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Nonradiative recombination processes of carriers in InGaN ÕGaN probed
by the microscopic transient lens spectroscopy
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Temporally and spatially resolved observations of the nonradiative recombination~NR! processes of
carriers in low dislocated GaN and InGaN/GaN were successfully obtained by using microscopic
transient lens spectroscopy. The heat generations and conductivities of NR processes were detected
by the signal intensities and the time profiles. We found that the thermal conductivities were not so
different at the seed region~threading dislocation density (TDD)51 – 23109 cm22) and the wing
region (TDD51 – 23106 cm22) of air-bridged lateral epitaxially grown GaN and InGaN/GaN, but
the amount of heat generated at the wing regions was much smaller than that at the seed regions.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1519666#
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I. INTRODUCTION

GaN-based optical devices such as light-emitting dio
and laser diode have very strong emissions in spite of h
threading dislocation densities (TDD5108– 1010 cm22).1

For a wider application of GaN-based optical devices,
development of the emission efficiency has been expecte
nonradiative recombination~NR! process of carrier in a ma
terial is one of the most important processes to control
optical property because a great numbers of carriers deca
the NR process at room temperature. It had been repo
that the threading dislocations~TD! in GaN might act as the
nonradiative recombination centers~NRC!.2 In order to re-
duce the TDD in GaN and InGaN, the growth technique h
been developed rapidly. Recently, low dislocated G
(TDD5106 cm22) have been achieved by using the epita
ial lateral over growth technique.3 However, remarkable en
hancement of emission efficiencies of low dislocated G
and InGaN has so far not been found.3–6 The actual correla-
tion between the NR process and the TDD are still unkno
because the direct observation of the NR process has
very difficult. Recently, we succeeded in the direct detect
of the heat generation of the NR process probed by the t
sient grating~TG! technique.7,8 In this article, we developed
the microscopic transient lens~MTL ! technique for the se
lective time-resolved measurement of the heat genera
and conduction of the NR processes.

II. EXPERIMENTAL SETUP

A frequency-tripled beam of a Nd:YAG laser~355 nm!
and a He-Ne laser~633 nm! were used as pump and prob
beams, respectively. Both beams were focused at a sa
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by an objective lens~3100!. Spot sizes of both beams wer
about 3mm in diameter. By the excitation with a Gaussia
spatially distributed pump beam, refractive index~n! in the
sample is also spatially modulated by the modulation of
carrier density change (dN) and the temperature chang
(dT). Such modulations act as transient lenses. Foc
defocus of the probe beam at the transient lens was dete
by a photomultiplier tube with an optical fiber. All measur
ments were at room temperature~23 °C!.

The samples used in this study were grown by me
organic chemical vapor deposition. Recently, Kidoguc
et al. accomplished air-bridged lateral epitaxial grow
~ABLEG!.9 ABLEG-GaN has two regions, one is a seed r
gion having high TDD (1 – 23109 cm22) and another is a
wing region having low TDD (1 – 23106 cm22). The
sample structure of ABLEG-GaN was shown in Fig. 1. W
used three samples; bulk-GaN, ABLEG-GaN, and InGaN~35
Å!/GaN~105 Å!, a three-quantum wells~3QW! structure
grown on ABLEG-GaN.

III. RESULTS AND DISCUSSION

The time profile of the MTL signal taken for the bulk
GaN was shown in Fig. 2. This signal has two componen
the spikelike dip component just after photoexcitation a
the slow decay component. The fast component and the s
component are due to the defocus and focus of the pr
beam at the transient concave and convex lens effects in
sample, respectively. From (]n/]N).0 and (]n/]T),0, we
assigned the fast and slow components to the modulation
the carrier density and the temperature, respectively. The
nal intensity and decay of the fast component represents
created carrier density and the carrier recombinati
diffusion, respectively. The signal intensity and decay of
slow component represent the amount of the generated
by the NR process and the thermal conductivity of materia
a,
© 2003 American Institute of Physics
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respectively. Time and spatial dynamics ofdn anddT can be
described by the rate equation including the diffusio
recombination of carriers and the generation/conduction
heat with cylindrical coordinates. By solving this rate equ
tions, time and spatial dependence ofdT can be written by

dT~r ,t !5
t rad

t rad1tnonrad

QN0

rCp
H 2expF2

r 2

w0
2 S 1

t rad

1
1

tnonrad
D tG1

w0
2

4D tht1w0
2

3expS 2
r 2

4D tht1w0
2D J , ~1!

