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Abstract
We report the comprehensive spectroscopic results of AlN thin films deposited on the A-, R- and
C-surfaces of sapphire substrates by radio frequency magnetron sputtering. The optical and
structural properties of the epitaxial-grown AlN films were characterized using various
techniques of high-resolution x-ray diffraction spectroscopy, x-ray photoelectron spectroscopy,
Raman scattering spectroscopy, spectroscopic ellipsometry and associated analytical tools. Our
large number of measurement results clearly show that sapphire substrates of different polarities
have effects on the surface roughness, dislocation density, grain size, microstrain, and surface
oxygen binding capacity of the film grown on its surface. The results obtained from
Ellipsometry measurements show that the thickness, band gap and roughness of AlN films
grown on C-plane sapphire are the smallest among the three samples. After careful analyses of
the variable temperature Raman spectra, as the temperature rises from 80 K to 800 K, the AlN
film has always exhibited tensile stress. In the same temperature range, the tensile stress of the
AlN film grown on the C-plane sapphire has the greatest effect with temperature. The lifetime
of E2 (high) phonons gradually decays with the increase of temperature.

Keywords: aluminum nitride, sapphire, magnetron sputtering, x-ray photoelectron spectroscopy
(XPS), temperature-dependent Raman

(Some figures may appear in color only in the online journal)

1. Introduction

Aluminum nitride is a very important semiconductor mater-
ial [1–5]. Compared with other III-nitrides, it has the widest
direct band gap of 6.2 eV at room temperature, high stability,
high volume resistivity (1011–1013), high thermal conductivity

(285WmK−1), high breakdown field (1.2–1.8× 106 V cm−1)
[6–13]. These characteristics make AlN have a wide range of
applications, in optoelectronic and acoustoelectronic devices,
such as surface wave and bulk acoustic wave devices [14–16],
field emission displays [17], light-emitting diodes [18] and
laser diodes [19–24]. AlN is widely used as a buffer layer for
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epitaxial growth of gallium nitride/aluminum gallium nitride
[25, 26]. It also has broad application prospects in the fields
of biomedicine, solid-state light sources, and air (water) ster-
ilization [27–31]. Up to now, III-nitride structures have been
grown on heterogeneous substrates of sapphire, silicon, SiC,
etc [32], and those structures mainly prepared by three depos-
ition methods of metal organic chemical vapor deposition,
molecular beam epitaxy and hydride vapor phase epitaxy [33,
34]. In recent years, researchers have reported that magnetron
sputtering can be used to grow single crystal AlN films [35].
Magnetron sputtering is a type of physical vapor deposition.
In contrast, magnetron sputtering equipment, which has a low
cost and is easy to control, is widely used in the film deposition
of metals, semiconductors, insulators, and various compounds
[36, 37].

At the same time, the films grown by magnetron sput-
tering have some shortcomings. The bombardment of high-
energy particles in the magnetron sputtering process will
cause various defects in the film. To prepare high-quality
AlN films, the setting of process parameters is very import-
ant [38]. Due to the influence of thermal mismatch and lat-
tice mismatch, the growth of AlN films on the C surface
is also extremely chaotic [39, 40]. In addition, the higher
growth temperature of the substrate is conducive to the migra-
tion of Al atoms. The atmosphere environment in the mag-
netron sputtering process also has a great influence on the
growth of AlN films. Because of the strong affinity between
Al atoms and O atoms, oxygen contamination is easily formed
in AlN films [41, 42]. Finally, during the growth process, the
total air pressure also has a great influence on the growth
of the film. If the total air pressure is not well controlled,
it is easy to form N vacancies and reduce the quality of the
film [43].

