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Contactless electroreflectance, in the range of 20 K ËTË300 K,
of freestanding wurtzite GaN prepared by hydride-vapor-phase epitaxy

Y. S. Huanga) and Fred H. Pollakb)

Physics Department and New York State Center for Advanced Technology in Ultrafast Photonic Materials
and Applications, Brooklyn College of the City University of New York, Brooklyn, New York 11210-
2889

S. S. Park and K. Y. Lee
Samsung Advanced Institute of Technology, P.O. Box 111, Suwon, Korea 440-600

H. Morkoç
Department of Electrical Engineering and Physics Department, Virginia Commonwealth University,
Richmond, Virginia 23284-3072

~Received 2 July 2002; accepted 22 April 2003!

We have performed a detailed contactless electroreflectance study of the interband excitonic
transitions on both the Ga and N faces of a 200-mm-thick freestanding hydride-vapor-phase-epitaxy
grown wurtzite GaN sample with low defect concentration in the temperature range between 20 and
300 K. The transition energies of the A, B, and C excitons and broadening parameters of the A and
B excitons have been determined by least-square fits to the first derivative of a Lorentzian line
shape. The energy positions and separations of the excitonic transitions in the sample reveal the
existence of residual strain. At 20 K the broadening parameter of A exciton deduced for the Ga
(53105 dislocation cm22) and N (13107 dislocation cm22) faces are 3 and 7 meV, respectively,
indicating a lower defect concentration on the former face. The parameters that describe the
temperature dependence of the interband transition energies of the A, B, and C excitons as well as
the broadening function of the A and B features are evaluated. The results from an analysis of the
temperature dependence of the broadening function of excitons A and B indicate that GaN exhibits
a very large exciton-phonon coupling. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1582230#

I. INTRODUCTION

Epitaxial GaN and its alloys with Al and In are emerging
wide-gap semiconductors well suited to fabrication of semi-
conductor devices including visible-ultraviolet light emitting
diodes, visible-ultraviolet detectors, and high temperature,
high frequency transistors.1–4 Much improved device perfor-
mance could be facilitated by the development of high-
quality freestanding GaN substrates with tailored electrical
properties. One rapidly advancing source of thick, freestand-
ing GaN wafers is hydride-vapor-phase epitaxy~HVPE!,5

which is a promising candidate for this substrate role. There
have been numerous studies reporting the evidence of fine
structures observed in the energy region near the band edge
of GaN using various optical measurements.6–12 In spite of
these detailed studies, there have been some discrepancies in
the description of the excitonic transition energies and their
temperature dependence in GaN. Previously we have studied
the temperature dependence of the energies and linewidths of
the A, B, and C excitons associated with the direct gap of
wurtzite GaN~WZ–GaN!/sapphire~0001! by using the con-

tactless electroreflectance~CER! technique.13 The results
show that as the temperature increases the separation be-
tween the A, B, and C excitonic energies becomes larger and
the possible origin of this effect was attributed to the differ-
ence in the thermal expansion coefficients between the GaN
and the sapphire substrate, which generates some compres-
sive stress. In order to verify this interpretation we have per-
formed a similar study on a high quality freestanding WZ–
GaN sample.

In this article we report a detailed investigation of the
temperature dependence of the CER measurements on both
the Ga and N faces of a freestanding HVPE-grown WZ–
GaN sample with low defect concentration in the tempera-
ture range between 20 and 300 K. The energies and broad-
ening parameters of the relevant excitonic transitions are
evaluated by least-square fits to the first derivative of a
Lorentzian line shape. The temperature dependence of the
interband excitonic transition energies has been fit by both
Varshni14 and Bose–Einstein-type15 equations. The tempera-
ture variation of the broadening function of the A and B
features has also been studied in terms of a Bose–Einstein-
type expression that contains the exciton-longitudinal optical
~LO! (q'0) phonon coupling constant.16

II. EXPERIMENT

The sample was grown by HVPE on a~0001! sapphire
substrate to a thickness of;300 mm. In order to obtain a
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freestanding sample, the thick GaN layer was separated from
the sapphire by laser-induced lift-off.17 The GaN wafer was
then mechanically polished and dry etched down to a final
thickness of;200 mm. Both the Ga and N faces were inde-
pendently etched in hot phosphoric acid (H3PO4) to reveal
the defects as examined by atomic force microscopy imag-
ing. The Ga and N faces of thec-plane GaN exhibited defect
concentrations of 53105 and 13107 cm22, respectively.18

