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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 bandslaf, I';, andI'; symmetries, are resolved.
Energies of the transverse excitons are found to be, respectiigh=3.4767 eV, E;5=3.4815 eV and
E;-=3.4986 eV, at the temperatuiie=1.8 K. The shape of the measured emission spectra depends upon
donor concentration. This is explained in terms of interbranch polariton scattEs0§63-18207)04448-3

[. INTRODUCTION split valence bands dfg, I'7, andI'; symmetries, respec-
tively, can be observed in reflectancé? In GaN the crystal
In direct-gap semiconductors, there exists a strong coufield and spin-orbit splitting parameters are significantly
pling of free excitons with photons of similar energy. This smallet? as compared to those of Ca$ order to properly
phenomenon is essential for understanding the near-bandescribe the optical constants that determine the measured
edge optical response, and has been studied in different mapectrum, the different excitons cannot be treated separately,
terials such as, for example, GafRefs. 1 and Ror CdS®>*  as in CdS'® but the simultaneous coupling of an electromag-
Recently obtained high-quality homoepitaxial, i.e., un-netic wave with theA, B, and C excitons has to be taken
strained, layers of gallium nitridenable us to measure well- into account. In the case of exciton-photon interaction, the
resolved reflectance spectra in the free-exciton energy regiatielectric function can be calculated by solving the coupled
and, consequently, to study the polariton structure of GaNequationss
Optical properties of this material are of a great interest due

to the possible applications of GaN structures to short- _ fik?

wavelength optoelectronic devices. The paper is organized as Wx= OTxF 2M’ @
follows: Section |l is devoted to theoretical calculations of

the polariton structure for hexagonal GaN. Both the polariton 9*P ) ’ P

spatial dispersion and exciton excited states are included in a at? + oxP=wyaxE- VX ot 2
calculations within the dynamic dielectric function approxi-

mation. In Sec. Il reflectance results are discussed. Kramers- 92E 92P

Kronig analysis is applied to determine the near-band-edge e* Sz NE=—47 — 3

2
absorption of the investigated GaN structures. Reflectance at

spectra observed in the experiment are compared with thosghereE is the photon electric field angl is the polarization
resulting from calculations. The applied theoretical descripcontribution due to the exciton. Equatid) describes the
tion, which includes the complete structure of the excitedcenter-of-mass motion of the free exciton with the wave vec-
exciton states, allows us to reproduce the reflectance spegr k and the masM =m,+m,,. Equation(2) represents the
trum in the whole measured range. From the fitting proceexcitonic oscillator coupled with a photon electric field
dure the band-structure parameters of GaN are derived. ihrough polarizabilityey . The frequency of the oscillator is
Sec. IV, some detailed features observed in the Iuminescenqg>< and the damping constant 4. Equation(3) describes
spectra are discussed on the basis of the obtained polaritqRe electromagnetic wave in a material for which the residual
structure. dielectric function iss* ().

Equations(1) and (2) take into account only the ground
state of an exciton. On the other hand, the Kramers-Kronig
analysis of the reflectivity datésee Sec. I)l shows that for
GaN an additional broadband absorption, arising from one-

Gallium nitride is a direct-band-gap semiconductor thatparticle band-to-band transitions, occurs. The influence of
crystallizes in the wurtzite structure. It is generally acceptedhe exciton excited states and transitions to the continuum
that the top of the valence band is Bf symmetry, as in can be included in the residual dielectric functioh(w) in
CdS® Three exciton®\, B, andC, which correspond to the Eg. (3). Thus, it was assumed that

Il. DISPERSION RELATIONS
OF EXCITON POLARITONS IN GaN
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35 P T T T T sented in Fig. 1 have been obtained assuming parameters that
| UPB¢ i result from the fit to the measured reflectance spe(siea
LB Sec. ll). It is worth noticing that values of damping con-
3.50 = Iy ¢ = stantsyy are rather high and, therefore, a significant change

in the shape of the dispersion curves is observed as compared

to the yx=0 limit (shown with broken lines in Fig.)1This

3.49 b UPB, — is particularly visible for theC exciton for which damping is

so strong that the exciton-photon coupling is hardly resolved.
In the case of a single exciton resonance, the reflectivity is

3.48 /T - easily defined assuming Fresnel boundary conditions, but

when more than one polariton branch exists, the incident

electromagnetic wave will excite more than one polariton

Energy (eV)
=
o
w
[~}

3.47 wave with different wave vectors. In order to relate the
phases and amplitudes of these polariton waves, additional
boundary conditions are required. Here, we apply the ap-

