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Stress and strain in an AlN ﬁlm grown on Si (111) substrate have been evaluated by measuring Raman
frequency shifts. Mechanical properties and phonon deformation potentials of AlN are evaluated by ﬁrst
principles calculations. The calculation model is veriﬁed by comparing the calculated Raman frequencies
and frequencies detected from a bulk single crystal. Results show that the two sets of frequencies agree
very well with each other. Thus, with the same veriﬁed model and parameters, elastic constants and
phonon deformation potentials are calculated. Additionally, we successfully develop a numerical model
to verify the calculation above and the model itself is also useful to predict properties of crystal ﬁlms.
Finally, the stress, strain, and piezoelectric properties are analyzed and compared for ﬁlms on different
substrates.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Aluminum nitride (AlN) is an attractive candidate material
for semiconductor applications [1], such as acoustic wave
devices, UV solid-state light sources, MIS (metal–insulator–
semiconductor) devices, and as a buffer-layer for gallium nitride
(GaN). Though these exciting applications have been reported
for years, there are still many problems due to lattice and
thermal mismatch [2,3]. Large misﬁts between ﬁlms and substrates lead to a high dislocation density, even cracking [4]. In
order to deal with this problem, different ﬁlm growth technologies, mechanical characterizations, and growth parameter
optimizations have been developed [5]. Furthermore, the stress
state of a ﬁlm is strongly correlated to the reliability of the metal
line interconnection in devices and the percentage of dislocations in post thermal processing [6]. Directly measuring the
strain state of these nitride ﬁlms or microscale semiconductors
is one of the potential techniques used for reliability
characterization.
n
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In terms of stress/strain measurement, Raman scattering is a
very convenient non-destructive stress detection method, especially for materials or electronic devices bearing unknown loading
corresponding to intrinsic phonon frequency shifts. Moreover,
Raman active phonons are straightforward signatures of bonds
within a sample's mixed phase and bonds at interfaces, by which
the quality of ﬁlm crystallization and its in-situ evolution can also
be characterized [7]. Currently, its utility in III-V nitride compounds mainly depends on the elastic constants' determination
and phonon deformation potential (PDP) calibration [8–11]. (PDP
is deﬁned as the (constant) coefﬁcient between the Raman frequency shift and strain or stress quantization [8]).
First principles calculations are one of the effective ways to
rebuild Raman frequencies [12,13], based on which elastic constants [14–16] and phonons [17–19] can be analyzed theoretically.
From recent publications [20–22], and early articles [14,15], one
can ﬁnd comparisons on AlN, which show some ﬂuctuation in
results. Most of the calculations are compared or veriﬁed just by
other calculations, lacking independent theoretical or experimental support. For example, the authors in references [9–10,23]
confuse whose elastic constants are the best and even calculate
several sets of PDP based on different elastic constants. At the
same time, the inconsistency of PDP appearing in literature also
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puzzles us and others [11] as to which is the most accurate. In fact,
these problems have been noticed by Callsen et al. [8] and
Łepkowski [20], which reveal some elastic constants are sensitive
to Raman frequency shifts or calculation methods. This is worth
further study or clariﬁcation aimed for comparison of detected
Raman and calculated frequencies, and then, using this Raman
veriﬁed model to estimate the elastic constants and PDP.
Therefore, we prepare good quality ﬁlms to investigate the
problems mentioned above. Firstly, we characterize the samples
with XRD (X-ray diffraction) and Raman scattering. Secondly, we
explore parameters to rebuild Raman frequencies and compare
them with single bulk crystal (stress free) experiment and then
use this Raman veriﬁed model and the same parameters to calculate elastic constants and PDP. The relationship between the
two calculations is discussed in detail. Thirdly, the results of
elastic constants and PDP are veriﬁed further by Finite Element
Modeling (FEM) simulations of the sample's state. At the same
time, the constructed FEM model is also a new way to forecast
the crystal ﬁlm stress and piezoelectric properties. At last, the
stress/strain and piezoelectric properties in ﬁlms grown on different substrates reported recently are evaluated together for
comparison.
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2. Experiment detail
2.1. Sample preparation
The samples of AlN on silicon (111) are grown by MOCVD
(Metal-Organic Chemical Vapor Deposition). Trimethylaluminum
and ammonia are used as precursors for aluminum and nitrogen
respectively, with hydrogen as the carrier gas. 2-in. silicon (111)
wafers are loaded into the reactor through a N2 ﬁlled glove box
and the temperature is raised to 950 °C for thermal cleaning and
removal of native oxide. Al pre-seeding is performed after substrate preparation and a 200 nm thick AlN epitaxial layer is grown
at 1150 °C. The V/III ratio is controlled at 1100 with a pressure of
100 mbar during growth. The AFM inspection and characterization
with XRD and Raman scattering are carried out after cooling to
room temperature. However, just during this cooling process,
stresses/strains are introduced due to TEC (Thermal Expansion
Coefﬁcient) mismatch between substrate and ﬁlm, see Fig. 3.
2.2. XRD analysis
In the x-ray two-theta scan (Fig. 1a), the (0002) AlN peak shows
a FWHM (Full Width at Half Maximum) of about 0.175°. This

