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Time-resolved photoluminescence study of isoelectronic In-doped GaN
films grown by metalorganic vapor-phase epitaxy
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Time-resolved photoluminescence spectra were used to characterize isoelectronically doped GaN:In
films. Our results indicate that the recombination lifetime of the donor-bound-exciton transition of
undoped GaN exhibits a strong dependence on temperature. When In is doped into the film, the
recombination lifetime decreases sharply from 68 to 30 ps, regardless of the measured temperature
and In source flow rate. These observations might be related to the isoelectronic In impurity itself
in GaN, which creates shallow energy levels that predominate the recombination process. ©2000
American Institute of Physics.@S0003-6951~00!02622-X#
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The recent progress in nitride-based optoelectronic
velopments of wide-band-gap semiconductors
significant,1,2 owing to the advent of the number of tec
niques, such as the two-step growth method,p-impurity ac-
tivation process, and the epitaxially lateral overgrow
technique.3,4 In regard to the film quality, it has been re
ported that with the adding of the isoelectronic impurity, t
background carrier concentration and deep trap concen
tion in GaN can be effectively reduced.5,6 A resembling ten-
dency is also observed in their optical properties. The li
width of the luminescence becomes narrower and
intensity is enhanced when the isoelectronic impurity is
troduced into the films.5 It seems that the use of isoelectron
doping can effectively improve the GaN film quality. How
ever, up to now the relevant studies are still few. One pa
has dealt with the optical transient study of In-doped G
grown by gas-source molecular-beam epitaxy~GSMBE!.6

No similar investigation has been performed on metalorga
vapor-phase epitaxially~MOVPE! grown GaN film. We thus
employed photoluminescence~PL! and time-resolved photo
luminescence~TRPL! measurement to examine the optic
transition involved in our MOVPE-grown In-doped GaN.

For the PL measurement, a He–Cd laser operating at
nm was used for above-band-gap excitation. A monoch
mator and a photomultiplier tube were used for detecti
Time-resolved photoluminescence experiments were
formed with samples thermostated from 12 to 300 K us
an UV pulsed laser centered at 323 nm with a repetition
of 1 kHz and an excitation pulse density of;40mW. The
optical transient spectra were detected by a Hamamatsu
tomutipilier, and analyzed with an EG&G picosecond tim
analyzer.

In order to explore the isoelectronic doping effects, u
doped and a series of In-doped GaN samples grown
MOVPE with various trimethylindium~TMIn! source flow
rates were employed in this study. Due to the fact of the h
volatility of In at high temperatures, only the In/Ga sol

a!Electronic mail: u8721818@cc.nctu.edu.tw
3220003-6951/2000/76(22)/3224/3/$17.00
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concentration not higher than 0.2% can be obtained in th
GaN:In films.5 The PL measurements were conducted at
K because of less thermal broadening and better spe
resolution. As can be seen in Fig. 1, we observe no shif
near-band-edge emission (I 2 line!, no additional transition
peak for In-doped samples, and the intensity of the yell
emission is comparatively lower than that of the near-ba
edge emission (,1000), regardless of the different In sourc
supply, which confirms the characteristics of isoelectro
doping rather than alloy formation for all our In-doped Ga
films. Additionally, the linewidth ofI 2 line is decreased mo
notonously from 16 to 10 meV~see the inset! and the corre-
sponding carrier concentration is reduced significantly fr
1.731019 to 331017cm23, indicating the good crystalline
quality of our films, particularly when grown with high-In
flow rates.

To further investigate the effects of In doping on th
dynamic process of the optical transition, such as the do

FIG. 1. PL spectrum of GaN samples doped with TMIn flow rates of
0.22, 1.1, and 2.12mmol/min. The inset shows the decrease of the linewid
with TMIn flow rates.
4 © 2000 American Institute of Physics
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

1 May 2014 07:51:26



a
ur
fo
.
a
ec

3
e

w
m

fe
u
n
on
n
e-

y
tem-

is

be-
na-

-
e

re-
the

-

re-
tion
n

on

has
anti-
duc-

to
N
an-
d-
the
erse
tion
m-
par-

d

s a
ely.