T I Y Y I I proach first proposed by Pekérj.e., we assume that for

-5 0 5 10 each excitonX, its polarization contribution vanishes at the
surface:Pyx=0. In the following the effective index of re-

2 11 2
Real Part of k™ (10" cm™) fraction ng is introduced:

FIG. 1. Solid line: the calculated polariton dispersion curves of
GaN. Four branches arising from photon coupling wAithB, andC
excitons are labeled: LRHor the lower polariton branch of exciton Neti( @) = 2 nj(‘”)Ej(w)/ 2 EJ(“’)' ®)
X, and UPK for the upper polariton branch of excitof Three J .

excitons lines originate from the crystal-field and spin-orbit splitting

of the valence band. For comparison, curves calculated/{e+0 where the_ complex refract_lve |nde)§(w) an_d the electric-
are plotted with a dashed line. field amplitudeE;(w) describe the propagation of the polar-

iton j. According to the imposed boundary conditions, the
excitons are excluded from a surface layer of thickngss

" ) (the so called dead layerAs a consequence, the reflectivity
()=t + S f Wp is a function of two interfering waves with the phase differ-
0 "wi-wi—idw ence® =2knyd and is given by
2
Emax wgds ns(w)_ 1
s R(w)=|————, 6
+ngap fswi—wz—iéw ’ (4) ( ) ns(w)+1 ( )

For the excited states the energies &re; — E G/n? calculated with the complex refractive index defined a%
n— Egap )

where G is the exciton binding energy. The amplitudgs .
and f are calculated according to Elliott’s formuldgq. n—n (Neft+ No) + (Nes—No) EXP(1 O) @
(3.8 from Ref. 15 for excited states and E§.11) for con- ST 0 (gt Ng) — (Nefr— No)exp(i ®)
tinuum statep
Since free excitons in GaN involve valence-band holesyheren,= \/e¥ is the residuali.e., when neglecting exci-
that originate from the crystal-field and spin-orbit split va- (opjc resonancesefractive index.
lence band, we expect the existence of three exciton branches
A, B, andC. It means that instead of the Ed) we have to
consider three equations for each excitonB, andC with
corresponding frequencies, , wg, andwc. Similarly, Eqg.
(2) is replaced by a set of three equations where we introduce For our experiments, homoepitaxial GaN layers were
three damping constants,, yg, andyc and three different used. The GaN crystals, used as substrates, were grown by
polarizabilitiesa,, ag, andec. Equation(3) is also modi-  the high-pressure methddThese crystals have the form of
fied. The polarizatiorP is replaced by the sum of polariza- platelets with the hexagonalaxis perpendicular to the sur-
tion contributionsP,, Pg, andP¢ related to excitong, B, face. Our substrate material is characterized by an electron
and C, respectively. In the residual dielectric function concentration of about #®cm™3. Platelets with fairly flat
¢* (w) the contributions from all excitons were included.  surfaces(of about 10 mr) were chosen for the metal-
The calculated polariton dispersion curves of GaN ob-organic chemical-vapor depostidiMOCVD) growth. The
tained from the above-introduced polariton model are preGaN substrates, before the epitaxial process, were etched in
sented in Fig. 1. Dispersion curves are shown in energy vetthe boiling aqua regiaand rinsed in deionized water. The
sus k? coordinates. Four branches arising from photondayers were grown in a horizontal atmospheric pressure sys-
coupled toA, B, andC excitons are labeled LRB(lower  tem adapted for the growth of nitrides. The trimethylgallium
polariton branch of excitorX) and UPB (upper polariton and NH; were used as sources of Ga and N, respectively, in
branch of excitorX). The calculated dispersion relations pre- addition to hydrogen as a carrier gas. GaN layers were grown

