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Abstract: A dense and smooth aluminium nitride thin film grown on a silicon (111) substrates
using pulsed metal-organic chemical vapor deposition is presented. The influence of the pulsed
cycle numbers on the surface morphology and crystalline quality of the aluminium nitride films are
discussed in detail. It was found that 70 cycle numbers produced the most optimized aluminium
nitride films. Field emission scanning electron microscopy and atomic force microscopy images show
a dense and smooth morphology with a root-mean-square-roughness of 2.13 nm. The narrowest
FWHM of the X-ray rocking curve for the AIN 0002 and 10-12 reflections are 2756 arcsec and
3450 arcsec, respectively. Furthermore, reciprocal space mapping reveals an in-plane tensile strain of
0.28%, which was induced by the heteroepitaxial growth on the silicon (111) substrate. This work
provides an alternative approach to grow aluminium nitride for possible application in optoelectronic
and power devices.

Keywords: aluminium nitride; MOCVD; pulsed metal-organic chemical vapour deposition; silicon
(111) substrate; in-plane tensile strain

1. Introduction

Over the past years, group Ill-nitride has become attractive due to their wide bandgap
and inherent optical and electrical properties [1,2]. Aluminium nitride (AIN) particularly
possesses the widest bandgap of 6.2 eV, high ultraviolet (UV) transparency, excellent piezo-
electric properties, and decent thermal stability [3]. It has become a suitable candidate for
deep-UV light-emitting diodes (DUV-LED) and quantum cascade lasers [4,5]. Interestingly,
AlN is also crucial in gallium nitride on silicon substrate (GaN-on-5i) epitaxy for LED and
power device applications. The AIN buffer layer overcomes the amorphous melt-back
etching problems, mainly caused by the alloying reactions between Ga and Si atoms at high
temperatures, which will destroy the epitaxial layers [6,7]. A high-quality AIN template is
required to obtain a better quality of GaN-on-Si substrate.

Although homoepitaxial growth on AIN substrate is favourable, it is restricted due
to the low availability and high cost. Tremendous research on the heteroepitaxy of AIN
on non-native substrates, including silicon carbide (SiC), sapphire (Al,O3), and Si, were
reported [8,9]. Due to its low cost, larger wafer scalability, and potential integration with
current electronics, Si is the most promising substrate of all. Furthermore, Si (111) has
the required hexagonal surface symmetry with Ill-nitride’s hexagonal wurtzite crystal
structure. Nevertheless, large lattice mismatch, thermal expansion coefficient difference,
low mobility of Al adatoms at low temperature, and Si diffusion into the epitaxial layers
hinder the growth of high-quality AIN-on-Si. Moreover, the parasitic gas phase pre-reaction
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between the Al precursor and N precursor in metal-organic chemical vapour deposition
(MOCVD) remains as one of the problems that degrade the films [10]. These issues induce
a high threading dislocation density in the films, which will affect the performance of
the subsequent device. Several efforts were made to improve the crystalline quality of
AIN-on-5i, including high-temperature growth, Al pre-depositions flow, epitaxial layer
overgrowth technique, etc. High temperature growth exceeding 1200 °C seems to be
a feasible way to enhance the Al adatoms mobility and quality of AIN epitaxial layers.
However, a special reactor design is required to facilitate the higher growth temperature
environment. Furthermore, impurities may be incorporated during the growth process due
to decomposition of the precursors and interactions with the reactor chamber wall [11-15].

