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ARTICLE INFO ABSTRACT

Keywords: AIN films have been deposited on c-plane sapphire substrates by metalorganic-vapor-phase-epitaxy (MOVPE).
AIN The changes in the film structure have been investigated by applying different annealing processes which are ex-
Z&VPE situ rapid thermal annealing (RTA) and in-situ process after the nucleation-layer (NL). The AIN nucleation-layer

grown on sapphire has been annealed face-to-face with ex-situ (RTA) process for 3 min and with in-situ process
for 3 h, then pulsed-atomic-layer-epitaxy AIN film has been grown at a high temperature. The samples have been
characterized by high-resolution X-ray diffraction, atomic force microscopy, Ultraviolet-visible spectrometry,
and Raman scattering to examine the structural properties, surface morphology, and optical properties. The
sample annealed with the ex-situ (RTA) process, where rapid diffusion took place, has reached larger grain sizes
and the dislocation density has decreased as the grain boundary decreased. Although better crystal quality has
been obtained with the ex-situ (RTA) process, it has been observed that the surface roughness of the sample
annealed with the ex-situ (RTA) process is higher than that of the sample annealed with the in-situ process.
Considering the results, a schematic prediction of the growth process after face-to-face annealing has been
proposed. Experimental findings have shown that different annealing processes after growing the AIN-NL have a

Face-to-face annealing

great effect on the properties of the AIN.

1. Introduction

In recent years, III-N group materials have been preferred in elec-
tronic and optoelectronic devices such as light-emitting diodes (LEDs),
laser diodes (LDs), high electron mobility transistors (HEMTs), high
power p-n diodes, and Schottky diodes [1-5]. AIN, which is a member of
the III-N group, is thought as a material of the near future due to its
unique properties such as large band gap (6.2 eV), high critical electric
field (450 kV/cm), high thermal conductivity (590 W/mK), and
high-temperature stability. AIN is typically used as a buffer layer to
obtain GaN-based devices with low-defect density [6]. Moreover, it is a
candidate material to replace substrates such as sapphire, Si, and SiC,
which are widely used for nitride-based electronic and optoelectronic
applications. A lot of research has been carried out on the growth and
characterization of AIN thin films to show the advantages of this ma-
terial. Many different growth methods have been used to grow AIN films
such as chemical vapor deposition (CVD), molecular beam epitaxy
(MBE), pulsed sputter deposition (PSD), pulsed laser deposition (PLD),
hydride vapor phase epitaxy (HVPE), reactive magnetron, and MOVPE
[7-10]. CVD is one of the suitable techniques to control preferred

orientation. The pulsed sputter deposition method is handy for the
growth of high-quality AIN films at room temperature, but the obtained
films by this technique have significant residual compressive stress. PLD
includes molten tiny particles or target parts in deposited films, which
decrease the quality of the films. High-quality AIN films can be obtained
with MBE, but it is not appropriate for thick films owing to the slow
growth rate. The HVPE method has a high growth rate, but it results in
high defect density in the grown films. It is thought that the MOVPE is
one of the most effective growing methods due to its high growth rate,
high-quality yield, high production capacity, and low cost.

AIN epitaxial films are usually grown as heteroepitaxy and the sap-
phire is widely used as a preferred substrate for AIN growth owing to its
easy availability and low cost. Low mobility of Al adatoms, the parasitic
reaction between sources, the lattice mismatch, and thermal expansion
co-efficient mismatches between sapphire and AIN are some of the
challenges encountered in growing high-quality AIN thin films. In the
literature, many different approaches have been used to obtain a high-
quality AIN structure on a sapphire substrate; changing the Al/N ratio
for the AIN-NL, high growth temperature, two-stage growth, and
epitaxial lateral overgrowth (ELOG), etc. [11-14]. It has been reported
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Fig. 1. a) Schematic view of the films during the face-to-face annealing process b) Schematic view of the AIN thin film.

that the NL has a significant effect on the quality and morphology of the
AIN film. Therefore, some parameters such as growth pressure, recrys-
tallization temperature, V-III ratio, growth temperature, and time play
an important role in the optimization of AIN-NL growth conditions [15].