In this work, magnetron sputtering technology was
employed to grow a series of AlN films on A, R and C sap-
phire. We used high-resolution x-ray diffraction (HR-XRD),
spectroscopic ellipsometry (SE), optical transmission (OT), x-
ray photoelectron spectroscopy (XPS) and Raman scattering
(RS) to comprehensively analyze some of the valuable prop-
erties of these AlN epitaxial films. We analyzed the structural
characteristics and orientation of the film through HR-XRD
technology, and understand the difference in micro-strain,
grain size and dislocation density. OT and SE spectra were
used to obtain the band gap value Eg of AlN films grown
on sapphire substrates on different sides, followed by the
differences in their optical constants and transmittance. We
used XPS to analyze the valence state of the film and the
thickness of its surface oxide. Through variable temperature
RS spectroscopy, the relationship between the spectral line
width, stress, Raman shift and phonon lifetime of E2 (high)
AlN films with different polarities with temperature can be
obtained. To study and analyze, quantitatively and in phe-
nomenology, the influence of sapphire substrates with differ-
ent crystal planes on the crystal structure and optical properties
of AlN films, this can provide useful reference information for
further penetrative studies and the manufacture of high-quality
AlN devices.

2. Experiments

Radio frequency magnetron sputtering technology was
employed to prepare AlN thin films. Three AlN films grown on
the A-, R- and C-plane sapphire are referred to as ANa, ANr
and ANc, respectively. Al was used as the target material.
The gas environment is a mixed gas of N2 and Ar. When the
Al target material is sputtered, the sputtered high-energy Al
particles will interact with the N in N2. The atoms form AlN,
which is deposited on the substrate material. The equipment
used is a customized JGP450 high-vacuum sputtering system
with an ultimate vacuum of 6× 10−6 Pa, and is equipped with
AE MDX 1k and AE Pinnacle Plus + 5/5 intermediate fre-
quency pulse DC power supplies and Comdel CV −1000 RF
power supply, used to provide different sputtering conditions.
High-temperature thermal annealing of magnetron sputtered
AlN film can reduce the content of threading dislocations and
other point defects in the film, thereby improving the crys-
tal quality of the AlN film. The high-temperature equipment
we use is a model of Hangzhou Aotem Optoelectronics Co.,
Ltd UTI-PVT-D075H PVT single crystal vapor deposition
furnace. Since physical vapor transport (PVT) growth itself
requires a particularly high temperature, its high temperature
cavity can be used for ultra-high temperature thermal anneal-
ing. It adopts double tungsten resistance heating method, the
maximum power of the heater located below can reach 51 kW,
and the maximum working temperature is as high as 2400 ◦C.
It can provide high-purity N2, high-purity H2, argon, ammo-
nia, etc as the working atmosphere. Both sets of heaters adopt
advanced computer control technology for independent con-
trol, which can realize flexible and precise adjustment of the
temperature field in the furnace. The films were characterized
by a variety of spectroscopic techniques, including HR-XRD,
XPS, RS spectroscopy, OT and SE, etc.

First, the crystal orientation and structure of the sample
were characterized by HR-XRD (SMARTLAB3KW), using
CuKα (λ = 0.15406 nm) radiation. The XRD 2θ scans were
performed in the range of 25–140◦, with a step size of
0.1◦. Secondly, a variable angle spectroscopic ellipsometer
(VASE; ME-L ellipsometer, Wuhan Eoptics Technology Co.
Ltd China) was used to analyze the thickness, roughness,
optical constant and band gap of the film. We then used an
ultraviolet–visible photometer (Zolix OmniAs, China) with a
deuterium lamp to study and analyze the absorption charac-
teristics of the AlN films. The surface element composition
of the sample was characterized by XPS (ESCALAB 250XI),
and 284.8 eV of C1s was used to calibrate the full spectrum
and narrow spectrum of all XPS, and the XPSpesk4.1 pro-
gram was used to fit the narrow spectrum. Finally, by using
a miniature Raman spectrometer, Raman measurements were
performed on three samples under the excitation of 266 nm
(FQCW266) and 325 nm (IK3301R-G). All the above meas-
urements were performed at room temperature. Temperature-
dependent RS (80–800K)measurements was performed using
Linkam heating system (THMS600) and water circulator
under an excitation laser wavelength of 266 nm, followed with
penetrative analyses.
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Figure 1. XRD patterns of three AlN films, with multiplying 1, 5
and 10 times for ANa, ANr and ANc, respectively.

