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A comprehensive spectroscopic study is reported for MOCVD (Metal organic chemical vapor deposition)
grown AIN thin films prepared on sapphire (Al;03) and 6H—SiC substrates. Impacts of substrate on the
structural, surface and optical properties of AIN epilayers are meticulously appraised by using high
resolution X-ray diffraction (HR-XRD), X-ray photoelectron spectroscopy (XPS), Raman scattering (RS),
optical transmission (OT), spectroscopic ellipsometry (SE), photoluminescence (PL) and atomic force
microscopy (AFM). Comparative results with different spectroscopic studies have revealed better crys-
talline quality of the AIN films grown on 6H—SiC than on Al;0s. For AIN/Al,O3 our extensive measure-
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AllJJ/minum nitride ments have clearly uncovered a significant influence of the substrate on film’s surface roughness,
Sapphire dislocation density, grain size, micro strain and the incorporation of oxygen on its surface. Careful
6H—SiC analysis of the temperature-dependent RS results have shown an appealing phenomena of the existing

Photoluminescence (PL) biaxial stress in AIN films altering from compressive to tensile stress as the temperature is increased from
X-ray photoelectron spectroscopy (XPS) 80 K to 800 K. This effect exhibits higher temperature inflection point for AIN/Al,Os film than AIN/6H
Temperature-dependent Raman —SiC.

© 2020 Published by Elsevier B.V.

1. Introduction diodes and light-emitting diodes [17]. Metal organic chemical va-
por deposition (MOCVD) is widely used to grow large-area and
high-quality IlI-nitride based epitaxial layers [6—8,15,18,19]. In the
absence of suitable substrates, most AIN thin films are heteroge-

neously grown on sapphire (Al;03) and SiC (Silicon carbide). Sap-

Aluminum nitride (AIN) is an important direct wide bandgap
(Eg = 6.2 eV) semiconductor with high temperature stability, high
resistivity (10'-10'® Q-cm), high thermal conductivity (285 W/mK)

and high breakdown field (1.2—1.8 x 10® V/cm) [1-8]. AIN and
related materials are very promising with broader application
prospects in the areas of high-density optical data storage,
biomedical research, solid-state light sources, and air sterilization
[9—16]. The good piezoelectric and related properties of AIN can
also be adapted for designing surface acoustic wave devices, laser
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phire is the most popular substrate for aluminum nitride growth
because of its stability at high temperatures and transparency in
the ultraviolet band region [6—8,12,13,18,20—24]. Due to a large
mismatch in the lattice constant and thermal expansion coefficient
(TEC) between AIN and sapphire, the epitaxially grown AIN/Al,03
films usually exhibit a high density of linear misalignment (10°-
10'%cm~2) [22—25]. The highly stressed epitaxial AIN films gener-
ally reveal high threading dislocation density from HR-TEM/STEM
on MOCVD-grown AIN/Al,O3 [22]. These defects act as non-
radiative recombination centers or leakage current paths, which
significantly reduce device performance [14]. Using 6H—SiC as a
substrate for AIN growth is a good choice [5,26,27]. But some
problems may appear as the growth temperature is high, and SiC is
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easily decomposed with large mismatch between the TEC and
lattice constant of AIN and SiC [26]. Cross-sectional TEM/STEM
images of 500-nm-thick AIN on 6H—SiC with different V/III ratios
had revealed threading dislocation density (TDD) and cracks [5].
Furthermore, research works have been done in the field of AIN
epitaxial films grown on different substrates to obtain high-quality
AN epitaxial films, such as Si [28,29], 4H—SiC[30], 3C—SiC[16], and
glass [14].

While many investigations on the optical properties of AIN/
Al>O3 films are reported — only a few studies exist comprehending
the characteristics of AIN films prepared on other substrates.
Among others, the use of low mechanical loss materials such as
single crystal silicon (Si) and 6H—SiC are probably the most
compatible substrates with conventional micro-fabrication pro-
cesses for increasing quality factor, Q of the piezoelectric resonant
devices. While the low acoustic velocity of Si substrate has the
disadvantage for high frequency devices — the high acoustic ve-
locity of 6H—SiC warrants investigations for enhancing the Q of
AlIN-based resonant devices without compromising the resonance
frequency. This study aims to systematically study the optical and
material properties of AIN grown on Al;03 and 6H—SiC substrate.

To comprehend the influence of heterogeneous substrates on
surface morphology, crystalline structure and optical properties,
which could provide a useful information on device fabrications —
we have employed an MOCVD method (cf. Sec. 2) to grow a series of
AIN thin films on 6H—SiC and c-plane Al,03 substrates. Several
characterization techniques, including high resolution X-ray
diffraction (HR-XRD), X-ray photoelectron spectroscopy (XPS),
Raman scattering (RS), optical transmission (OT), spectroscopic
ellipsometry (SE), photoluminescence (PL) and atomic force mi-
croscopy (AFM), are employed (cf. Sec. 3) to comprehensively
analyze some valuable properties of AIN epifilms. By exciting the PL
spectra with deep-ultraviolet (DUV) 193 nm laser source, we
compared the luminescence performance and extracted the band
gap Eg of the two AIN films. HR-XRD was used to analyze the
structural characteristics of the films, and to understand the dif-
ferences between their micro-strain, grain size, and dislocation
density. We employed XPS to analyze the valence state of the film
and the thickness of its surface oxide film. By using a temperature-
dependent RS, the spectral line width, stress and E; (high) mode
were carefully characterized for the AIN films grown on two
different substrates. The OT and polarization dependent SE spectra
were used to verify the band gap values of the film grown on the
sapphire substrate. The transmittance data of the film was analyzed
to obtain the film thickness and surface morphology of AIN film
studied by AFM.

