the same for the resolution limit of the XRD system, it can be concluded
that there is no clear dependence on the Ny /(Ny + Ar) ratio. Thus, the tilt disorder of the
quasi-coherent layer is small regardless of the N, /(N, + Ar) ratio; however, compared to
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the samples sputtered using pure Ny, the quasi-coherent layer in the samples sputtered
using the No—Ar mixture easily transitioned to the relaxed layer with a lesser thickness.
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Figure 2. X-ray diffraction reciprocal space map (XRD-RSM) images of (a,d) AIN(0002); (b,e) AIN(0004); and (c,f) AIN(0006)
diffractions of as-sputtered AIN films using Ny /(N + Ar): (a—c) 25% and (d—f) 100%.
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Figure 3. (a) High-resolution X-ray rocking curve (XRC) profiles of AIN(0002) diffraction of the as-sputtered AIN films
using Ny /(N + Ar) ratios of 25% and 100% that were measured at a fixed value of 26 to include the peak top of the RSM
images shown in Figure 2. The inset shows the enlarged profiles of the sharp component. (b) Effect of N, /(N + Ar) ratio
on the peak intensity of the sharp component and XRC full width at half maximum (XRC-FWHM) values of the sharp
component and broad component of the AIN(0002) diffraction. (c) Williamson-Hall plot of as-sputtered AIN films: for
(0002) diffraction, the FWHM values of the broad component in the high-resolution XRC profiles shown in (a) were used;
for the (0004) and (0006) diffractions, the FWHM values were evaluated from the XRD-RSM images shown in Figure 2. The
lines are the linear fit.

Unlike those of the quasi-coherent layer, the FWHM values of the relaxed layer
decreased with the increase in the N» /(N7 + Ar) ratio. The higher-order diffractions were
investigated to reveal the origin of the broadening of the broad peak. Unfortunately, the
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intensities of the diffracted X-rays from the AIN(0004) and (0006) diffraction planes were
too weak to characterize using the high-resolution setup. Consequently, the XRC-FWHM
values of these diffractions were evaluated from the transverse cross-sectional profiles
of the XRD-RSM images shown in Figure 2b,c,e,f. The XRC profiles of the higher-order
diffractions (not shown here) did not present sharp specular peaks, which is in accordance
with existing research. Figure 3c depicts the Williamson—Hall plots [33] of two AIN films
that were sputtered using Ny/(Nj + Ar) ratios of 25% and 100%. The FWHM of the
AIN(0002) diffraction represents the value of the broad peak. The slope of the fitted line
reflects the tilt disorder. On the contrary, the intercept of the fitted line corresponds to
the inverse of the in-plane correlation length [34,35]. One sample exhibited almost no
intercepts, whereas the other exhibited invalid negative intercepts. Therefore, the FWHM
of the broad peak from the (0002) diffraction was possibly underestimated. Nevertheless,
the influence of the in-plane correlation length can be ignored, and the tilt disorder of the
relaxed layer is the dominant factor that influences the FWHM values of the broad peaks.
Furthermore, the magnitude of the slope of the linear fitting and the absolute value of the
XRC-FWHM were consistent. Consequently, the tilt disorder of the relaxed layer can be
evaluated from the XRC-FWHM values of the broad peaks.

Based on the results shown in Figures 2 and 3, it can be inferred that the presence of
Ar atoms in the sputtering gas reduces the thickness of the quasi-coherent layer. Further-
more, the reduced thickness of the quasi-coherent layer and (or) the presence of Ar in the
sputtering gas enhances the crystalline tilt disorder of the relaxed layer. Notably, the XRC-
FWHM values of the AIN(10—12) diffractions (not shown here), which include the in-plane
orientational disorder, i.e., crystalline twist, are independent of the Ny /(N + Ar) ratio.
Regardless of the N, /(N; + Ar) ratio, all the samples had FWHM values of approximately
6000 arcsec.

