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Hexagonal GaN epilayer grown on sapphire substrate by metal organic chemical vapour deposition (MOCVD)

is studied using Raman scattering and photoluminescence in a temperature range from 100K to 873K. The model of

strain (stress) induced by the different lattice parameters and thermal coefficients of epilayer and substrate as a function

of temperature is set up. The frequency and the linewidth of Ehigh
2 mode in a GaN layer are modelled by a theory with

considering the thermal expansion of the lattice, a symmetric decay of the optical phonons, and the strain (stress) in

the layer. The temperature-dependent energy shift of free exciton A is determined by using Varshni empirical relation,

and the effect of strain (stress) is also investigated. We find that the strain in the film leads to a decreasing shift of the

phonon frequency and an about 10meV-increasing shift of the energy in a temperature range from 100K to 823K.
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1. Introduction

GaN-based III-V nitride semiconductors have re-
cently attracted extensive attention because of their
wide direct band gap of ∼3.9 eV, high external photo-
luminescence quantum efficiency, and excellent chem-
ical stability.[1−3] Although sapphire, SiC and even
Si are the preferred substrate materials for GaN, het-
eroepitaxy leads to problems related to strain (stress).
Wurtzite GaN grown on hetero-substrates with GaN
or AlN buffer layers always suffers a certain quan-
tity of in-plane biaxial strains because of the mis-
match of the lattice constants and the thermal expan-
sions coefficients between GaN(and /or AlN) and sap-
phire. The strain modulates the energy gap and the
phonons of GaN films, which is supported by many
researches.[4−10] A GaN–AlN superlattice grown by
molecular beam epitaxy (MBE) has been studied by
means of micro-Raman spectroscopy in Ref.[5]. The
Raman spectra show that the modes of strained GaN
layer all with a blue shift cannot correspond to the

unstrained GaN. The presence of a build-in strain is
proved to be the most plausible explanation to these
shifts by examining the bevelled sample. The influ-
ence of stress in thin GaN films on the band gap
has also been studied. In Ref.[6], the influence of
strain caused by the thickness of AlN buffer layers
on optical properties of GaN thin films was studied.
Starting from 3.42 eV there is a linear correlation be-
tween luminescence shift and stress, which is inde-
pendently determined by the x-ray and Raman mea-
surements. And GaN films grown on different sub-
strates and in different stress states were analysed
in Ref.[7]. Showing that the coefficient of dEPL/dσ

was (21.1±3.2)meV/GPa. In this paper, the struc-
tural and optical properties of GaN thin film grown by
metal organic chemical vapour deposition (MOCVD)
is investigated in a temperature range from 100K to
873K by Raman scattering and photoluminescence
(PL). And temperature-dependent strain (stress) ef-
fects on the properties of the thin film is also analysed
in the whole temperature range.
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2. Experiment

The sample used for the present study was an
undoped GaN film grown by metal organic chemical
vapour deposition (MOCVD) on the surface of a 20–
25 nm thick AlN buffer layer on a sapphire (α-Al2O3)
substrate. The thickness of the GaN film was about
2 µm, and the orientation of the c axis was normal to
the surface of the film. No crack was found on the
surface of the whole sample.

For micro-Raman measurements, Raman spectra
were recorded in backscattering geometry using a Ren-
ishaw inVia Raman Spectrometer equipped with a
3000 l/mm gating. The 514 nm line of an Ar+ laser
was used as an excitation source, and the power of
the laser on the sample was set to be 5mW. The laser
beam was focused by a microscope lens system, yield-
ing a spot size of 1 µm and an excitation density of
50W/cm2. Because both the GaN film and sapphire
substrate are transparent, the temperature deviation
due to laser heating is negligible. For PL measure-
ment, the PL spectra were also acquired, using the
same instrument as Raman spectrometer. PL spectra
were excited with a 3.4 mW He–Cd laser working at
325 nm (3.82 eV), and the 1800l/mm UV gating was
used in the experiment.

The sample was mounted on the THMS600 stage.
The temperature varied between 77 K and 873 K by
using liquid nitrogen as a coolant or by electrically
heating the block. The temperature was measured
by TS1500 controller within an accuracy of better
than±1K.

The frequencies and linewidths (full widths at half
maximum) of the phonon modes were determined by
fitting Lorentzian line shapes to the measured Raman
lines. And the PL spectra were fitted by Gauss peak
profiles to obtain the energy positions.