Fig. 1. XRD patterns and sample information. (a) XRD proﬁles of the AlN thin ﬁlm. (b) Rocking curve around (0002) reﬂection. (c) AFM scans of 5 mm  5 mm  10 nm. RMS
roughness is 0.25 nm.
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indicates a well-deﬁned c-axis oriented wurtzite AlN [24]. Comparing the rocking curve (Fig. 1b) with recent studies in literature
[25–28], see Table 1, our samples present the lowest value of
FWHM, which implies a higher crystal quality. In addition, the
surface morphology characterized by AFM (Fig. 1c) also indicates a
ﬂat and smooth ﬁlm. This is consistent with the smaller FWHM
value of the rocking curve which is an indicator of dislocation
density [26]. In fact, there would be a lot of hexagonal pits on the
surface of the ﬁlm if the growth conditions are not optimal, as has
been observed and veriﬁed in our previous work [29].
Commonly, lattice parameters are used as datum for strain
characterization and X-ray diffraction is one of the ways to record
the variation of the lattice. However, it is more difﬁcult to determine a-lattice length than c-lattice length especially for thin
samples like the ﬁlm in this paper [24] (see page10 of Ref. [24]).
Raman scattering is more convenient for quantitative detection for
such a ﬁlm.

Table 1
Crystal quality comparison (omega scans).
Ref.

FWHM of (0002)

Film thickness (nm)

[25]
[26]
[27]
[28]
Present

1°
1.2°
0.68°
0.6°
0.259°

200
Unknown
380
300
200

2.3. Raman analysis
Space group information of AlN's wurtzite structure has been
published in the literature [30]. In practice, the frequency shift of
Ehigh
is often used to detect stress/strain in III-nitride compounds,
2
even in-situ monitoring of the ﬁlm growth [7]. We choose backscattering geometry with the laser beam incident on the (0001)
surface. According to [30], only E2 and A1 ðTOÞ are allowed to the
detector in this mode. This is the only suitable geometry mode for
a thin ﬁlm with a dark substrate for in-situ monitoring, and avoids
the inﬂuence of E1 ðTOÞ (e.g., see the stronger E1 ðTOÞ near Ehigh
as
2
shown in [31]). A confocal micro-Raman scattering setup (LabRAM
HR800, Laser length: λ ¼ 532 7 Δλ nm , Δλ r 0:65 nm; diameter
of laser:  1 μm) is used to accomplish the experiment at room
temperature (12 °C). As can be seen in Fig. 2, we have performed
Raman scatterings on 6 points along the diameter of the wafer's
surface, see Fig. 2b. However, the trend of Ehigh
along the radius is
2
not obvious. The values of FWHM and peak positions show a little
ﬂuctuation for most of the interior points. The spectrums of edge
points (less than 2 mm to the edge) become relatively weak.
FWHM line-width in Raman spectra is widely recognized as an
inversely proportional indication of phonon lifetime, and higher
crystal quality is associated with longer lifetime [31]. According to
this, the bulk crystal from Ref. [32] is the best single crystal among
these carefully selected references and its frequencies will be used
as benchmark frequencies and stress free datum. It is well known
that the ﬁlm's stress due to TEC mismatch will degrade the crystal
quality [28]. Therefore, the FWHM line-width is a useful indicator