The crystallinity of the samples was analyzed again after performing FFA. Figure 4a
shows the XRC profiles of the (0002) diffraction of the FFA Sp-AIN. Similar to the as-
sputtered AIN films, each FFA Sp-AIN sample had two components in the XRC profiles.
However, comparing the as-sputtered AIN and FFA Sp-AlN films, the intensity of the broad
peak relative to that of the sharp peak was lower, and the width of the broad peak was
narrower as well. These changes in the XRC profiles can be attributed to the improvement
in the crystallinity of the AIN films after FFA. Similar to the analysis performed on the
as-sputtered samples, the XRC profiles of the FFA Sp-AIN samples were fitted as a superpo-
sition of two Gaussian peaks. Figure 4b shows the peak intensity of the sharp peak and the
FWHM values of both the sharp peak and the broad peak as a function of the N, /(N + Ar)
ratio. The trends of the FFA Sp-AIN samples are similar to those of the as-sputtered samples
(shown in Figure 3b): the intensity of the sharp peak is higher, and the peak width of the
broad peak becomes narrower as the Ny /(N; + Ar) ratio increases. Figure 4c shows the
Williamson-Hall plot of the broad peaks of the two FFA Sp-AlN films corresponding to
the samples shown in Figure 3c. In the FFA Sp-AIN samples, the diffracted X-ray intensity
increased to the extent that high-resolution XRC characterization could be performed even
on the higher-order diffractions. Consequently, the FWHM values of all the diffractions
were evaluated from the XRC profiles. The FFA Sp-AIN samples that were sputtered using
pure N, exhibited sharp peaks on the (0004) and (0006) diffractions, whereas those that
were sputtered using No—Ar did not exhibit sharp peaks. Consequently, these profiles were
fitted using a single pseudo-Voigt function as the entire profile was in the form of a broad
peak. The FFA Sp-AIN samples that were sputtered using an N, /(N, + Ar) ratio of 25%
exhibited a relatively small intercept compared to the slope of the linear fit. The dominant
factor of the broadening of the broad peak was the tilt disorder, which is similar to the
as-sputtered samples. The FFA Sp-AIN samples that were sputtered using an N, / (N, + Ar)
ratio of 100% exhibited a small slope that corresponds to approximately 10 arcsec of tilt
disorder. Therefore, the FWHM values of the broad peaks of the FFA Sp-AIN samples that
were sputtered using a high N, /(N; + Ar) ratio do not accurately reflect the tilt disorder
but influence the broadening of the peak owing to the in-plane correlation length. The
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Williamson—-Hall plot contained some error as the samples herein exhibited a complex
structure, with multiple layers of different crystallinities stacked in the growth direction.
Therefore, there are some points which cannot be explained concisely. For example, the
as-sputtered AIN film exhibited invalid negative intercepts. In addition, the FFA Sp-AIN
films sputtered using pure N exhibited a smaller in-plane correlation length than those
sputtered using No—Ar mixture, even though the crystallinity of the FFA Sp-AIN films sput-
tered using pure N is higher. Nevertheless, the AIN films sputtered using Ar exhibited a
larger tilt disorder than those sputtered using pure N,. Furthermore, the tilt remained even
after FFA. Figure 4d shows the effect of the N, /(N3 + Ar) ratio on the (10—12) XRC-FWHM
values of the FFA Sp-AIN. Compared to the (10—12) FWHM values of the as-sputtered
samples, those of the FFA Sp-AIN exhibited a clear dependence on the N, /(N; + Ar) ratio.
Furthermore, the reduction in the FWHM values with the increase in the N, /(N + Ar)
ratio was confirmed.
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Figure 4. (a) High-resolution XRC profiles of AIN(0002) diffraction of the face-to-face annealed sputter-deposited AIN
template (FFA Sp-AIN) that was deposited using Ny /(N + Ar) = 25% and 100%. The inset shows the enlarged profiles
of the sharp component. (b) Effect of N /(N; + Ar) ratio on the peak intensity of the sharp component and XRC-FWHM
values of the sharp component and broad component of the AIN(0002) diffraction. (c) Williamson—Hall plot of the FFA
Sp-AIN samples. The FWHM values of the broad component in the high-resolution XRC profiles were used for all the
diffractions, as long as the sharp component was visible. If the XRC profiles only contain one component, the FWHM value
is that of the entire profile. The lines are the linear fit. (d) Relationship between AIN(10—12) XRC-FWHM values of FFA
Sp-AIN and the N, /(Ny + Ar) ratio of the sputtering gas.