3225Appl. Phys. Lett., Vol. 76, No. 22, 29 May 2000 Huang et al.

 This a ub to IP:
nant I 2 line, a series of TRPL measurements were then c
ried out in this study. Figure 2 shows the room-temperat
recombination lifetimes of undoped and In-doped GaN,
example, grown with a 2.12mmole/min In source flow rate
Obviously, the decay behaviors between the undoped
doped samples are different. The undoped GaN has a d
time of 68 ps, whereas the In-doped one;30 ps. More in-
terestingly, as we changed the cryostat temperature from
to 12 K we can find, in Fig. 3, that the recombination lifetim
of the undoped GaN sample decreases from 68 to 42 ps
the decreasing temperature. Nevertheless, an unusual e
sion process is observed for the In-doped GaN film. Its li
time remains almost the same, independent of the meas
ment temperature. To verify whether such a phenomeno
also occurring in other doped samples, more investigati
were then performed. The corresponding results are show
Fig. 4. It is surprising that the recombination lifetime d
creases suddenly when the In reactant is added into the
actor and saturates almost at once to its final value,;30 ps,

FIG. 2. Temporal variation ofI 2 emission for both undoped an
isoelectronic-doped GaN~In: 2.12mmol/min!. The dotted line is the system
response.

FIG. 3. Recombination lifetimes of undoped and GaN:In~2.12 mmol/min!
measured from 12 to 300 K. The dotted line presents the curve fitted byT1.5

for the undoped sample.
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irrelevant of the TMIn flux. It is worth noting that this deca
behavior is essentially independent of the measurement
perature for all of our In-doped samples. This situation
rarely observed in other compound semiconductors.

Tentative explanations of the above recombination
havior are described as follows: In general, the recombi
tion lifetime (tPL) for salientI 2 line transition is due to the
radiative lifetime of theI 2 transition (t I 2

) itself, and the
lifetime of other decay processes (t8) associated with the
shallow donor energy level.7–10 It is known that the theoret-
ical value oft I 2

for GaN is about 400 ps.11 Together with the
fact of the much shortertPL (,68 ps) obtained here, we be
lieve the measured lifetime represents virtually the lifetim
of a transition other than theI 2 line in all of our GaN
samples. For the undoped GaN film considered here, its
combination behavior can be described well by using
Shockley–Read–Hall model~SRH!. In this model, the SRH
recombination lifetimet8 is closely related to its cross sec
tion s and trap concentrationNt in the epilayer and can be
expressed by the following equation:7,10

t85
1

sv thNt
, ~1!

wherev th is the thermal velocity of electrons at the measu
ment temperature. From the scattering theory, the transi
probability is directly proportional to the square of transitio
matrix, leading to aT22 dependence of the cross section
temperature.12 Since the thermal velocityv th is a function of
T0.5, it will result in a dependence ofT1.5 of tPL . This can
well explain the observation in our undoped GaN film.

As far as the In-doped samples are concerned, it
been reported that deep recombination centers, such as
sites, vancancies, and dislocations in compound semicon
tors, can be greatly suppressed by isoelectronic doping
improve the film quality.5,6 This is also the case for the Ga
film, as confirmed by our recent study using deep-level tr
sient spectroscopy.13 Based on this argument, with the ad
ing of In atoms, we may at first anticipate an increase of
I 2 emission lifetime in the samples. Nonetheless, an adv
effect is observed. As mentioned earlier, the recombina
lifetime is not only reduced, but is also independent of te
perature and In source supply. The above findings are ap
ently different from the report by Kumanoet al.6 in their

FIG. 4. Recombination lifetimes of doped and undoped GaN films a
function of In source supply measured at 300, 150, and 12 K, respectiv
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GSMBE-grown In-doped GaN films, in which an increase
emission lifetime from 20 to 70 ps is observed when the fi
is lightly doped with In. The reason for this discrepancy
not yet clear at present; it might be related to the charac
istics of different film properties associated with GSMB
and MOVPE-grown nitrides, or because too high of an
concentration is doped in our films.