Fig. 2. Raman frequencies (Resolution of Raman scan is 0.4 cm  1). (a) Raman shift of silicon wafer. (b) Schematic of Raman scattering points. (c) Raman scattering at points
along diameter. (d) Enlargement of Ehigh
of interior points.
2
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Table 2
Comparison with other Raman experiments (cm  1).
Ref.

Ehigh
2

ΔωðEhigh
Þ
2

[32]

657

0

[33]

656

1

[17]
[34]
[35]
[36]
[37]
Present

655.5
657.42
656.3
655
649
649.9

 1.5
0.42
 0.7
 2.0
 8.0
 7.1

More info
Bulk crystal, FWHM(Ehigh
) o 3.8 cm  1
2
Bulk crystal, FWHM(Ehigh
) E 6.6 cm  1
2
Bulk crystal
Film, substrate: Sapphire
Film, substrate: SiC
Film, substrate: Si (001)
Film, substrate: Si (111)
Film, substrate: Si (111)

The value of Present is estimated from Fig. 2 and the uncertainty in stress can also
be estimated further by comparing the range of Ehigh
(649.8–650.5 cm  1 in Fig. 2d)
2
with 657 cm  1 of bulk crystal [32].

for crystal quality comparison, which we have adopted in our
MOCVD to monitor whether the crystal quality is improved after a
change in the growth conditions [29]. As can be seen, our FWHM
line-width is around 7 cm  1 which is very close to the single
crystal's value, 6.6 cm  1 [33]. As mentioned above, the ﬁlm's
stress can be identiﬁed as being proportional to the difference of
ΔωðEhigh
Þ between the ﬁlm and single crystal of [32].
2
Theoretically, the surface of the sample is under biaxial stress,
which means the stress tensor σ z ¼0. According to Ref. [8], the
frequency shift for each phonon mode is determined by the
deformation potential constants a~ and b~ for a given stress:

Δω ¼ 2a~ σ x þ b~ σ z

ð1Þ

The mechanical reliability can be analyzed with the value of a~
to calculate the stress, given σ z ¼ 0 in a ﬁlm. However, it is not
enough to investigate piezoelectric properties and the elastic
constants should also be clariﬁed for piezoelectric tensor
determination.
We have observed that the values of FWHM of Raman spectra
that appeared in literature are different and this means the qualities of the crystals are different. Specially, the Raman shift caused
by this crystal quality degradation is difﬁcult to evaluate. For
example, the values of Ehigh
are not identical, even when com2
paring only data for bulk crystals (see Table 2). Therefore, the
forecast precision of this paper is based on high quality crystals.

