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In this paper, Raman shifts of a-plane GaN layers grown on r-plane sapphire substrates by low-pressure metal—organic
chemical vapor deposition (LPMOCVD) are investigated. We compare the crystal qualities and study the relationships
between Raman shift and temperature for conventional a-plane GaN epilayer and insertion AIN/AlGaN superlattice layers
for a-plane GaN epilayer using temperature-dependent Raman scattering in a temperature range from 83 K to 503 K. The
temperature-dependences of GaN phonon modes (A (TO), E; (high), and £ (TO)) and the linewidths of E; (high) phonon
peak are studied. The results indicate that there exist two mechanisms between phonon peaks in the whole temperature
range, and the relationship can be fitted to the pseudo-Voigt function. From analytic results we find a critical temperature
existing in the relationship, which can characterize the anharmonic effects of a-plane GaN in different temperature ranges.
In the range of higher temperature, the relationship exhibits an approximately linear behavior, which is consistent with the

analyzed results theoretically.
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1. Introduction

The II-nitride semiconductors and their alloys have
widely attracted much attention due to their fascinating fun-
damental properties and great potential applications in op-
toelectronic and microelectronic devices.!'! These devices
include blue laser, blue—green and ultraviolet light emitting
diodes (LED), ultraviolet photodetectors, AlGaN/GaN het-
erostructure field-effect transistors (HFETs), and high elec-
tron mobility transistors (HEMTs). However, the electrostatic
fields induced by spontaneous and piezoelectric polarization
along the [0001] direction of c-plane hexagonal GaN can spa-
tially separate the electrons from the holes within the quantum
wells, thereby reducing the irradiative efficiency and making
the emission wavelength red-shifted.[>-6]

A feasible way to eliminate the effect of the built-in elec-
tric field is to grow the hexagonal GaN along the nonpolar
direction (perpendicular to the ¢ axis) when growth is accom-
plished along the [1100] or [1120] direction, for this struc-
ture is free of polarization-induced field. For example, a-plane
GaN film is deposited on an r-plane sapphire substrate with no
polarization field along the grown orientation. When growth

is realized on a non-c-plane oriented sapphire and SiC surface,
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the nitride film is subjected to anisotropic strain as a conse-
quence of the anisotropic structure of the film. In the applica-
tions in solid-state lighting, there are two crucial factors influ-
encing the quality and strain in the crystalline. However, there
are more complex strain conditions and more serious crystal
quality in the a-plane GaN epilayer than in the conventional
c-plane GaN epilayer. Many groups studied this topic using
many kinds of methods, for example, in Refs. [7]-[10] the
AIN/AlGaN supperlattice layers were inserted to improve the
crystal quality and significant results were obtained. Although
many research studies have been carried out on this topic and
several papers on this aspect have been published,>!10-121 yp
to now, there have been few studies on the relationships be-
tween Raman shift and temperature for the conventional a-
plane GaN epilayer and of AIN/AIGaN superlattice structure
of the a-plane GaN epilayer. In this paper, we study the rela-
tionships in different temperature ranges to obtain more details
about the relationships of Raman shift and temperature. We
find a critical temperature existing in the relationship, which
can characterize the anharmonic effects of a-plane GaN in dif-

ferent temperature ranges.
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2. Experimental procedure

Two characteristic samples of hexagonal GaN films were
used for research. Sample A and sample B were grown on
the r-plane (1102) sapphire substrates using a cold-wall show-
erhead low-pressure metal-organic chemical vapor deposition
(LPMOCVD) system. The a-plane GaN epifilm with a two-
step (low-temperature and high-temperature) AIN nucleation
layer with a thickness of about 60 nm was denoted as sam-
ple A, and a two-step AIN nucleation layer and AIN/AlGaN
superlattice denoted as sample B. Further details about the
growth conditions, structure, and properties of the two a-plane
GaN samples have been published previously.[!%!3141 An ar-
gon laser of 514-nm wavelength was used as an excitation light
source to carry out Raman scattering for the two samples; the
laser power was about 14.2 mW. The resolution of the Ra-
man spectral measurement was kept at £0.5 cm~!. The two
samples were measured at temperatures ranging from 83 K to
503 K in steps of 52.50 K and then a curve-fitting program was
used to fit the Raman spectra to determine the Raman shifts
and linewidths.

3. Results and discussion
3.1. Raman shift and E>(high) phonon linewidth

We observe the temperature-dependent Raman backscat-
tering geometry modes of x(yy)%, x(yz)%, x(zz)X in the two
samples, respectively. The relationships between Raman shift
and temperature of the three phonon modes (A (TO), E; (TO),
and Ej (high)) are shown in Fig. 1(a), and the E; (high) phonon
peaks broadening with increasing temperature is shown in
Fig. 1(b).

As shown in Figs. 1(a) and 1(b), the three phonon
modes indicate that with increasing temperature, the Raman
peak shifts toward lower frequency simultaneously and the
linewidth of E, (high) phonon peak broadens, which are

U and

[1,14,15]

caused by an anharmonic effect in lattice vibration,
were consistent with the results reported previously.
Moreover, at the same temperature, the linewidth of £, (high)
phonon peak for sample B is smaller than that for sample
A. In the whole measured temperature, the E5 (high) phonon
linewidth of sample B has a smaller range from 3.9 cm~! to
5.7 cm~!, while the E; (high) phonon linewidth of sample A

has a larger range from 4.6 cm~! to 7.1 cm™'.

In general,
the Raman phonon linewidth I" is inversely proportional to the
overall phonon lifetime (Ty,), and the phonon lifetime is in-
fluenced by anharmonic decay and inhomogeneous impurity

phonon scattering according to the relation of

1 1 1
2rel” = = + —,
Ttotal Tdecay T

where c is the speed of light in vacuum in cm/s, I" is in cm ™!,

Tdecay 1 the average phonon decay time, and 7; represents the

time of all impurity and defect scattering processes; the latter
is generally taken to be small. Thus, the linewidth of E; (high)
phonon indicates the order of the film since this spectral char-
acteristic is related to the underlying lifetime of the phonon
being probed, and it can characterize the crystal quality for
semiconductor material. We calculate the average phonon de-
cay time. The calculated average phonon decay time is 1.06 ps
for sample A, and it is 1.24 ps for sample B at room tem-
perature. A conclusion can be obtained that sample B has a
better crystal quality than sample A. Therefore, an insertion
AIN/AIGaN superlattice layer can improve crystal quality for
a-plane GaN epilayer effectively.
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Fig. 1. Raman shifts recorded at temperatures varying from 80 K to
503 K in steps of 52.5 K (a) and E; (high) phonon peaks broadening
with temperature increasing (b).

Furthermore, we can estimate the residual strain/stress
condition of the two a-plane GaN epilayers from Fig. 1(a). At
room temperature, the E, (high) phonon peak is 570.78 cm™!
for sample A and it is 566.80 cm~! for sample B, in compari-
son with the E (high) phonon shift 567.6 cm™! of stress-free
GaN reported in Ref. [16], so compressive strain is found for
sample A and tensile strain for sample B. As the elasticity the-
ory predicts in the case of a biaxial stress system, the deviation
in shift of E; (high) phonon mode is described in terms of the

biaxial stress o in the epilayers as!!’!
Aw
o= & (H

where @ is the Raman frequency for E, (high) phonon line in
hexagonal GaN, and A® is the Raman relative shift of the E;
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(high) phonon bulk materials line, or Aw=o—wy. The biaxial
stress can be calculated according to Eq. (1) from the mea-
sured E, (high) phonon shift if the linear stress coefficient k
is known. Here, a theoretical k value of 2.56 cm™!/GPal'8! is
adopted to calculate the residual stress. The values of residual
stress are found to be —1.24 GPa and 0.31 GPa in the a-plane
GaN epilayers respectively. Obviously, the residual compres-
sive stress existing in sample A is larger than residual tensile
stress existing in sample B. Thus an insertion AIN/AIGaN su-
perlattice in the epilayer can change the strain condition and
reduce the residual stress for a-plane GaN epilayer.