From the aspect of the temperature independence o
recombination lifetimetPL observed here, we may believ
that quantum-dot-like structures existed, which dominate
light emission process in our In-doped films. As we kno
the emission properties of quantum dots are essentially
sensitive to the temperature due to their zero-dimensio
properties.10,14 With the high density of In doping, quantum
dots certainly have the possibility of forming in the epilaye
This explanation seems at first glance to be supported
by the peculiar growth manner of the nitride film, in whic
the In atom is noted to be easily self-organized into na
structures in the growing epilayer.10,14However, if this is the
case, a blueshift feature with respected to the GaN band
and a broad linewidth due mainly to the size fluctuation
the quantum dots should be observed. Since no such
nomena occurred, the quantum-dot effects conceivably c
not be the decisive factor responsible for the luminesce
process in our samples.

The other likely explanation turns to the isoelectron
nature of the impurity itself.15,16 For In:GaN, the In atom is
used to substitute Ga in the crystal. Since the In atom
heavier and larger than the Ga, it will result in a band-ed
degeneracy at the valence band,15 lifted by spin-orbit inter-
actions, and produce an attractive potential for a hole in
vicinity of the In atom. That is, the In atom acts like a sh
low acceptor in the GaN film. Notice that the pseudopot
tials are usually closely similar within the same group of t
periodic table, which is also true for In and Ga,16 the energy
splitting due to the isoelectronic doping is expected to
relatively small so that its transition cannot be differentia
easily with the ordinary optical detection system. This
probably the reason why no additional transition line can
observed in our In-doped GaN films.

It is known that the GaN film usually contains larg
densities of structure defects. We believe that during
sample preparation a fraction of In atoms will act as pinn
centers to block the stretching of the dislocations, and w
hold the generation of point defects,5,13 so that the film qual-
ity can be improved. As more In is introduced into the rea
tor, the substitution effect of In for Ga is believed to becom
more pronounced, which create lots of shallow-acceptor-
recombination centers, and could eventually dominate
transition processes. This may be the reason to accoun
the lifetime shortening in In-doped films. Regarding the te
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

140.113.38.11 On: Thu, 0
f

r-

he

e
,
n-
al

.
ll

-

p,
f
e-
n-
e

is
e

e

-

e
d

e

e
g
-

-
e
e
e

for
-

perature independence of the recombination lifetime
served here, it is possibly attributed intrinsically to the ch
acteristics of the isoelectronic doping or connected prima
to the influences of the high-In concentration in the layer
is interesting to note that the isoeletronic impurity itself, to
certain extent, could resemble as quantum-dot-like regio
the structure. From this point of view, the In-doped Ga
films may also bear a characteristic of temperature indep
dence in the recombination lifetime. Nevertheless, und
standing of the affects of isoelectronic doping in GaN is s
in the preliminary stage, more investigations are needed
comprehend its origins in the future.

In summary, we have employed a TRPL spectroscopy
study the dynamic response of undoped and In-doped G
films grown by the MOVPE method. With the doping of In
the recombination lifetime of theI 2 transition falls immedi-
ately when In is introduced into the solid and remains a
constant, nearly independent of the measured tempera
and source supply. Such unusual phenomena could be re
intrinsically to the characteristics of the isoelectronic dopi
or due to the factor of the comparatively high-In concent
tion present in our epilayers.

The authors wish to acknowledge the support by the N
tional Science Council of the Republic of China under Co
tract Nos. NSC89-2112-M009-016 89N102 and NSC8
2112-M009-012 89N099.
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