Figure 5 shows the AFM images of the FFA Sp-AIN samples that were sputtered
using various Ny /(N + Ar) ratios. All the samples exhibited step-and-terrace structures
and had similar surface root mean square (RMS) roughness values of less than 0.25 nm.
However, the shape of the step-and-terrace structures changed with the N, /(N; + Ar) ratio;
the step-and-terrace structures of the samples deposited using pure N, was straight and
continuous from the top to the bottom of the AFM image, whereas those of the samples
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deposited using Ar were winding and interrupted in some places. In Figure 5e, which
is an enlarged image of a portion of Figure 5a, the step interruptions are indicated by
white arrows. The step interruptions reflect the existence of TDs, wherein the Burgers
vector includes ¢ components, such as screw-type (type-c) and mixed-type (type-a + c)
dislocations on the film surface. The dominant TDs in the FFA Sp-AIN samples were edge-
type dislocations. However, the screw- and mixed-type dislocations deteriorate the surface
flatness of AlyGa;_,N grown on FFA Sp-AIN as they become the origin of spiral-growth-
induced hillock structures [36]. The degraded surface flatness has several adverse effects
on the performance of light-emitting devices, such as a decline in the internal quantum
efficiency and spectral line broadening [37].

& 0 (nm) 3

Figure 5. Atomic force microscopic (AFM) images of FFA Sp-AIN samples deposited using N, /(N + Ar) ratios of: (a) 25%,
(b) 50%, (c) 75%, and (d) 100%. The scale bar and height scale for (a-d) are uniform. (e) Magnified image of (a). The white
arrows indicate step terminations that correspond to screw- or mixed-type dislocations.

If the FWHM values of the sharp peaks in the XRC profiles of the symmetric diffrac-
tions correctly reflect the crystalline tilt disorder of AIN, then the four samples should have
a similar tilt. However, as shown in the AFM images in Figure 5, the screw- and mixed-type
dislocation densities of the samples are clearly different, in that these densities decrease
with an increase in the Ny /(N + Ar) ratio. This trend is similar to that of the FWHM values
of the broad peaks shown in Figure 4b. Consequently, the FWHM values of the broad
peaks plausibly reflect the tilt disorder of the AIN samples. Using Ar as the sputtering gas
can improve the deposition rate, which can improve throughput and reduce the production
costs. However, the degradation of the crystallinity outweighs these benefits. Therefore,
to achieve the best possible crystallinity in FFA Sp-AlIN, pure Nj should be used as the
sputtering gas.

3.2. Effect of Sputtering Chamber Pressure

This section discusses the effect of the sputtering pressure on the crystallinity of
AIN films. In our previous research, we varied the sputtering pressure from 0.03 to
0.4 Pa, and reported that controlling the stress accumulated in AIN thin films by reducing
the sputtering pressure can suppress crack generation during FFA [15]. Considering
the crystallinity of AIN after high-temperature annealing, the XRC-FWHM values of
the AIN(0002) (only the sharp component) and (10—12) diffractions did not show any
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Lattice Constant a (A)

Thickness
(nm)

significant dependence on the sputtering pressure. Compared to the sputtering pressure,
the thickness of the AIN films had a stronger effect on the crystallinity of FFA Sp-AIN. In
this study, the sputtering pressure was increased up to 1.5 Pa, and the XRC profiles of the
AIN films before and after FFA were analyzed in detail to comprehensively investigate the
effect of the sputtering pressure on the crystallinity of AIN films.