3. Theory

3.1.The calculation of temperature-

dependent strain in the GaN epi-

layer

There exist a considerable lattice mismatch and
a thermal mismatch between the sapphire substrate
and the GaN and AlN layers, respectively. There are
two sources resulting in the stress (or strain) between
the epilayer and substrate: lattice parameters (intrin-
sic stress) and thermal coefficients (thermal stress) of

epilayer and substrate. The intrinsic stress is built in
film during sample cooling from a deposition temper-
ature to room temperature after growth, which can
overcompensate for the lattice constant mismatch in
this case. Although the GaN or the AlN buffer re-
duces the strain to some extent, wurtzite GaN grown
on sapphire substrates with GaN or AlN buffer lay-
ers always suffers a certain quantity of in-plane bi-
axial strains because the buffer layer is too thin (20–
25 nm) to reduce all the stresses after growth. And the
different thermal expansion coefficients of layer and
substrate result in a temperature-dependent in-plane
thermal stress. The analysis shows that the thermal
stress between the epilayer and the substrate plays a
major role in determining the strain in film.[7] The
assumption is made that during the growth at high
temperatures, the strain in the layer, induced by the
large lattice mismatch between layer and substrate,
is greatly relaxed with the formation of dislocation
near the interface between layer and substrate. The
temperature-dependent strain can be described as

ε(T ) =
LS(T )− LL(T )

LL(T )

=(1 + εg)
1 +

∫ T

Tg

αa,S(T ′)dT ′

1 +
∫ T

Tg

αa,L(T ′)dT ′
− 1, (1)

where αa,S and αa,L are the temperature-dependent
in-plane linear expansion coefficients of the sub-
strate (S) and the layer (L) respectively;[11]

LS,L(T ) = LS,L(Tr)[1 +
∫ T

Tg

αa,S,L(T ′)dT ′ denote the

temperature-dependent lengths of the substrate and
layer respectively; εg is the residual strain in the layer,
calculated from the Raman spectra at the growth tem-
perature Tg, which is neglected according to the as-
sumption above.

Raman spectrum is widely used to determine a
strain state. In the linear approximation, the fre-
quency deviation of a given phonon mode γ under a
symmetry-conserving stress can be expressed in terms
of the biaxial strain εxx as follows:

∆ωγ(T ) = Kγεxx(T ). (2)

The Ehigh
2 mode in the Raman spectra is used for

examining the stress states in GaN layers because it
has been proven to be particularly sensitive to biax-
ial stress in GaN epifilm.[12] Owing to the difference
in pressure coefficient, the frequency shift for the A1
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(LO) phonon with a greater uncertainty is found to
be lower than for the Ehigh

2 phonon. So in this paper,
Ehigh

2 mode is used to describe the change of strain.
For the linear stress coefficient Kγ , its value varies
with the differences in substrate and process.[7,13]

The theoretical linear stress coefficient Kγ is ob-
tained as

Kγ = 2
(

a− b
C13

C33

)
, (3)

where the phonon deformation potentials a and b are
defined in Ref.[14], and the Cij are the elastic con-
stants for GaN given in Ref.[15]. Compressive stress
will result in an increase of the Raman frequency,
while tensile stress results in a decrease.

The in-plane stress σxx of the GaN layer can be
obtained from the following equation:

σxx =
[
C11 + C12 − 2

C2
13

C33

]
εxx, (4)

where the Cij are the elastic constants for GaN given
in Ref.[15].

3.2.Temperature dependence of the

phonon frequency of GaN epilayer

The temperature dependence of the phonon
frequency and damping arise from anharmonic
terms in the vibrational Hamiltonian of the crystal
lattice.[16,17] The anharmonicity gives rise to the ther-
mal expansion of the lattice and to the phonon-phonon
interaction. The Raman shift dependence on temper-
ature can be written as a result of two additive effects:
one is the change in the vibrational frequency due to
thermal expansion or volume change, and the other is
the effect due to anharmonic coupling to phonons of
other branches. The temperature-dependent Raman
shift of phonon can be written as[16,17]

ω(T ) = ω0 + ∆ωe(T ) + ∆ωd(T ), (5)

where ω0 is the harmonic frequency of the optical
mode, ∆ωe(T ) is the thermal-expansion contribution
to the shift, and ∆ωd(T ) is the effect due to anhar-
monic coupling. In an isotropic approximation, the
term ∆ωe(T ) is given by

∆ωe(T ) = −ω0γ

∫ T

0

[αc(T ′) + 2αa(T ′)]dT ′, (6)

where αc(T ) and αa(T ) are the temperature-
dependent coefficients of linear thermal expansion
parallel and perpendicular to the hexagonal c axis

respectively,[18] and γ is the Grüneisen parameter for
the optical Raman mode.