wherew0 and r are the pump beam width and the distan
from the beam center, respectively.N0 is the initial density of
carriers just after the excitation (t50). D and D th are the
diffusion coefficient of carriers and heat in GaN, respe
tively. Thermal conductivity~k! of GaN can be obtained b
k5D thr Cp with the density (r56.095 g cm23) and the
heat capacity (Cp59.745 cal mol21 K21). t rad and tnonrad

are the radiative and nonradiative recombination lifetime,
spectively.Q is the heat amount generated by the NR p
cess. The optical pass of the probe beam at the transient
given by the ABCD low of Gaussian beam. In this expe
mental condition, the time profile of the signal intensity
MTL @S(t)# is proportional todT (t,r 50). Therefore, the
decay component of the thermal signal can be described

S~ t !5
I ~ t !2I ~0!

I ~0!
}

w0
2

4D tht1w0
2 . ~2!

We could fit the slow decay component of Fig. 2 b
using this equation and a value forD th /w0

2 was obtained. To

FIG. 1. Sample structure of the air-bridged lateral epitaxially gro
~ABLEG!-GaN.

FIG. 2. Time profile of the microscopic transient lens spectroscopy ta
for bulk GaN. Curved line is the fitting line by Eq.~2!.
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obtain theD th value, a value ofw0
2 is needed. We estimate

w052.6mm by using theD th value for this sample obtaine
by the TG measurement @D th50.77 cm2 s21 (k
52.3 W cm21 K21)#.10 We can use thisw0 value for the
measurement of ABLEG-GaN. The time profiles of the s
lective MTL signals at seed and wing regions in ABLEG
GaN were shown in Fig. 3. We fitted these decays by us
Eq. ~2! and obtained theD th values at each region. The ca
culated k obtained fromD th were k52.2 W cm21 K21 at
seed region andk52.0 W cm21 K21 at wing region.k val-
ues of each region were not so different and close tok
52.3 W cm21 K21 of bulk-GaN. k of GaN had been mea
sured as 1.3 W cm21 K21 by Sichel and Pankove in 1977.11

Recently, Luoet al. reported thatk of GaN grown by the
lateral epitaxial overgrowth ~LEO! with TDD55
3106 cm22 is 1.55 W cm21 K21 though k of GaN with
TDD51010 cm22 is 1.35 W cm21 K21 as probed by the
scanning thermal microscope~STM!.12 In a similar way, As-
nin et al. reportedk of GaN-LEO with TDD.105 cm22 as
1.7–1.8 W cm21 K21.13 Florescu and co-workers reporte
that thek values of GaN depend on the carrier concentrat
and thickness between 0.5 and 1.95 W cm21 K21.14 They
also developed the STM with spatial resolutions and repo
that thek values of GaN is 2.00 W cm,k,2.10 W cm K on
the partially overgrown regions.15 Obtainedk values of bulk-
GaN and ABLEG-GaN in this study are close to the ma
mum value which has ever been measured. This fact sugg
that both our bulk-GaN and our ABLEG-GaN should ha
the highest crystallinity.

Although we could not find the difference of thek val-
ues at each region, we found a remarkable difference of
thermal signal intensity at each regions. We could comp
the thermal signal intensities by the NR processes of u
carrier densities at each region by normalization of the c
rier signal intensities. It was found that the heat generatio
the wing region was much smaller than that at the seed
gion. At the wing region, low TDD should reduce the N
processes of carriers. A similar result was obtained for
InGaN/GaN 3QW structure grown on ABLEG-GaN~Fig. 4!.
This fact suggests that the TD in GaN and InGaN must ac
the NRC. For the first time, we have succeeded in detec
the heat generation from the TD and in clarifing the relatio
ship between the NR process and TD in GaN and InGaN

n

FIG. 3. Time profiles of the suite selective microscopic transient lens sp
troscopy taken for ABLEG-GaN at seed region~s! and wing region~h!.
Curved lines are the fitting lines by Eq.~2!.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



ve
s
c

nc
a

ffi
m
i-
io
di
n
c
o
i
t

er
xc
e
T
d

o

ca-
bi-
D
use
dis-
uld
nd

for

d

S.

S.

a,
l

i,

. J.

.

ys.

on,

C.

