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Polarized microphotoluminescenge-PL) and reflectivity studies of thick wurtzite GaN grown by hydride
vapor phase epitaxy onsapphire are performed with the light vectoboth normal to thes axis (k.. c) and
parallel to it. A strong PL peak is found in the vicinity of tlleexciton in# polarization(k L c, E parallel to the
¢ axis), in apparent contradiction to the selection rules. Thpolarized component exceeds in intensity the
o-polarized one up to~50 K. Power- and temperature-dependent measurements of both no-phonon and
longitudinal optical phonon-assistéthonitoring the real density of exciton statgs-PL reveal the complex
nature of ther-polarized PL line near thA exciton. At low temperatures the-component involves a bound
B exciton contribution, while at higher temperatures contributions of scatfemsditon states become appre-
ciable. The enhancement of thepolarized component is attributed to the complex structure of the exciton-
polariton branches fok1 c. Temperature-dependentPL and reflectance spectroscopies reveal additionally a
difference in the optical properties between the sample regions at the top surface and the cleaved edges,
tentatively explained as induced by different strains in these regions.
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[. INTRODUCTION The conventional PL an®k measurements tend to smooth
out inherent peculiarities of excitonic spectra, averaging pa-
The generally accepted picture of the valence band physameters among the perfect and defective regions. For a
ics of GaN is based on the experimental study of opticaproper study of GaN optical properties, thePL technique
reflectanceR) by Dingle et al. made in 197%. Besides the with high spatial resolution is much more informative. It is
conventionally performed measurementsaapolarization, worth noting that different spatially resolved optical tech-
when the light wave vectdt is parallel to the principal axis niques(u-PL, cathodoluminescence, near-field scanning op-
c, and the electric field vectdt is normal to it, these authors tical microscopy were previously used to study various
registered spectra ifr- (kL c,Elic) ando- (kLc,ELc) polar-  properties such as the strain distribution across the layers
izations. That permitted one, for the first time, to directly and the PL efficiency in a quantum well or in the vicinity of
establish the ordering of the valence bands in GaN, to checttefects®”10-13
selection rules, and to determine the crystal-field splitting Recently, we have demonstrated the possibility to mea-
and the spin-orbit interaction parameters by using Hopfield'sureu-PL andR in different linear polarizations from a facet
quasicubic model.However, the study of optical properties of thick GaN(0001) epilayers grown by hydride vapor phase
of GaN with kLc cannot be considered as complete. Polarepitaxy (HVPE).!* The unexpected dominance of a
ized photoluminescendéL) spectra were not presented by mr-polarized line[marked below a ()] in the vicinity of
Dingle et al, but they pointed out differences between éhe the o-polarizedA exciton[ FX,(o)] was observedhter alia
and o-polarized reflectance spectra, which should not ben low-temperature spectra, which obviously contradicts the
present in the classical model. To the best of our knowledgeselection rules for optical transitions in the wurtzite crystal.
these experiments have not been repeated so far, due to ob-As can be seen in Fig.(d), the intensity ofX(7) line
vious difficulties in preparing perfect facets parallel to the is almost twice that of FX(o). Since the line coexists
axis. As a result, correspondence of PL &spectra of GaN  with a puresr-polarized freeB exciton line[ FXg(7)] in the
is established reliably only for the polarization. There are spectra, the observation is realistic. To elucidate the origin of
also very few papefs’ concerning thekl ¢ luminescence the dramatic effect we performed detailed power- and
properties, although such data are rather important for GaNlemperature-dependentPL [both no-phonon and longitudi-
based LED and laser performance, because in these deviceal optical(LO) phonon-assisted emissipand temperature-
light propagates along the epitaxial layers. dependenR studies at different polarizations.
Temperature-dependence studies of PL properties are In the paper we presen) evidences favoring the notion
widely used to assign excitonic transitions in GaN, particu-that X(#) mostly originates from internal regions of GaN
larly to exclude a misinterpretation between frigeX) and  layers;(ii) an accurate attribution and analysis of theéPL
bound (BX) excitonic state§.As was shown by Gil, Briot, andR featuresgiii) data on temperature-dependent variation
and Aulombard the energy of the excitonic transitions isof the real density of differently polarized excitonic states,
controlled by the internal stralrwhich, in general, depends obtained from analysis of the LO phonon-assisted emission.
on the temperature, the size of GaN columns, as well aMore than 3-decades-old data on facet reflectance are reex-
on types and density of dislocations in the epitaxial layersamined using the microscopy measurements at different tem-
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excitons'® Generally, this coupling is strong in direct-band-
gap polar semiconductors with dipole-active excitons, to
which GaN belongs, and means a continual energy exchange
between the photon electric field and free excitons through
polarizability. This results in a spatial dispersion of the di-
electric functione(k,w). In this case a two-branch dispersion
curve ink space, consisting of an upper polariton branch
(UPB) and a lower polariton brancfLPB), is expected for
each excitonic state. Thus, polaritons influence characteristic
energies and shapes of peculiarities in optical spectra and
cause specific effects related to different curvature of the
branches. It is important that polariton fluorescence occurs
on the surface, while wave packets can form deep inside a
crystalt’