The CER method utilizes a condenser-like system con-
sisting of a front wire grid with a second copper electrode
separated from the first electrode by insulating spacers.19 The
sample is placed between these two capacitor plates. The
dimensions of the spacer are such that there is a very thin
layer ~;0.1 mm! of air ~or vacuum! between the front sur-
face of the sample and the wire grid of the first electrode.
Thus, there is nothing in direct contact with the front surface
of the sample. The ac modulating voltage~;1 kV peak to
peak at;200 Hz! is applied between the copper strip and the
front wire grid electrode. The CER method has a number of
advantages over photoreflectance~PR! for the study of wide-
band-gap nitride materials. It does not require an UV laser as
the pump beam and it also avoids the photoluminescence
background due to the pump beam.

III. RESULTS AND DISCUSSION

The solid curves in Figs. 1~a! and 1~b! are the experi-
mental CER spectra at 20 K for the Ga and N faces, respec-
tively, of the freestanding WZ–GaN sample. The curves
have been displaced for clarity. The dotted curves are least-
square fits to the first derivative of a Lorentzian line shape
functional form19

DR

R
5ReF(

j

p

Cje
iu j~E2Ej1 iG j !

22G , ~1!

wherep is the number of spectral features to be fitted,E is
the photon energy,Cj , u j , Ej , and G j are the amplitude,
phase, energy, and broadening parameter of thej th feature,
respectively. This form is appropriate for bound states such
as excitons and impurities. The CER spectra exhibit three
prominent structures corresponding to intrinsic free-exciton
transitions labeled by A, B, and C with the vertical arrows.
These excitons are related to theG9

V2G7
C , G7

V ~upper band!-
G7

C and G7
V ~lower band!-G7

C interband transitions, respec-
tively. The energy positions for the A, B, and C exciton tran-
sitions on both the Ga and N faces are 3.49160.001, 3.501
60.001, and 3.52260.001 eV, respectively. Reynolds
et al.20 reported 3.4903, 3.4997, and 3.5271 eV, respectively,
in GaN grown on sapphire by molecular beam epitaxy. These
numbers are somewhat higher than the values obtained from
virtually strain-free GaN layers,9,10 but similar to those ob-
tained from the GaN thin films grown on sapphire
substrates.8,11 Shanet al.11 reported a reflectance and photo-
reflectance~PR! study on undoped GaN thin films grown by
metalorganic-chemical-vapor deposition on~0001! sapphire
substrates at 10 K. The energy positions for the A, B, and C
excitonic transitions were determined to be 3.491, 3.499, and
3.528 eV, respectively. The differences between these films
and the strain-free bulk films were attributed to the effects of
residual strain caused by the mismatch of lattice parameters
and thermal expansion coefficients between the GaN epilayer
and the substrate. The results of our study show thatEA,B

2EA,B
strain-free'10 meV and DEA,C2DEA,C

strain-free'10 meV,
which indicates a residual in-plane compressive strain of
about 0.03%.21

We have also observed that at 20 K the linewidth of the
N face is much broader than that of Ga face, i.e., about 7 and
3 meV, respectively. This result indicates a lower defect con-
centration on the Ga face in relation to the N surface, in
agreement with the atomic force microscopy study of 5
3105 and 13107 dislocations cm22, respectively.18 Re-
cently Chichibuet al.22 reported an optical study on GaN
films grown toward the Ga and N faces. The GaN film grown
toward the Ga face exhibited clear excitonic features in its
optical absorption and luminescence spectra up to room tem-
perature, while the film grown toward the N face exhibited a
broad emission band, located in a broad absorption tail. The
difference between the two was explained in terms of the
presence of impurity-induced band-tail states in the N face of
GaN due to increased impurity density and incorporation of
large volume vacancy-type defects.