Annealing is one of the methods used in previous studies to grow AIN
films with less threading dislocation densities (TDDs) [16-22].
Annealing energizes the atoms for rearrangement and the grains in the
polycrystalline material start to grow and smaller grains can coalescence
into larger grains, all of which greatly affect the film quality and prop-
erty. After NL is annealed, it is transformed into three-dimensional (3D)
nucleation island (NIs) [16]. Threading dislocations (TDs) usually occur
at the boundaries of NIs. Therefore, the lower density of NIs is beneficial
for reducing the TD density in the AIN film during the lateral growth of
the islands. It is known that TDs have harmful effects on device per-
formance such as shortening the lifetime of devices [16]. Therefore, the
annealing method has been extensively studied in the literature to
obtain films with low dislocation density for high-performance devices.
Dallaev [23] grown AIN on Si with PE-ALD and then annealed it at
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Fig. 2. HRXRD ©-26 scans for Sample A and Sample B.

1350 °C in Ny atmosphere. After annealing, it was observed that the
amount of oxygen decreased and the amount of nitrogen increased. This
study that annealing has a positive effect on AIN. However, observed
that the Si and AIN interfaces were not abrupt after annealing. It has
been reported that annealing using a heat resistant substrate will be
beneficial for the interface. Miyake et al. [17,18] prevented thermal
decomposition of the AIN film during annealing by overlapping the AIN
films face-to-face. Lu Zhao et al. [19] studied the annealing process of
sputtered AIN films on sapphire substrates with different thicknesses in
Ny ambient. They reported that the crystal quality of AIN films improved
significantly after high-temperature annealing (1400-1700 °C). S.
Hagedorn et al. [20] investigated the annealing of sputtered (SP) AIN of
350 nm and 450 nm thickness on sapphire in the temperature range of
1650 °C-1730 °C. They reported that the most significant reduction in
TDD from 3 x 10'° cm™2 to 4 x 108 cm ™2 initially was obtained for 450
nm AIN at an annealing temperature of 1680 °C. Rapid thermal
annealing (RTA) is known to be an efficient way to make better the
crystalline quality of semiconductors. In III nitride films, it can balance
fluctuations of nitrogen concentration and reduce crystal defects [21]. J.
C. Zolper et al. [22] showed that rapid thermal annealing performed in
Ar or Ny ambient at 1100 °C improved GaN surface morphology and
photoluminescence intensity. As it can be understood from the studies,
the optical and surface properties of the materials improved by reducing
the defects in the materials with annealing [24].

Although the cost of the annealing process is low and easy to
implement, when the studies in the literature are examined, furnace
annealing is not practical and cost-effective due to the long annealing
time and high temperatures [25]. The ex-situ (RTA) process is remark-
able among other annealing methods with its lower transition time,
lower crystallization time, and lower cost compared to a furnace and
in-situ process for a given annealing temperature. In this current study,
the effect of NL annealed at 1100 °C face-to-face in-situ and ex-situ
processes on the crystalline, optical, and morphological quality of AIN
thin film was investigated for the first time in the literature.

2. Experimentally

AIN thin film samples have been grown on 2-inch c-plane sapphire
substrate with AIXTRON 200/4-HT horizontal flow, low-pressure
MOVPE system. Firstly, the sapphire substrate has been desorbed at
1245 °C in an Hy atmosphere for 10 min to remove the water vapor,
oxygen, etc. impurities from the surface. The NL is grown at 1080 °C for
5 min using trimethylaluminum (TMAI) metalorganic precursor and
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Fig. 3. The comparison of HRXRD o (002) scans for Sample A and Sample B.

ammonia (NHs) hydride precursor. After the growth of NL-AIN, the
sample has been removed from the reactor and capped with another AIN
thin film, and annealed as seen schematically in Fig. 1a. The in-situ
process and ex-situ process are named as Sample A and Sample B,
respectively. While sample A has been annealed at 1100 °C under Ny
flow in-situ process for 3 h, sample B has been annealed at 1100 °C with
arate of 100 K/s ex-situ process for 180 s under Ny flow. After annealing
of sample A and sample B, high-temperature (HT) AIN layers have been
grown on both samples by MOVPE using the pulsed atomic layer epitaxy
(PALE) method. The schematic diagram of the grown samples is shown
in Fig. 1b. The characterization of the grown samples has been carried
out using high-resolution X-ray diffraction (HRXRD), UV-VIS-NIR
Spectrophotometer, atomic force microscopy (AFM), and Raman
Spectroscopy.
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3. Results and discussion