Ill. REFLECTANCE DATA
AND KRAMERS-KRONIG ANALYSIS
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at a temperature close to 1000 °C, directly on single crystals 346 348 350 352 3.54
substrates without deposition of a nucleation layer at low 0.28

growth temperature. The layer thickness was abouytni e L
Due to the high substrate conductivity the layers could not be 024 (a) —

characterized by the electrical transport measurements. De- 2
tailed properties of our GaN homoepitaxial layers are re- S 020
viewed in Refs. 18 and 19. For optical measurements, the 2
sample was immersed in a bath of liquid helium. For the E 0.16

reflectance measurements we chose the epitaxial layer with
the best surface qualityi.e., the sample with the largest 0.12
smooth arep Experiments were performed at 1.8 K using
optical fibers with ends mounted in front of the sample. The
angle of incidence was set to 30 °. In the case of the semi-
conductors with the wurtzite structure the uniaxial symmetry
can strongly affect the selection rules of the optical transi-
tions. Since the optical transition between the valence band
of theI'g symmetry and the conduction bafid; symmetry

is allowed for the polarizatiok L €, this effect is particularly
important in the case of samples with the hexagonal axis
parallel to the sample surface. For this particular configura-
tion, typical for the CdS crystals, the reflectance spectrum is
influenced by the incident light direction and polarizatidr.
In the case of homoepitaxial GaN layers the hexagonal axis

[N
(=]

Abs. Coeff. (10°cm™)
1
o

—
<

is perpendicular to the sample surface and these effects are 0.0
not so important. Therefore, for simplicity, the off normal 346 348 350 352 354
direction of the incident light, present in our experiment, will Energy (eV)

be neglected henceforth.

The spectral resolution of the monochromator was 0.2 FIG. 2. (8 The experimental reflectance spectrum of a GaN
meV. Reflectance spectra were scaled with respect to thl_@yerathl.S K, so!id line, a_nq the fitt_ed theoretical curve, dash(_ed
reflectivity of aluminum and derived from the ratio of the lin€; (b) the absorption coefficient derived by the Kramers-Kronig
reflection signals measured from the sample and from thanalysis, solid line; obtained from the gxuton-polarlton mo“del flytited
aluminum mirror. The reference reflection spectrum wad© the reflectance dafq. (6)], dotted line, and expected “bulk
measured at room temperature but with the same experimef2Serption, solid thin line.
tal setup in which only the sample was replaced by a small
aluminum mirror. The reflectivity of aluminum was assumed
to be 0.92 in the spectral range considet®d. P

The Iqw-temperatur(_a near-band—edge reflectance spectrum A ;= ETX( 1+ _*X_ 1) ~Eqy*dmayl(2e*),
of GaN is shown in Fig. @). This spectrum allows us to &
clearly distinguish three dispersion lines. Such characteristic ®)
spectra have been reported previofistyand are assigned to
the excitonic resonances. They directly reflect a typical The calculated values of, tx corresponding to the free
wurtzite-type valence-band structure of GaN, which consistexcitonsA, B, andC are also presented in Table |.
of three valence bands of tHey, I';, andI'; symmetry, For the other parameters we have obtained
respectively. According to the polariton model described iNEg,=E,+G=3.497 eV, ¢;=5.2, &6=5meV, and
Sec. Il we have calculated the corresponding reflectancé=4.1 nm, which is close to the expected exciton diameter.
spectrum and fit it to the experimental dgsee Fig. 23)]. As shown in Fig. 2, the measured reflectance is well repro-

Up to now, the fine structure of the excited states for theduced by calculations. A small discrepancy between the cal-
free excitonsA, B, andC in GaN is not known in detail. On culated curve and experimental data exists in the energy
the other hand, the calculated reflectance spectrum is sensiange from 3.455 eV to 3.475 efthe region of bound exci-
tive to the value of the binding energy of theexciton only.  tons, and above the excitonic structures. This can be related
Therefore, the exciton binding energies for excitégnsB, to the additional dispersion of the real part of the dielectric
and C were assumed to be the samB,=Gg=G:=0). function, induced by a strong absorptidfor Zw>5 eV)
Similarly, the exciton masses have been set t§ Me=m, present in GaN? but not included in our calculations.

(mg is the bare electron massThe exciton energieEry, Our analysis is quite accurate, particularly when estimat-
the linewidths yyx, polarizabilities 4ray, as well as the ing the excitonic energies. It should be noted that in the case
dead layer thicknesd, the exciton binding energ®, and  of homoepitaxial GaN layers the changes in the exciton en-
the broadening parametéhave been used as fitting param- ergies from sample to sampleelated to possible residual
eters. The best fit values &y, yx, anday are given in  strain are rather smallless than 2 me)??° Hence, our
Table I. results, though obtained for a particular sample, give a fairly

The exciton-photon coupling is sometimes described byeliable estimation of exciton energies in hexagonal GaN.
the longitudinal-transverse splittirt§: The obtained exciton energies can be used to estimate the
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TABLE |. Parameters of exciton polaritons in hexagonal GaN obtained from the analysis of the near-
band-edge reflectance spectrum.