3. Results and discussion

3.1. Structural properties of the grown AlN films: lattice
orientations and grain sizes

In order to study the structural characteristics of three AlN
films and compare their crystal quality intuitively, XRD tests
were performed on three samples, and the crystal quality of the
crystals was compared by the half-height width of the XRD
pattern. The results are shown in figure 1. ANa shows a strong
diffraction peak of AlN (0002) crystal plane, with the 2θ value
of around 36◦, while for ANr and ANc spectra by magnifying
5 times and 10 times, respectively, we can observe the faint dif-
fraction peaks of AlN (0002) crystal plane. This phenomenon
may be caused by lattice matching, which is relative to the sap-
phire substrate, ANr and ANc have more dislocations, which
means that the crystal qualities of these two films are poorer
than ANa. Weak signals around 32◦ and 48◦ in the XRD spec-
tra of figure 1may be noise signals during the tests. In addition,
ANa can also detect the (0004) plane second-order diffraction
peak. Which was appeared much for ANr and not seen for
ANc. As the number of diffraction orders increases, the dif-
fraction signal will be greatly reduced. The appearance of the
second-order diffraction peak indicates that the crystal quality
of ANa is the best among three films, and ANr is better than
ANc. This echoes the Raman result later.

3.2. Calculations of crystallite size, dislocation density and
micro strain

The grain size (D) of AlN thin film can be calculated by the
Scherrer’s equation.

The (0002) half-width of the crystal plane is usually
affected by screw dislocations, which characterizes the degree
of inclination of each unit cell in the crystal with respect to
the C-axis, and usually there is another kind of dislocation in
the crystal, namely edge dislocations characterizing the degree
of twist between the unit cells in the crystal. The dislocation
density of AlN can be estimated by the following formula:

δ =
β2
(0002)

4.35b2
(1)

where b is the length of the Burgers vector (b = 0.3110 nm).

Furthermore, in order to study the micro strain between the
films, the micro strain (E) can be calculated by the following
expression:

ε =
β cosθ

4
(2)

with β: full-width at half-maximum (FWHM(2θ)).
Finally, we can get the grain size, dislocation density and

microstrain of the AlN thin film grown on the A-plane sapphire
as 22.41 nm, 2.0 nm−2 and 1.57%, respectively. The (0002)
crystal plane usually characterizes the screw dislocation of the
film. The dislocation density may be arisen due to the hetero-
epitaxy of AlN layer on foreign sapphire substrate with differ-
ent lattice constants and thermal expansion coefficients. From
our above measurements and calculations, it can be seen that
the dislocation density and micro-strain of ANa are lower than
those reported in the literature [2], indicating good crystalline
perfection of our magnetron sputtering (MS)-deposited AlN
films.

3.3. Optical properties of the deposited AlN films: bandgap
and optical constant measurements

In order to study the thickness, band gap and optical constants
of three AlN films, the VASE, a non-contact method, was used
to determine the optical constants and thickness of the film
by measuring the reflection on the surface or interface. The
polarization state psi (ψ) and the increment∆ were applied to
analyze the SE spectra [44]. In the wavelength range of 193–
1600 nm, three AlN films were measured at varying angles
between 50◦ and 70◦. The constants describing optical prop-
erties include complex refractive index and complex permit-
tivity, are defined as:

n∗ = n + ik (3)

ε∗ = ε1 + iε2 = sinθ2 + sinθ2 tanθ2
(
1 − ρ

1 + ρ

)2

= n∗2

(4)

where n is the refractive index, k is the extinction coefficient
(imaginary part), ε1 and ε2 are the real and imaginary parts
of the dielectric function, and θ is the angle of incidence,
respectively [45].

SE spectra are fitted by using J A Woollam Co soft-
ware to establish a physical model: roughness/AlN layer/AlN
layer/sapphire substrate. The Brugman effective medium
approximation is used to describe the surface roughness com-
posed of 50% atmosphere and 50%AlN. The secondAlN layer
is composed of PSemi-MO Oscillator, PSemi-Tri Oscillator
and Gaussian Oscillator, and the sapphire substrate adopts the
sapphire ordinary model [46]. First, the Cauchy model was
used to fit the transparent area to obtain its approximate thick-
ness and roughness, and then the B-spline was used to fit the
absorption part, step by step to the low wavelength direction,
and finally the fitting result was vibrated. In the fitting pro-
cess, the best fitting result is found by changing the thickness
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Figure 2. SE experimental data (color solid line) at RT and model
fitting results (black dashed line) for three samples temperature.
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Figure 3. Fitted optical constants (n and k) of AlN at room
temperature.