XRD is a well-known technique that is frequently used for the
structural properties of thin films [26]. 2Theta/Omega (260-®), sym-
metric omega (002) and asymmetric omega (102) scans have been
carried out to investigate the effect of different annealing processes on
crystal quality. Information on the strain and lattice parameters of AIN
films has been obtained using w-26 XRD patterns. The peak positions in
the XRD patterns are used for strain analysis as shown in Fig. 2. The peak
positions of sample A and sample B are 36.1400° and 36.0248°,
respectively. Calculated lattice parameter © values of AIN films are
given as 4.9817 and 4.9802 A for Sample A and Sample B, respectively.
The lattice parameter co = 4.978 A corresponds to the bulk AIN crystal
[27]. The calculated c values for both samples are larger than the

(2) (3)

Time

1 hour

(1)

Fig. 4. Schematic representation of a) in-situ process and b) ex-situ (RTA) process methods on the structure (Red circles represent atoms).

(2)

(3)
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Fig. 5. Transmittance graph of Sample A and Sample B and graph of the photon energy (hv) versus (ahv)? derived from transmittance measurement.

unstrained cp and indicate a tensile strain along the c-axis in the AIN thin
films. The tensile strain value for Sample B with a rate of 0.044% is
lower than the rate of 0.074% obtained for Sample A.

Furthermore, the crystal quality of the AIN layers has been investi-
gated by using the ® (002) measurement indicated in Fig. 3. The FWHM
values obtained for samples A and B are respectively as follows: 700 and
450 arcsec for o -20 scan, 1100 and 200 arcsec for » (002) scan, 2150
and 1950 arcsec for o (102) scan. FWHM values are commonly used to
calculate dislocations in the AIN epitaxial film [28]. The FWHM values
obtained from the ® (002) scan are related to the screw type dislocation
density while the FWHM values obtained from the @ (102) scan are
related to the edge type dislocation density [27-29]. The screw and edge
type dislocation densities of the AIN epitaxial film are calculated using
the following equations:

B P
Dyren =222 and D,y = —2102
e T3S b, e T 43502,

where Dycrew and Degge are the screw and edge type dislocation density
and S go2 and S 102 stand for the FWHM values obtained by HRXRD @
scans ((002) and (102)), respectively [30-32]. Also, bscrew and begge
correspond to the Burgers vector length (bscrew = 0.4980 nm begge =
0.3111). The Dgcrew values for Sample A and Sample B are 2.64 x 10°
(cm?) and 8.71 x 107 (cm?), respectively. The Degge values for Sample A
and Sample B are 2.58 x 10 (ecm?), and 2.12 x 10! (cm?),
respectively.

It can be understood from the measurements and analyses that the
crystalline quality of AIN is improved by the ex-situ (RTA) process more
than by in-situ prosess. Higher density threading dislocation has been
observed with in-situ process. It is thought that solid-state reaction and
recrystallization occur during annealing [17]. Thus, threading disloca-
tions and domain boundaries are diminished. The difference in crystal
quality between in-situ processs and ex-situ (RTA) process can be
attributed to the nucleation sites and subsequent grain size. Fig. 4 shows
the schematic diagram of a) in-situ process and b) ex-situ (RTA) process.
Fig. 4a(1) and Fig. 4b(1) demonstrate the time (to) before annealing.
During annealing, AIN decomposition has been prevented with another
AIN sample as a face-to-face set up to suppress the thermal decompo-
sition of the AIN films [17]. This technique is known as face-to-face
annealing. As seen in Fig. 4a(1) and Fig. 4b(1) in the first step, the
grains in the NL have different orientations and are randomly distrib-
uted on the surface. In Fig. 4a(2) and Fig. 4b(2), the NL after annealing is

