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Reflectance and emission spectra of excitonic polaritons in GaN
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High-resolution reflectance and emission spectra have been measured for high-quality free-standing GaN
nearly free from residual strains and impurities. They have been analyzed based on a model exciton-polariton
picture in which freeA, B, and C excitons couple simultaneously to an electromagnetic wave, where the
effective-mass anisotropy and the optical anisotropy are taken into account. Taking account of the free-exciton
damping, we have calculated not only the dispersion relations but also the energy dependence of the imaginary
part of the wave vectors for the excitonic polaritons. Furthermore, the lifetime of each polariton branch has
been calculated combining the imaginary part of the polariton wave vectors and the group velocity obtained
from the polariton dispersion relations. It is demonstrated that information on the polariton lifetime is indis-
pensable for interpreting the emission spectra. A brief discussion will be given on obtained values for some
physical parameters, including hole parameters.@S0163-1829~99!16131-9#
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I. INTRODUCTION

The exciton polariton,1,2 which is an elementary excita
tion consisting of free excitons and electromagnetic wave
known to dominate optical properties of near-band edge
direct-gap semiconductors such as GaAs,3–5 CdS,5–7 and so
on. Polariton effects in GaN have already been studied
two groups,8,9 to the best of our knowledge. Gil, Clur, an
Briot8 discussed emission and reflection spectra atT52 K
from a GaN epitaxial layer grown on sapphire with
coupledA, B, andC exciton-polariton pictures assuming is
tropic exciton effective masses. Note that the GaN epita
layer grown on sapphire substrates suffers residual bia
strain due to lattice mismatch between GaN and sapph
though a part of strain is relaxed emitting high-density mi
dislocations. Stepniewskiet al.9 studied reflectance an
emission spectra atT51.8 K of high-quality, i.e., unstrained
homoepitaxial layers on GaN bulk crystals grown using
very high pressure of nitrogen. The observed reflecta
spectra have been well reproduced by a theoretical calc
tion based on coupledA, B, andC exciton-polariton pictures
assuming isotropic exciton effective masses, where the b
ground dielectric function including contributions from th
exciton excited states and from transitions between c
tinuum states has been fully taken into account, as wel
the existence of an exciton-free layer. However, the emiss
spectra in both reports are not so well resolved, proba
because of the relatively high concentration of residual
purities. Thus discussions on the emission properties h
been still insufficient in both reports.

Recently there has been a great demand for a GaN
strate with a large cross section, which can be used as lat
matched substrates for optical and/or electronic devic
Such GaN substrates have been grown using lateral epit
overgrowth ~LEO! techniques.10–12 Sakai, Sunakawa, an
PRB 600163-1829/99/60~7!/4723~8!/$15.00
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Usui13,14 found that the threading dislocations decrease d
tically in the GaN substrate, and clarified the behavior
pure-edge, screw, and mixed dislocations. Reflectance
emission spectra atT55 K of the LEO GaN substrate with
various thickness were studied by Yamaguchi a
co-workers.15,16 They found a decrease of residual strain
the LEO GaN layer thickness increases, determined so
important valence-band parameters, and showed the beh
of valence bands under uniaxial strain. However, they
not analyze their data based on the exciton-polariton pict
and their samples appear to include a considerable amou
residual impurities judging from the emission spectra. The
fore, it is of great interest to study polariton effects in t
reflectance and emission spectra of a nearly intrinsic fr
standing GaN of high quality.

In this paper high-resolution reflectance and emiss
spectra in the near-band-edge region are reported for a ne
intrinsic 70-mm-thick free-standing GaN grown using a LE
technique. The spectra are analyzed based on a m
exciton-polariton picture in whichA, B, and C excitons
couple simultaneously to an electromagnetic wave, wh
effective-mass anisotropy and optical anisotropy are ta
into account. The formulation allows one to determine bo
the real and imaginary parts of the complex wave vectors
the excitonic polaritons, taking into account the free-excit
dampings. Unknown physical parameters are determine
reproduce the reflectance spectra. Using obtained value
the physical parameters, we have calculated not only the
persion curves but also the energy dependence of the im
nary part of the wave vectors of the excitonic polariton
Using these, the lifetime of each exciton-polariton bran
has been calculated to interpret the complex emission s
tra. The information on the polariton lifetime indeed mak
this interpretation easier. It is found that the complex em
4723 ©1999 The American Physical Society
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4724 PRB 60K. TORII et al.
sion spectra are well explained as the emission of excito
polaritons accumulated at bottleneck portions of comp
exciton-polariton branches. A part of hole parameters and
background dielectric constants obtained herein are also
ported.

