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Thermo-optical nonlinearity of GaN grown by metalorganic chemical-
vapor deposition
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A study of thermo-optical coefficient (dn/dT) of GaN using spectroscopic ellipsometry is made,
and a large thermo-optical nonlinearity near band edge, which increases with increasing
temperature, has been observed. Kramers–Kronig transformation has been used to verify our results
and a qualitative consistency has been obtained. ©1998 American Institute of Physics.
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The Group III nitride-based semiconductors have
come the most promising material for short-wavelen
light-emitting diodes and lasers which are crucial for hi
density optical read and write technologies,1 and also have a
potential for application to optical nonlinear devices.2 Opti-
cal bistability and related nonlinear phenomena have b
well studied in several semiconductors like small band g
materials, such as, InSb,3 InAs,4 and CdHgTe,5 and in bulk
GaAs, and GaAs quantum wells.6 These materials exhibi
large nonlinearities of electronic origin at photon energ
close to the band gap energy. Thermally induced refrac
index changes in semiconductors have also gained increa
interest. Optical bistability has been achieved in this w
under band gap resonant conditions in Si,7 GaAs,8 ZnSe,9

and ZnS.10

In order to predict accurately the performance of a c
didate material for optothermal nonlinear devices, a kno
edge of the thermo-optical coefficient (dn/dT) is needed. In
this letter, we present the results of the nonlinearity of G
epilayer grown by metalorganic chemical-vapor deposit
~MOCVD!, near the absorption edge caused by therm
induced refractive index changes. It is found that this ma
rial is having a very large thermo-optical coefficient com
pared to other semiconductors. Spectroscopic ellipsom
~SE! has been used to determine the refractive indices
GaN layer over a broad wavelength range for different m
surement temperatures. The measured parameters of SD,
and C, are extremely sensitive to overlayers on the surf
of the material, such as a natural oxide layer or a rough la
which is a major drawback in the accurate determination
optical constants of studied materials. Fortunately, GaN
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a very good chemical stability which makes the oxide lay
negligible, and with MOCVD growth technique, a very fl
surface can be obtained.

The sample used in the experiment is a 2.4-mm-thick
undoped GaN epitaxial layer grown on a mirror polish
sapphire~0001! substrate with a low temperature grown 3
nm-thick GaN buffer layer by MOCVD.11 The material is
semi-insulator, and the full width at half maximum of th
double crystal x-ray rocking curve is 200 arcsec. The l
temperature~4.2 K! photoluminescence was found to b
dominated by free A-exciton and B-exciton emissio
lines.11 The thickness of the epilayer is measured by sc
ning electron microscope. During the SE measurement,
sample has been kept at constant temperature by placi
on a hot plate and the temperature is measured with
W–Re thermocouple. A drop of oil has been used betw
the contact point of the sample and the probe to have a g
thermal contact, since oil has greater thermal mass and
transfer capability than that of air.

Due to high refractive index of GaN, the interface
GaN with air has a reflection coefficient of about 40%, a
the same with sapphire is about 20%, so these interfa
form a Fabry-Perot etalon. When a light beam radiates
sample, the interference effects will be observed. Figur
shows the SE dataC for two different measurement tem
peratures, 25 and 160 °C, where shift in the absorption e
and fringes are clearly observed. The SE measurement
rameterC is expressed by:12

tan C5uRpu/uRsu,

where,

Ri512
~12ur 1

i u2!~12ur 2
i u2!

112r 1
i r 2

i cosb1ur 1
i u2ur 2

i u2 , ~1!
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with i 5s,p. r 1
i andr 2

i are the reflectances at the air/GaN a
GaN/sapphire interface, respectively, andb represents the
phase difference given by,

b5
4p l ~n22sin2 f!1/2

l
, ~2!

herel is the wavelength of monochromatic light in air,l and
n are the thickness and refractive index of the GaN lay
respectively, andf is the angle of the incidence which is s
at 50° in our experiment. The oscillations of the curve ari
from the cosine term in Eq.~1!.

The basic equation for the interference fringes is13,14

b5mp, ~3!

wherem is an even~or odd! integer for maxima and an od
~or even! integer for minima.13 Therefore, using Eq.~3!, the
refractive index and thickness of GaN layer can be obtain
In this method the refractive index of the GaN layer can
determined without the necessity of knowing the refract
index of sapphire, since the results are only related with
extreme locations in the interference fringes of SE dataC.
Owing to absorption, measurement error increases with
creasing energy close to band gap energy, and above
gap the interference fringe cannot be clearly seen, wh
makes it difficult to obtain the refractive index above ba
gap energy. Figure 2 shows the calculated results of the
fractive index for the same three measurement temperatu
The refractive index increases with the increasing temp
ture, and a large change in refractive index can be obse
at photon energies close to the band gap energy. The th
ness~2.51 mm! of the GaN also matches closely with th
obtained by scanning electron microscopy~SEM!. Due to the
very small thermal expansion coefficient of GaN (Da/a
55.5931026 K21), the change in light path length by the
mal expansion is one order of magnitude less than
thermo-optical contribution.15 Therefore, the effect of ther
mal expansion is neglected in our calculation. Neglect
thermal expansion effect causes an error which can be
culated as following. Let

u5lb, ~4!