given for the in-situ process and ex-situ (RTA) process. After the ex-situ
(RTA) process, the grain size increases with rapid diffusion and grains
are high-oriented with c-axis perpendicular to the substrate surface. The
films annealed with the UNITEMP RTA-100 system has become a
steady-state at 1100 °C within ~1 min with a high increasing rate (100
Ks™1). In this case, the rapid diffusion of Al adatoms has occurred and
the nucleation of AIN has begun throughout the film. Thus, a more ho-
mogeneous NL and larger particle sizes have been obtained. In-situ
process has been stabilized the system for a long time with a slower
heating rate. Unlike the ex-situ (RTA) process, relatively small grains
with different orientations have been consisted due to the slow diffusion
with the in-situ process In Fig. 4a (3), the larger grains obtained after the
ex-situ (RTA) process increase the possibility of coalescence. In Fig. 4b
(3), it is more difficult to coalesce because annealing with an in-situ
process causes small grains.

The grain sizes have been calculated for both samples from XRD data
using Scherrer’s equation. The grain sizes of Sample A and Sample B
have been calculated as 40.11 nm, and 75.18 nm, respectively. As the
grain boundaries have been decreased because of the increase in grain
size with ex-situ (RTA), dislocations have been eliminated and crystal
quality has improved. These results reveal that the combination of face-
to-face and ex-situ (RTA)can be an attractive alternative for AIN tem-
plate production at lower temperatures and shorter times.

After the in-situ and ex-situ (RTA) processes, the transmittance of the
AIN layer has been carried out. The behavior of transmittance for the
wavelengths between 200 nm and 800 nm is presented in Fig. 5. The
interference patterns observed in the spectra represent the formation of
an abrupt interface between AIN thin film and sapphire. Sample A
shown a higher transmittance than Sample B. This can be explained as
follows: high oxygen concentration in AIN can cause defect complexes
that can lead to absorption in the UV range [33]. Since there is a vacuum
environment in the reactor during in-situ process, no additional oxygen
is added to the structure. However, since there is no vacuum environ-
ment in ex-situ (RTA) process, oxygen diffusion into the structure is
possible during annealing. Thus, the oxygen concentration in the Sample
B is relatively higher than in Sample A, leading to a reduction in
transmittance. The optical band gap (Eg) can be estimated by fitting the
photon energy (hv) versus (ahv)? from a Tauc plot to the linear part as
shown in Fig. 5. While the Eg value is 6.121 eV for Sample B, it increases
to 6.142 eV for Sample B. The increase in the Eg value is thought to be a
result of oxygen diffusion, which may be included in the structure
during annealing.
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Fig. 6. Raman spectra of Sample A and Sample B and graph of in-plane stress
and phonon lifetime derived from Raman spectra.

The Raman spectra of the AIN films have been obtained at a tem-
perature of 300 K in the range of 600-950 nm, as shown in Fig. 6. The
allowed E; (High) and A; (LO) modes have been observed in both
samples. The A; (LO) phonon mode has been observed at a frequency of

Vacuum 203 (2022) 111284

890 cm ! for both samples. The FWHM value of the A; (LO) mode in
Sample B is higher than in Sample A. A1 (LO) phonon mode FWHM
value is directly related to film quality. A; (LO) phonon lifetime is
calculated based on the energy-time uncertainty using the FWHM value,
this relationship is given below [34].

r 1
=

7
where 7 is the phonon lifetime (unit is picosecond), h is the modified
Planck constant (5.3 x 10 2 cm ™! s), and I' is FWHM (unit cm 1) value.
The data of the calculations made using this formula are given in Fig. 6
(inset). It has been observed that Sample B has a short phonon lifetime
than Sample A. The short phonon life is suitable for carrier migration,
namely shows that the probability of collision with impurities, crystal
lattice, etc. decreases during carrier movement.