3.2. Relationship between Raman shift and temperature

3.2.1. In the whole temperature range

From the whole measured temperature, the relationship
between Raman shift and temperature exhibits not a linear re-
lationship or quadratic relationship mentioned in many papers
but a complicated relationship named a Pseudo—Voigt func-
tion, which includes the Gaussian and Lorentzian lineshapes
shown in Eq. (2). We fit the relation between E; (high) phonon
shift and temperature using Eq. (2), and the results are shown
in Fig. 2.

o(T) = f+L(T)+ (1 - f)*G(T), 2)
where

24 B
4T —-T,)2+ B2

n=py5er(-45)

T is the temperature, f is the factor of Lorentzian spectrum,

L(T) =

(1 — f) is the factor of Gaussian spectrum, @y is the harmonic
frequency in Pseudo—Voigt model, T; is the center of the fitting
curve, B is the linewidth of the fitting peak, and A is the area
under the fitting peak.

One can find that it is in good agreement with the rela-
tion between Raman shift and temperature using Pseudo—Voigt
function. In Ref. [19] the non-uniform strain effect in the epi-
layer was thought to give rise to a Gaussian peak, while the
finite sizes effect of the grains in the epilayer was described
by a Lorentzian peak. We fit the Raman shifts and temperature
using Eq. (2) and calculate the weights of the Lorentzian peak
factor for the two samples. The values are 0.40515 for sample
A and 0.52449 for sample B. In order to estimate crystal qual-
ities of the two samples, we use the ratio of Lorentzian factor
to Gaussian factor and calculate the ratio. The obtained results
are listed in Table 1. In general, the crystal quality is consid-
ered to be better when this ratio is closer to 1. Therefore, one
can draw a conclusion that sample B has better uniform strain
than sample A.
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Fig. 2. Relationships between E; (high) phonon shift and temperature
and fittings with Pseudo—Voigt model for (a) sample A and (b) sample
B.

Table 1. Fitting parameters for the relations between Raman shift and
temperature of the two samples, and the backscattering model is x(yy)x.

Sample wolem ™! f 1-f F:a=p
A: E; (high) 572.35 0.40515 0.59485 0.6811
B: E; (high) 568.35 0.52449 0.47551 1.1030

3.2.2. At the critical temperature

In order to analyze the relationship between Raman shift
and temperature, we plot the E, (high) phonon shifts versus
the 1/7 and the results are shown in Fig. 3.
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Fig. 3. Relationships between E> (high) phonon shift and 1/7.
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Figure 3 shows similar tendencies of the Raman shifts for
sample A and sample B with 1/7 increasing, indicating that
there exists an identical mechanism within sample A and sam-
ple B, i.e., the phonon temperature-dependent decay energy.
We fit this relationship to the first-order exponential decay as
o = ay+Arexp(—E,/(ksT)). Here, @y is the harmonic fre-
quency in the first-order exponential decay model, A; is a con-
stant, and E, is the phonon temperature-dependent decay en-
ergy. The fitting results are listed in Table 2.

Table 2. Fitting parameters of a-plane GaN using first-order expo-

nential decay function for the relation between E, (high) phonon
shift and temperature.

Fit parameters wp/em ™! Ar/em™! E,/meV
Sample A 568.02 —20.73 72.5
Sample B 571.94 —25.13 71.7

The E, (high) phonon decay energy is 72.5 meV for sam-
ple A, and it is 77.7 meV for sample B. We analyze and
compare the (d@w/dT) values for the two samples in de-
tail, and find that there exists a critical temperature (7p) of
232.64 K. If the temperature is above the critical temperature,
the (dw/dT) value for sample A is smaller than that for sam-
ple B, which means that sample B has a larger phonon decay
velocity with temperature increasing than sample A. As is well
known, (d@/dT) is relevant to the anharmonic effect in lattice
vibration, and used as the Gruneisen parameter. The larger the
Gruneisen parameter, the more obvious the anharmonic effect
is, which indicates that the phonon shifts are easy to affect
with the increase of temperature. Thus, it is also suggested
that sample B is more vulnerable when temperature is above
the critical temperature of 232.64 K.