3. Calculations
3.1. Calculation methods and their relationship
The calculations are performed within the framework of density function theory. The GGA (generalized gradient approximation) functional PW91 (Perdew-Wang1991) [38] is adopted to
realize an approximation of the electronic subsystem. At the same
time, we selected norm-conserving pseudo-potentials [39] but not
ultra-soft potentials, which are commonly adopted in similar calculations. Ultra-soft potentials allow the calculation to run with a
lower energy cut-off than norm-conserving pseudo-potentials,
which in turn saves much calculation time and has drawn much
attention from investigators [40]. However, it is more complex and
may not give a good expression in linear response calculations in
our case [41].
Speciﬁcally, Raman spectra are calculated by a hybrid ﬁnite
displacement/density perturbation theory (DFPT) method (also
named Linear Response method) [42]. In summary, the DFPT
problem is solved by minimizing the second order perturbation in
the total energy, which gives the ﬁrst order changes in density,
wave functions, and potential [42]. The main idea to determine the
elastic constants [14,15] is to set a ﬁnite value as stress/strain and
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then calculate the corresponding strain/stress after re-minimizing
the total energy. As mentioned above, the two calculations have
some intrinsic relationship all based on total energy with second
order or ﬁrst order derivation. In fact, the phonon spectrum from
Raman scattering is one of the fundamental indicators for crystal
dynamics, which is strongly correlated to elastic constants [43].
Obviously, it is reasonable to take rebuilding of Raman frequencies
as veriﬁcation of the model used to calculate elastic constants.
In the calculation model, atom-site information of the primitive
cell is from ICSD#41482 [44] and the lattice parameters are
a¼ 3.11, c¼ 4.98, and u ¼ 0.382. After relaxation, the lattice parameters are changed to be a¼ 3.073, c¼ 4.948, and u ¼0.381. The
Monkhorst-Pack k-point grids are 11  11  11 for Brillouin-zone
sampling. Kinetic cut-off energies for the plane wave expression of
the wave function are set at 1600 eV.
3.2. Results and comparison
The calculation results under different hydrostatic pressures
have been listed in Table 3 together with frequencies from the bulk
single crystal. The maximum deviation between our calculated
values and values for bulk single crystal is for A1 ðTOÞ and is no
more than 4.6 (615.6–611) cm  1 (the precondition of ﬁrst principles calculations is Born–Oppenheimer approximation (Temperature-0 K)). At the same time, most of the phonons show a good
linear relationship with hydrostatic pressure variations, and thus,
~ values are listed according to their linear slope (unit:
the  ð2a~ þ bÞ
1
cm /GPa). Combined with the experimental value of [8], the Ehigh
2
phonon value of  2a~ can be estimated as 4.423 cm  1/GPa. Several
high
 2a~ values of E2 from experiment can be found in [10] (3.39,
4.5, 3.0 cm  1/GPa) and [8] (3.74 cm  1/GPa). Our result of Ehigh
is
2
very close to 4.5 cm  1/GPa and we will also develop a conﬁrmation by FEM simulation of our sample in next section. The simulation and related theory are very useful to check the crystal
quality in growth and post processing of the ﬁlm.
Table 3
Raman frequencies from experiments and calculations (cm  1).

[32]
[33]
[17]
[19]
[19]
Calculated
Calculated
Calculated
Calculated

Elow
2

A1 ðTOÞ

Ehigh
2

E1 ðTOÞ

247.5
248.4
248.6
247.23
247.30
247.34
0.037

611
609.6
608.5
613.8
611.0
608.08
615.60
623.09
5.003

657
656
655.5
660
657.4
647.35
656.52
665.60
6.083

671
669.3
669.3
673.4
670.8
662.08
670.48
678.80
5.573

[8]
Calculated

0.75

1.46

1.66

1.20

 0.713

3.543

4.423

4.373

Bulk
Bulk
Bulk
Film 6 K
Film 300 K
P¼  1.5 GPa
P¼ 0 GPa
P¼ 1.5 GPa
~
 ð2a~ þ bÞ
 b~
 2a~

The records of [19] are AlN ﬁlms on α-Al2O3 substrate at 6 K and 300 K. Hydrostatic
pressure Po 0 means being stretched.

Table 4
Elastic constants from experiments and calculations (GPa).

[45]
[46]
Calculated

C 11

C 12

C 13

C 33

C 44

C

E

γ zx

411
410.5
411.2

149
148.4
125.9

99
98.9
92.2

389
384.3
404.0

125
124.0
125.7

509.6
508.0
495.0

346.1
345.8
361.9

0.1768
0.1770
0.1717

C2

C ¼ C 11 þ C 12  2C 13
; σ x ¼ Cεx ; γ zx ¼ C 11Cþ13C 12 [14,15]; C ij : Elastic constant; γ zx : Poisson
33
ratio; σ: Stress tensor; ε: Strain tensor; E: Young's modulus; the rightmost three
columns, C, E and γ zx are calculated here.
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Fig. 3. Linear TEC of AlN and silicon substrate. (a) Linear TEC. (b) Expansion rate along lattices.