Energy Linewidth Longitudinal-transverse
Exciton: Erx=fwx I'y=%yx Polarizability splitting
X (meV) (meV) day (meV)
A 3476.7:0.3 0.7£0.2 (2.7:0.3)x10°3 0.90+0.10
B 3481.50.3 1.5-0.2 (3.1+0.3)x10°3 1.04+0.10
C 3498.6+0.8 3.1x0.8 (1.1x0.3)x10°3 0.37+0.10

parameters that describe the valence-band splitting. Applyingas been transformed into the absorption one using the
Hopfield’s quasi cubic mod®& we obtained spin-orbit split- Kramers-Kronig relationé? Second, we have simply calcu-
ting, A,=(17.9t1.2 meV and crystal-field splitting, lated the absorption spectrum from the already known pa-
A,=(8.8:0.8) meV. These values are compared in Table IIrameters of the polariton structure deduced from the fit to the
to the previously estimated by different auth6rst on the  reflectance data. It is required for the Kramer-Kronig analy-
basis of the reflectivity measurements of the GaN layersis that the transformed spectra be known over a wide fre-
grown on different lattice mismatched substrates such as saguency range. Our data cover a rather narrow spectral range
phire. While in the case of the spin-orbit splitting one can(3.43 eV-3.55 ey, For energies above the measured range
notice similar results, the values obtained for the crystal-fieldup to 30 eV} the data available in the literatdfehave been
splitting are quite different, since this parameter value isused in order to reconstruct the corresponding spectrum. Ad-
strongly affected by strain. The data obtained for GaN hoditionally, we assumed that for the energy range of 0 eV—
moepitaxial layers and reported here might be used as a re$.43 eV there is no absorption present in Gadé neglect
erence to determine the shift of excitonic resonances in hethe absorption processes due to phonons that exist below 0.1
eroepitaxial layers. eV). Applying this assumption, the reflectance for energies
The polarizabilities of excitons in Galsee Table)ican  below the measured range was extrapolated numerically.
be compared with the corresponding values4) reported The absorption coefficient derived from Kramer-Kronig
for GaAs?! CdS? or ZnO? The exciton-photon coupling is analysis of the reflectance is shown in Figh)2with a solid
stronger in GaN than in GaAs (#Ax;=0.0012) but defi- line. The dotted curve presented in the same figure represent
nitely weaker than in II-VlI compound&mway=0.014 for the “surface” absorption coefficientyg=(2w/c)-Im(ny),
CdS and 4ra,=0.0077 in the case of ZnOThis is what calculated directly from the polariton model, including the
one could expect, since GaAs is a more covalent compoundead layer effectEq. 7), with parameters previously used to
whereas 1I-VI materials show more ionic character thanreproduce the reflectance spectra. As can be seen in Fig.
GaN. 2(b), both methods give very similar results. They are
The appropriate analysis of the reflectance spectrum ablightly different than the expected “bulk” absorption coef-
lows us to reconstruct the corresponding absorption spedicient aqq=(2w/c)-Im(ng) [EQ. (5)], which can be applied
trum. We have derived the absorption spectrum applying twdo reconstruct the fundamental absorption edge in the inves-
different methods. First, the measured reflectance spectrutigated sampléFig. 2(b), solid thin lingl. As shown in Fig.
2(b), the absorption spectrum of the investigated GaN layer
TABLE Il. The crystal-field splitting,A.,, and the spin-orbit displays three dominant structurAs B, andC, with peaks
splitting, A4, parameters in the wurtzite GaN, within cubic ap- at energies that correspond to the exciton ener§iges,

proximation, obtained by different authors. Erg, and E;¢, respectively. One can also distinguish the
steplike absorption band that sets on around 3.49 eV and that
Ay Ag is ascribed to an absorption continuum corresponding to the
(meV) (meV) valence-band-conduction-band transitions. It is interesting
_ to note that in addition to the strong lines due to the free
22 11 Dingleet al® excitons there is also a weak structure at 3.471 eV, attributed
72.9 15.6 Suzuket al’ to a donor bound excitofnote the corresponding feature in
10.0-0.1 17.6-0.3 Gilet al® the reflectance spectrynThis observation indicates a strong
35 18 Volmet al® oscillator strength of the donor bound exciton in GaN. Tran-
11 17 Volmet al® sitions related to bound excitons are rarely observed in the

reflectance spectra, though such an observation has been al-

; ; f
22 15 Shikanagt al. ready reported for Cd%.
8.8+0.8 17.9-1.2 This work
[Reference 7. IV. FREE-EXCITON LUMINESCENCE
Reference 8.
‘Reference 9. As free excitons are commonly investigated using emis-
YReference 10—“without strain.” sion spectroscopy it is interesting to confront the proposed
*Reference 10—*"relaxed film.” exciton-polariton model deduced from the analysis of the

‘Reference 11. reflectivity data with the corresponding luminescence spec-
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small wave vectorgthe bottleneck effegt* In addition, the
interbranch scattering from the LRBo the UPB, photon-
like region of the dispersion curve may take place as well.
The polariton luminescence results from those polaritons
which, upon reaching the surface, are converted into photons
leaving the crystal. The polaritons from the UPBave a
more photonlike character and provide a path for polaritons
to escape the crystal. Therefore the luminescence from the
energy region abovk, is primarily from the UPR. In ad-
dition, in GaN, the polariton branch connected with exciton
B (LPBg) merges into the polariton branch URBsee Fig.
] 1). This may create an effective path for polaritons to be
4 scattered to UPB. As a consequence, there may be ex-
- pected a single emission peak, at an energy above the reflec-
i tivity minimum, such as the one shown in Figb3
However, a more common feature, not only in homoepi-
taxial GaN layers but also in other semiconductors, is a dou-
blet structure such as shown in FigaB As discussed in
347 348 349 Ref. 1, the neutral donor elastic scattering for polaritons is
Energy (eV) essential for the observation of the emission contributions
) from both polariton branches. Therefore, a high concentra-
_FIG. 3. Photolumlqescence and reflectance spectra of homoepj;on of donors may create a way for polaritons to be effi-
taxial GaN. Ph°t°|um'nescenc.e spectra showiigjrand (b) ha.ve ciently scattered to the LPBat the bottleneck energy, at
been measured for samples with different donor concentrations. . .
which they finally reach the surface and convert themselves
into photons. Such an effect was observed in GaAs where,
depending on the neutral donor concentration, a single or a
tra. The comparison of the reflectivity and luminescencedouble peak was observed.
spectra measured on the same sample is shown in f&g. 3
The photoluminescence spectrum, observed for this sample,
is rather typical for our homoepitaxial layet$? and have V. CONCLUSIONS
been discussed previously. Although the recombination re-
lated to the bound excitofisis very strong, clear emission  The reflectivity and luminescence of high-quality ho-
traces are also observed in the range of the free-exciton emig;gepitaxial gallium nitride layers have been presented. We

sion. For further discussion, an important observation is gave shown that the reflectivity spectrum of GaN can be

dou.blet emission structure clearly visible in the region Qf thereproduced in detail taking into account exciton polaritons
excitonA. As shown in Fig. 8a), the energy of the longitu-

: . ) - associated with the complex valence-band structure, as well
dinal excitonE, 5 (Ref. 28 falls roughly in the middle be- P

. o as absorption processes related to the band-to-band con-
tween the two components of the excitdnemission dou-

blet. On the other hand, the emission spectrum displayed i'Hnuum. The polariton model of emission qualltatlyely ac-
Fig. 3(b) shows one peak at an energy above the reflectivit gounts for the Change§ n th_e shape of the free-excnon_ emis-
minimum. As can be deduced from the relative intensities of > " s_tamhplelsd t\)’v'th _dtlffsren: tr?(int%r colnc_?ntrat#)n?.
the luminescence lines, these two homoepitaxial layers diffe owever, It should be pointed out that the polariton efiects

in the donor concentration. For the first sample the intensity? the free-exciton emission are difficult to interpret quanti-
of the emission related to the donor bound excitbBE) as tatively because they are connected with scattering of polari-

compared to that of the free exciton is very highratio of ~ ©ONS within t_hg Iayer_ of the crysta}l excited by .Iight. On th_e
about 100, which indicates a relatively high concentration of other hand', it is relatlv'el'y easy to m_clude polariton effects in
donors in this unintentionally doped sample. For the secon{® analysis of reflectivity data which are free from the re-
layer the ratio of the intensity of DBE to that of the free laxation problem.

exciton is close to 4 and, therefore a smaller concentration of

donors is expected.

Reflectance

PL Intensity (arb. umts)
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