A small feature@denoted as BX~bound exciton!# located
at an energy;6 meV below the A exciton is attributed to an
exciton bound to a neutral shallow donor transition. Similar
results were reported by Chichibuet al.7 for the GaN films
on sapphire~0001! substrates. Furthermore, in order to ob-
tain a better fit of the spectrum, an additional feature needed
to be included at;16 meV above feature A. This structure
can be identified with then52 excited state (2s) of the A
exciton.7 Such identification permits a direct estimate of the
binding energy for the A exciton from the separation between

FIG. 1. The solid lines are the CER spectra of the~a! Ga and~b! N face of
a freestanding WZ–GaN sample at 20 K. The dotted curves are least-square
fits to Eq.~1!. The identifications of the various spectral features are given
by the notations BX~bound exciton!, A, B, A(n52), and C excitonic tran-
sitions with the vertical arrows.
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the n51 and n52 states assuming the hydrogenic model
based on the effective mass approximation is applicable. Ac-
cording to Elliott’s theory,23 exciton energy levels are given
as

En
exc52

Eb
exc

n2 , ~2!

wheren is an integer andEb is the binding energy. From the
results presented above, we obtain a binding energy ofEb

;21 meV. Ground and excited states of excitons in a
photoluminescence/PR experiment,20 were previously uti-
lized to determine the binding energy for the A and B exci-
tons to be 21 meV while 23 meV was found for the C exci-
ton, which is excellent agreement with our results. In
addition, the present value agrees well with a previous report
on the binding energy for the intrinsic excitons in GaN by
Shanet al.11

In Fig. 2 the solid lines represent the experimental CER
spectra of the Ga~N! face of the freestanding GaN film at 20,
77, 200, and 300 K, respectively. For clarity the curves are
displaced. As in Fig. 1 the signals from the Ga face are about
a factor of 3 larger than those from the N surface. As the
temperature increases, the CER spectral features redshift and
broaden. The dotted curves are least-square fits to the first
derivative of a Lorentzian profile,19 which yields the inter-
band excitonic transition energies. At low temperatures the
transition of the first excited state of the A exciton is in-
cluded. For clarity only the obtained A, B, and C exciton
energies are shown by arrows in Fig. 2.

Based on electromodulation theory which takes into ac-
count both ac modulating and dc fields,19 the fact that the
signal from the Ga face is about three times larger in relation

to the N surface indicates that the built-in field on the former
is about a factor of 1.4 larger than that of the latter. In addi-
tion, the phase of the signals from both surfaces indicates an
n-type band bending.24

Plotted in Fig. 3 are the experimental values of the tran-
sition energiesEA(T), EB(T), andEC(T) corresponding to
the A, B, and C excitons, respectively, as well as the first
excited state of the A exciton~for temperatures lower than
200 K!. Representative error bars are shown. In contrast with
our previous observations for WZ–GaN13 and
WZ–Al0.05Ga0.95N

25 films on sapphire substrates, the split-
ting between the A, B, and C excitonic transition energies
remains unchanged, within experimental error, in the tem-
perature range between 20 and 300 K. This indicates that for
a freestanding sample the A, B, and C excitons have essen-
tially the same temperature dependence. The result confirms
our previous reports13,25 that as the temperature increases the
difference in the thermal expansion coefficients between the
GaN ~AlGaN! and the sapphire substrate generates some in-
plane compressive stress, causing the splitting between the
A, B and C excitonic energies to become larger.

The solid curves in Fig. 3 are least-square fits to the
Varshni empirical relationship14

E~T!5E~0!2aT2/~b1T!, ~3!

whereE(0) is the excitonic transition energy at 0 K, anda
and b are the Varshni coefficients. The obtained values of
E(0), a, andb for the three interband excitonic transitions
of the freestanding WZ–GaN sample are listed in Table I.
For comparison purposes, we have also listed numbers for
some representative previous reports of WZ–GaN.6,13 More
complete values of related material can be found in Ref. 21.
The numbers fora and b are in good agreement with our
previous values for the A and B transitions determined from
CER measurements on a GaN/sapphire~0001! sample.13

The temperature dependence of the interband transition
energies also can be described by a Bose–Einstein-type
expression15

FIG. 2. The solid curves are the experimental CER spectra of the Ga and N
faces of a freestanding WZ–GaN film. The Ga-face spectra are a factor of 3
larger than the N-face signals. The dotted curves are least-square fits to the
first derivative of a Lorentzian profile. For clarity the curves are displaced
and only the obtained A, B, and C exciton energies are shown by arrows.