Taking into account cubic and quartic terms in
the anharmonic Hamiltonian and considering only
symmetric decays of the zone-centre phonons into two
phonons (a third-order process) and three phonons
(a fourth-order process) with frequencies of ω0/2
and ω0/3 respectively, the anharmonic coupling term
∆ωd(T ) can be modelled as[16,17]

∆ωd(T ) =A[1 + 2n(T, ω0/2)] + B[1 + 3n(T, ω0/3)

+ 3n2(T, ω0/3)], (7)

where A and B are constants selected as fitting pa-
rameters, and n(T, ω) = [exp(~ω/kBT ) − 1]−1 is the
Bose-Einstein distribution function. The first term
on the right-hand side of Eq.(7) couples the optical
phonon to two phonons (a third-order process), while
the second term represents the higher order process
that couples it to three phonons (a fourth-order pro-
cess).

There are a considerable lattice mismatch and a
thermal mismatch between the sapphire substrate and
the GaN and AlN layers respectively. This leads to
a further strain-induced contribution ∆ωS(T ) to the
phonon shift. As mentioned above, the frequency shift
is obtained as

∆ωS(T ) = 2
(

a− b
C13

C33

)
ε(T ), (8)

The total temperature dependence of the phonon fre-
quency can now be written as

ω(T ) = ω0 + ∆ωe(T ) + ∆ωd(T ) + ∆ωS(T ), (9)

Similarly, the Raman linewidth can be modelled as[16]

Γ (T ) = Γ0 + C[1 + 2n(T, ω0/2)]

+ D[1 + 3n(T, ω0/3) + 3n2(T, ω0/3)], (10)

where n(T, ω) is determined in Eq.(7). C and D are
treated as fitting parameters. Equation (10) is sim-
ilar to Eq.(7), with the first term corresponding to
a third-order process (decay into two phonons), and
the second term to a fourth-order process (decay into
three phonons).

3.3.Temperature dependence of the en-

ergy gap of GaN epilayer

The energy gap temperature dependence is usu-
ally described by the Varshni equation[19]

Eg = E0 − αT 2

T + β
, (11)
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where E0 is the energy gap at 0 K; β is sometimes asso-
ciated with the Debye temperature; α is an empirical
constant.

It is known that the energy band gap of a semi-
conductor is affected by the residual strain in film. A
tensile stress will result in a decrease of energy band
gap while a compressive strain causes an increase of
the band gap. And the energy gap is linear with the
strain (stress) in epifilm.[6] Concerning the strain in
film, the temperature-dependent energy gap can be
written as

Eg = E0 − αT 2

T + β
+ kσxx(T ), (12)

where k is defined as the linear strain coefficient. We
adopt k=21meV/GPa from Ref.[7], which is in agree-
ment with (21±5) meV/GPa from Ref.[6].

4. Results and discussion

Figure 1 shows the typical observed temperature-
dependent Raman spectrum of GaN epilayer grown
by MOCVD. Consistent with the results in Ref.[20].
both Ehigh

2 and A1 (LO) modes of GaN are ob-
served. The bulge of trailing edge of A1 (LO) peak
and the 418 cm−1 peak correspond to the Eg mode
(750 cm−1) and A1g mode (417 cm−1) of sapphire
respectively.[21] With temperature increasing, Raman
peaks shift toward lower frequencies and broaden.

The measured temperature-dependent Raman
shifts of Ehigh

2 phonon are presented in Fig.2. Ex-
cellent fitting is obtained by expression (9) for Raman
frequency as a function of temperature. The fitting
parameters used here are listed in Table 1. The fre-
quency ω0 of the perfect harmonic lattice is not di-
rectly available in experiment, for the phonon decay
results in a reduction of the frequency even at T=0K.
The observed phonon shift is a superposition of the
intrinsic (bulk) temperature dependence and a con-
tribution arising from a thermal expansion mismatch
with the substrate. The contribution of the strain that
is shown in dot line is separated from that of intrinsic
(bulk) temperature dependence. It can be seen that
with the temperature increasing, the strain leads to a
decreasing shift of the phonon frequency. So there is
no ground to neglect the strain-induced contribution

in our fitting. And the contribution of strain is re-
duced with the temperature increasing for GaN, show-
ing the same behaviour as that for E2 mode of AlN in
Ref.[22]. This is because whether compressive stress
exists in SA substrate or tensile stress in SiC substrate
or not, the biaxial stress magnitude is reduced with
temperature increasing, which has also been verified
by the PSI measurement.[13] Since ∆ωs(T ) is only an
estimate of the strain-induced frequency shift, only bi-
axial strain effects are taken into account, but other
possible contributions, such as hydrostatic strain aris-
ing from point defects are not considered.