The calculated and experimental elastic constants have been
listed in Table 4 for comparison. In order to give an intuitive
understanding of the relationship between stress and corresponding strain (or force and corresponding deformation), we
calculate the right three columns here. The ﬁrst framework to
express this relationship is σ x ¼ C ϵx [14] based on the biaxial stress
state considering the surface of the thin ﬁlm with σ z ¼ 0 and
ϵz a 0. Another framework is based on the in-plane (a-lattice)
Young's modulus (E in Table 4 corresponding to Ex and Ey in formula (2) considering anisotropy). Thus, we deduce the formula (2)
especially for a hexagonal crystal.
8
C 2 C  2C 213 C 11  C 212 C 33 þ 2C 213 C 12
>
Ex ¼ Ey ¼ 11 33
>
>
C 11 C 33  C 213
>
<
C 12 C 33  C 213
ð2Þ
γ xy ¼ C C  C 2
>
11 33
13
>
>
>
: G ¼ C 11  C 12 ; G ¼ G ¼ C
xy
zx
yz
44
2
Commonly, there are differences between the crystallographic
and mechanical coordinates to characterize the mechanical properties. After this transformation, values of formula (2) to express
the stress state and Gzx ¼ Gyz are required for modeling transverse
shear deformation of a shell element in FEM, given stress tensor
σ z ¼ 0. As seen in Table 4, our calculated results show a little
deviation from the experimental values of [45] and [46]. However,
considering that the ﬁrst principles calculation corresponds to the
ground state (0 K) and that experiments are carried out at about
300 K, the small difference is reasonable, especially the calculated
Young's modulus being a little higher than the experimental ones.
In fact, the deviation due to temperature differences can also be

evaluated by the results in Table 3 of [19], which relate Raman
scattering measurements of the ﬁlm at 6 K and 300 K. Errors in
measurements of the elastic constants should also be considered,
especially the errors in components related to shear stress.

4. Veriﬁcation
4.1. Model construction
In order to further clarify the precision and construction of a
perfect model, more veriﬁcation is necessary. There is no existing
numerical model in the literature which can be used to deduce the
stress in a ﬁlm quantitatively and it is also difﬁcult to realize this
aim based on the ﬁrst framework, σ x ¼ C εx . It is necessary to
develop a numerical simulation model to forecast the performance
of a crystal when the growth temperature and thickness of the
ﬁlm or substrate has been changed.
As mentioned above, we have obtained a high quality crystal
ﬁlm and its stress tensor σ x can be estimated by formula (1) with
ΔωðEhigh
Þ ¼  7.1 cm  1 and 2a~ ¼4.423 cm  1/GPa, given σ z ¼ 0.
2
Thus, the theoretical value of in-plane stress σ x is 1.605 GPa
(tensile stress), and this value will be used as a benchmark for
simulation veriﬁcation later.
There are two factors related to residual stress, temperature
dependent linear TEC and Young's modulus. The linear TEC of AlN
and silicon have been shown in Fig. 3a and the data points are
directly from [47,48] in which anisotropy of AlN is not considered.
According to [49,50], the linear TEC of AlN is a little smaller in the
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Fig. 5. Results of simulation. (a) Stress (Pa). (b) Strain.