FIG. 3. The transition energies of the A, B, A (n52), and C excitons
obtained from the CER spectra of a freestanding WZ–GaN sample as a
function of temperature. The solid lines are least-square fits to the Varshni
equation.
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E~T!5E~0!22aB /@exp~QB /T!21#, ~4!

whereE(0) is the transition energy at 0 K,aB represents the
strength of the exciton-average phonon~optical and acousti-
cal! interaction, andQB corresponds to the average phonon
temperature. The temperature dependence of the A, B, and C
features has been fit to Eq.~4! and the obtained values of the
relevant parameters also are given in Table I. For comparison
purposes, also presented in Table I are some other represen-
tative results for WZ–GaN.7,13 More complete values of
these quantities for related materials can also be found in
Ref. 21. The obtained parameters are in a reasonable agree-
ment with our previous values obtained from WZ–GaN/
sapphire~0001!13 and the values determined from PR mea-
surements on a nearly freestanding GaN substrate prepared
by lateral epitaxial overgrowth.7

The temperature shift of interband transition energies is
mainly due to the interactions of the exciton with relevant
acoustic and optical phonons. According to the existing
theory26 this lead to a value ofQB significantly smaller than
the LO-phonon (q'0) temperature. Our result ofQB

5350 K, which is much smaller than the LO-phonon tem-
peratureQLO51064 K for GaN,6 is in agreement with this
theoretical consideration.

The experimental values of the temperature dependence
of the linewidthG(T) of the A and B excitons for the Ga~N!
face, as obtained from the line shape fit, are displayed by the
open triangles and squares in Fig. 4, respectively. Represen-
tative error bars are shown. Initially,G(T) increases linearly
with T, but begins to be superlinear starting from about 150
K. The temperature dependence of the linewidth of excitonic
transition of semiconductors can be expressed as16

G~T!5G~0!1gACT1GLO /@exp~ELO /kT!21#, ~5!

where G~0! represent the broadening invoked from
temperature-independent mechanisms, such as impurities,
point and extended defects, surface scattering, and electron–
electron interactions, whereas the second term corresponds to

lifetime broadening due to the exciton-acoustical phonon in-
teraction, wheregAC is the acoustical phonon coupling con-
stant. The third term is caused by the exciton-LO phonon
(q'0) ~Fröhlich! interaction. The quantityGLO represents
the strength of the exciton-LO phonon coupling whileELO is
the LO phonon energy andk is Boltzmann’s constant. Be-
cause of the error bars on our data it was necessary to fix the
parametersgAC and ELO in order to obtain the two signifi-
cant quantities ofG~0! and GLO by means of a least-square
fit, where the values of gAC515meV/K and ELO

591.7 meV were used as adopted from a previous report by
Fischeret al.6

The solid lines in Fig. 4 are least-square fits to Eq.~4!,
which made it possible to evaluateG~0! andGLO for the Ga
and N faces of GaN, respectively. The obtained values are
listed in Table II. For comparison we also have displayed in
Table II values ofGLO in terms of full width at half maxi-
mum for GaN,6,13,27,28Ga0.95Al0.05N,25 GaAs,29 and ZnSe30

from other works. It should be noticed that some of the pre-
vious investigations ofG(T) have neglected the acoustical
phonon term in the interpretation of the data. The values of
G~0! and GLO for the A feature determined are 3.060.5
(7.060.5) meV and 250620 (200620) meV, respectively,
for Ga ~N! face. The smaller value ofG~0! for the Ga face
reveals a better quality~lower defect concentration! of the
material. Compared to the values for GaAs (2361.5 meV)29

and ZnSe (2468 meV),30 the exciton-LO phonon coupling
parameter obtained by the fit to Eq.~5! is extremely large.
Other recent linewidth analyses of excitons in GaN per-
formed using other experimental techniques also report large
exciton–phonon interaction.6,13,27,28The much larger value
of GLO for GaN might be due to the much lagerELO of GaN
~;92 meV!6 in comparison to that of ZnSe~31 meV!.30 In
addition, it is possible that a larger deformation potential
interaction, which may account for a significant fraction of
GLO in addition to the Fro¨hlich interaction, is responsible for
the largerGLO .