Table 1. The thickness, surface roughness and comparative bandgap
values obtained from SE.

Sample ANa ANr ANc

Band gap (eV) 6.17 6.08 6.03
Thickness (nm) 334.56 353.43 214.24
Roughness (nm) 11.53 19.39 4.90

and other parameters of all layers. The final minimum mean
square error of ANa, ANr and ANc are 5.283, 12.840 and
3.245, respectively. As shown in figure 2, the fitting curves
are in good agreement with the experimental spectra, and the
fitting results are shown in the table 1.

It can be seen that the band gap of the three AlN films is
basically around 6.0 eV, and the a-plane sapphire is slightly
larger, which is basically close to the band gap of the AlN
film reported in the literature [46]. Among the three films, the
AlN film on the C-plane sapphire has the smallest roughness,
and the AlN on the R-plane sapphire has the largest roughness.
The reason for this phenomenon may be due to the incom-
plete integration of islands during the magnetron sputtering
growth process. The refractive index and extinction coeffi-
cient of the three AlN films obtained by SE fitting change
with wavelength are shown in figure 3. It can be seen that
the refractive index of the three AlN films gradually decreases
with the increase of wavelength, and the three films have the
same dispersion relationship. From the fitting results, it can be
found that the band gaps of ANa, ANr and ANc are 6.17 eV,
6.08 eV, and 6.03 eV, respectively; the thickness is 334.56 nm,
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Figure 4. XPS survey spectra of AlN thin films ANa, ANr, and
ANc.

353.43 nm, and 214.24 nm, respectively. This may be the res-
ult of the lattice mismatch inducing effect in the thinner film
grown on the sapphire substrate. In other words, the thinner
the AlN film, the worse the crystal order, the more defects,
and the smaller the band gap. As reported in the literature,
the thickness has an effect on the optical constants of the AlN
film [47].

3.4. Chemical composition of the deposited AlN films: XPS
spectra

Figure 4 shows the XPS spectra of three AlN films. It can be
seen that these AlN films are composed of aluminum, nitro-
gen, carbon and oxygen. Secondly, you can also see a large
amount of carbon and oxygen, which may be caused by air
or impurities adsorbed on the sample surface [48]. Ar element
may be caused by pollution during the preparation process.

The fitting analyses of the narrow spectra Al2p, N1s and
O1s were carried out. Figure 5 shows the fitting spectra
of the narrow N1s and O1s bands of three AlN films. By
using XPSPEAK4.1 software [49], Gauss–Lorentz mixture
was used. The function performing leads to a fitting analysis
on them. The Shirley model [50–53] is selected as the back-
ground type. It can be seen that all spectra can be fitted to two
sub-peaks of different chemical bonds. The fitting results of
Al2p, N1s and O1s are shown in table 2.

For narrow-spectrum Al2p, it can be synthesized as two
sub-peaks of Al–N bond and Al–O bond, respectively, for
three AlN films with different polarities (ANa, ANr, ANc).
The binding energies of Al–N are 74.390 eV, 74.180 eV
and 74.199 eV; the binding energies of Al–O are 73.605 eV,
73.441 eV and 73.308 eV, respectively. For the narrow-band
N1s, the two sub-peaks of different chemical states can also
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Figure 5. XPS fine scans on the peaks of (a) N1s and (b) O1s for
three AlN thin films, ANc, ANr, and ANc, respectively.

be fitted by the same principle. The binding energies of N–
Al are 396.982 eV, 396.934 eV and 396.720 eV; the binding
energies of N–C are 399.638 eV, 399.466 eV and 398.334 eV,
respectively for three films. For the narrow-band O1s, ANa
and ANr are intended to synthesize two sub-peaks of differ-
ent chemical states, while ANc is intended to synthesize three
sub-peaks of different chemical states. The binding energies of
N–O are 531.468 eV, 531.837 eV and 531.697 eV; the binding
energies of Al–O are, respectively, 532.216 eV, 532.265 eV
and 532.510 eV; the binding energy of O–O is 530.642 eV,
respectively. These values are consistent with the reported res-
ults [54, 55]. From the fitting results, it can be found that the
oxidized layer on the top of ANr is the least compared to that
on ANa and ANc. Furthermore, it can be seen that the binding
energy required for forming the same chemical bond between
the three AlN films is different. Factors such as charge trans-
fer effects, the presence of electric fields, hybridization and
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Table 2. XPS analysis result for the AlN thin films.