Fig.1. Temperature-dependent Raman spectrum of GaN

epilayer.

Fig.2. Raman shift of Ehigh
2 mode of GaN as a function

of temperature (solid line), together with ω0 (dash line)

and strain contribution to the shift ω0+∆ωe(T )+∆ωd(T )

(dot line).
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The temperature-dependent linewidth of the
Ehigh

2 mode of GaN is shown in Fig.3, which is fitted
by Eq.(10). The values of the fitting parameters Γ0,
C and D are given in Table 1. The linewidth increases
as the temperature increases, and the linewidth of the
A1 (LO) phonon is always larger than of the Ehigh

2

phonon. This is possible because there are more chan-
nels for the decay of the A1 (LO) phonon than of the
Ehigh

2 phonon. And even the data of the temperature-
dependent frequency of the Ehigh

2 phonon have been
used to derive a calibration curve which returns the
temperature of a GaN layer as a function of the rel-
ative shift of the Ehigh

2 frequency with respect to the
frequency at the room temperature.[22]

Fig.3. Temperature dependence of the linewidth of the

Ehigh
2 mode of GaN. The solid line represents the best fits

obtained by Eq.(10).

Table 1. Parameters for fitting the Raman shift and the linewidth of GaN by Eqs.(9) and (10).

Mode γ ω0/cm−1 A/cm−1 B/cm−1 Γ0/cm−1 C/cm−1 D/cm−1

E2 1.47a 568.7 0.51 –0.09 3.2 –0.03 0.002

a from Ref.[23].

The typical PL spectra recorded at a low tem-
perature (100K) are shown in Fig.4, together with the
result of a fit to the spectra. According to Ref.[24], six
transitions are obtained, that is, the LO replica of the
A (A-2LO) 3.33 eV and (A-LO) 3.39 eV, the phonon
replica of donor bound exciton (I2-LO) 3.36 eV, neu-
tral donor bound recombination (I2) 3.41 eV, free A

exciton (A) 3.43 eV and free B exciton (B) 3.44 eV.
The yellow luminescence band at 2.3 eV is beyond our
measurement.

Fig.4. The typical PL spectra recorded at a low tem-

perature (100 K), together with the result of a fit to the

spectra. The dash lines represent the contributions of dif-

ferent transitions in the process of luminescence，and the

dot line denotes the fitting result.

Figure 5 shows the typical PL spectra of an
undoped GaN layer grown by MOCVD, as a func-
tion of temperature. We focus attention on the
temperature dependence of free exciton A (ΓV

9 −

ΓC
7 ), which is shown in Fig.6, and the changes of

other transitions are beyond our discussion. As
the temperature increases, the PL spectra are red-
shifted, less intense and broadened. The experimen-
tal data are fitted by Eq.(12), and the fitting pa-
rameters are EA

0 =3.440 eV, α=6.5×10−4 eV/K, and
β=3500K, which are not far from the parameters
of EA

0 =3.486 eV, α=8.32×10−4 eV/K, and β=835.6K
obtained by PR spectra from Ref.[25]. The EA

0 and
the strain (stress) contribution are also shown in Fig.6.
With the temperature increasing, the stress leads to
the increasing shift of the energy, resulting in the
compressive stress mentioned above, which is about
10meV in a temperature range from 100 K to 823 K.

Fig.5. Typical temperature dependence of the lumines-

cence spectra of undoped GaN layer grown by MOCVD.
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Fig.6. Temperature dependence of free A transition, where

the solid line represents the fitting by Eq.(12), the dash line

denotes EA
0 , and the dot line refers to the strain (stress) con-

tribution to the energy shift.

5. Summary

In this paper, the experimental results on the tem-
perature variation of the Raman and PL spectra of
GaN epilayer on the sapphire substrate have been pre-
sented. And the mode describing the temperature-
dependent biaxial strain (stress) between the GaN
layer and sapphire substrate has been set up. The
Raman shift of Ehigh

2 mode and energy shift of free
exciton A as a function of temperature is analysed.
And the contribution of strain (stress) is discussed in
the whole temperature range.
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