II. EXPERIMENTS AND RESULTS

A. Experimental

A sample was grown using the two-flow metal-organ
chemical vapor deposition method.17 Selective growth of
GaN was carried out on a 2-mm-thick GaN layer grown on a
~0001! C-face sapphire substrate under a low pressure of
Torr. The 0.1-mm-thick silicon dioxide (SiO2) mask was
patterned to form 4-mm-wide stripe windows with a period

icity of 11 mm in the GaN^11̄00& direction. Following the
10-mm-thick GaN growth on the SiO2 mask patterns, the
coalescence of the selectively grown GaN made it possibl
achieve a flat GaN surface over the entire substrate. A
obtaining a 10-mm LEO GaN, the GaN growth was contin
ued up to a 100-mm thickness. After that the sapphire su
strate and the LEO GaN including SiO2 mask patterns were
removed by polishing to obtain free-standing GaN with
thickness of approximately 70mm. No film bending was
observed. The resistivity of the sample was extremely h
indicating a small amount of residual impurities. Lattice co
stants measured by the Bond method werea53.1898
60.0002 Å andc55.185560.0002 Å, to demonstrate tha
the sample is nearly free from residual strain.18 For a refer-
ence sample, we used a sample of 2-mm undoped GaN
grown directly on a sapphire substrate via a low-tempera
GaN buffer layer. The lattice constants of the sample w
a53.183660.0002 Å andc55.189860.0002 Å. Here and
hereafter, this sample is called a ‘‘GaN on sapphire.’’

Photoluminescence~PL! and reflectance spectra we
measured atT510 K. For reflectance measurements,
150-W Xe lamp was used as a light source, and incident
the reflected anglesu were about 7° and 50°. Polarized e
periments were also made using two Glan-Thomson pri
and a depolarizer foru'50°. For PL measurements, photo
with an energy larger than 3.2 eV from a 150-W Xe lam
and second-harmonic photons of 3.52 eV from a Ti:sapp
laser with a repetition rate of 80 MHz and a pulse duration
100 fs, were used as excitation sources for low and hig
excitation conditions, respectively. PL signals emitted fro
the sample nearly along the surface normal were collec
The reflected and emitted light was dispersed by af 51.33 m
focal length monochrometer with 1800 grooves/mm ho
graphic grating, whose entrance and exit slits were set to
mm. Signals were detected by a photomultiplier using pha
sensitive detection. The resolution was less than 0.01 nm
the whole wavelength region under investigation. The refl
tance spectra were scaled with respect to the reflectivity
aluminum, and derived from the ratio of the reflection s
nals measured from the sample to that from the alumin
mirror, where the reflection coefficient of 0.93 for aluminu
was taken into account as in Ref. 9. The reference reflecta
spectrum was measured at room temperature but with
same experimental setup.
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B. Experimental results

Figure 1 shows~a! reflectance (u'7°) and~b! PL spectra
of free-standing GaN, where those of GaN on sapphire
also shown for comparison. In Fig. 1~a!, optical transitions
corresponding to the ground states of theA, B, andC exci-
tons are found around 3.480, 3.485, and 3.503 eV for
free-standing GaN, where theC exciton transition position
was confirmed by polarization measurements, settingu to
50°. The reflectance spectrum also reflects optical transit
corresponding to excited states of the excitons and those
tween valence bands to the conduction band. For GaN
sapphire, theA and B exciton ground-state transitions a
found around 3.495 and 3.504 eV, respectively and a par
interference fringes are observed below 3.480 eV. It is cl
from Fig. 1~a! that the structures corresponding to each o
tical transition become drastically sharper and shift tow
the lower energy in the free-standing GaN than in the G
on sapphire. The former reflects the decrease of homo

FIG. 1. Reflectance~a! and emission~b! spectra under Xe lamp
excitation in free-standing GaN~solid curves! and 2-mm GaN on
sapphire~dotted curves! at T510 K. Energy positions labeledI 2 ,
A, B, andAn52 in panel~a! denote the corresponding energy po
tions of emission peaks in the 2-mm GaN on sapphire shown in
panel ~b!. In panel ~b!, I 2 indicates the emission from exciton
bound to the neutral donors, the emission peaksA andB are due to
the A andB free excitons judging from the almost Lorentzian-lik
line emission profiles, and the emission peakAn52 comes from the
first excited states of theA exciton.
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PRB 60 4725REFLECTANCE AND EMISSION SPECTRA OF EXCITONIC . . .
neous and inhomogeneous broadening, consequently, an
latter indicates the decrease of residual strain in the f
standing GaN.