2. Samples and experiments

Two samples of AIN used in this study were prepared by metal
organic chemical vapor deposition (MOCVD) grown on c-plane
Al,03 (#F5428 briefly named as Sa) and 6H—SiC (#F5444 briefly
named as Sc) substrates. Using the conventional method for the
growth of AIN epitaxial layer, we employed trimethyl aluminum
(TMA) and ammonia (NH3) as gas sources, and hydrogen (H3) as
carrier gas at temperatures, typically above 1000 °C. The epifilms
were characterized by various spectroscopic techniques including
PL, HR-XRD, XPS, Raman scattering, OT, SE and AFM, etc.

By exciting the sample with an extreme DUV laser (193 nm) we
analyzed their luminescence performance. The crystal orientation
and structure of the sample were characterized by HR-XRD
(SMARTLAB3KW) using Cug,, radiation (A = 0.15406 nm). We per-
formed 26 scans in the angle range of 25° -140° with a step size of
0.1° as well as omega scans in the (0002) direction. XPS (ESCALAB
250XI) was used to characterize the composition on the surface of
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the samples — all XPS binding energies were calibrated to the C 1s
peak at 284.8 eV; A program of XPSpeak 4.1 was used for fittings to
obtain the binding energies in different chemical states. The RS
results were measured by using a micro-Raman spectrometer and
different excitation laser sources with wavelengths of 266 nm
(FQCW266) and 532 nm (MLL-U-532). We used a UV-—visible
spectrophotometer (Zolix OmniAs, China) with deuterium lamps.
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Fig. 1. (a) PL spectra excited by 193 nm laser, (b) Enlarged view, for AIN/SiC (Sc) and
AlIN/sapphire (Sa), respectively.
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The absorption characteristics of AIN films were characterized by
OT spectroscopy. The film thickness, roughness and band gap were
analyzed using a variable angle ellipsometer (VASE; ME-L ellips-
ometer, Wuhan Eoptics Technology Co. Ltd. China). The AFM
(Dimension Icon) micrographs were taken to comprehend the
surface morphology of the samples. All the above measurements
were performed at room temperature (RT). Temperature-
dependent RS (80 K—800 K) data analysis was performed using
Linkam heating system (THMS600) and water circulator with an
excitation laser wavelength of 266 nm.

3. Results and discussion
3.1. Structure and composition

3.1.1. Photoluminescence analysis

Fig. 1 shows the DUV fluorescence spectrum of two MOCVD
grown AIN samples. The wavelength of the laser that we used here
is 193 nm. AIN grown on 6H—SiC has a fluorescence emission peak
at 211.9 nm (5.851 eV). The aluminum nitride film grown on sap-
phire has a fluorescence emission peak at 212.3 nm (5.840 eV) and a
weak fluorescence emission peak at 258.7 nm (4.85 eV). The peak at
213.3 nm is its intrinsic emission peak, while the one at 258.7 nm
may be caused by the structural anisotropy of AIN. A strong single
fluorescence emission peak can be observed in the fluorescence
spectrum, which can be explained by the thickness of the film,
which is much smaller than the wavelength of the stimulated ra-
diation near the edge of the band [31,32]. Secondly, the fluores-
cence emission peak also has a slight shift. It can be noted that the
aluminum nitride film grown on the sapphire substrate not only
has its intrinsic emission peak, but also has an edge emission peak;
while the aluminum nitride film grown on the silicon carbide
substrate has only its intrinsic emission peak. Therefore, the dif-
ference in the fluorescence spectra of the two aluminum nitride
films is caused by the stress caused by the difference in the two
substrates. The stress in the aluminum nitride films will be
described later.

In order to better comprehend the emission spectra we have
performed the Gaussian fitting on the PL spectra excited by 193 nm
laser. The results are displayed in Fig. 2 with fitting parameters
reported in Table 1. As shown in Fig. 2, the broad band can be
divided into two peaks. It can be noted that both samples show a
peak with lower energy than the free exciton emission, assuming it
is a replica of the longitudinal optical (FX-1LO) phonon emitted by
the free exciton, and the other is the optical (FX-2LO) phonon
replica. In the Sa (F5428) sample, the energy difference between
the two phonon peaks is about 73 meV; for the Sc (F5444) sample,
the energy difference between the two phonon peaks is about
84 meV. Again the two phonon replica peaks are very close [32]. In
the two samples studied here, the energy difference between the
two phonon peaks of the Sc sample is larger than that of the Sa
sample. One can also notice the intensity ratio of the FX-2LO peak
and the FX-1LO peak of the film is different for two pieces of AIN.
The ratio of Sc is obviously smaller than that of Sa. Therefore, we
conclude that the crystal quality of the AIN film (Sc) grown on SiC is
better than that of the AIN film (Sa) grown on sapphire. This phe-
nomenon is caused by the lattice mismatch between the epitaxial
film and the substrate and the thermal expansion coefficient
mismatch between them.

