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Temperature Dependence of Excitonic Transitions in GaN Grown by MOCVD
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The Photoluminescence (PL) measurement results of a very good quality GaN sample grown by metalorganic
chemical vapor deposition (MOCVD) are reported. The temperature dependences of peak position, emission
intensity, and the full width at half maximum (FWHM) of free-exciton (FX) A and B are presented. Our results
show the fast thermal quenching of FX transition intensities and predominantly acoustic phonon scattering of
emission line broadening. The transition-energy-shift following the Varshni’s empirical equation, and by using
it to fit the data, E,(T) = 3.4861 eV - 6.046 x 10 T2/ (620.3 + T) eV, Ep(T) =3.4928 eV - 4777 x 10* T?
/(408.2+ T) eV and E,, = 3.4991 eV - 4426 x 10 T2/ (430.6 + T) eV for A(n=1), B(n=1), and A(n=2) are

obtained respectively.
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GaN-based wide band gap semiconductor materials have
attracted extensive attention in recent years mainly due to
their many potential applications in optoelectronics, in
which they directly result in blue-ultraviolet (UV) light
emitting diodes (LEDs) and laser diodes (LD) [1,2]. There
has been a considerable amount of research effort directed
towards the preparation of high quality of GaN-based mate-
rials and devices, and also to the understanding of their fun-
damental physical properties [3,4,5]. The excitonic transi-
tions have been recognized as the most important optical
processes in GaN due to its LD application [6,7].

Several papers have been published on the temperature
dependence of the near energy gap transitions in GaN [4,9],
however, the results reported vary with the samples prepared
by various growth techniques as well as different mea-
surement methods, and lack detailed investigations on the
temperature-dependent of emission intensities, peak positions
and the full width at half maximum (FWHM) about free-
exciton (FX) recombination of higher quality single crystal
GaN sample. In this paper, we report our photoluminescence
(PL) measurement results of temperature dependence of FX
[A(n=1), B(n=1) and A(n=2)] recombination transitions in
a very good quality GaN single crystal film grown by
MOCVD, and discuss FX emission intensities, peak posi-
tions, and the FWHM varying with temperatures. The results
show the quick thermal quenching of FX transition inten-
sities, predominantly acoustic phonon scattering of FX
emission line broadening and the good fitted values of
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emission line peak positions which vary with temperatures
following the Varshni’s empirical equation.

The GaN sample used in our experiment is of n-type
wurtzite structure single crystal grown by low-pressure
MOCVD technique prior to the deposition of the GaN layer
a thin 50 #m AIN buffer layer was grown on the sapphire
(AL, O,) substrate. The room temperature electron carrier con-
centration is about 5.0 x 10'%/cm® which was determined
by Hall measurements.

For our PL measurements, the main experimental set up
is shown in Fig. 1. The sample was attached to a copper
sample holder and mounted inside a closed-cycle He refrig-
erator with the temperature variation from 10 K to 320 K.
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Figure 1. The experimental block diagram of photoluminescence mea
surement.
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The PL spectra were collected in a reflecting mode. Exci-
tation pules of 7 ps at the repetition rate of 9.5 MHz were
provided by a cavity-dumped dye laser with Rhodamine 6G
solution, which was pumped by a Nd*:YAG laser with a
frequency doubler. The output from the dye laser was fre-
quency doubled provide tunability in the UV region (up to
4.5 eV). A single-photon counting system and a grating mono-
chromator were used to measure the PL spectra. In the
block diagram of Fig. 1, the MCA represents the Multichannel
Analyzer, and the PMT means the Photo multiplier Tube.
The continuous-wave (cw) PL spectra of the sample at sev-
eral representative temperatures are shown in Fig. 2. There
is nearly a single transition line of intrinsic FX A (n=1, ground
state which was assigned by several papers previously [7,9])
with the peak energy at 3.4857 eV and the FWHM is only
1.81 meV at the temperature 10 K, which represents the sin-
gle crystal GaN sample under investigation is of very high
quality. The very small peak at the energy peak 3.4926 eV
is FX B(n=1). The inset in Fig. 2 shows the relative inten-~
sity variations of A and B excitonic transitions at three rep-
resentative temperatures. An emission line, which is about
14 meV higher than that of the A(n=1) emission line, appears
when the temperature increases to T > 40 K. We assigned
this emission line as the first excited state A(n=2) due to its
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Figure 2. Continuous Wave (CW) photoluminescence spectra of an unin-
tentionally doped n-type GaN at T = 10 K. The inset shows the rela-
tive intensity variation of different free excitons at the representative
temperatures.

peak energy position away from that of A(n=1). The absolute
transition intensities of the excitonic emission lines decrease
with increasing temperature as it is expected. We plotted the
temperature dependence of emission intensities of FX A(n=1)
and FX B(n=1) in Fig. 3, which shows the fast thermal
quenching of FX transition intensities. We have not got a
suitable formula to fit those data well, because the intensi-
ties decrease very quickly especially below 60 K. The insets
in Fig. 3 are the semilogarithmic scale of the integrated inten-
sity of FX A and FX B emission lines versus temperatures,
which show clearly an activated behavior at the range of tem-
peratures.