It is found from Fig. 1~b! that the overall PL spectra shi
toward the lower-energy region, to indicate the decreas
the residual strain as found in the reflectance spectra. Fo
free-standing GaN, the full width at half maximum of a ne
tral donor bound exciton peak,I 2, is 1.8 and 2.2 meV in the
lower and higher excitation cases, respectively, though
PL spectrum under the higher excitation is not shown in F
1~b!. The ratio of the intensity ofI 2 relative to that of PL
peaks in theA and B exciton transition region is much
smaller than that previously reported.8,9,15These indicate tha
the residual impurity concentration is sufficiently low, an
this is consistent with the resistivity measurements. Judg
from the facts that the emission profiles are almost the s
as the Lorentzian line-shape functions, and that the li
widths are broad, the PL peaks of GaN on sapphire are
garded as emission peaks due toA andB free excitons. How-
ever, those of the free-standing GaN in theA andB exciton
transition regions have complex structures, suggesting
formation of excitonic polaritons. Thus, to retain cons
tency, the reflectance spectra should also be analyzed b
on an exciton-polariton model. The PL peaks near the tr
sition from the first excited state ofA andB excitons are not
so well resolved. Emission from theC exciton ground state is
dominantly allowed for the polarizationEW icW , and is not prob-
ably observed in our experimental configuration.

III. CALCULATION OF REFLECTANCE SPECTRA

A. Formulation

To analyze and interpret the experimental data, a mo
calculation was carried out. Taking into account the simu
neous coupling of an electromagnetic wave withA, B, andC
excitons, and the optical and the effective mass anisotrop
GaN which is the uniaxial crystal belonging to the spa
group C6v

4 , we start our calculation from the following
equations:5,6,9

F ]2

]t2
1v0n

2 1v0n\S k'
2

M n'

1
ki

2

M ni
D 1Gn

]

]tGPn5v0n
2 anJE,
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«JE5«0JE14pP, ~2a!

P5(
n

Pn , ~2b!

whereE is the electric field of light, andP(Pn) the polariza-
tion due to the (nth! exciton. Equation~1! describes the
equation of motion for the polarization contribution due
the nth exciton with the free-exciton resonance energy~the
transverse exciton energy! \v0n , the damping constantGn ,
and the wave vectork'(ki), and the center of mas
M n'(M ni) perpendicular~parallel! to the c axis. Matrix rep-
resentations are given for the polarizability tensoranJ , the
residual dielectric function tensor«0J , excluding the contribu-
tions from the exciton ground states, and the dielectric fu
tion tensor«J as

anJ5S an'

an'

ani

D ,

«0J5S «0'
* ~v!

«0'
* ~v!

«0i* ~v!
D ,

«J5S «'
* ~k,v!

«'
* ~k,v!

« i* ~k,v!
D , ~3!

wherev is the angular frequency of light. For theA exciton,
aAi vanishes due to the symmetry of valence bands19 within
the lowest-order approximation.

From Eqs.~1! and ~2!, the following expressions for the
dielectric function is derived:
«'(i)~k,v!5«0'~ i !
* 1(

n

4pv0n
2 an'(i)

2v21v0n
2 1v0n\k0

2S sin2u

M n'

1
~k/k0!22sin2u

M ni
D2 ivGn

, ~4!

where Snell’s law is taken into account, andk05v/c is the wave vector of light in vacuum~air!. Equation~4! can be safely
approximated as

«'(i)~k,v!'«0'~ i !
* 1(

n

v0n f n'(i)

2v1v0n1
\k0

2

2 S sin2u

M n'

1
~k/k0!22sin2u

M ni
D2 iGn/2

, ~5!
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4726 PRB 60K. TORII et al.
FIG. 2. Experimental~open dots! and theoretically calculated
~solid curves! reflectance spectra in free-standing GaN atT510 K.
The middle panel represents the reflectance spectrum for n
normal incidence, i.e., an incident angle of 7°. Top and bott
panels represent the polarized reflectance spectra for the inc
angle of 50°.S2S (P2P) denotes that both the incident and th
reflected light haveS ~P! polarization.
with f n'(i)52pan'(i) , because each oscillator plays
dominant role only in each resonance frequency region
isfying uv2v0nu!v0n . Equation~5! is also convenient for
solving implicit dispersion relations shown below. The im
plicit dispersion relations are given by

v2

c2
«'~k,v!2k250 ~6a!

for the ordinary wave, and

v2

c2
2

k'
2

« i~k,v!
2

ki
2

«'~k,v!
50 ~6b!

for the extraordinary wave. The explicit dispersion relatio
can be obtained solving Eq.~6! numerically. After that, ap-
plying the electromagnetic boundary conditions and the
ditional boundary conditions~ABCs!, in the present case
Pekar20 ABC’s were used for the incident, refracted, an
reflected waves; the effective refractive index of the mediu
n̄, is obtained after tedious but straightforward manipu
tions. Its explicit expressions is too complex to write here
With respect to the calculational procedure, for example,
Ref. 4. The reflection coefficientR is given by

R5U12n̄

11n̄
U2

. ~7!

ar-

ent
pectra.
TABLE I. Values of physical parameters obtained through the fitting procedure of the reflectance s
Values in parentheses are Ref. 9.

Exciton
Parameters A B C

\v0n~eV! 3.479160.0002 3.484460.0002 3.502760.0002
~3.4767! ~3.4815! ~3.4986!

f n' 0.003360.0003 0.002960.0003 0.0006760.0003
~0.0027! ~0.0031! ~0.0011!

f ni 0 0.002860.0004 0.0007160.0001*
(2) (2) (2)

Gn~meV! 0.2060.01 0.7060.03 1.2060.05
~0.7! ~1.5! ~3.1!

M n' /m0 0.5* 0.6* 0.8*
~1.0! ~1.0! ~1.0!

M ni /m0 1.160.1 1.060.1 0.4*
~1.0! ~1.0! ~1.0!

Egn~eV! 3.5025 3.5080 -
~3.497! (2) (2)

E0n~meV! 23.44 23.6 -
~20.3! ~20.3! ~20.3!
@23.3# @25.4# @2#

Gn(n>2) 1.860.1 1.5* -
~5.0! ~5.0! ~5.0!

Background dielectric constants
«0' 8.6
«0i 10.1
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TABLE II. Values for the valence-band parametersAi ( i 51 –4! in units of \2/2m0 obtained in this
paper. Note that the present results depend on the isotropic electron effective mass of 0.235m0. For com-
parison, previous theoretical results are also shown.

A1 A2 A3 A4

Suzuki, Uenoyama, and Yanasea 26.27 20.96 5.70 22.84
Kim et al.b 26.4 20.5 5.9 22.55
Majewski, Stadle, and Vogl.c 26.4 20.8 5.93 21.96
Yeo, Chong, and Lid 27.24 20.51 6.73 23.36
Present 26.21 20.74 5.06 23.04

aReference 23.
bReference 27.
cReference 28.
dReference 29.
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Taking into account an exciton-free layer, the so-cal
‘‘dead layer,’’ of thicknessl, n̄ is changed as5

n̄5nd

~n0̄1nd!exp~22ik0ndl !2nd1n0̄

~n0̄1nd!exp~22ik0ndl !1nd2n0̄

, ~8!

where nd is the refractive index of the dead layer andn0̄

5n̄( l 50). Strictly speaking, Eq.~8! is applicable only to the
normal incidence. For oblique incidence, expressions on̄
for the s andp polarizations are different and should be d
tinguished. Concrete expressions for them are tedious
complex. Thus they are not shown here to save space.

The residual dielectric function should contain contrib
tions from the static dielectric constant, oscillators describ
resonance associated with the excited states of theA–C ex-
citons, and those describing resonance between contin
states, as a first approximation.9 Although the anisotropy
should be taken into account for the three contributions,
use the isotropic expressions for the latter two contributi
in calculations for simplicity. According to Haug an
Koch,21 the residual dielectric constants are expressed a

«0'(i)* ~v!5«0'(i)1(
n

f n'(i)

3F (
n52

`
1

n3

E0n /\

2~v1 idn!1~Egn1Enn!/\

1
1

2E0

`

dx
xexp~p/x!

sinh~p/x!

3
E0n /\

2~v1 idn!1~Egn1E0nx2!/\
G , ~9!

with Enn52E0n /n2 and n52,3,4, . . . , where «0'(i) is the
background dielectric constant,E0n is thenth exciton bind-
ing energy,dn is the excited-state linewidth of thenth exci-
ton, Egn is the energy gap corresponding to thenth valence
band, andx is a dummy variable with no dimension. Here th
prefactor of the second and third terms in the right-hand s
of Eq. ~9! is replaced byf n'(i) to keep consistency with Eq
~5!. Those parameters are treated as fitting parameters
numerical calculations, the upper limit for the integral of t
third term on the right-hand side of Eq.~9! was replaced by
d

nd

-
g

m

e
s

e

In

an appropriate finite value avoiding divergence of the in
gral. The values of all parameters were obtained so a
achieve satisfactory agreement between the calculations
the experimental data.

B. Calculational results and discussions

The best-fit curves are shown for both cases ofu'7° and
50° by solid curves in Fig. 2, where the experimental d
are represented by open dots, squares, and diamonds fo
spectrum atu'7°, that with (s,s) polarization atu'50°,
and that with (p,p) polarization atu'50°. Here the notation
of (x,x) means that both the incident and reflected light ha
x polarization. Satisfactory agreement is achieved for all
spectra. Obtained values of physical parameters on the e
tons and bands are summarized in Table I together with
previously reported values. Asterisks in Table I mean t
the resultant reflection spectra are not sensitive to the ph
cal parameter values with asterisks. The other parameter
ues arel 56.060.5 nm andx550.

It is found from Table I that each excitonic resonan
energy in the free-standing GaN is slightly higher than t
in the bulk GaN samples,9 but is much lower than that in the
GaN on sapphire, as mentioned above. This indicates
existence of a small but finite residual strain in the fre
standing GaN. If not so, there is a possibility that the sam
temperature in Ref. 9 was higher than 10 K. The obtain
dead layer thickness is also reasonable, i.e., correspondin
the order of the exciton Bohr radius, but is larger by a sm
amount than that reported by Stepniewskiet al.9 The
longitudinal-transverse splitting energiesvLTn (n5A,B,C)
for the excitonic polaritons were estimated using the form
vLTn5 f n'v0n /«0' . The following values were obtained
\vLTA51.34, \vLTB51.17, and\vLTC50.273 in units of
meV. These values show a reasonable agreement with t
in Ref. 9.

We obtained the effective masses for the center-of-m
motion of theA andB excitons. When the effective masse
for electrons are known, we can determine the effect
masses ofA and B valence bands and some valence-ba
parameters within an assumption of zero strain. Furtherm
using those effective masses for electrons and holes, we
calculate the exciton binding energies. These calculati
also check the consistency among the values for phys
parameters obtained in this paper. We assume an isotr
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FIG. 3. Comparison of PL spectra atT510 K with the exciton-
polariton dispersion curves,\v—k relation, for ~a! LPBA , ~b! a
branch combined UPBA with LPBB , and ~c! a branch combined
UPBB with LPBC , where LPBa (UPBa) means the lower~upper!
polariton branch associated with thea exciton. The energy depen
dence of the imaginary part of the polariton wave vector Imk and of
the polariton lifetimet in each branch is also shown. Energy po
tions labeledv0A andv0B correspond to the resonance energies
the A andB free excitons.
effective mass for electrons of 0.235m0, which was deter-
mined by Knapet al.22 using a cyclotron-resonance expe
ment in the GaN epilayer on sapphire. In calculating t
exciton binding energy, the anisotropy of the backgrou
dielectric constants and the effective reduced masses
taken into account. The physical parameter values neces
for the calculations are taken from Table I. The calcula
exciton binding energies are shown in square brackets
Table I. Although ambiguity remains in the value o
M n' /m0, as mentioned above good agreement is achiev
Small discrepancies may be partly attributed to the ambi
ity of the value ofM n' /m0, and neglect of the anisotropy o
electron effective masses. In any case, this calculation c
firms the consistency among the values for the exciton bi
ing energies for theA and B free excitons, the effective
masses for the center-of-mass motion of those excitons,
the background dielectric constants, which are determine
this paper. Calculated values for the hole parameters,Ai ( i
51 –4!, are listed in Table II, where those values obtain
from first-principles calculations are also shown for compa
son. The present parameter set is close to that calculate
Ref. 23, but definite conclusions cannot be drawn becaus
remained uncertainty mentioned above.