3.1.2. XRD data

The HR-XRD is an effective method to understand not only the
crystal structure and quality but also to identify its secondary
phases. Fig. 3 (a) shows 2 scans for AIN film grown on two sub-
strates from 25° to 140° . The HR-XRD patterns between the two
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Fig. 2. Gaussian fitting of PL spectra excited by 193 nm, for (a) AIN/sapphire (Sa) and
(b) AIN/6H—SIC (Sc), respectively.

aluminum nitride films show strong first-order aluminum nitride
diffraction peaks (0002) and second-order aluminum nitride
diffraction peaks (0006). The intensities of the first-order diffrac-
tion peaks (0002) are the strongest, and the crystal is preferentially
oriented in this direction. In terms of the diffraction intensity, we
can see that the diffraction peak of sample Sa (F5428) is signifi-
cantly weaker than that of Sc (F5444). Fig. 3 (b) presents the rocking
curves for the (0002) orientation. Using Gaussian fitting, the full-
width at half-maximum of the peak can be obtained. For the Sa
and Sc samples these are 0.130 arcsec and 0.067 arcsec, respectively
— significantly smaller for the Sc (F5444) than the Sa (F5428)
sample. Thus, for the two samples studied here, the crystal quality
of the AIN film grown on Al,03 substrate is inferior than that of
prepared on 6H—SiC substrate. At the same time, we also estimated
the average particle size of each sample by Debye-Sheller formula
[33]:
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Table 1
PL fitting parameter of 193 nm.
Sa (F5428) Sc (F5444)
Wavelength(nm) Photon Energy(eV) Wavelength(nm) Photon Energy(eV)
FX-1LO Peak position 210.945 5.878 211.669
Height (hq) 565.377 1875.213
FWHM 3.371 4.005
FX-2LO Peak position 213.583 5.806 214.764
Height (hy) 698.702 361.426
FWHM 4,925 3.517
hy/hy 1.234 0.193
AIN AIN (a)
(0002) (0002)
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Fig. 3. (a) XRD pattern of AIN and (b) The (0002) plane XRC, of two AIN samples, respectively.
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KX
“Bcos b

(1)

where D: particle size (diameter), K: fixed parameter (film = 0.9), A:
Cuy, diffraction wavelength (0.15406 nm), B: half-peak width
(FWHM(20)), 0: diffraction angle.

The detailed parameters extracted for AIN samples (Sa and Sc)
are shown in the above Table 2a. It can be noted that the first-order
diffraction peak angles of AIN films grown on different substrates
are different — and certainly the film grown on Al,Os is frailer than
that on 6H—SIC. Also, it can be seen that the average grain diameter
of the AIN film on the Al,03 is smaller than that grown on 6H—SiC.
According to the Bragg’s equation 2dsin § = A(Cuyg) [23], d is the
spacing between crystal planes, 0 is the incident ray, the angle
between the reflected line and the reflected crystal plane, and A is
the wavelength. It can be noted from the HR-XRD pattern that
larger the 20 angle — the smaller the interplanar spacing. In sum-
mary, comparing the AIN films on two different substrates we
noticed that the interplanar spacing and crystal grain size of the
AIN film grown on Al,03 are smaller than the film grown on 6H—SiC
substrate. Due to a smaller mismatch between AIN and 6H—SiC —
the crystalline quality of the film improved significantly. Again, the
AIN (0002) peaks of samples Sa (F5428) and Sc (F5444) appear at
36.29° and 35.90° , respectively. The diffraction angles of the two
AIN films (0002) are slightly different, which can be interpreted
from the lattice constant values of sapphire (a = 0.4785 nm,
¢ = 1.2991 nm) [34] and 6H-SiC (a = 3.0730 A, b = 10.053) [27] as
well as AIN (a = 0.311 nm, ¢ = 0.498 nm) [35]. In addition, the
microscopic strain (€) can be calculated from the following
expression [7]:

6 cos @
e="7 (2)

with B:Full-width at half-maximum (FWHM(26))

The strain in AIN thin film grown on sapphire substrate is larger
than that on SiC substrate. It is simply due to that the lattice
mismatch (13%) of sapphire and AIN is greater than SiC (1%), and
the coefficient of thermal expansion mismatch of sapphire (7.7 x
107%/- C) and AIN (4.6 x 107 C) is greater than SiC (3.7 x
1076/ C) [36].

The dislocation density of AIN can be estimated by the following
equation [18].