Fig. 4. In-plane Young's modulus. (a) Young's modulus of AlN. (b) Young's modulus
of Si (111).

c-lattice direction than a-lattice direction, see Fig. 3b, and thus, the
value in Fig. 3a is underestimated slightly when expressing the
strain between ﬁlm and substrate (the data points of Fig. 3b are
directly from [49] and we cannot ﬁnd better TEC record of AlN
covering a high enough temperature range). The thermal stress in
the ﬁlm can be deduced as:
Z T2
σ th ¼ 1 Ef γ
ðαs  αf ÞdT
ð3Þ
f

T1

where Ef and γ f are the Young's modulus and Poisson ratio of the
ﬁlm, corresponding to formula (2). αs and αf are linear thermal
expansion coefﬁcients of substrate and ﬁlm respectively. T 1 and T 2
are ﬁlm growth temperature (1425 K) and room temperature
(300 K). The integration part is actually an evaluation of strain
compared with free shrinking. The variables in formula (3) are all
temperature dependent functions.
The experimental values of elastic constants from 0 K to 1350 K
in Ref. [46] can be used to estimate the temperature dependent
Young's modulus here. For example, C 11 can be ﬁtted as
C 11 ¼412.0 þ4.15  10  3T þ5.96  10  6T2 and we just replace
412.0 with our value, 411.2, and keep other items unchanged (see
formula (4–1)). It is reasonable to utilize this correction considering that the variation of each elastic constant from 0 K to
1350 K is no more than 5.4%. In this way, we can construct temperature dependent values of formula (2) and use them in our
simulation. The temperature dependent elastic constants of silicon
can be found in [51,52] and are ﬁtted linearly here (the intercepts
of linear ﬁtting are corrected a little to accommodate the widely
known elastic constants at room temperature and the slopes are

unchanged), see formula (4–2). At the same time, anisotropy of
silicon should also be considered especially for the {111} plane
wafer used to grow our ﬁlm on and this can be realized according
to [53]. In this way, temperature dependent Young's modulus and
Poisson ratio are constructed and the variations with temperature
of Young's modulus for (111) Si and AlN are shown in Fig. 4. As
seen in Fig. 4, both Young's modulus change slowly with temperature and thus the difference in the TEC is the main factor in
stress analysis.
8
C 11 ¼ 411:2  4:15  10  3 T 5:96  10  6 T 2
>
>
>
>
3
6 2
>
>
< C 12 ¼ 125:9  1:69  10 T 2:74  10 T
3
6 2
ð4:1Þ
C 13 ¼ 92:2  2:47  10 T  1:29  10 T
>
>
> C 33 ¼ 404:0  6:36  10  3 T 4:54  10  6 T 2
>
>
>
:
C 44 ¼ 125:7  0:70  10  3 T 0:57  10  6 T 2
8
2
>
< C 11 ¼ 170:1  1:53  10 T
2
C 12 ¼ 65:6  0:57  10 T
>
:
C 44 ¼ 81:7  0:72  10  2 T

ð4:2Þ

4.2. Simulation and result
Main inputs to model: 1) the square element size in the plane is
about 0.5 mm, see Fig. 5; 2) the integration in thickness is realized
by 9 uniform points integration (In Abaqus CAE software, this item
is called Thickness Integration Points for input); 3) the number of
elements of silicon in thickness is 30 with an element size
decreasing by 10 toward the ﬁlm surface (In Abaqus CAE software,
this item is named of Sizing Controls of Bias Ratio for element
meshing); 4) element types: SC8R and C3D8R, both are considered
as planar stress. Additionally, symmetry is considered and stress is
only simulated over a quarter of wafer.
The temperature range in the simulations is from 1425 K to
300 K. The ﬁlms are considered as isotropic in TEC inputs (actually,
orthotropic inputs cause no difference in simulation results compared with using isotropic ones for the shell element) and the TEC
of silicon itself is isotropic. Both ﬁlm and substrate are considered

82

Y. Dai et al. / Journal of Crystal Growth 435 (2016) 76–83

5. Summary

Table 5
Film properties of AlN ﬁlm grown on different substrates.
Ref.