In recent years, a pulsed-growth method was developed to facilitate AIN epitaxial
growth. There are numerous pulsed-growth techniques, such as the ammonia pulsed-flow
growth and pulsed atomic layer epitaxy (PALE) [16,17]. The latter bears resemblance to
another reported method known as pulsed metal-organic chemical vapour deposition
(PMOCVD) [18]. The pulsed-growth technique offers several advantages, including im-
proved control over film growth rate, enhanced material quality, and reduced precursor
consumption. In ammonia pulsed-flow growth, the ammonia flow is pulsed, and the Al
precursor is kept constant throughout the growth [19,20]. This approach aims to enhance
the lateral migration of Al adatoms on the epitaxial surface, reduce surface roughness,
and suppress the polarity inversion from Al to N. In contrast to the ammonia pulsed flow
growth, the PALE and PMOCVD techniques, the precursor of both Al and N are sequen-
tially modulated. This process reduces the parasitic gas phase pre-reactions and accelerates
the migration of Al adatoms on the substrate surface, which results in high-quality AIN epi-
layers with good morphological and crystalline features. In 2021, Nazri et al. investigated
the effect of a PALE growth technique to grow high-quality AIN epilayers on Al;O3z, which
prevents the parasitic gas phase pre-reaction [21]. The relationships between numerous
factors were explored, including PALE growth temperature, ammonia flux modulation, and
cycle number [22-24]. In their report on the influence of pulsed cycle number, they found
that PALE allows for precise control over the growth rate and thickness of the thin films by
modulating the frequency of the precursor pulses. This precise control over the thickness
of the epitaxial films is advantageous for achieving uniform and well-defined layers, which
is critical for device fabrication. In addition, high-quality AIN epitaxial layers can be grown
at relatively lower growth temperatures. Subsequently, Altuntas et al. investigated the
influence of PALE growth temperature on quality of AIN-on-Si [25]. They discovered that
by employing the PALE growth approach, they could develop coalesced AIN surfaces with
a quasi-two-dimensional growth mode and high crystalline quality, even at relatively low
temperatures. In addition, Xue et al. reported an ultrathin barrier of AIN for high electron
mobility transistors, grown using PMOCVD at relatively lower growth temperatures. They
discovered a low root-mean-square roughness of 0.15 nm and good electron mobility of
1398 cm?/ Vs [18].

Nevertheless, even though the reported pulsed-flow method produces high-quality
AIN epilayers, there is an inadequate amount of extensive research addressing the rela-
tionship between pulsed cycle number and its effect on the morphological and structural
properties of AIN-on-Si (111). Therefore, in this study, we demonstrate a systematic in-
vestigation on the influence of different PMOCVD cycle numbers on the morphological,
structural, and strain properties of AIN-on-Si (111).

2. Experimental Procedures

In this study, AIN epitaxial films were grown on 2-inch Si (111) substrates. A horizontal
flow SR-2000 Taiyo Nippon Sanso metal-organic chemical vapour deposition (MOCVD)
system was employed to facilitate the epitaxy process. The schematic growth structure
is presented in Figure la. Trimethylaluminium (TMAI) and ammonia (NH3) were used
as a precursor for Al and N, respectively, while hydrogen (H;) acted as a carrier gas. The
substrate initially underwent the Radio Corporation of America (RCA) cleaning procedure,
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followed by a 2 min etch in buffered hydrofluoric acid (HF) to remove the native oxide
from the substrate surface [26]. Prior to the growth, the substrate was subjected to Hj
cleaning with a flow rate of 9.5 SLM at 1125 °C for 10 min. Throughout the growth process,
the reactor pressure was maintained at 100 Torr. The growth on Si (111) began with 100 nm
of AIN nucleation layer at 1000 °C, by simultaneously feeding the Al and N precursor into
the reactor, with gas flow rate of 40.63 umol/min and 5 SLM, respectively. Subsequently,
the AIN films were grown at 1180 °C, employing the PMOCVD technique. Growth was
achieved by alternately feeding the TMAI and NHj for 4s and 2s, respectively. The fluxes
of the TMAIl and NH3 were set as 12.19 pmol/min and 1.8 SLM, respectively. A graphical
sequence of the precursor feeding for the nominal and PMOCVD techniques are illustrated
in Figure 1b,c, respectively. To investigate the influence of pulsed cycle numbers towards
the properties of as-grown AIN epilayers, 0, 35, 70 and 140 cycle numbers were used.

AINPALE

AIN Nucleation layer

S1(111) substrate

(2)

AL ™AL L
N N LT

(b) (©)

Figure 1. (a) The schematic cross-sectional view of AIN-on-Si (111) substrate. The gas flow used for
TMALI and NHj using the (b) nominal and (¢) PMOCVD growth technique.

Field emission scanning electron microscopy (FESEM—Hitachi Su8220) (Tokyo, Japan)
and atomic force microscopy (AFM—Park System NX-10) (Suwon, Republic of Korea) were
utilised to examine the surface morphological properties of the as-grown AIN epilayers.
The polarity of the PMOCVD-grown AIN was examined by potassium hydroxide (KOH)
wet etching with 0.18 mol/L KOH at 55 °C for 5 min. FESEM cross-sectional analysis and
X-ray reflectivity (XRR) measurement were utilised to observe the thickness of the AIN.
Then, the samples were subjected to rocking curve measurements using high-resolution
X-ray diffraction (HR-XRD—Rigaku Smartlab) (Tokyo, Japan) to analyse the crystalline
quality of the samples. HR-XRD was then utilised to study the strain relaxation of the
samples by examining the reciprocal space mapping (RSM) of AIN epilayers.