5(20002)
0= 35b2 (3

where b is the length of the Burgers vector (b = 0.3110 nm). The
calculation of the above formula shows that the dislocation den-
sities of the two samples of Sa (F5428) and Sc (F5444) are 0.46 x
10~3 nm~2 and 0.45 x 103 nm~?, respectively.

From the results reported in Table 2b, the dislocation densities
of the two samples are similar. The dislocation density of the
aluminum nitride film grown on sapphire is slightly larger than
that of the aluminum nitride film grown on silicon carbide. The
magnitude of the strain is almost the same for two AIN films. It can
be noticed that the sample with large thickness of aluminum

Table 2a
detail parameters of AIN.

Sample 20(deg) FWHM(deg) Crystallite Size D (nm) D nm (Average)
Sa (F5428) 36.29 0.17961 46.545 61.345
Sc (F5444) 35.90 0.1772 47.126 81.397
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nitride film have smaller dislocation density and micro-strain. The
difference in the dislocation density of the two films may be due to
the difference in thickness of the epitaxial layer. The AIN film with a
large epitaxial layer thickness may form an adjacent dislocation
loop opposite to the Burger vector direction [37]. Secondly, within
these two AIN films, the thickness of the epitaxial layer on the
sapphire substrate is smaller than that on the silicon carbide sub-
strate, which can be attributed to the greater mobility of aluminum
atoms on the sapphire substrate, and therefore, it can be used with
for a shorter time on the lattice growth formation. Referring to the
AFM results, the difference in grain size may be attributed to the
bamboo shoot growth model of crystal growth [12]. These addi-
tional atoms may be trapped in twists, steps, or surface defects.
Finally, we know that small dislocation density and large grain size
indicate high sample crystallinity. Obviously, in the two AIN films
studied, the crystal quality of Sc (F5444) is better than that of Sa
(F5428).

3.1.3. X-ray photoelectron spectroscopy (XPS)

Fig. 4(A) shows the full spectra of two aluminum nitride films
and all XPS spectra were calibrated to the C1s peak at 284.8 eV. The
XPS spectra confirmed that these AIN films are composed of
aluminum, nitrogen, carbon, oxygen and other elements. Due to the
influence of background, the Si peaks appearing nearby are not so
obvious. The carbon peak may be caused by carbon-containing
impurities adsorbed on the air or sample surface [38].

XPS fine scans of N1s and Al2p for two AIN films are exhibited in
Fig. 4 (B). Here, the fitting software XPSPEAK 4.1 was used.
Gaussian-Lorentz (20%—80%) function was used to fit the narrow
spectra. The fitting results are shown in Table 3. By fitting the peaks
of N1s and Al2p, two chemical states with different binding en-
ergies (B.E.) for aluminum and nitrogen can be obtained. One may
note that all AI2p narrow spectra can be fitted into two sub-peaks of
different chemical states. For the Sa (F5428) sample, the binding
energy of Al-N is 73.576 eV and the binding energy of Al-O is
74.285 eV; for the Sc (F5444) sample, the binding energy of Al—N is
74.029 eV and the binding energy of Al-0 is 75.358 eV. Similarly, all
N1s narrow spectra can also be fitted into two sub-peaks with
different chemical states. First look at the Sa sample, the binding
energy of AI-N is 399.739 eV, the binding energy of N—O is
396.817 eV; secondly for the Sc sample, the binding energy of AlI-N
is 398.967 eV, and the binding energy of N—O is 398.447 eV. For the
narrow-spectrum Al2p, it can be seen that the chemical binding
energy of Sa is smaller than that of sample Sc. Factors such as
charge transfer effects, the presence of electric fields, hybridization,
and environmental charge density may all cause changes in binding
energy. Among these factors, charge transfer is considered to be the
main mechanism [39].

By fitting each sub-peak, using the sensitivity constant and the
calculation formula, the thickness d(A) of the surface oxide film can
be estimated by

dps(A) = A sin f In (’1\\']‘:}:]’}{; + 1) (4)

Among them, the ratio of the volume density of aluminum
atoms to oxides in metal atoms is N, /No = 1.6 (calculated according
to the density of Al = 2.7 g/cm® and Al,03 = 3.1 g/cm?, respectively),
and A and A, are alumina and nitrogen, respectively. The attenu-
ation length of aluminum oxide [40], 6 is 75°, I/, is the ratio of the
area of aluminum oxide to the area of aluminum nitride.

Oxygen contamination is easily formed on the surface of the film
due to the high oxygen affinity of aluminum atoms [16]. It can be
seen from the results in Table 3 that the thickness of the oxide film
on the surface of the AIN film is different. The oxide film thickness
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Table 2B
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Calculation results of dislocation density and micro-strain of two aluminum nitride films.