Sample ANa ANr ANc

B.E. (eV) 74.390 74.180 74.199
Area 5196.842 6897.109 18119.910

#1(Al–N)

FWHM 1.542 1.668 1.602
B.E. (eV) 73.605 73.441 73.308
Area 6103.011 3392.278 15189.160

Al2p

#2(Al–O)

FWHM 1.432 1.254 1.343
B.E. (eV) 396.982 396.934 396.720
Area 12363.950 12192.650 39694.040

#1(N–Al)

FWHM 1.532 1.495 1.580
B.E. (eV) 399.638 399.466 398.334
Area 3993.904 3437.839 6766.460

N1s

#2(N–C)

FWHM 2.048 2.720 2.913
B.E. (eV) 532.216 532.265 532.510
Area 58618.750 19852.180 70684.550

#1(Al–O)

FWHM 1.934 1.852 1.697
B.E. (eV) 531.468 531.837 531.697
Area 47606.070 80902.610 62651.640

O1s

#2(N–O)

FWHM 1.932 2.102 1.460
AlNAl/AlNN 1.190 0.409 1.129
dxps

(
Å
)
(nm) 33.64 19.00 27.37

environmental charge density may all cause changes in bind-
ing energy. Among these factors, charge transfer is considered
the main mechanism [48].

Through fitting analysis of all narrow spectra, the atomic
ratio of these AlN films and the thickness of the surface oxide
coating can be calculated. The Al:N ratio shows that AlN
grown on the A-side sapphire has the highest Al content, while
the AlN film grown on the R-side has the lowest Al con-
tent, as shown in table 2. The difference in the ratio may be
attributed to the formation of a large amount of alumina on
the AlN surface grown on the A-side sapphire, which can be
verified by the correlation between the oxide thickness and
Al/N. As oxygen is doped into the AlN film, the aluminum
nitride film with a thicker surface oxide coating has a larger
Al/N ratio.

Due to the high oxygen affinity of Al atoms, it is easy to
form an oxide film on the surface [56], the thickness of the
oxide film on the surface can be estimated by the following
formula d (Å)

dxps
(
Å
)
= λ0 sinθ ln

(
NmI0λm
N0Imλ0

+ 1

)
. (5)

The ratio of the volume density of aluminum atoms to
oxides in metal atoms is Nm/N0 = 1.6 (calculated based on
the densities of Al = 2.7 g cm−3 and Al2O3 = 3.1 g cm−3),
λ0 and λm are alumina and the attenuation length of aluminum
nitride [57], θ is 75◦, and I0/Im is the ratio of the area of alu-
minum oxide to the area of aluminum nitride [2].

It can be seen that the thickness of the oxide film of ANr
is the smallest, and the thickness of the oxide film of ANa is
the largest. The different amount of surface oxygen contamin-
ation on AlN surface may be attributed to the different oxygen
adsorption capacity. The oxygen content is consistent with the

width of the E2 (high) modemeasured by Raman spectroscopy
below [58].

3.5. Crystallinity of the deposited AlN films: Raman spectra
(RS) and temperature-dependent Raman spectra (TD-RS)
measurements