Before discussing the crystallinity, we analyzed the relationship between the strain in
the as-sputtered AIN films and the sputtering pressure. Figure 6a illustrates the effect of the
sputtering pressure on the lattice constants a and c of the as-sputtered AIN. The thicknesses
of the AIN films are also shown in Figure 6a because it is known that they also affect
the strain in as-sputtered AIN [15]. The in-plane and out-of-plane lattice constants were
characterized through XRD-RSM of the AIN(10—15) asymmetric diffraction. The lattice
constants here are those of the relaxed layer as the diffraction from the quasi-coherent layer
does not appear clearly in the asymmetric diffraction before FFA. The lattice constant a
increased with the increase in sputtering pressure and was maximum at 0.4 Pa. The lattice
constant c exhibited the exact opposite behavior to that of a. At sputtering pressures of
0.05-1.5 Pa, a was larger, and ¢ was smaller than that of unstrained bulk AIN. Therefore, the
AIN was subjected to tensile stress, which was maximum at 0.4 Pa. In our previous work,
the FFA Sp-AIN sputtered at 0.2 (with 236 nm thickness) and 0.4 Pa (223 nm thickness)
exhibited a few cracks [15]. However, in this work, the FFA Sp-AIN sputtered at 0.2 (238 nm
thickness) and 0.4 Pa (186 nm thickness) did not exhibit any crack. On the 0.2 Pa samples,
the threshold thickness on the occurrence of the crack may be quite close to the thicknesses
of these two samples, and might be affected by the slight fluctuations of the sputtering
conditions. On the 0.4 Pa samples, the reduction of the film thickness contributed to
the suppression of the cracking. When the sputtering pressure was 0.4 Pa or higher, the
lattice constant a decreased with the increase in sputtering pressure, which is the opposite
tendency to that observed in the previous work [15]. The strain dependence on the AIN
thickness, which was observed in the previous work [15], also cannot explain the tendency.
Therefore, we suspect that some changes in the crystallinity of the as-sputtered AIN films,
such as an enlargement of the tilt disorder or an increase in the impurity concentrations,
might contribute to the relief of the tensile stress in the as-sputtered AIN films.
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Figure 6. (a) Thicknesses of AIN films sputtered at various sputtering pressures, and effect of sputtering pressure on lattice

constants a and c of the as-sputtered AIN film. (b) Effect of sputtering pressure on the peak intensity of the sharp component,
and XRC-FWHM values of the sharp and broad components in the AIN(0002) diffraction.

Considering that the samples were sputtered at various sputtering pressures, the
XRC profiles of the AIN(0002) diffraction before FFA had a similar shape to that of the
profiles shown in Figure 3a, comprising two components that correspond to the quasi-
coherent layer and the relaxed layer. Figure 6b depicts the intensity of the sharp peaks
and the FWHM values of each peak as a function of the sputtering pressure. Similar
to the No—Ar dependence curve shown in Figure 3b, the FWHM values of the quasi-
coherent layer were independent of the sputtering pressure. The peak intensity of the
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quasi-coherent layer slightly decreased and the FWHM value of the relaxed layer increased
as the sputtering pressure increased, which is qualitatively the same behavior as that
due to the increase in Ar supply. Considering the XRC-FWHM values of the AIN(10—12)
diffraction, the samples sputtered at 0.05 and 0.1 Pa had relatively small values (4800 and
5600 arcsec, respectively), whereas the other samples had almost the same FWHM values
of 6000-6500 arcsec, regardless of the sputtering pressure.

Figure 7a presents the XRC profiles of the (0002) diffraction of FFA Sp-AIN sputtered
at various sputtering pressures. The AIN deposited at a relatively low sputtering pressure
of less than 0.5 Pa consisted of two components, which is similar to the XRC profiles shown
in Figure 4a. However, above a sputtering pressure of 0.5 Pa, the line width and relative
intensity of the broad peak increased with the increase in sputtering pressure. Finally,
when the sputtering pressure exceeded 1.0 Pa, no sharp peaks were visible. Figure 7b,c
demonstrate the dependence of the FWHM values of the (0002) and (10—12) diffractions,
respectively, on the deposition pressure. The FWHM values of both diffractions increased
with the increase in sputtering pressure, especially in the samples that were deposited
at above 0.5 Pa. Furthermore, the peak intensity of the sharp peak decreased drastically.
The same trend of a decrease in crystallinity with the increase in sputtering pressure was
reported in [18].
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Figure 7. (a) Sputtering pressure dependent high-resolution XRC profiles of FFA Sp-AIN consider-
ing the AIN(0002) diffraction. (b) Effect of sputtering pressure on the peak intensity of the sharp
component and XRC-FWHM values of the sharp component and broad component of the AIN(0002)
diffraction. (c) Relationship between AIN(10—12) XRC-FWHM values of FFA Sp-AIN and sputter-
ing pressure.