σ x ¼ σ y ðGPaÞ

εx ð10  3 Þ

[34]

 0.095

 0.192

0.033

0.279

[35]
[36]

0.158
0.452

0.319
0.913

 0.055
 0.157

 0.463
 1.325

[25]

1.809

3.655

 0.628

 5.303

Present

1.605

3.242

 0.557

 4.704

εz ð10  3 Þ

P PE ð10  3 C=m2 Þ

Substrate
Sapphire
SiC
Si
(001)
Si
(111)
Si
(111)

to be in an in-plane stress state and thus the silicon is considered
as isotropic but using {111} plane parameters, such as Young's
modulus and Poisson ratio. The parameters for the shell element
have been calculated with formula (2) and the model is constructed to be compatible with the same coordinates to consider
anisotropy (the units in simulation are Pa and μm).
As seen in Fig. 5a, the simulated stress value of 1.507 GPa is
very close to the one, 1.605 GPa, deduced from Raman experiment.
Considering that the linear TEC of AlN in Fig. 3a is underestimated
slightly, this simulated stress can be used as a conservative estimate for ﬁlm design. The relationship between stress and strain is
different from the absolute mechanical relationship due to thermal
coupling. Although the stress is tensile, the system bears compressive strain because of cooling shrinkage, as shown in Fig. 5b.
These strain values are for crystal growth temperature and are not
suitable for piezoelectric analysis. However, the model can supply
non-linear predictions of strain variation from room temperature
to working temperature by simulating twice.
The simulated stress is 1.51 GPa, close to the analytic value
1.605 GPa if the ﬂaw of TEC is not considered. However, there is
little difference between strain components (including εx ¼ εy and
εz ) in simulation. The main difference between mechanical variables is the in-plane Poisson ratio γ xy , see formula (2). This variable's value is 0.319 at 300 K in [46] and 0.269 for our calculation
results. The reason for this is still unknown.

4.3. Piezoelectric analysis

ð5Þ

where piezoelectric coefﬁcients: e33 ¼ 1.46 C/m2 and e31 ¼  0.6 C/
m2 [54]. At the same time, the in-plane strain can be analyzed with
σ x ¼ C ϵx in Table 4 with σ x ¼ 1.605 GPa ðϵx ¼ ϵy Þ and the strain
tensor in the z direction, εz , can be analyzed according to Hook's
law (γ zx ¼0.1717 in Table 4)
ϵz ¼  γ
zx
ϵx
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According to [54], the piezoelectric tensor P PE has three independent components (C 6V point group):
P PE ¼ e33 εz þ e31 ðεx þ εy Þ

In summary, we prepared a high quality monocrystalline ﬁlm
of AlN grown on a Si (111) substrate and then investigated the
properties of AlN, combining experiments and computational
simulations for understanding and design of high quality single
crystal ﬁlms. We calculated the intrinsic frequencies of Raman
active phonons and compared them with experimental data. The
calculated results show good agreement with Raman frequencies
from a bulk single crystal as stress-free data. Then, we calibrated
the Phonon Deformation Potential coefﬁcient which is important
for Raman based stress measurements. At the same time, elastic
constants are also calculated and compared with experiments.
Both of them are consistent with corresponding experimental
records.
We successfully develop a numerical model to verify the calculation above and the model itself is also useful to predict
properties of crystal ﬁlms. We have carried out a simulation using
our model with temperature dependent data records of [46] as
input. The simulated stress is 1.51 GPa, which agree a well with the
analytic value 1.605 GPa. The deviations due to temperature differences are considered which relate Raman scattering measurements of the ﬁlm at 6 K and 300 K. At last, the stress, strain, and
piezoelectric properties were analyzed and compared with ﬁlms
on substrates of Sapphire, SiC, and Silicon with different surfaces.

ð6Þ

Thus, we obtain the value of the piezoelectric tensor
P PE ¼  4.7  10  3 C/m2. In this way, we rebuild Table 2 for comparison in Table 5. As seen in the table, the stress and strain in the
ﬁlms grown on sapphire and SiC are much lower than when
grown on a silicon substrate, especially for {111} plane silicon
wafers. At the same time, our results are close to the similar wafer
results in [25], which is mainly aimed for SAW (Surface Acoustic
Wave) applications.
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