3.2.3. In the higher temperature range

As shown in Fig.3, the relation between Raman shift and
1/T is approximately linear when the temperature varies from
293.15 K to 503.15 K, which is consistent with the result from
the following equation:

o= wy+ouT 3)

in a higher temperature range. Here, @y is the harmonic fre-
quency and « is the first order temperature coefficient.''! The
fitting results and fitting figures can be seen in Table 3 and
Fig. 4, respectively.

From Table 3, we can see that ¢ for sample B is a little
larger than that for sample A in a higher temperature range,
which is in agreement with the result that sample B is easier to
affect in a higher temperature range than sample A.
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Fig. 4. Linear fittings for E, (high) phonon shift versus temperature at
higher temperatures.

Table 3. Fitting parameters of a-plane GaN using Eq. (3).

Sample A Sample B
Phonon mode oy/em~ LK wp/em! oy/em™ 1K wp/em!
A (TO) -0.01503 536.17 -0.01493 538.77
E; (high) -0.01198 570.22 -0.01297 574.40
E; (TO) -0.01269 561.40 -0.01263 565.26

From Fig. 4, we know that this approximate linear rela-
tionship is reflected more obviously in the higher temperature
range. Temperature-dependent Raman shift can be written as
a result of two factors. One factor is the change in lattice vi-
bration frequency due to the thermal expansion of the lattice,
and the other factor is due to the decay of the optical phonon
into phonons with lower energy. The temperature-dependent
Raman shift Aw(T') of the phonon shift ®(7') at temperature
T with respect to frequency @y in a perfect harmonic lattice

can be written ast*2%]

Ao (T)=0(T)—wy=Awe (T)+Awqy (T). 4)

Here
Aw. (T) = —a)oexp{ - y/oT (o () + 20, (T)] dT},

where 7y is the Gruneisen parameter, and . and o, are
the temperature-dependent linear expansion coefficients par-
allel and perpendicular to the hexagonal ¢ axis, respectively.
Giehler et al>! reported that the phonon shift is weakly influ-
enced by phonon scattering as temperature changes, so the ef-
fect of the decay of the optical phonon into phonons with lower
energy can be omitted. We adopt the linear expansion coeffi-
cients a = 3.17 x 107%/K and a, = 5.59 x 10-%/K. We also
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adopt Gruneisen parameter Y (E; (high)) = 1.47 for E; (high)
phonon mode.!*?! Equation (4) can be written as Aw (T) =
Aw. (T) = —0.01227T for sample A and —0.01236T for sam-
ple B, which are close to the fitting results using linear fitting
in the higher temperature range. The relationships between
Raman shifts and temperature for other phonon modes exhibit
similar tendencies in the higher temperature range as shown in
Fig. 5. The fitting results are shown in Table 3.
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Fig. 5. Plots of Raman shift versus temperature for other backscattering
geometry modes of samples A and B.

4. Conclusions

In this paper, we studied the Raman shift of nonpolar a-
plane GaN layers grown on r-plane sapphire by LPMOCVD.
We comparatively investigated the crystal quality and the re-
lationships between Raman shift and temperature for the con-
ventional a-plane GaN epilayer and the insertion AIN/A1IGaN
superlattice layers of a-plane GaN epilayer using temperature-
dependent Raman scattering. The results indicate that there
exist two mechanisms between phonon peaks in the whole
measured temperature range, and the relationships can be fit-
ted to the model of Pseudo—Voigt function. We find a critical
temperature existing in the relationship, and the critical tem-

perature can reflect the anharmonic effects of the a-plane GaN
at different temperatures.
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