In order to characterize the defect density of three AlN films,
RS spectroscopy is used to study and analyze it. In figure 6,
two different wavelength lasers of 266 nm and 325 nm were
used to excite the sample. The 266 nm light can basically only
detect the top surface of the epitaxial AlN film, and the pen-
etration depth of 325 nm light into AlN is much deeper than
that of 266 nm light. It can be seen that there is a certain differ-
ence in the Raman spectra under two excitation wavelengths.
For the AlN film (ANa) grown on the A-plane and R-plane
sapphire, the Raman AlN E2 (high) signal excited at 266 nm
is stronger than the 325 nm excitation, but for the AlN film
(ANc) grown on the C-plane sapphire, the E2 (high) signal can
be seen very weak. The orange-labeled peaks are derived from
AlN thin films and are located near 650 cm−1, and the rest are
RS peaks of sapphire, which are consistent with those reported
in the literature [59–61]. The E2 (high) mode of the AlN film
can be seen from the figure. The Raman characteristic peaks of
the AlN film on a, r-plane sapphire are obviously stronger than
those of the AlN film on the c-plane sapphire; for ANc, when
using 266 nm and 325 nm excitation, only weak E2 (high) sig-
nal can be detected.

Using Gaussian to fit the Raman spectrum excited at
266 nm, we can get the FWHM of the E2 (high) mode of ANa,
ANr and ANc at 11.92 cm−1, 12.74 cm−1 and 12.88 cm−1,
respectively. The FWHM of Ana, ANr and ANc gradually
increased, and the FWHM of AlN film on C-plane sapphire
was the largest. The FWHMand intensity of the E2 (high) peak
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Figure 6. Raman spectra of AlN thin films on different surface
orientation of sapphire. Use (a) 266 nm and (b) 325 nm two
different wavelengths laser excitation.

of AlN are more sensitive to the crystal quality of AlN. With
the increase of defects and dislocations, incident photons will
be scattered randomly, resulting in a decrease in the intensity
of the E2 (high) peak and the peak width increases. Therefore,
for three AlN films of different polarities grown by magnet-
ron sputtering, the crystal quality of ANa is better than that
of ANr and ANc, and the defect density is also less than that
of ANr and ANc. Secondly, ANc can only detect a weak E2

(high) peak, which may also be caused by an excessively thick
surface oxide layer. It has been reported in the literature that in
AlN films grown on C, R, and A sapphire substrates, the oxide
layer on the surface of the AlN film grown on the C-plane sap-
phire substrate is the thickest, which is several times that of
the R and A sapphire substrates under the same conditions [2].
This coincides with the previous XPS analysis results.

In addition, the E2 (high) peak is not only sensitive to
defects, but also extremely sensitive to changes in the stress
of the film. We all know that for AlN films, the displacement

of the E2 (high) peak is usually used to characterize the
stress of the film. The E2 (high) peak of the AlN film is at
657.4 ± 0.2 cm−1. It can be seen from figures 7(a)–(c) that
E2 (high) peaks are shifted to low wavenumber, that is to
say, there are certain tensile stresses. The biaxial stress can
be estimated by the following formula:

σ = ∆ω/K (6)

where∆ω is the difference between the E2 (high) phonon peak
between the stressed and unstressed AlN epitaxial layer, and
K (2.4 ± 0.2 cm−1 GPa−1) is the strain coefficient [62, 63].

Figure 7 shows the variable temperature Raman (80–800K)
spectra measured on three AlN thin films using a 266 nm
laser, with (a)–(c) for wide range (200–1000 cm−1), while
(a1)–(c1) for expanded range (620–680 cm−1) on the AlN
E2 (high) phonon, respectively. The temperature interval was
30 K in each graph. The E2 (high) mode can be clearly
seen in all three films. It is obvious that as the temperature
increases, the E2 (high) mode moves to a low wave num-
ber, and the half-peak width gradually increases. It can be
observed in the figure that when the temperature rises from
80 K to 300 K, the movement of the E2 (high) mode is not
obvious, and when the temperature exceeds 300 K, the E2

(high) mode moves significantly. This shows that high tem-
perature has a greater impact on AlN films. From low tem-
perature to high temperature, the shifts of the RS peaks of
ANa, ANr, and ANc are, respectively, indicating the temper-
ature pair. Secondly, the main reason for the displacement
of the scattering peak may be (a) as the temperature gradu-
ally increases, the non-harmonic vibration of phonons and
the non-intermittent coupling between phonons will gradually
increase; (b) the lattice thermal expansion effect. The above
reasons will cause the change of the lattice vibration energy
level, which will cause the corresponding shift of the RS peak
frequency [64].

It is interesting to find some differences of the tem-
perature (T) behaviors for three AlN films. Description
and discussion at above paragraph are suitable for two
samples ANc and ANr, i.e. for AlN films grown on C-
plane and R-plane sapphire. However, for ANa, the AlN
film grown on A-plane sapphire, a slight different T-
variation of the Raman E2 (high) mode can be revealed
from figure 7(a1) that the Raman peak of ANa increases
when heated from 80 to 350 K, and then reduces above
350 K.

By using Gaussian function to fit the Raman spectra of
each temperature point, with the obtained results shown in
figures 8(a)–(c), for three AlN films of ANa, ANr and ANc,
respectively. For AlN films, the crystal quality and residual
strain can be evaluated by line width and Raman shift. It can
be seen that except for the Raman shift of the AlN film grow-
ing on the A-plane sapphire, it gradually shifts to a high wave
number with the increase of temperature in the low temperat-
ure section, and the Raman shift of the two AlN films of ANr
and ANc are all with the increase of temperature. Gradually
move to a lower wave number, which is consistent with what
is reported in the literature [64–66].
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Figure 7. (a), (a1), (b), (b1), (c), (c1) 266 nm laser excited temperature-dependent Raman spectra.
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Figure 8. (a)–(c) Raman linewidth and shift of E2 (high) as a
function of temperature.

It is seen from figure 8(c), the T-variable curve of ANc for
AlN/C-sapphire exhibits a similar T-dependence as for bulk
AlN [66]. A T-dependent equation [66]:

ω (T) = ω0 − A/{exp [B(hcω0/kBT) − 1]} (7)

is adapted to fit the T-variable curve of ANc (AlN/C-sapphire)
in figure 8(c). The fitted parameters are ω0 = 644.56 cm−1,
A = 72.19 cm−1 and B = 1.42. The fitted T-variable
curve from equation (8) of ANc (AlN/C-sapphire) is dis-
played by solid (green) line in figure 8(c). For other
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Figure 9. The dependences of stress in AlN films on temperature.

two cases of ANa and ANr, i.e. AlN/A-sapphire and
AlN/R-sapphire, they are needed to explore new physical
models.

The Raman phonon frequency decrease is attributed
to the thermal expansion of the crystal lattice and the
phonon–phonon interaction caused by the temperature
increase. At the same time, the half-height width of the three
AlN films gradually increases with the gradual increase in
temperature, and the increase in Raman linewidth is basically
related to the scattering of point defects [67]. Compared with
ANa, ANr and ANc, the point defects of ANr are less than
that of ANa and ANc. The gradual increase of the line width
will also reduce the lifetime of the phonon, and the change of
Raman displacement will also cause the change of the residual
stress. The lifetime and strain of the phonon can be studied
and analyzed further as followed.

Figure 9 is a graph showing the relationship between the
stress of three AlN films and the temperature. The Raman
spectra were measured with an excitation wavelength of
266 nm, and the above formula (6) was used to calculate the
stress at each temperature point, and the relationship between
the stress and the temperature can be obtained. From the figure,
we can see that in the range of 80–800 K, three AlN films
exhibit tensile stress. For ANa, it can be seen that its tensile
stress will gradually decrease with the increase of temperature
in the low temperature area, and its tensile stress will gradually
increase with the increase of temperature in the high temper-
ature area; look at ANr and ANc again, its tensile stress is in
the entire range of 80–800 K, and it gradually increases with
the increase of temperature. The difference is that the tensile
stress of ANr is basically linear with temperature change trend,
and the tensile stress of ANc presents a parabolic trend with
increasing temperature. Secondly, the stress of the three AlN
films changes most with temperature is the AlN film grown
on the C-plane sapphire. The reason for these differences may
be the mismatch of the sapphire substrate and the AlN epi-
taxial film, and the mismatch of the thermal expansion coeffi-
cients of the two. In general, the tensile stress of AlN films
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Figure 10. (a)–(c) Phonon lifetime and FWHM of the E2 (high) phonon as function of temperature.

grown on a-plane and r-plane sapphire with temperature is
smaller than that of AlN films grown on c-plane sapphire. This
has important reference value for the research of AlN devices,
although new and penetrative physics models are needed to
explore further.

Finally, we can analyze its phonon lifetime through Raman,
and understanding the dynamics of phonons is also particu-
larly important for the devices designed by engineers. Phon-
ons can determine the thermal phonon effect, and the thermal
phonon effect has been shown to play a key role in carrier

10



Semicond. Sci. Technol. 36 (2021) 045012 J Yin et al

relaxation. The phonon lifetime can be determined by the
phonon linewidth and the energy time uncertainty relationship
in the Raman experiment. The Lorentz function is used to fit
the measured experimental spectrum to obtain the line width,
and the following formula is used to estimate the phonon life-
time τ [68]:

∆E
ℏ

=
1
τ

(8)

∆E is the phonon line width, the unit is cm−1, ℏ = 5.3×
10−12 cm−1 s.

Figure 10 exhibits the relationship between the phonon
lifetime of the E2 (high) phonon and the temperature, for
three AlN films of ANa, ANr and ANc, respectively. It can
be seen from the figure that the lifetime of the phonon is
inversely proportional to the half-width, and the lifetime of
the E2 (high) phonon decreases with increasing temperature.
At 80 K, the measured E2 (high) phonon lifetimes of ANa,
ANr and ANc are 0.469 ps, 0.455 ps, and 0.509 ps, respect-
ively. In a low temperature environment, the phonon lifetime
is slightly longer than that in a high temperature environment.
The basic mechanism affecting the lifetime of phonons is the
anharmonic decay of one phonon to other Brillouin zone phon-
ons, thus conserving energy and momentum. As we all know,
phonon broadening is mainly caused by impurity phonon scat-
tering and inharmonic attenuation. When the phonon lifetime
decreases, the line width gradually increases. This is because
the probability of phonon attenuation to low-energy phonon
varies with temperature. As it rises, it increases, leading to the
enhancement of the phonon anharmonic decay process. Com-
paredwith other twoAlN films, in the same temperature range,
the phonon lifetime of ANr varies with temperature less than
that of ANa and ANc. Therefore, the phonon lifetime of ANr
is less affected by temperature than ANa and ANc.

4. Conclusion

In summary, a series of AlN films were deposited on sapphire
substrates with different crystal planes by magnetron sputter-
ing. Various techniques, including XRD, SE, XPS and Raman,
were used to characterize the optical, surface and material
properties of these AlN films. XRD results showed that the
main orientation of AlN is the (0002) plane, and the diffraction
peak of the AlN film grown on the A-plane sapphire is stronger
than that of the other two films, i.e. its crystal quality is better
than the other two films. Also, the grain size, dislocation dens-
ity and microstrain of ANa are obtained. The results obtained
by room temperature SE show that the three AlN films have
the same dispersion relationship. The band gap of the AlN film
on the A-plane sapphire is the largest, and the band gap of the
AlN film on the C-plane sapphire is the smallest; the rough-
ness of the AlN film on the C-plane sapphire is the smallest,
and the roughness of AlN on the R-face sapphire is the largest;
the thickness of the AlN film on the C-face sapphire is smaller
than other two. The defects of the AlN film grown on the C
surface are higher than the other two films. The XPS analysis
results tell us that the AlN film grown on the A side sapphire

has the largest Al/N ratio, and the R side is the smallest. This
shows that the thickness of the surface oxide film of ANa is the
largest, and the Al atom on the surface has the largest oxygen
affinity. From the results of room temperature Raman charac-
terization, the RS peak of the AlN film on theC-plane sapphire
is obviously weaker than that on the A-plane and R-plane sap-
phire. Comparison within three AlN films, the crystallinity of
the AlN film grown on the C-plane sapphire is low, and its
crystal quality is the worst; the AlN film grown on the A-plane
sapphire has the best crystal quality. Finally, through the use of
variable temperature Raman measurements, the Raman shifts
of the three AlN films all move to a low wave number, and the
half-value width gradually increases, with the increase of tem-
perature. In the range of 80–800 K, all three AlN films exhibit
tensile stress. It is just that the stress of ANc has the greatest
influence with temperature, and their E2 (high) phonon life is
gradually declining. Our results and analyses, even quantitat-
ively and in phenomenology, will provide a base for further
penetrative research.
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