To investigate the effect of in-situ and ex-situ (RTA) face-to-face
annealing on the morphology of AIN thin film, AFM images at 1 x 1
pm? have been taken. AFM images of Sample A and Sample B face to face
annealing are given in Fig. 7. By subjecting the surface reconstruction to
the annealing process, it can be concluded that the small grains grow
and coalescence into larger grains. Root mean square (RMS) roughness
values of Sample A and Sample B have been obtained as 0.184 and
0.256 nm, respectively. As a result of XRD scanning, higher crystal
quality has been obtained in Sample B, despite the long time annealing
of Sample A. It is thought that the surface quality can be increased by
making optimization studies of annealing the NL with RTA [35].

Compare the results obtained from the studies in the literature with
the current study and to reveal the differences, the parameters of the AIN
annealing studies are given in Table 1. In Refs. [36,37] annealing tem-
perature is high with MOVPE. The FWHM values in Ref. [36] are much
smaller than our study and [37]. However, deep surface cracks were
observed after annealing in Ref. [36]. These cracks limit the use of AIN
as temples. If our study is compared with sputter annealing [17,19],

a)Sample A

b) Sample B

-659.2 nm

-664.7 nm

-1.0365 ym
-1.0407 ym

Fig. 7. 1 x 1 pm? AFM images a) Sample A and b) Sample B.

Table 1
Parameters of annealing studies in the literature.
REF Thickness RMS pm? FWHM 00.2 FWHM 10.2 Annealing Temperature (°C)/Time Paper Subject
(Symmetric) (Asymmetric) (h)
[36] ~350 nm - 50 450 1700/3 MOVPE annealing
[371 ~555 nm - 800 1000 1600/1 MOVPE annealing
[38] ~1800 nm 0.42 nm (1pmx1pm) 610 - 1000/10 s RTA
[171 ~170 nm - 49 287 1700/1 Sputter Annealing/Face to
Face
[19] ~200 nm 2.10 nm (2pmx2pum) 103 353 1650/1 Sputter Annealing
Current ~200 nm 0.256 nm 200 1950 1100/3 min RTA/Face to face
Study (1pmx1pm)
0.184 nm 1100 2150 1100/3 MOVPE/Face to face

(1pmx1pm)
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especially asymmetric (102) FWHM values are lower but RMS value are
higher. Although the recrystallization process with the temperature in-
crease reorganized the atoms, the mismatch between the atomic layers
was transmitted to the surface layer, thus slightly increasing the surface
roughness. FWHM value in Ref. [38] annealed with RTA is higher than
our study. One of the issues that should be underlined is to examine the
effects of nucleation layer (NL) annealing in our study, while full AIN
film annealing is performed in the studies in the literature. Annealing to
the nucleation layer is not a common in the literature. Our motivation in
this study is to examine different annealing combinations together and
to expand the knowledge in the literature with results on how to achieve
the required crystal and surface quality without loss of time and
material.

4. Conclusions

In our study, the effect of NL annealing with in-situ and ex-situ (RTA)
on the properties of AIN thin film has been investigated. The difference
in crystal quality seen as a result of annealing with the in-situ and ex-situ
(RTA) processes can be attributed to grain orientation and grain size.
Thus, if the grain boundaries are reduced, the density of threading dis-
locations can be decreased. The Dgcrew values calculated from Poga for
Sample A and Sample B are 2.64 x 10° (cm~ %) and 8.71 x 107 (cm_z),
respectively. The Degge values calculated from pjo2 for Sample A and
Sample B are 2.58 x 10'° (cm™2) and 2.12 x 10 (cm ™), respectively.
Examining the spectrophotometer results, Sample A has shown a higher
transmittance than Sample B. This can be explained by the high oxygen
concentration in AIN causing defect complexes that can lead to ab-
sorption. It is seen that the finding obtained from Raman spectrometry
and HRXRD measurement are compatible. In-plane strain and stress
values have been obtained at a smaller value in Sample B. In the AFM
results, it can be concluded that by subjecting the surface reconstruction
to the annealing process, the small grains grow and coalesce into larger
grains. Root mean square (RMS) roughness values of Sample A and
Sample B have been obtained as 0.184 and 0.256, respectively. Although
it has better crystal quality, it has been observed that the surface
roughness of Sample B is higher than Sample A.
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