M.

pe
aN

577Rev. Sci. Instrum., Vol. 74, No. 1, January 2003 Photoacoustic and photothermal phenomena
the selective observation of the thermal signals. Howe
one question has remained: Why were optical propertie
each region not different in spite of the three-order differen
of TDD? From the measurement of the photoluminesce
spectra, we knew that the emissions of these samples
dominantly attributed to free excitons and the internal e
ciency of emission of each region is 0.6% at roo
temperature.10 This fact means that the 99.4% of free exc
tons contribute to the heat generation. If internal emiss
efficiencies are decided only by the ratio between the ra
tive and nonradiative recombination processes of excito
emission efficiency should be dramatically different at ea
region. We considered that the NR processes of excit
should not be a dominant path way of the thermalization
GaN and InGaN. We believe that another process must be
dominant thermalization path way, for example, slow th
malization processes after the thermal dissociation of e
tons to electrons and carriers, or trapping into the deep
ergy level in the crystals. This is the possible reason that
is not effective for the emission efficiency of GaN an
InGaN/GaN though it acts as the NRC.

IV. CONCLUSION

Microscopic transient lens~MTL ! spectroscopy is a
powerful tool for the time and spatially resolved detection

FIG. 4. Time profiles of the suite selective microscopic transient lens s
troscopy take for InGaN/GaN three quantum wells grown on ABLEG-G
at seed region~s! and wing region~h!.
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the nonradiative recombination~NR! processes of carriers in
GaN and InGaN/GaN. We found that the threading dislo
tions ~TD! in GaN actually act as the nonradiative recom
nation centers~NRC! of created free excitons. However, T
should not be effective for the emission efficiency beca
another slow thermalization processes due to the thermal
sociation or the trapping in the deep level of excitons sho
be the dominant process for thermalization in GaN a
InGaN/GaN.

ACKNOWLEDGMENTS

This work was partly supported by the Japan Society
the Promotion of Science~No. 12002454! and the Kyoto
University-Venture Business Laboratory Project.

1For example, inIntroduction to Nitride Semiconductor Blue Laser an
Light Emitting Diode, edited by S. Nakamura and S. F. Chichibu~Taylor
and Francis, London, 2000!.

2T. Sugahara, M. Hao, T. Wang, D. Nakagawa, Y. Naoi, K. Nishino, and
Sakai, J. Appl. Phys.37, L1195 ~1998!.

3T. Mukai, K. Takekawa, and S. Nakamura, Jpn. J. Appl. Phys., Part 237,
L839 ~1998!.

4S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, Appl. Phys. Lett.74,
1460 ~1999!.

5T. Izumi, Y. Narukawa, K. Okamoto, Y. Kawakami, Sg. Fujita, and
Nakamura, J. Lumin.87-89, 1196~2000!.

6T. Izumi, K. Inoue, Y. Narukawa, K. Okamoto, Y. Kawakami, Sg. Fujit
A. Tsujimura, I. Kidoguchi, and Y. Ban,Proceedings of the Internationa
Workshop on Nitride Semiconductors, IPAP Conference Series 1~Nagoya,
2000!, p. 599.

7K. Okamoto, A. Kaneta, K. Inoue, Y. Kawakami, M. Terazima, T. Muka
G. Shinomiya, and Sg. Fujita, Phys. Status Solidi B228, 81 ~2001!.

8K. Okamoto, Y. Kawakami, Sg. Fujita, and M. Terazima, Anal. Sci.17,
s312~2001!.

9I. Kidoguchi, A. Ishibashi, G. Sugahara, A. Tsujimura, and Y. Ban, Jpn
Appl. Phys., Part 239, L453 ~2000!.

10K. Inoue, K. Okamoto, Y. Kawakami, Sg. Fujita, M. Terazima, A
Tsujimura, and I. Kidoguchi~unpublished!.

11E. K. Sichel and J. I. Pankove, J. Phys. Chem. Solids38, 330 ~1977!.
12C.-Y. Luo, H. Marchand, D. R. Clarke, and S. P. DenBaars, Appl. Ph

Lett. 75, 4151~1999!.
13V. M. Asnin, Fred H. Pollak, J. Ramer, M. Schurman, and I. Fergus

Appl. Phys. Lett.75, 1240~1999!.
14D. I. Florescu, V. M. Asnin, Fred H. Pollak, R. J. Molnar, and C. E.

Wood, Appl. Phys. Lett.88, 3295~2000!.
15D. I. Florescu, V. M. Asnin, Fred H. Pollak, A. M. Jones, J. C. Ramer,

J. Schurman, and I. Ferguson, Appl. Phys. Lett.77, 1464~2000!.

c-
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp


