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Polariton effects in reflectance and emission spectra of homoepitaxial GaN
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Reflectance and photoluminescence spectra of exciton polaritons in GaN homoepitaxial layers, grown by
metalorganic chemical-vapor deposition on GaN single crystals, are reported. Polariton modes involving ex-
citons A, B, andC, which correspond to split valence bands ofG9 , G7 , andG7 symmetries, are resolved.
Energies of the transverse excitons are found to be, respectively:ETA53.4767 eV, ETB53.4815 eV and
ETC53.4986 eV, at the temperatureT51.8 K. The shape of the measured emission spectra depends upon
donor concentration. This is explained in terms of interbranch polariton scattering.@S0163-1829~97!04448-2#
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I. INTRODUCTION

In direct-gap semiconductors, there exists a strong c
pling of free excitons with photons of similar energy. Th
phenomenon is essential for understanding the near-b
edge optical response, and has been studied in different
terials such as, for example, GaAs~Refs. 1 and 2! or CdS.3,4

Recently obtained high-quality homoepitaxial, i.e., u
strained, layers of gallium nitride5 enable us to measure wel
resolved reflectance spectra in the free-exciton energy re
and, consequently, to study the polariton structure of G
Optical properties of this material are of a great interest
to the possible applications of GaN structures to sh
wavelength optoelectronic devices. The paper is organize
follows: Section II is devoted to theoretical calculations
the polariton structure for hexagonal GaN. Both the polari
spatial dispersion and exciton excited states are included
calculations within the dynamic dielectric function approx
mation. In Sec. III reflectance results are discussed. Kram
Kronig analysis is applied to determine the near-band-e
absorption of the investigated GaN structures. Reflecta
spectra observed in the experiment are compared with th
resulting from calculations. The applied theoretical desc
tion, which includes the complete structure of the exci
exciton states, allows us to reproduce the reflectance s
trum in the whole measured range. From the fitting pro
dure the band-structure parameters of GaN are derived
Sec. IV, some detailed features observed in the luminesc
spectra are discussed on the basis of the obtained pola
structure.

II. DISPERSION RELATIONS
OF EXCITON POLARITONS IN GaN

Gallium nitride is a direct-band-gap semiconductor th
crystallizes in the wurtzite structure. It is generally accep
that the top of the valence band is ofG9 symmetry, as in
CdS.6 Three excitonsA, B, andC, which correspond to the
560163-1829/97/56~23!/15151~6!/$10.00
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split valence bands ofG9 , G7 , andG7 symmetries, respec
tively, can be observed in reflectance.7–12 In GaN the crystal
field and spin-orbit splitting parameters are significan
smaller12 as compared to those of CdS.6 In order to properly
describe the optical constants that determine the meas
spectrum, the different excitons cannot be treated separa
as in CdS,13 but the simultaneous coupling of an electroma
netic wave with theA, B, and C excitons has to be take
into account. In the case of exciton-photon interaction,
dielectric function can be calculated by solving the coup
equations:14

vX5vTX1
\k2

2M
, ~1!

]2P

]t2 1vX
2 P5vX

2aXE2gX

]P

]t
, ~2!

«*
]2E

]t2 2c2DE524p
]2P

]t2 , ~3!

whereE is the photon electric field andP is the polarization
contribution due to the exciton. Equation~1! describes the
center-of-mass motion of the free exciton with the wave v
tor k and the massM5me1mh . Equation~2! represents the
excitonic oscillator coupled with a photon electric fie
through polarizabilityaX . The frequency of the oscillator is
vX and the damping constant isgX . Equation~3! describes
the electromagnetic wave in a material for which the resid
dielectric function is«* (v).

Equations~1! and ~2! take into account only the groun
state of an exciton. On the other hand, the Kramers-Kro
analysis of the reflectivity data~see Sec. III! shows that for
GaN an additional broadband absorption, arising from o
particle band-to-band transitions, occurs. The influence
the exciton excited states and transitions to the continu
can be included in the residual dielectric function«* (v) in
Eq. ~3!. Thus, it was assumed that
15 151 © 1997 The American Physical Society
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. ~4!

For the excited states the energies are:\vn5Egap2G/n2,
whereG is the exciton binding energy. The amplitudesf n
and f s are calculated according to Elliott’s formulas@Eq.
~3.8! from Ref. 15 for excited states and Eq.~3.11! for con-
tinuum states#.

Since free excitons in GaN involve valence-band ho
that originate from the crystal-field and spin-orbit split v
lence band, we expect the existence of three exciton bran
A, B, andC. It means that instead of the Eq.~1! we have to
consider three equations for each excitonA, B, andC with
corresponding frequenciesvA , vB , andvC . Similarly, Eq.
~2! is replaced by a set of three equations where we introd
three damping constantsgA , gB , andgC and three different
polarizabilitiesaA , aB , andaC . Equation~3! is also modi-
fied. The polarizationP is replaced by the sum of polariza
tion contributionsPA , PB , andPC related to excitonsA, B,
and C, respectively. In the residual dielectric functio
«* (v) the contributions from all excitons were included.

The calculated polariton dispersion curves of GaN o
tained from the above-introduced polariton model are p
sented in Fig. 1. Dispersion curves are shown in energy
sus k2 coordinates. Four branches arising from photo
coupled toA, B, and C excitons are labeled LPBX ~lower
polariton branch of excitonX! and UPBX ~upper polariton
branch of excitonX!. The calculated dispersion relations pr

FIG. 1. Solid line: the calculated polariton dispersion curves
GaN. Four branches arising from photon coupling withA, B, andC
excitons are labeled: LPBX for the lower polariton branch of exciton
X, and UPBX for the upper polariton branch of excitonX. Three
excitons lines originate from the crystal-field and spin-orbit splitti
of the valence band. For comparison, curves calculated forgX50
are plotted with a dashed line.
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sented in Fig. 1 have been obtained assuming parameters
result from the fit to the measured reflectance spectra~see
Sec. III!. It is worth noticing that values of damping con
stantsgX are rather high and, therefore, a significant chan
in the shape of the dispersion curves is observed as comp
to thegX50 limit ~shown with broken lines in Fig. 1!. This
is particularly visible for theC exciton for which damping is
so strong that the exciton-photon coupling is hardly resolv

In the case of a single exciton resonance, the reflectivit
easily defined assuming Fresnel boundary conditions,
when more than one polariton branch exists, the incid
electromagnetic wave will excite more than one polarit
wave with different wave vectors. In order to relate t
phases and amplitudes of these polariton waves, additi
boundary conditions are required. Here, we apply the
proach first proposed by Pekar,16 i.e., we assume that fo
each excitonX, its polarization contribution vanishes at th
surface:PX50. In the following the effective index of re
fraction neff is introduced:4

neff~v!5(
j

nj~v!Ej~v!Y (
j

Ej~v!, ~5!

where the complex refractive indexnj (v) and the electric-
field amplitudeEj (v) describe the propagation of the pola
iton j . According to the imposed boundary conditions, t
excitons are excluded from a surface layer of thicknesd
~the so called dead layer!. As a consequence, the reflectivi
is a function of two interfering waves with the phase diffe
enceQ52kn0d and is given by

R~v!5Uns~v!21

ns~v!11U
2

, ~6!

calculated with the complex refractive indexns defined as3

ns5n0

~neff1n0!1~neff2n0!exp~ iQ!

~neff1n0!2~neff2n0!exp~ iQ!
, ~7!

wheren05A«0* is the residual~i.e., when neglecting exci-
tonic resonances! refractive index.

III. REFLECTANCE DATA
AND KRAMERS-KRONIG ANALYSIS

For our experiments, homoepitaxial GaN layers we
used. The GaN crystals, used as substrates, were grow
the high-pressure method.17 These crystals have the form o
platelets with the hexagonalc axis perpendicular to the sur
face. Our substrate material is characterized by an elec
concentration of about 1019 cm23. Platelets with fairly flat
surfaces~of about 10 mm2! were chosen for the metal
organic chemical-vapor depostion~MOCVD! growth. The
GaN substrates, before the epitaxial process, were etche
the boiling aqua regiaand rinsed in deionized water. Th
layers were grown in a horizontal atmospheric pressure
tem adapted for the growth of nitrides. The trimethylgalliu
and NH3 were used as sources of Ga and N, respectively
addition to hydrogen as a carrier gas. GaN layers were gro

f
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at a temperature close to 1000 °C, directly on single crys
substrates without deposition of a nucleation layer at l
growth temperature. The layer thickness was about 1mm.
Due to the high substrate conductivity the layers could no
characterized by the electrical transport measurements.
tailed properties of our GaN homoepitaxial layers are
viewed in Refs. 18 and 19. For optical measurements,
sample was immersed in a bath of liquid helium. For t
reflectance measurements we chose the epitaxial layer
the best surface quality~i.e., the sample with the larges
smooth area!. Experiments were performed at 1.8 K usin
optical fibers with ends mounted in front of the sample. T
angle of incidence was set to 30 °. In the case of the se
conductors with the wurtzite structure the uniaxial symme
can strongly affect the selection rules of the optical tran
tions. Since the optical transition between the valence b
of theG9 symmetry and the conduction band~G7 symmetry!
is allowed for the polarizationEW'cJ, this effect is particularly
important in the case of samples with the hexagonal a
parallel to the sample surface. For this particular configu
tion, typical for the CdS crystals, the reflectance spectrum
influenced by the incident light direction and polarization.3,13

In the case of homoepitaxial GaN layers the hexagonal
is perpendicular to the sample surface and these effects
not so important. Therefore, for simplicity, the off norm
direction of the incident light, present in our experiment, w
be neglected henceforth.

The spectral resolution of the monochromator was
meV. Reflectance spectra were scaled with respect to
reflectivity of aluminum and derived from the ratio of th
reflection signals measured from the sample and from
aluminum mirror. The reference reflection spectrum w
measured at room temperature but with the same experim
tal setup in which only the sample was replaced by a sm
aluminum mirror. The reflectivity of aluminum was assum
to be 0.92 in the spectral range considered.20

The low-temperature near-band-edge reflectance spec
of GaN is shown in Fig. 2~a!. This spectrum allows us to
clearly distinguish three dispersion lines. Such character
spectra have been reported previously7–12and are assigned t
the excitonic resonances. They directly reflect a typi
wurtzite-type valence-band structure of GaN, which cons
of three valence bands of theG9 , G7 , and G7 symmetry,
respectively. According to the polariton model described
Sec. II we have calculated the corresponding reflecta
spectrum and fit it to the experimental data@see Fig. 2~a!#.

Up to now, the fine structure of the excited states for
free excitonsA, B, andC in GaN is not known in detail. On
the other hand, the calculated reflectance spectrum is s
tive to the value of the binding energy of theA exciton only.
Therefore, the exciton binding energies for excitonsA, B,
and C were assumed to be the same (GA5GB5GC5G).
Similarly, the exciton masses have been set to be10 M5m0
(m0 is the bare electron mass!. The exciton energiesETX ,
the linewidthsgX , polarizabilities 4paX , as well as the
dead layer thicknessd, the exciton binding energyG, and
the broadening parameterd have been used as fitting param
eters. The best fit values ofETX , gX , andaX are given in
Table I.

The exciton-photon coupling is sometimes described
the longitudinal-transverse splitting:14
ls
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DLTX5ETXSA11
4paX

«*
21D'ETX* 4paX /~2«* !,

~8!

The calculated values ofDLTX corresponding to the free
excitonsA, B, andC are also presented in Table I.

For the other parameters we have obtain
Egap5EA1G53.497 eV, «0* 55.2, d55 meV, and
d54.1 nm, which is close to the expected exciton diame
As shown in Fig. 2, the measured reflectance is well rep
duced by calculations. A small discrepancy between the
culated curve and experimental data exists in the ene
range from 3.455 eV to 3.475 eV~the region of bound exci-
tons!, and above the excitonic structures. This can be rela
to the additional dispersion of the real part of the dielect
function, induced by a strong absorption~for \v.5 eV!
present in GaN,21 but not included in our calculations.

Our analysis is quite accurate, particularly when estim
ing the excitonic energies. It should be noted that in the c
of homoepitaxial GaN layers the changes in the exciton
ergies from sample to sample~related to possible residua
strain! are rather small~less than 2 meV!.22,9 Hence, our
results, though obtained for a particular sample, give a fa
reliable estimation of exciton energies in hexagonal Ga
The obtained exciton energies can be used to estimate

FIG. 2. ~a! The experimental reflectance spectrum of a G
layer atT51.8 K, solid line, and the fitted theoretical curve, dash
line; ~b! the absorption coefficient derived by the Kramers-Kron
analysis, solid line; obtained from the exciton-polariton model fitt
to the reflectance data@Eq. ~6!#, dotted line, and expected ‘‘bulk’’
absorption, solid thin line.
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TABLE I. Parameters of exciton polaritons in hexagonal GaN obtained from the analysis of the
band-edge reflectance spectrum.

Exciton:
X

Energy
ETX5\vX

~meV!

Linewidth
GX5\gX

~meV!
Polarizability

4paX

Longitudinal-transverse
splitting
~meV!

A 3476.760.3 0.760.2 (2.760.3)31023 0.9060.10

B 3481.560.3 1.560.2 (3.160.3)31023 1.0460.10

C 3498.660.8 3.160.8 (1.160.3)31023 0.3760.10
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parameters that describe the valence-band splitting. Apply
Hopfield’s quasi cubic model23 we obtained spin-orbit split-
ting, Dso5~17.961.2! meV and crystal-field splitting,
Dcr5~8.860.8! meV. These values are compared in Table
to the previously estimated by different authors,7–11 on the
basis of the reflectivity measurements of the GaN lay
grown on different lattice mismatched substrates such as
phire. While in the case of the spin-orbit splitting one c
notice similar results, the values obtained for the crystal-fi
splitting are quite different, since this parameter value
strongly affected by strain. The data obtained for GaN
moepitaxial layers and reported here might be used as a
erence to determine the shift of excitonic resonances in
eroepitaxial layers.

The polarizabilities of excitons in GaN~see Table I! can
be compared with the corresponding values (4pa0) reported
for GaAs,1 CdS,2 or ZnO.2 The exciton-photon coupling is
stronger in GaN than in GaAs (4pa050.0012) but defi-
nitely weaker than in II-VI compounds~4pa050.014 for
CdS and 4pa050.0077 in the case of ZnO!. This is what
one could expect, since GaAs is a more covalent compo
whereas II-VI materials show more ionic character th
GaN.

The appropriate analysis of the reflectance spectrum
lows us to reconstruct the corresponding absorption sp
trum. We have derived the absorption spectrum applying
different methods. First, the measured reflectance spec

TABLE II. The crystal-field splitting,Dcr , and the spin-orbit
splitting, Dso, parameters in the wurtzite GaN, within cubic a
proximation, obtained by different authors.

Dcr

~meV!
Dso

~meV!

22 11 Dingleet al.a

72.9 15.6 Suzukiet al.b

10.060.1 17.660.3 Gil et al.c

35 18 Volmet al.d

11 17 Volmet al.e

22 15 Shikanaiet al.f

8.860.8 17.961.2 This work

aReference 7.
bReference 8.
cReference 9.
dReference 10—‘‘without strain.’’
eReference 10—‘‘relaxed film.’’
fReference 11.
g
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has been transformed into the absorption one using
Kramers-Kronig relations.24 Second, we have simply calcu
lated the absorption spectrum from the already known
rameters of the polariton structure deduced from the fit to
reflectance data. It is required for the Kramer-Kronig ana
sis that the transformed spectra be known over a wide
quency range. Our data cover a rather narrow spectral ra
~3.43 eV–3.55 eV!. For energies above the measured ran
~up to 30 eV! the data available in the literature21 have been
used in order to reconstruct the corresponding spectrum.
ditionally, we assumed that for the energy range of 0 e
3.43 eV there is no absorption present in GaN~we neglect
the absorption processes due to phonons that exist below
eV!. Applying this assumption, the reflectance for energ
below the measured range was extrapolated numerical25

The absorption coefficient derived from Kramer-Kron
analysis of the reflectance is shown in Fig. 2~b! with a solid
line. The dotted curve presented in the same figure repre
the ‘‘surface’’ absorption coefficientas5(2v/c)•Im(ns),
calculated directly from the polariton model, including th
dead layer effect~Eq. 7!, with parameters previously used t
reproduce the reflectance spectra. As can be seen in
2~b!, both methods give very similar results. They a
slightly different than the expected ‘‘bulk’’ absorption coe
ficient aeff5(2v/c)•Im(neff) @Eq. ~5!#, which can be applied
to reconstruct the fundamental absorption edge in the inv
tigated sample@Fig. 2~b!, solid thin line#. As shown in Fig.
2~b!, the absorption spectrum of the investigated GaN la
displays three dominant structuresA, B, andC, with peaks
at energies that correspond to the exciton energiesETA ,
ETB , and ETC , respectively. One can also distinguish t
steplike absorption band that sets on around 3.49 eV and
is ascribed to an absorption continuum corresponding to
valence-band–conduction-band transitions. It is interes
to note that in addition to the strong lines due to the fr
excitons there is also a weak structure at 3.471 eV, attribu
to a donor bound exciton~note the corresponding feature
the reflectance spectrum!. This observation indicates a stron
oscillator strength of the donor bound exciton in GaN. Tra
sitions related to bound excitons are rarely observed in
reflectance spectra, though such an observation has bee
ready reported for CdS.26

IV. FREE-EXCITON LUMINESCENCE

As free excitons are commonly investigated using em
sion spectroscopy it is interesting to confront the propo
exciton-polariton model deduced from the analysis of
reflectivity data with the corresponding luminescence sp
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tra. The comparison of the reflectivity and luminescen
spectra measured on the same sample is shown in Fig.~a!.
The photoluminescence spectrum, observed for this sam
is rather typical for our homoepitaxial layers,5,12 and have
been discussed previously. Although the recombination
lated to the bound excitons27 is very strong, clear emissio
traces are also observed in the range of the free-exciton e
sion. For further discussion, an important observation i
doublet emission structure clearly visible in the region of
excitonA. As shown in Fig. 3~a!, the energy of the longitu-
dinal excitonELA ~Ref. 28! falls roughly in the middle be-
tween the two components of the excitonA emission dou-
blet. On the other hand, the emission spectrum displaye
Fig. 3~b! shows one peak at an energy above the reflecti
minimum. As can be deduced from the relative intensities
the luminescence lines, these two homoepitaxial layers d
in the donor concentration. For the first sample the inten
of the emission related to the donor bound exciton~DBE! as
compared to that of the free exciton is very high~a ratio of
about 100!, which indicates a relatively high concentration
donors in this unintentionally doped sample. For the sec
layer the ratio of the intensity of DBE to that of the fre
exciton is close to 4 and, therefore a smaller concentratio
donors is expected.

The observed differences between emission spe
shown in Figs. 3~a! and 3~b! can be qualitatively understood
On the lower polariton branch~LPB! ~see Fig. 1!, at large
wave vectors, the polaritons are predominantly excitonli
On the upper polariton branch~UPB!, above the resonanc
the polaritons are photonlike with increasing wave vect
The polariton dispersion has a profound effect on the lu
nescence mechanism due to the polariton scattering pro
In the case of lightly doped samples, processes with pho
emission dominate but are not efficient for polaritons w

FIG. 3. Photoluminescence and reflectance spectra of homo
taxial GaN. Photoluminescence spectra shown in~a! and ~b! have
been measured for samples with different donor concentrations
e
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small wave vectors~the bottleneck effect!.14 In addition, the
interbranch scattering from the LPBA to the UPBA photon-
like region of the dispersion curve may take place as w
The polariton luminescence results from those polarito
which, upon reaching the surface, are converted into pho
leaving the crystal. The polaritons from the UPBA have a
more photonlike character and provide a path for polarito
to escape the crystal. Therefore the luminescence from
energy region aboveEL is primarily from the UPBA . In ad-
dition, in GaN, the polariton branch connected with excit
B (LPBB) merges into the polariton branch UPBA ~see Fig.
1!. This may create an effective path for polaritons to
scattered to UPBA . As a consequence, there may be e
pected a single emission peak, at an energy above the re
tivity minimum, such as the one shown in Fig. 3~b!.

However, a more common feature, not only in homoe
taxial GaN layers but also in other semiconductors, is a d
blet structure such as shown in Fig. 3~a!. As discussed in
Ref. 1, the neutral donor elastic scattering for polaritons
essential for the observation of the emission contributio
from both polariton branches. Therefore, a high concen
tion of donors may create a way for polaritons to be e
ciently scattered to the LPBA at the bottleneck energy, a
which they finally reach the surface and convert themsel
into photons. Such an effect was observed in GaAs wh
depending on the neutral donor concentration, a single
double peak was observed.1

V. CONCLUSIONS

The reflectivity and luminescence of high-quality h
moepitaxial gallium nitride layers have been presented.
have shown that the reflectivity spectrum of GaN can
reproduced in detail taking into account exciton polarito
associated with the complex valence-band structure, as
as absorption processes related to the band-to-band
tinuum. The polariton model of emission qualitatively a
counts for the changes in the shape of the free-exciton e
sion in samples with different donor concentration
However, it should be pointed out that the polariton effe
in the free-exciton emission are difficult to interpret quan
tatively because they are connected with scattering of po
tons within the layer of the crystal excited by light. On th
other hand, it is relatively easy to include polariton effects
the analysis of reflectivity data which are free from the
laxation problem.
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