TABLE I. Values of the Varshni- and Bose-Einstein-type fitting parameters
which describe the temperature dependencies of the A, B, and C excitons in
WZ–GaN.

Material
E(0)
~eV!

a
(1024 eV/K)

b
~K!

aB

~meV!
QB

~K!

GaNa,b

A exciton 3.49060.001 10.460.8 11006100 75620 350650
B exciton 3.50060.001 10.560.8 11006100 75620 350650
C exciton 3.52060.001 10.660.8 11006100 76620 350650

GaNc,d

A exciton 3.48460.002 12.862.0 11906150 110620 4506100
B exciton 3.49060.002 12.962.0 12806150 112620 4206100
C exciton 3.51260.004 6.663.0 8406300 57630 3406100

GaNd,e 3.492 11.8 1414
GaNf,g 3.480 81 366

aPresent work~contactless electroreflectance!.
bFree-standing WZ–GaN sample prepared by HVPE.
cReference 13~contactless electroreflectance!.
dWZ–GaN/sapphire~0001!.
eReference 6~absorption!.
fReference 7~photoreflectance!.
gFree-standing WZ–GaN sample prepared by lateral epitaxial overgrowth.

FIG. 4. The experimental temperature-dependent linewidthG(T) of the A
and B exciton features for the Ga and N faces of a freestanding WZ–GaN
sample. The solid lines are least-square fits to Eq.~5! with ELO

591.7 meV andgAC515meV/K.
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IV. SUMMARY

In summary, a CER study on the Ga and N faces of a
low defect concentration freestanding WZ–GaN sample has
been performed in the temperature range between 20 and 300
K. The transition energies~A, B, and C excitons! and broad-
ening parameters of the A and B excitonic transitions have
been determined. The energy positions and separations of the
transition energies reveal the existence of a small residual
compressive in-plane strain. The temperature dependence of
the A, B, and C exciton energies has been fit to both Varshni
and Bose–Einstein-type expressions. At 20 K the smaller
broadening parameter of the Ga face in relation to the N face
corresponds to the lower defect density of the former surface.
The broadening of the A and B excitons as a function of
temperature indicates that the exciton–phonon interaction in
GaN is very large.
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TABLE II. Values of the parameters that describe the temperature depen-
dence ofG ~in terms of half width half maximum! of the A and B exciton
features for the Ga and N faces of the freestanding WZ–GaN sample. For
comparison purposes the phonon coupling parameters for the excitonic tran-
sitions of other WZ–GaN, WZ– Ga0.95Al0.05N, GaAs, and ZnSe from previ-
ous works also are listed.

Material
Go(0)
~meV!

GLO

~meV!
ELO

~meV!
gAC

~meV/K!

GaNa,b

Ga face
A exciton 3.060.5 250620 91.7c 15c

B exciton 4.060.5 230620 91.7c 15c

N face
A exciton 7.060.5 200620 91.7c 15c

B exciton 7.560.5 170620 91.7c 15c

GaNd,e 10 375 91.7c 15
GaNe,f 2.4 390 91.7c 16
GaNe,g

A exciton 1562 60620 6368.6
B exciton 1362 74620 66.668.6

GaNe,h 34.5 104 68.9c

Ga0.95Al0.05N
i

A exciton 1262 91620 63.468.6
B exciton 1162 122620 67.168.6

GaAsj 2 2361.5 35.9c

ZnSek 6.562.5 2468 31 2.0

aPresent work~contactless electroreflectance!.
bFree-standing WZ–GaN sample prepared by HVPE.
cParameter fixed.
dReference 6~absorption!.
eWZ–GaN/sapphire~0001!.
fReference 27~femtosecond four-wave mixing!.
gReference 13~contactless electroreflectance!.
hReference 28~spectroscopic ellipsometry!.
iReference 24~contactless electroreflectance!.
jReference 29~photoreflectance!.
kReference 30~contactless electroreflectance!.
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