Figure 8 shows the AFM images of the FFA Sp-AIN that was deposited at the sput-
tering pressures of 0.2-0.8 Pa. Unlike the sample deposited at 0.1 Pa (Figure 5), all the
samples shown in Figure 8 had small protruding structures. These structures represent the
AIONSs that are formed when the oxygen in AIN reacts with AIN and precipitates on the
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surface of the film during annealing [38]. As the density and height of the AION islands
increase with the increase in the deposition pressure, it can be inferred that the sputtering
pressure affects the concentration of the oxygen impurities in AIN. In addition, the step-
and-terrace structures on the FFA Sp-AIN become irregularly shaped as the deposition
pressure increases and the surface flatness decreases.

[ | [ ) 2pm [ )
0 (nm) 3 0 (nm) 4 0 (nm) 6 — 0 (NM) 8

Figure 8. AFM images of the FFA Sp-AIN templates deposited at sputtering pressures of: (a) 0.2 Pa, (b) 0.4 Pa, (c) 0.6 Pa,
and (d) 0.8 Pa. The scale bar is the same in all the images.

3.3. Model of Crystallinity Improvement

Based on the experimental results obtained herein, the relationship between the
sputtering conditions and the crystallinity of the as-sputtered AIN and FFA Sp-AIN can be
summarized as follows. The Np—Ar ratio of the sputtering gas and the sputtering pressure
affect the thickness of the quasi-coherent layer and the tilt disorder of the relaxed layer of the
as-sputtered AIN. However, the twist in the as-sputtered AIN is not significantly affected
by the sputtering conditions, and the twist disorder is large regardless of the sputtering
conditions. Considering FFA Sp-AlN, except for the samples with poor crystallinity that
are sputtered at high pressures, the AIN(0002) XRC profiles are composed of sharp peaks
and broad peaks. Therefore, FFA Sp-AIN contains two kinds of regions. One originates
from the quasi-coherent layer with a small tilt disorder (highly aligned region), and the
other arises from the relaxed layer with a relatively large tilt disorder (tilted region). The
volume of the highly aligned region and the disorder of the tilted region depend on the
initial thickness of the quasi-coherent layer and the tilt disorder of the relaxed layer of
the as-sputtered AIN. Furthermore, when the AIN film is sputtered at a relatively high
pressure, impurities such as oxygen may be abundant, resulting in poor crystallinity of
FFA Sp-AIN. Compared to FFA Sp-AIN sputtered using a low Ny /(N, + Ar) ratio, FFA
Sp-AlN sputtered at a high pressure exhibits a compatible initial tilt disorder in the relaxed
layer. Additionally, the quasi-coherent layer of the FFA Sp-AIN sputtered at high pressure
is thicker than that sputtered using a low Nj/(Nj + Ar) ratio. Considering these two
characteristics, i.e., the thick quasi-coherent layer and the small tilt disorder in the relaxed
layer before annealing, the FFA Sp-AIN sputtered at high pressure using pure N, should
exhibit small a tilt disorder at a certain volume of the highly aligned region. However, as
shown in Figure 7a, the FFA Sp-AIN sputtered at high pressure exhibited quite a large tilt
disorder. Therefore, the incorporation of oxygen impurities may hinder the recovery of
crystallinity. Before annealing, AIN exhibits a much larger twist disorder than a tilt disorder,
and edge-type dislocations are still dominant in FFA Sp-AIN. However, the tilt disorder
and the concentration of impurities in the as-sputtered AIN determine the crystallinity of
FFA Sp-AIN.

Figure 9 shows a schematic diagram for improving the crystallinity of the sputter-
deposited AIN films during FFA. During annealing, the highly aligned region that stems
from the quasi-coherent layer should expand from the substrate side of the AIN film to the
surface side. Therefore, the bottom surface of the relaxed layer is gradually incorporated
into the highly aligned region by the recrystallization, using the quasi-coherent layer as the
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nucleation layer, and inherits its ideally small tilt disorder. In contrast, in the relaxed layer,
the twist and tilt of the columnar structures in the as-sputtered AIN decrease with the pair
annihilation of TDs and the expansion of the domain boundaries. However, if the initial
thickness of the quasi-coherent layer is thin and the initial tilt disorder of the relaxed layer
is large, the highly aligned region cannot expand sufficiently. Consequently, the relaxed
layer with its relatively large tilt disorder remains tilted after FFA. Moreover, the tilted
region is retained in the FFA Sp-AIN deposited at low sputtering pressure using pure Ny.
Therefore, a higher annealing temperature or longer annealing time may be required to
completely eliminate the tilted region [17,23]. Nevertheless, the screw- and mixed-type
dislocation densities of the FFA Sp-AIN sputter-deposited at low sputtering pressure using
pure N, are approximately two orders of magnitude lower than those of conventional
MOVPE-grown AIN. Additionally, impurities may also prevent the recrystallization of the
relaxed layer even though the quasi-coherent layer is sufficiently thick, and the tilt disorder
of the relaxed layer is insignificant.
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N,—Ar mixture