3. Results and Discussions

To analyse the surface properties of the as-grown AIN films, the samples were sub-
jected to the FESEM characterisation. Figure 2 shows the FESEM surface images of the AIN
films with different PMOCVD cycle numbers under 5000 times magnification. The evolu-
tion in morphology can be clearly seen from the images, where the occasional void area is
observed on samples with a low PMOCVD cycle number. At 0 cycle number, small voids
were observed, which were non-uniformly distributed on the surface of the epilayers. The
low mobility of the Al adatoms in the nominally-grown AIN layer may have contributed to
the void observed on the surface of the AIN at 0 PMOCVD cycle number. As the PMOCVD
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cycle number increases to 35 and 70, the surfaces grow denser as the void becomes bigger
and reduces in density. Finally, a dense and flat surface covering the entire samples is seen
at 140 cycle number. It is noteworthy that the enhanced augmentation of Al adatoms using
the PMOCVD approach promoted quicker grain coalescence in the early phases of the
deposition, resulting in extremely uniform and dense surfaces of AIN epilayers [23].

10.05m "l 0005 2.0kV 45.0mm x5.00k SE(L) 10.04m °Jl10023 2.0kV 12.9mm x5.00k SE(L) 10.01im " 0020 2.0kV 45.0mm x5.00k SE(L)

Figure 2. FESEM surface image with different PMOCVD cycle numbers (a) 0, (b) 35, (c) 70, and
(d) 140.

To further analyse the surface properties of the as-grown AIN epilayers, the AFM
images with a scan area of 2 um X 2 um for the AIN films grown with different PMOCVD
cycle numbers are presented in Figure 3. High density and fine grain islands were observed
at 0 AIN PMOCVD cycle, which suggests that the growth is under three-dimensional
growth mode. As the cycle number increased, it became apparent that the grain island
was enlarged and becoming less dense. A 4s interruption of the NHj supply encouraged
the accumulation of Al adatoms on the surface, resulting in larger grains and lower island
density [27]. Owing to the gradual increase in the island’s grain size, the grain boundaries
of the AIN epilayers grew obscure, forming an atomically flat surface. As a result, the
corresponding RMS roughness of the AIN films from 0 to 35 PMOCVD cycle number
decreased significantly from 3.49 to 1.53 nm, suggesting that the quasi-two-dimensional
growth mode was achieved. This demonstrates that the PMOCVD growth technique
enhances the augmentation of Al adatoms and promotes the coalescence surface ratio of
the AIN films. However, RMS roughness was observed to increase slightly for 70 and
140 cycle numbers, with corresponding values of 2.13 and 2.20 nm, respectively. During the
early coalescence of the AIN islands, the Al adatoms had sufficient mobility to relocate to
energetically favourable sites, resulting in randomly sized AIN islands. As the PMOCVD
cycle number increased, this caused the growth of some larger grain islands to suppress
the smaller ones, mildly increasing the RMS value of the AIN films [14,23].
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_»
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Figure 3. 2 um x 2 um AFM images of AIN epilayers with different PMOCVD cycle number (a) 0,
(b) 35, (c) 70, and (d) 140.

Figure 4a shows the cross-sectional FESEM of AIN with 70 cycle numbers. The AIN
films cover the substrate surfaces and show an abrupt interface between the substrate and
the epitaxial layer. The mean measured thickness is 154 nm with an estimated growth rate
of 0.5 um/h. Wet etching by KOH is commonly employed to determine the polarity of
AIN. The etch rates can determine the polarity of AIN, with the N-polar typically having
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a higher etch rate, while in the Al-polar, the etch speed is negligible [28]. In this work, a
sample with 70 cycle numbers was exclusively used to determine the polarity of the AIN
grown by PMOCVD. Figure 4b shows the XRR measurement along with simulated curves
for the AIN with 70 cycle numbers before and after KOH wet etching. The curves are fitted
using Rigaku Smartlab Studio II (ver.4.3.200.0). In the simulation, two layers were assumed
including the Si (111) substrate and 154 nm AIN. The fitting curves reveal that the thickness
of the AIN before and after KOH wet etching are 150.0 and 149.8, respectively, close to the
thickness observed in the FESEM cross-sectional analysis. The thickness of the AIN shows
no significant reduction after the KOH wet etching process, indicating that the AIN is in
the Al-polar.

[— as-grown AIN
f——as-grown AIN (simulation)
----- after wet etching in KOH
[—=—after wet etching in KOH (si

Intensity (a.u.)