Sample Thickness (nm) Dislocation density 8x10~> (nm—2) Micro strain €x103
Sa (F5428) 250.69 0.46 0.74
Sc (F5444) 675.62 0.45 0.73
Table 3
%) 7 XPS analysis result for the AIN thin films.
-~ ~
O o = Film Sa (F5428) Sc (F5444)
-
- S Al2p #1 BE. (eV) 74.285 75358
o Sc (F5444) < x FWHM (eV) 1523 1.583
5 P O o Area 7211.044 9106.652
& | o > w #2 B.E. (eV) 73.576 74.029
& Qe FWHM (eV) 1351 1618
v O<C Area 5499.607 2519.232
& Nis #1 B.E. (eV) 399.739 398.447
FWHM (eV) 1913 1.021
e Sa (F5428) Area 6682.257 3472.049
3 #2 BE. (eV) 396.817 398.967
O FWHM (eV) 1424 3.393
Area 2919.851 13099.860
drps(A) (nm) 28.19 4926

0 200 400 600 800 1000 1200 14
Binding Energy (eV)

Fig. 4A. Wide-scan XPS spectra.
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Fig. 4B. Fine-scan spectra of (a) Al2p and (b) N1s for two AIN films, respectively.

of the AIN film on the 6H—SiC substrate is obviously thicker than
that of the AIN film on the sapphire. This is due to the different
oxygen affinity of the two films.

3.2. Optical characterization of AIN

3.2.1. Room temperature Raman scattering spectra

Fig. 5 shows the RS spectra of two aluminum nitride samples
with different substrates excited by 266 nm and 532 nm lasers. The
perusal of Fig. 5 reveals that when using 532 nm/266 nm excitation,
the major Raman peaks of the AIN/Al,O3 film Sa (F5428) are located
near 248.55 cm~!, 656.94 cm~'/661.37 cm~! and 889.59 cm™!/
895.32 cm ™ 'respectively. On the other hand the Raman peaks of
AIN/6H—SIiC film Sc (F5444) are located near 266.71 cm™l,
64812 cm1/654.94 cm~! and 886.62 cm~!/889.57 cm~. These
features correspond to the Ex(Low), Ex(high) and A1(LO) of AIN film.
Secondly, the half-width of the E; (high) of the RS spectrum of two
samples, Sa and Sc, excited by two lasers can be obtained. For the
excitation of 532 nm, the half-widths of Sa and Sc are 7.6 and
5.7 cm™, respectively; Excited at 266 nm, Sa and Sc have half-
widths of 16.2 and 14.3 cm™, respectively. Obviously among the
two samples, the crystal quality of Sc is better than that of Sa.

In the absence of stress, the Raman frequency position of the
aluminum nitride E; (high) phonon mode is 657.4 + 0.2 cm™' [19].
From the Gaussian fit of RS spectrum with 266 nm excitation for the
Sa sample, the Raman frequency position of the E; (high) phonon
mode can be obtained as 661.3 cm~!' — the value is higher by
3.9 cm~! with respect to the case of no stress — caused by
compressive stress. For the Sc sample, the Raman frequency posi-
tion of the E; (high) phonon mode is 654.9 cm™!, with a Raman
displacement of —2.5 cm™~! relative to the unstressed condition is
caused by the tensile stress. Secondly for the Raman spectrum
excited at 532 nm, one can also be obtained that the Ej(high)
phonon mode Raman frequency positions of Sa and Sc are
656.9 cm~! and 648.12 cm™), respectively, and the Raman dis-
placements under unstressed conditions are —0.5 cm~!' and
-9.28 cm™!, respectively. This is due to the fact that the thermal
expansion coefficient of aluminum nitride is greater than 6H—SiC,
and the lattice mismatch between the substrate and the epitaxial
layer results in tensile stress [41]. The following formula can be
used to calculate the stress [20,42];
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Fig. 5. Raman spectra excited by 532 nm laser and 266 nm laser for two AIN films.

c=4w/K (5)

where 4w is the difference between the E,(high) phonon peak
between the stressed and unstressed AIN epitaxial layer, and K
(2.4 + 0.2 cm~'/GPa) is the strain coefficient.