then,

FIG. 1. Solid and dotted lines show the values ofC for 25 °C and 100 °C,
respectively.
loaded 23 Aug 2010 to 133.68.192.97. Redistribution subject to AIP licens
r,

s

d.
e
e
e

n-
nd
h

e-
es.
a-
ed
k-

e

g
al-

dq

dT
5S ]q

]n

dn

dT
1

]q

] l

dl

dTD
'4pnlF S 11

1

2

sin2 f

n2 D d1S 12
1

2

sin2 f

n2 DgG , ~5!

whered is the temperature coefficient of the refractive inde
1/n dn/dT, and g is the thermal expansion coefficient 1l
3dl/dT. For a particular SE anglef and a change in mea
surement temperatureDT, all the parameters in the abov
equation can be determined from the shift in the peak p
tion in theC spectra and using Eqs.~3! and~5!. The effect of
thermal expansion coefficientg on d can then easily be ob
tained which is found to cause an error of around 1%–
near the band edge and around 20% in the long wavele
region.

Refractive indexn is measured for varying temperatu
conditions in the vicinity of two temperature regions, 25 °
and 100 °C. The derivative ofn, dn(hn)/dT, at the two
temperature regions are obtained from then vs T plots. The
temperature dependence of GaN thermo-optical coeffic
dn(hv)/dT in the band edge region is shown in Fig. 3. T
value of dn(hn)/dT increases with increasing temperatur
which results from the shrinkage of band gap with tempe
ture. At room temperature, GaN demonstrates a very la

FIG. 2. Refractive index of GaN for different temperatures.

FIG. 3. Thermo-optic coefficient of GaN in the band edge region for diff
ent temperatures.
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thermo-optical coefficient (2.631023 K21) at 0.365 mm,
compared to other semiconductors for which the thermal
persive bistability has been reported e.g., Si: 2.431024 at
1.06 mm;7 GaAs: 731024 at 0.85mm;8 ZnS: 1.431024 at
0.514mm,10 and ZnSe: 531024 at 0.476mm.9 Also, at long
wavelength~2.5 eV!, the value of 5.431025 K21 for (1/n)
dn/dT obtained is twice as large as that reported by Ejde16

(5.431025 K21) at long wavelength, measured at belo
room temperature. An empirical relation was proposed
Moss17 for the temperature dependence ofn in long wave-
length region,

dn

dT
5n

1

4Eg

dEg

dT
, ~6!

where Eg is the band gap energy. Inserting a value
6.731024 eV/K21 ~Ref. 18! for dEg /dT and using
Eg53.42 eV,19 a value of 4.931025 K21 is obtained for
(1/n) dn/dT, which is close to our experimental result. Th
large thermo-optical coefficient near the band gap ene
may be caused by a steep band gap absorption edge of

Close to the band gap edge, the nonlinear index is de
mined by the temperature dependence of the edge itself
the background thermo-optical coefficient is given
follows:15

dn

dT
5

]n

]Eg

]Eg

]T
1S ]n

]TD
b

. ~7!

The coefficient]n/]Eg can be obtained by using
Kramers–Kroning transformation of the band gap ed
absorption,15

Dn~hn!5
\c

p E
0

` a~Eg1DEg!2a~Eg!

~hn8!21~hn!2 d~hn8!. ~8!

The measured values ofdn/dT may be qualitatively

FIG. 4. Photon energy dependence of thermo-optical coefficient of GaN
the calculation of the solid line, the experimentally obtained absorption
efficients~smoothed and interpolated for calculation! were used.
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compared to the calculated results of Kramers–Kron
transformation as a consistency check. For this purpose,
sorption coefficient,a, of GaN has been taken from Ref. 1
and a rigid shift in the absorption coefficient spectrum w
the change of band gap due to increasing temperature
been assumed with]Eg /]T taken to be 0.67 meV K21. The
experimental~25 °C! and calculated results are shown in Fi
4. The integral is truncated atE52.95 eV andE53.54 eV
since the values ofDa outside this region are negligible and
thereby, they will not contribute to the integral. A reasonab
good qualitative agreement has been observed.

In summary, the thermo-optical coefficient (dn/dT) of
GaN is obtained with SE technique. The experimental res
demonstrate very large thermo-optical nonlinearity for t
material at the band gap edge which increases with incr
ing temperature. Using Kramers–Kronig transformation,
theoretical value ofdn/dT has been calculated and a goo
consistency with the experimental results has been obtai
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