0.8 0.9 1.0 11 1.2 13 14 15 1.6

0005 2.0kV 8.9mm x50.0k LA10O(UL) 20 (deg)

(a) (b)

Figure 4. (a) FESEM cross-sectional images of AIN with 70 cycle numbers, (b) XRR and its simulated
curves for 70 cycle PMOCVD AIN before and after KOH wet etching.

Thereafter, the crystalline properties of the as-grown AIN epilayers were analysed by
HR-XRD using a Cu K X-ray source with wavelength, A, of 1.5406 A. The sample with
70 PMOCVD cycle number 70 was exclusively subjected to a phi, ¢ scan. Figure 5 shows
the ¢ scan of the AIN 10-13, which reveals the sixfold rotational symmetry separated
by 60°, indicating that the film is a single crystalline hexagonal AIN [29]. For Si 311,
the ¢ scan shows the three-fold rotational diffraction peaks with intervals of 120°. This
observation confirms the in-plane relationship of the epitaxial growth between AIN [1100]
and Si [112] [30,31]. In addition, researchers commonly employed a w-scan, also known as
X-ray rocking curve (XRC) measurement, to investigate the crystalline quality of epitaxial
films. The full width at half maximum (FWHM) of the XRC measurements are often used
to characterize the structural perfection and degree of crystallinity. At higher degrees
of crystalline perfection, a perfectly aligned lattice structure will result in more coherent
diffracted X-ray from the crystalline lattice structure, which concurrently reduces the
FWHM width [32]. Conversely, wider FWHM suggests a greater degree of imperfection.
The imperfection in crystal structure may have originated from lattice defects, threading
dislocations, and grain boundaries. These imperfections disrupt the regular arrangement
of the lattice structure, leading to the scattering of diffracted X-ray over an angle.



Crystals 2024, 14, 371

60of 11

4200

4000

3800

3600

3400

3200

FWHM (arcsec)

3000

2800

2600

T
a0 b ——AIN 103
280 e

0 J

—Si 311

20,000

Intensity (a.u.)

15,000 -

10,000 -

5,000 |- E

0 1 1
-180 -120 -60 0 60 120 180

Phi, ¢ (°)

Figure 5. HR-XRD phi, ¢ scan for AIN 10—13 and Si 311 of the sample with 70 PMOCVD cycles.

Figure 6a shows the FWHM of AIN 0002, a remarkable decrease in FWHM value is
observed as the cycle number increases from 0 to 70 cycles, from 4046 arcsec to 2756 arcsec.
Nevertheless, when the cycle number increases to 140, the decreasing trend becomes almost
saturated. A similar trend is observed for AIN 10-12 for the cycle numbers from 0 to 70
as the FWHM value dramatically reduces from 4783 arcsec to 3450 arcsec. However, a
further increase to 140 cycle number monotonous increase to 3720 arcsec (see Figure 6b).
These observations suggest that the AIN epilayers’ crystalline quality are significantly
improved due to the introduction of the PMOCVD technique in the epitaxial structure.
The FWHM results of AIN 0002 are comparable with the other AIN growth reports using
various techniques as listed in Table 1 [15,25]. The narrowest FWHM observed at 70 cycle
indicates that the crystalline quality of the as-grown AIN epilayer have a higher degree of
crystalline imperfection with a well-defined lattice structure. The broadening of FWHM
with a prolonged PMOCVD cycle from 70 to 140 may have resulted from the increase in
the surface roughness as observed in the AFM measurement. During the coalescence of
the AIN grain island, the growth of the larger grain island may surpass the smaller one
and will induce threading dislocations in the epitaxial layer [33]. The Al-N bond in the
c-direction of the hexagonal AIN crystal structure is stronger than the three in-plane bonds,
increasing the likelihood of rotation in the mosaic structure and ultimately, increasing the
diffracted X-ray scattering and XRC peak widening.

I ] wora ]
4600 | \ .
L 4 \
23 4400 - \ .
L i 8 \
g 4200 [ \ 4
i | = L \ _
i 1 E 4000 \
& 3800 | \ .
- \ 4 L ]
— 3600 - - g
e 3400 - b
35 70 140 0 35 70 140
AIN PMOCVD Cycle AIN PMOCVD Cycle
(a) (b)

Figure 6. The dependence of PMOCVD cycle number towards the FWHM of (a) AIN 0002 and
(b) AIN 10-12.
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Table 1. List of reported FWHM of AIN 0002 using various growth techniques.
No. Title Growth Technique FWHM of AIN 0002 References

1. This work PMOCVD 0.76°
Influence of PALE growth temperature on °

2 quality of MOVPE grown AIN/Si (111) PALE 153 23]