Currently, it is implied that exciton-polaritons exist in

FIG. 1. (@) u-photoluminescence spectra measured at 5 K in SaN if there are well-resolved free-exciton features in reflec-

GaN layer grown on an undoped buffer in different polarizations:t&nce Spec”& Obviously, any factor causing either “death”
a (KIc,ELc)—crosses:o (kicELc)—solid line: = (kicElc)—  ©Of afree exciton or accidental variation of its properties, such

diamonds. Nonpo|arized PL spectra from a facet are also shown b@s Strain or e|eCtI‘iC f|e|d ﬂUCtuationS near defeCtS, InthItS
triangles and the dotted curve for the top {Pland lower (PE) the polariton formation. The same structural imperfections
regions, respectivelyb) Polarized reflectance spectra taken in theinduce the experimentally observed inhomogeneous broad-
same points where the polarizgdPL spectra were measured. ening of exciton resonances in high-quality GaN. Therefore
one can assume that polaritons may be maintained in a GaN
peratures, which reliably demonstrate the nonequivalence afrystal if the PL linewidth is comparable with the
regions close to the cleaved edges and the internal regions iangitudinal-transverse splitting,+, which is a measure of
GaN epitaxial layers. The work is organized as follows. Athe light-exciton interaction. In high-quality GaN grown by
brief description of exciton-polaritons in Gaf$ec. 1), as homoepitaxy>* or lateral epitaxial overgrowti* the ob-
well as of the experimental details with some peculiarities ofservation of distinct polariton features is consistent with this
the u-PL measurementSec. Ill) precedes the presentation empirical rule, and directly reflects the low density of de-
of the experimental results obtained in different polarizationdects. In thick GaN layer, e.g., grown by HVPE on sapphire,
at different excitation powers and temperatui@sc. IV). In the average density of defects is higher, but it drops signifi-
Sec. V, we discuss possible mechanisms of the enhancemetaintly towards the top surfaéé?® The free excitons can
of the m-polarized line. easily survive there providing the mixed states. The polariton
formation is facilitated for the light spreading along the top
perfect layer region withk L c.
The electron-hole pairgor excitong created nonreso-
Free exciton transitions, B, andC in GaN, like in any  nantly in the continuum states relax towards lower energy of
other hexagonal crystal witiCg, point group symmetry, the two branches using phon6h2® or impurity-assistet
originate from crystal-field and spin-orbit splitting. The basic Scattering and then convert into photons at the surface. Dur-
excitonic states are the fourfold degenerate@ ;X TI'y), ing the scattering processes the polariton states can be cap-
B(I';xI';), and C(I';XTI';) exciton series. The exchange tured by different radiative and nonradiative states and lose
interaction removes the degeneracy and splitsAt@=1) their polarization. At normal registration the spectral effi-
level into an allowed's state with the angular projection ciency of the polariton PL is given &s
M==1 and a forbidded’s with M= *2. Both groundB
and C excitons split into three levelst’'s (M==1), I';
(M=0), andI', (M=0). The allowed optical transitions I(E)EE T,(E)v,(E)F,(X,E)p,(E)AE, D
involve thel’; state in theEllc polarization and thé'g state r
for ELc.® Light with ELk, propagating either along or nor-
mal to thec axis, will excite different excitonic transitions. If whereT,(E) is the transmission coefficient of tihgolariton
Kilc, i.e.,ELc, then threex-polarizedl 5 levels ofA, B, andC branch at the crystal boundarf;, (x,E) is the distribution
excitons can be observed, whilelatc there are either the function of the polariton branches at a poigtp,(E) is the
same threer-polarizedl s levels(if ELc) or two 7-polarized  density of polariton states. The process depends strongly on
I'y levels of theB and C excitons(if Ellc). The oscillator the polariton group veIocity/pzhfld E/dk, whereE andk
strengths ofC(I";) andA(I'5) are strongest, while moderate are the energy and wave vector of the polariton, respectively.
strengths are expected fB(I's) andB(I";), and a small one An increase of the polariton population at lavy results in
for C(I's).t the appearance of the so-called bottleneck spectral région.
To describe accurately the performance of excitons in The polariton emission frequently has a doublet shape
high-quality GaN, one should take into account the polaritorwith the energy gap between the components closi 0°°
concept, which considers coupling between photons and freéhe doublet has been attributed to luminescence from the
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II. EXCITON-POLARITONS IN GaN
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FIG. 2. Energy diagrams of separg® and
integratedb) polaritons in GaN. The left panel of
UPBgLPEG( each diagram shows polariton branches Kic,
UPBy#LPB(r) right—for k. c. Solid and dashed curves denote
polaritons with possible emission im- and
mr-polarizations, respectively; LP is a longitudinal