N,

Sputtering pressure
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Low
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Relaxed layer

with small tilt disorder

Relaxed layer
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Figure 9. Schematic diagram of the tilt disorder distribution in AIN films, before and after annealing, sputtered under three

typical conditions.

Thus, to achieve a sufficient recovery of crystallinity through high-temperature an-
nealing, the tilt disorder and concentration of impurities must be considered. Moreover,
the crystallinity recovery of sputter-deposited AIN on a sapphire substrate does not occur
through an isotropic recrystallization process, which is observed in bulk crystals. Rather,
it is affected by the quasi-coherent layer, which inherits crystalline information from the
sapphire substrate.

In this work, we investigated the influence of the N,—Ar ratio and sputtering pressure
on the crystallinity of the as-sputtered and annealed AIN films. Sputtering parameters
such as substrate temperature, RF power, and T-S distance, should be considered next.
The FFA Sp-AlN films possess numerous impurities such as oxygen (>10° cm~3), car-
bon (>10!” cm~3), and silicon (>10'® cm~3) [38]. Thus, there is a possibility that the
sputtering pressure not only affected the oxygen concentration but also the concentrations
of other impurities and the recrystallization process. Therefore, the influence of impurity
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concentration should be investigated using secondary ion mass spectrometry (SIMS). Ad-
ditionally, observing the recrystallization process using transmission electron microscopy
(TEM) is necessary to prove the schematic model shown in Figure 9. To further improve
the crystallinity of FFA Sp-AIN, a more detailed understanding of the relationship between
sputtering deposition conditions, crystalline characteristics of both as-sputtered AIN and
FFA Sp-AlN, and the recrystallization mechanism of the AIN film through FFA is required.

4. Conclusions

AIN films were deposited on sapphire substrates through RF sputtering using an
AIN sintered target. The supply ratio of N, and Ar and the chamber pressure were varied
during the sputtering process. The crystallinity of the as-sputtered AIN films was affected
by the sputtering conditions. When pure N; and a lower sputtering pressure were used, a
relatively thick quasi-coherent layer was formed that inherited the flatness and excellent
crystallinity of the sapphire substrate. Consequently, the tilt disorder of the relaxed layer
deposited over the quasi-coherent layer was mitigated. The crystallinity of the FFA Sp-AIN
film is significantly affected by that of the as-sputtered AIN film. The AIN film with a
thick quasi-coherent layer and a less-tilted relaxed layer exhibited better crystallinity after
FFA. This is the first comprehensive study to investigate the influence of sputtering and
annealing conditions on the crystallinity of AIN films fabricated through RF sputtering
using an AIN sintered target followed by FFA. The analysis method focusing on the
thickness of the quasi-coherent layer and tilt disorder of the relaxed layer is useful to link
the crystallinity of as-sputtered AIN with that of FFA Sp-AIN, and should be helpful in
optimizing the fabrication process and improving the crystallinity of FFA Sp-AIN. In terms
of future research, further investigation of other sputtering parameters, such as substrate
temperature, RF power, and T-S distance, and detailed analysis on the characteristics of
the AIN films with SIMS or TEM are necessary to improve the crystallinity of the FFA
Sp-AIN and prove the schematic model of the recrystallization proposed in this work.
Additionally, the optical characteristics, such as the diffractive indices and absorption
coefficient of the AIN, and their dependences on the sputtering parameters should be
considered for applying the FFA Sp-AIN to optical devices. The findings obtained herein
should serve to improve the crystallinity of AIN templates fabricated through sputtering
deposition followed by high-temperature annealing, which contribute to the performance
improvement of DUV-LEDs.
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