3 Competitive growth mechanisms of AIN Mass transport 0.68° [15]

’ on Si (111) by MOVPE mechanism ’

Furthermore, reciprocal space mapping (RSM) measurements of AIN 10-15 were
performed to further understand the crystallography properties of the AIN epilayers
deposited at different PMOCVD cycle numbers, as presented in Figure 7a—d. From the
RSM measurements, the information on the lattice constants a and c of the AIN epilayers
can be calculated via [34,35]:

2t [4(h? + hk + k?
a=_- 4(h? + ik + k%) (1)
Qx 3
27l
c= (2)
Q:
where hkl are the Miller indices of AIN 10-15 reflection (in this case, h =1, k=0, [ = 5).
Using the calculated lattice constant for 4 and c for the AIN epilayers, the in-plane (eyy) and
out-of-plane (e,,) strain of the layers can be calculated using;:
a—ap
Exx = 3
w= ®
cC—Cp
€77 = 4
= @
where a and ¢ were the measured lattice constants, while ay = 3.112 A and ¢y = 4.982 A,
represent the free-standing lattice constant of AIN. The calculated value from the RSM
measurement of AIN 10-15 measurements were tabulated in Table 2.
Table 2. The summary of XRD reciprocal space mapping (RSM) of AIN 10-15 calculation.
PMOCVD In-Plane Lattice Parameter Out-of-Plane Lattice Parameter
Cycle Number (3 /27t (nm~1) a(A) Strain (%) Q./27 (nm~1) c(A) Strain (%)
0 3.67 3.15 1.10 10.08 4.96 —0.44
35 3.70 3.12 0.28 10.07 4.97 —0.34
70 3.70 3.12 0.28 10.07 4.97 —0.34
140 3.69 3.13 0.55 10.06 497 —0.24

Figure 7e shows the in-plane strain of the AIN epilayers as a function of the PMOCVD
cycle number. It can be observed that all the samples were in tensile strain. As the
PMOCVD cycle number increased from 0 to 35 and 70, the in-plane strain value decreased
from 1.10%, 0.28%, and 0.28%, respectively. Nevertheless, a marginal increase to 0.55% was
observed at 140 PMOCVD cycle. The difference in thermal expansion coefficient between
the AIN and Si (111) substrate during the cooling phase from growth to room temperature
was the primary cause of tensile strain [36]. In addition, tensile stress was also built up
during the growth process due to the lattice mismatch, which promoted the propagation of
threading dislocations [37]. Eventually, the reduction in the FWHM width observed in the
XRC measurement followed the same pattern as the decrease in the in-plane tensile strain
observed in the RSM measurement. At 140 cycle number, the presence of strain may cause
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the broadening of the FWHM of the XRC, due to the variation in lattice constant caused by
the lattice strain-induced distortion. Thus, this finding indicates that the PMOCVD cycle
number has a major influence on the stress modulation during the growth and cooling
processes of the AIN epilayers.
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Figure 7. XRD reciprocal space mapping (RSM) of AIN 10-15 for the AIN epilayers grown on the Si
(111) substrate with (a) 0, (b) 35, (c) 70, and (d) 140 PMOCVD cycle number. (e) The in-plane strain of
the AIN epilayers as a function of PMOCVD cycle number.

4. Conclusions

This study discussed the relationship between the AIN PMOCVD cycle number and
the morphological and structural properties of AIN-on-Si (111) substrate via MOCVD. The
study revealed that the morphological and structural properties critically depended on
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the AIN PMOCVD cycle number. Field emission scanning electron microscopy revealed
void-less and dense surfaces of AIN epilayers at the highest PMOCVD cycle number. Addi-
tionally, according to atomic force microscopy, the AIN grain islands enlarged and showed
a quasi-two-dimensional growth mode with the incorporation of PMOCVD method. The
Al-polar of the AIN epitaxial layer is confirmed by the KOH wet etching procedure. Fur-
thermore, the width of FWHM for AIN 0002 and 10-12 decreased concurrently with the
increased PMOCVD cycle number, indicating an improvement in crystalline quality. In
addition, reciprocal space mapping of AIN 10-15 showed that the in-plane tensile strain in
the AIN epilayers was inversely proportional to the PMOCVD cycle number. The optimised
AIN epilayers were observed at 70 cycle number with the narrowest FWHM of AIN 0002,
10-12, and in-plane tensile strain of 2756 arcsec, 3450 arcsec, and 0.28%, respectively. Hence,
the PMOCVD growth methodology is advantageous and may be used as an alternate
method for the growth of high-quality AIN-on-Si (111) epitaxy.
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