3.2.2. Temperature-dependent Raman spectra

The results of temperature-dependent RS spectra between 80 K
and 800 K for the two A1(LO) and E; (high) modes of our samples
are displayed in Fig. 6 (a) and (b), respectively. For AIN, we can
evaluate the grain size and residual strain from the sum of the half-
width of its E; (high) Raman mode. As the temperature increases,
the decrease of the Raman mode is caused by thermal expansion
and phonon-phonon interaction. As can be seen clearly from Fig. 6
(a1) and (b1), as the temperature increases, the Raman shift of the
scattering peak gradually moves to a low wave number. Between
80 K and 800 K, for sample Sa (F5428), the E;(high) mode shifts by
about 16.3 cm™! from Fig. 6 (b1), while for the Sc (F5444) sample,
the Ey(high) mode moved about 10.1 cm~' from Fig. 6 (al). One
may note from the low temperature to high temperature data, the
Raman displacement of the aluminum nitride film grown on the
sapphire substrate is larger than that grown on the silicon carbide
substrate. The main reason for the displacement of the scattering
peak may be (i) as the temperature gradually increases, the non-
intermittent coupling between the phonons will gradually in-
crease; (ii) the thermal expansion effect of the lattice. All the above
reasons will lead to the change of lattice vibration energy level,
which will cause the corresponding displacement of the corre-
sponding Raman scattering peak frequency [12].
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From the Gauss function fitting of Ex(high) mode, the Raman
shift and FWHM-temperature curves are obtained. As shown in
Fig. 7(A) and (B), the red and blue solid lines are the fitting Line, and
one can see the relationship between the half-width and the
Raman shift with temperature. As the temperature increases, the
peak positions of the two samples slowly move to the low wave-
number direction. The Raman shift of the AIN film grown on Al,03
is relative to that prepared on 6H—SiC. To be closer to the fitted
curve, the trend is closer to linear change. For the Raman FWHM of
two aluminum nitride films, by fitting the curve, as the temperature
increases, they all decrease first, and then gradually increase. The
temperature at which the Raman FWHM of the two aluminum
nitride films changes. The inflection point is different. The tem-
perature inflection point of aluminum nitride film Sa (F5428) on
sapphire is 440 K; while the temperature inflection point of
aluminum nitride film Sc (F5444) on 6H—SiC is 200 K. Secondly,
regarding the movement of Raman frequency and the widening of
FWHM temperature, according to the perturbation theory [12], the
movement of Raman frequency is mainly due to its thermal
expansion effect and the non-harmonic coupling between the an-
harmonic vibration of the lattice point and the phonon caused.
The FWHM temperature broadening effect mainly comes from an-
harmonic broadening, which comes from temperature-dependent
phonon attenuation, that is, optical phonons decay into low-
energy phonons. Therefore, we can get the phenomenon that the
Raman shift of the E,(high) mode gradually shifts to a low wave
number as the temperature rises and is attributed to the thermal
expansion and an-harmonic vibration effects.

Fig. 8 is the change curve of the stress of two AIN films with
temperature. The Raman spectra excited by a 266 nm laser were
used, and the stress can be obtained by the above formula. It can be
seen from the blue circles and blue fitting curve in Fig. 8 that for the
AIN film grown on the Al,03 substrate, in the temperature range of
80 K—600 K, the biaxial compressive stress of the AIN film de-
creases with the increase of temperature. But, within the range of
600 K—800 K, the biaxial stress of AIN film is changed to negative,
i.e. becomes to tensile stress, which continue to increase in absolute
value with the increase of temperature. In other hands, for the AIN
film grown on the 6H—SiC substrate, in the temperature range of
80 K—250 K, the biaxial compressive stress of the AIN film de-
creases with the increase of temperature; in the range of
250 K—800 K, the biaxial stress of AIN film was changed to biaxial
tensile stress, which further gradually increases in amount with the
increase of temperature. It is found interestingly that at a certain
temperature point, their biaxial stress changes from compressive
stress to tensile stress. However, the changing points in tempera-
ture of the two aluminum nitride films are different, and it is higher
for AIN grown on the sapphire substrate that on SiC substrate. The
stress mutation temperature of aluminum nitride film is 600 K;
while the stress mutation temperature of AIN film grown on
6H—SiC is 250 K. This may be caused by the difference between the
thermal expansion coefficients of sapphire, 6H—SiC and aluminum
nitride.

3.2.3. 3 optical transmission measurement (OT)

Fig. 9 is the transmission spectrum of the AIN thin film on
sapphire. The transmittance can be obtained by removing the
measured experimental spectrum from the single-sided polished
sapphire substrate. Obviously, the AIN film shows a clear absorption
edge between 200 nm and 227 nm, and the vibration above the
absorption edge of the sample can also be observed, indicating that
the sample has good crystalline quality. The optical transmittance
of AIN film is greater than 70% in the UV band (200—400 nm). It can
be seen that its band gap is around 199 nm (6.22 eV). The rela-
tionship between transmittance and Eg can be obtained from [43].
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0= G) x [In(T%)] (6)

(ahv)? =hy — Eg (7)

where o, is the absorption coefficient, t is the film thickness, T% is
the transmittance, hv is the photon energy, and E; is the band gap
energy [44]

3.2.4. Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry (SE) measures the changes in po-
larization states psi (¢) and delta (A) between incident and
reflection of light on a sample. It can be used to accurately evaluate
optical constants, layer thickness and surface roughness. By using a
dual-rotation compensator, the ellipsometric spectra of the wave-
length range (195 nm—1600 nm) were measured for two samples,
as shown in Fig. 10, including fits described below. The optical

constants and band gap can be fitted to the ellipse spectrum
through a suitable theoretical model. According to the structural
characteristics of the AIN sample, the physical model of roughness/
oxide layer/AIN layer/substrate is used. The substrate uses Al,03
and 6H—SiC respectively, and remains fixed during the entire fitting
process. In order to obtain the thickness of the AIN epitaxial layer,
the Caughy dispersion model is used to fit the transparent area, the
formula is:

n(x):A+B/AZ+c/A“ (8)

K(\) = agef(1-24um(1/2=1/7)) (9)

where n is the refractive index, k is the extinction coefficient, A, B,
and C are the fitting parameters, ag is the extinction coefficient
amplitude, B is the exponential factor, and y is the band edge
[21,45—47]. The thickness of the AIN epitaxial layer and the initial
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value of the surface roughness can be determined in this fitting
stage. Secondly, according to XPS, we can find that there is an oxide
layer on the surface, and use the Caughy model to fit the surface
oxide layer to get its initial value.