It is worthwhile to mention from Fig. 2 and Fig. 3 that
the relative intensity ratio of FX B to FX A emission line
increases as temperature increases, although both absolute
emission intensities decrease with the increase of tempera-
ture. In particular, at the temperatures above 80 K, the inten-
sity of FX B transition is higher than that of FX A transi-
tion, and this behavior keeps going up to room temperature.
To our best knowledge, this phenomenon is reported for the
first time and has a little difficulty to explain and justify now.
The most probable explanation for this phenomenon might
be due to either their different thermal quenching mechanism
with temperatures or a stronger coupling effect between them
because of FX motion in crystal and interactions between
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Figure 3. The temperature dependence of transition intensities of FX
A(n=1) and B(n=1). The insets are the semilogarthmatic scale of the
integrated intensity of FX A(n=1) and B(n=1) versus temperatures.
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FXs and phonons. To confirm and justify, further detailed
investigations both in experimental and in theoretical research
might be needed.

The peak positions of the three excitation emission lines
shifted to lower energy side with the temperature increased
as shown in Fig. 3 (dots). As far as GaN was expected to
have a high Debye temperature and a temperature dependence
band gap variation [11,12], the overall feature here was con-
sistent with the previous results [9]. To fit the temperature
dependence of peak positions of FX emission lines, we use
the Varshini’s empirical equation

E/(T) = E(0) - aT? / (T + B) )

where E(0) is the FX transition energy at T = 0 K| and a,
B are the constants referred to as Varshini thermal coeffi-
cients (§ also corresponds to the Debye temperature 6
which was estimated to be about 600 K in GaN theoreti-
cally[12]).

The solid lines in Fig. 4 are the least-square fittings of the
experimental data by using Eq. (1). The fitted values obtained
from the best fitting are E, (0) = 3.4861 eV, a = 6.046 X
10* eV/K, B = 620.3 X for the ground state of FX A; E;,(0)
=3.4928 eV, a = 4777 % 10 eV/K, 8 = 408.2 K for the
ground state of FX B; and E,,(0) =3.4991 eV, a = 4,426 X
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Figure 4. The temperature dependence of peak positions of A(n=1),
B(n=1) and A(n=2) excitonic transition lines as obtained from Fig. 2.
The solid lines are the least-squares fitting of the data with Eq. (1).

10+ eV/K, B = 430.6 K for the first excited state of FX A.
The FWHM of the FX emission lines increases with tem-
perature increasing due to increased exciton-phonon inter-
action. We plotted the FWHM (77} of FX A and FX B tran-
sition lines as the function of temperatures in Fig. 5, which
shows that I increases linearly with temperatures. The tem-
perature dependence of the emission line width caused by
exciton-phonon interactions has a form {13,14].

I'(T) = Ty + 1T + 7,/ [exp(EL, / kT) - 1] (2)

where I', represents the line broadening due to temperature-
independent mechanisms (such as Auger process, impurity,
surface scatting and inhomogeneous etc.); 7, ,T arises from
the interaction between longitudinal acoustic (LA) phonon
modes of the lattice and excitons, ¥, is the LA coefficient;
the third term on the right side of Eq. (2) stems from the
interaction between longitudinal optical (LO) phonon modes
of lattice and excitons, 7, is the width parameter and E,
is the LO phonon energy of GaN.

The linear behavior shown in Fig. 5 implies that the exci-
ton-LA phonon interaction dominates in the FX emission line
broadening in GaN, which is consistent with the interband tran-
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Figure 5. The full width at half maximum (FWHM) of FX A{n=1) and
B(n=1) transitions as a function of temperature. The dots are the exper-
imental data, and the solid lines are the least-squares fitting of a lin-
ear relation with temperature of Eq. (2).
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sition broadening reported previously {151, and also is con-
sistent with FX emission broadening reported in CdS [16]. The
solid line in Fig. 5 designate fits of the data assuming the
linear relation of the form (neglecting the exciton-LO phonon
interaction term)

P0=1—'0+7}r (3)

The fitted values are 17, = 1.3541 meV, ¥ = 0.04365 meV/K
for FX A(n=1), and I'; = 3.6171 meV, 7= 0.03891 meV/K
for FX B(n=1) respectively. The resunlts show clearly that the
FX emission line width broadening in the GaN sample
grown by MOCVD is predominantly determined by acoustic
phonon scattering at least in the range of temperature from
10 K to 200 K.

In summary, the temperature dependence of free exciton-
ic transitions including FX A(n=1), B(n=1), and A(n=2) are
presented. The emission intensities for both FX A and FX
B decrease very fast with the increase of temperatures. The
interesting phenomenon is that the relative intensity ratio of
FX B to FX A increases with temperature increasing and the
ratio is larger than 1 at the temperature over 80 K. The FWHM
of FX A(n=1) and FX B(n=1) present the linear relation with
temperature and the predominantly acoustic phonon scatter-
ing. The peak position varies with temperature following the
Varshini’s empirical equation. By using the Varshini’s equa-
tion to fit the experimental data, E,,(T) = 3.4861 eV - 6.046
X 104 TH(620.3 + T) eV , Eg(T) = 3.4928 eV - 4.777 X
10+ T#(408.2 + T) eV and E,, = 3.4991 eV - 4426 x 10+
T¥%(430.6 + T) eV are obtained for A(n=1), B(n=1), and
A(n=2) respectively.
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