Here we would like to make the following commen
When the A exciton binding energy in the present fre
standing GaN and that in the present GaN on sapphire
compared, the former is slightly larger than the latter. TheA
and B exciton binding energies are slightly larger than t
previous reports by Shanet al.,24 and Tchounkeuet al.,25 but
slightly smaller than that reported by Monemaret al.26

IV. INTERPRETATION OF EMISSION SPECTRA

The exciton-polariton dispersion relations are obtained
solving Eq. ~6! numerically. Generally speaking, for th
exciton-polariton problem, one searches the wave vector
a given energy. Taking the damping of excitons into accou
the corresponding excitonic polariton may be attenuated
der certain conditions. This is reflected in the fact that
solved wave vector becomes a complex number. Letkr and
ki , respectively, be the real and imaginary parts of the w
vectork. Thev2kr relation represents the exciton-polarito
branches and the magnitude of eachki , which, of course,
varies depending on the energy, and indicates the degre
attenuation of the corresponding excitonic polariton. It
convenient to use the polariton lifetime in the time domain
interpreting the emission spectra. The polariton lifetimet
can be estimated from the relationt5(kivg)21, wherevg is
the group velocity of the corresponding polariton, and o
tained asvg5]v/]kr .

Figure 3 compares the PL spectra with thev2kr relation,
the v2ki relation, and thev2t relation in ~a! a lower po-
lariton branch of theA exciton (LPBA), ~b! a branch com-
bining an upper polariton branch of theA exciton (UPBA)
with a lower polariton branch of theB exciton (LPBB), and
~c! a branch combining an upper polariton branch of theB
exciton (UPBB) with a lower polariton branch of theC ex-
citon (LPBC). Herev0A and v0B denote theA and B free-
exciton resonance energy, respectively. We focus our at
tion on the energy region between 3.465 and 3.490, beca

f
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the resolution of the emission spectra above 3.490 eV is
good.

We compare the PL spectra excited by the Xe lamp w
the calculatedv2kr ,i and v2t relations. It is found from
Figs. 3~a! and 3~b! that there exist emission peaks cor
sponding to energies of\v0A and\v0B . The value oft at
\v0A is close to its maximum value in LPBA , and the value
of t at \v0B corresponds to the second maximum value ot
in LPBB . Therefore, two emissions are assigned to the e
sions of excitonic polaritons accumulated at the bottlen
portions in LPBA and in LPBB . Similarly, at the emission
peak position labeled byA8 (B8), the values oft has its
maximum value in UPBA (UPBB). Thus emissionsA8 and
B8 are assigned to those polaritons accumulated at the b
neck portions in UPBA and UPBB . The energy differenc
between the emission peaksA ~B! andA8 (B8) is about 1.3
~1.5! meV. This value shows reasonable agreement with
value of\vLTA (\vLTB). This fact also supports the abo
assignments. The latter two polariton emission peaks sh
blueshift when the excitation power is increased; see the
spectra excited by the Ti:sapphire laser. This indicates
many more excitonic polaritons accumulate at the bottlen
portions under the higher power excitation condition. Ho
ever, the two polariton emission peaks at\v0A and \v0B
show no remarkable blueshift. This is probably because
curvatures of the correspondingv2kr relations are smalle
for them than forA8 andB8 polaritons. It is interesting tha
polaritons leading to those four emission peaks suffer f
rather stronger attenuation when they propagate spatially
the v2ki relations.

The remaining emission peak to be assigned is tha
beleda. As far as the present model exciton-polariton pict
h

s

s

e

o

ot

h

s-
k

le-

e

a
L
at
k

-

e

ee

a-
e

is used, there is no reason to assign its origin as polarit
emission. Its energy separation from theI 2 peak is 3.9 meV.
A similar emission peak was found by Pakulaet al.,30 where
the peak position was separated from theI 2 peak position by
3.6 meV. They assigned this to impurity-related emission30

Following their example, we tentatively assumed the orig
of the emission to be an impurity-related one.

V. CONCLUSION

We have carried out measurements of reflectance a
emission spectra from a pure free-standing GaN, to obta
well-resolved spectra. We have determined the values
physical parameters associated with the excitons, the vale
bands, and so on. Thev2kr ,i andv2t relations calculated
using these measurements have been used to interpret
complex emission structures corresponding to theA and B
exciton regions, to be able to specify the origin of all th
peaks. It has been demonstrated that information on polari
lifetime is indispensable to interpret the complex emissio
spectra.
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