For Sa (F5428), we used B-Spline to further fit the best initial
value obtained by Caughy model. By setting the wavelength range,
the wavelength range is slowly expanded to the absorption spec-
trum range, and the range pushed to the high energy end is further

Journal of Alloys and Compounds xxx (XXXX) XXX

1.1
1.0 ~A/NiSaphhire
" { Sa(F5428)

e -1
0.9
Shad

lAiNISapphire-F5428

55 60
Photo Energy (eV)
——

200 250 300 350 400
Wavelength (nm)

Fig. 9. Optical Transmittance spectra of AIN/sapphire, Sa (F5428).

22 -
~ 20 AlNiSapphire- Sa (F5428) (A)

184 RT
14

Psi (degree
?

— G5
— = Model fit

T T

o~
AY
~ SN
j \/

— 5"
— — Model fit

-
oN
Ll

=]
(=1}

™\ /N

\/

Delta (degree)
=N Wb~
CODOOCOO
LY

1 2 3 4
Photon energy (eV)

45 -
< 401 AIN/GH-SIC- Sc (F5444) =65 \ (B)
o 3571 RT — —Model fit / \
% 351
< 201
) 15-_
2 101
— 5__ T T T 6'51
Suan s
@007 ~ — = Model fit
o 80' f \%\ éf" % - / \ !
73 \ 1N 5\ Vi A~

60\ | \Qx i AN f f 2
21\ | WY / \ /
[ 40 g\x» gl \TX "g \ ”’ wfr' ‘ﬁ"fj
= 50 ikfkl W | f
[}] | - - N \ /s
Q 0 T L SR T S Rk, i R FA TR SRR S ML P

1.5 2.0 2.5 3.0

Photon energy (eV)

Fig. 10. SE room temperature (RT) experimental data (color solid lines) and model
fitting results (black dashed lines) for sample (A) Sa (F5428) and (B) Sc (F5444). (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

shortened each time near the band gap, so that it has a denser
energy node to better describe the excitons of AIN effect. Two Tauc-
Lorentz Oscillators are used to further parameterize the dielectric
function obtained by B-Spline [32]. Finally, by adjusting all the
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parameters, thickness and surface roughness in the parametric
model of the surface oxide layer and AIN layer, the fitting result
with the mean square error (MSE) lower than 9 was obtained for
the film sample. For Sc, due to the particularity of the substrate, the
software used does not have a 6H—SiC model, only Cauchy fitting is
performed on its transparent area, and its thickness is obtained.
Fig. 11 shows the fitted results for the relationship of refractive
index (n) and extinction coefficient (k) with photon energy for AIN
film on sapphire, Sa (F5428).

The AIN film thicknesses of 251 nm for Sa and 676 nm for Sc,
obtained by SE fittings, are shown in Table 2b. In the SE fitting re-
sults of Sa from Fig. 11, the band gap is 5.90 eV, which is a good
verification of the PL test results; also the roughness and the
thickness of the surface oxide film are 14.51 nm and 26.11 nm,
respectively, basically consistent with the results obtained by AFM
and XPS.

Previously, G. Shukla et al. [48] studied AIN thin films deposited
on sapphire via pulsed laser deposition technique at room tem-
perature, characterized by using cross-section SEM and other tools.
J.H. O’Connell et al. [49] performed the defect characterization of
MOCVD grown AIN/AlGaN films on sapphire substrates, by using
nice cross-section TEM/STEM, FTIR reflectance and so on. We have
also performed cross-section TEM/FTIR comparative studies for
GaN/sapphire [50,51]. Current determination of AIN film thickness
via SE and simulation is good (and convenient to us), compatible to
above cited studies [48—51].

It can be noted that the band gap obtained by OT is significantly
larger than that obtained by PL and SE. From equations (1) and (2),
this may be because for films with small or thinner absorption
coefficients, the absorption coefficient is often difficult to accu-
rately measure through optical transmittance, and the thickness of
most substrates is usually much larger than the thickness of the
epitaxial layer, which may seriously hinder and interfere with the
transmittance measurement of light. Therefore, the band gap value
obtained by PL and SE has higher accuracy than the band gap value
obtained by OT.

4. Surface analysis

Fig. 12 shows two AFM graphs of two samples of AIN grown on
Al,03 and 6H-SiC substrates, which were measured with an area
size of 4 pm x 4 pm. The image shows that the surface consists of
randomly oriented nanoparticle structures. Using NanoScope
Analysis software for analysis, one can get its 3D maps, and analyze
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Fig.11. Variation curves of refractive index (n) and extinction coefficient (k) of AIN film
on sapphire, Sa (F5428), with Photon energy.
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Fig. 12. 4 x 4 pm AFM diagram of two aluminum nitride films.

the surface roughness and particles. From its 3D image, it can be
found that the surface of the aluminum nitride film Sa (F5428)
grown on sapphire has an island-like morphology, and the surface
of the aluminum nitride film Sc (F5444) grown on silicon carbide
substrate has a bamboo shoot morphology [52]. Using NanoScope

Table 4
Surface roughness and particle evaluated by AFM software
analysis.
Sample Roughness [nm]
Sa (F5428) 11.1
Sc (F5444) 8.89
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for analysis, the surface roughness can be obtained and recorded in
Table 4. It is obvious that the surface roughness of Sa sample is
larger than that of Sc, and the surface size particles of Sa are smaller
than those of Sc. The results show that the difference of the
aluminum nitride film substrate may affect the roughness of the
sample surface and the crystal particle size. Secondly, the grain size
of the Sa sample is uneven, and the arrangement is not dense
enough, and the surface is uneven. Compared with the Sa sample,
the crystal quality of the Sc sample is better.

5. Conclusions

The surface, structure and optical properties of aluminum
nitride films grown on sapphire and silicon carbide substrates were
comprehensively studied. A series of important results have been
achieved.

1. By analyzing the PL spectra of extreme deep ultraviolet
(193 nm), the luminescence peak of the aluminum nitride film
grown on the sapphire substrate is slightly lower in energy than
that of the aluminum nitride film grown on silicon carbide
substrate (redshift). Carrying out Gaussian fitting analysis and
comparing the value of defect luminescence — the aluminum
nitride film grown on sapphire substrate is larger — indicating
the presence of defects causing deterioration of the film quality
than those grown on silicon carbide substrate. This is due to the
mismatch in lattice constants of epilayer and substrate as well as
differences in their thermal expansion coefficients.

2. The AIN film grown on two different substrates was found to be
dominated by the AIN (0002) plane. Secondly, a relative com-
parison was made between the two AIN films. Silicon carbide
substrate provides better results for the growth of AIN film. The
substrate can reduce the lattice mismatch between the
aluminum nitride epitaxial layer and the substrate and improve
the crystallinity.

3. The thickness of the aluminum nitride film grown on the sap-
phire and silicon carbide substrates was determined. The dif-
ference in thickness of the aluminum nitride film comes from
different growth mechanisms and different mobility of Al atoms.
The thicker aluminum nitride film grown on the silicon carbide
substrate exhibits larger grain size, smaller micro-strain, smaller
dislocation density and better crystal quality.

4, From XPS analysis, it can be found that there is an oxide layer on
the surface of aluminum nitride. The thickness of the oxide layer
on the surface of aluminum nitride grown on the silicon carbide
substrate is thicker than that on sapphire. The former is almost
the latter doubled, which is due to the different adsorption ca-
pacity of oxygen. The reason for this difference can be attributed
to the variance of the oxygen affinity of aluminum atoms on
different substrates. The oxygen affinity of AIN films grown on
silicon carbide substrates is significantly higher than that of AIN
films grown on sapphire substrates. .

5 Raman spectra excited by 266 nm and 532 nm lasers can clearly
observe the E; (high) phonon mode. Comparing the half-width
between them, it is identified that the crystal quality of the AIN
film grown on the 6H—SiC substrate is better than the AIN film
grown on sapphire. There exists a bi-axial stress in the
aluminum nitride layer hetero-epitaxial on foreign substrate.
The AIN film grown on silicon carbide substrate shows
compressive stress, and the aluminum nitride grown on sap-
phire substrate shows tensile stress, in most cases.

1
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6 Using the variable-temperature (VT) Raman spectroscopy
excited by 266 nm, the Raman shift of the scattering peak
gradually shifts from 80K—800K to a low wave number. The
Raman shift of the aluminum nitride film grown on sapphire
substrate is larger than that on silicon carbide substrate. Also,
the peak width of the Raman scattering peak of the E;(high)
mode gradually widens. It is interesting to reveal from VT-RS
data analyses that the biaxial stress existed in AIN films
changes from compressive to tensile as temperature increases in
the range of 80K—800K. The changing point for AIN/sapphire is
higher than that of AIN/6H—SiC.

7 It can be seen from the optical transmission (OT) measurements
that the transmittance of the aluminum nitride film grown on
sapphire substrate can reach 70%, which has a good crystal
quality. From the spectroscopic ellipsometry (SE) measurements
and analyses, the thickness, roughness, band gap, and thickness
of the surface oxide layer, for the AIN film grown on sapphire
substrate were determined to be 250.69 nm, 14.51 nm, 5.90 eV,
and 26.11 nm, respectively. The thickness of the AIN film on the
6H—SIC substrate is 675.62 nm.

8. The surface morphology measurements have revealed that the
surface of the aluminum nitride film grown on sapphire has an
island shape, and the surface of the aluminum nitride film
grown on 6H—SIiC has a bamboo shoot shape. The surface
roughness of the former is greater than that of the latter, and the
crystal quality is worse than that of the latter.

9. Our comprehensive work could provide a good reference for the
further studies of the surface and optical properties of AIN
heterostructures and related materials.
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