ey | iegry \ po!ariton, UPB and LPB are upper and lower po-
upmyry  LPBa(Te) T —— T UPB, +LPEG(Ty) lariton branches, respectively; denotes charac-
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LPB and UPB, with reabsorption and elastic scattering ofGaN are usually not taken into account because of stronger

polaritons, e.g., by neutral impurities. Recent studies aseoupling of excitons with light in the transverse polariton

signed such a doublet in GaN to emission from the LPB andnodes.

UPB 182030 though the connection with the residual donor ~The pattern of polariton branches lt c is obviously

concentration was also demonstra{éd_ more Complicated than that fdxic. Moreover, there are dif-
Besides the no-phonon emission, additional PL bands caf¢rently polarized polaritons that coexist at the same energy

be observed in the GaN samples, separated approximately Wd sufficiently closex values. For instance, fdic in the

LO phonon energy of-92 meV. The LO phonon-assisted PL vicinity of the A exciton ground state there is only an

occurs in the region of transparency, where the group veloc2-Polarized, photonlike branch of LRRI's), while forkLc,

ity is high, and can be used to analyze a real density of? addition to the o-polarized LPB(I's), there are a

exciton-polariton state¥.In the thermal equilibrium with the ~ 7-Polarized LPB(I';) and ao-polarized longitudinal polar-

crystal lattice themth phonon band has intensity describedton originating from thel’s exciton state.
by the Maxwell-like distribution The GaN has a significant dissimilarity to the II-VI

semiconductors, such as CdS, CdSe, etc.—smaller energy
o o gaps between the three top valence bands, which results in an
I ~[dN(K)/N]Wpy(k) ~E*“exp( — E/kgT)Wr(E), appreciable overlap of polariton branches originating from
) different excitonic states. Generally, the overlapping polari-
tons should be considered together as a combined branch.
whereE is the kinetic energy of the excitol is the density  For k|ic the interaction of the UPB related to th band
of the polariton statesWy,(k,E) is the energy-dependent with the LPB of theB band was first demonstrated in Ref.
probability of exciton recombination with an emissionmaf 30, Eour transverse polariton branches, LPB), UPB,
LO phonons™ N +LPBg(T's), UPBg+LPBc(I's), and UPB,(T's) have been
Since the polariton branches originate from the approprigetermined in GaN by solving the coupled exciton-polariton
ate excitonic transitions, the light propagation along or Norispersion equatiod®? (here the sign %’ denotes in-
mal to thec axis, respectively, provides different sets of po- tegration over the respective brancheghe branches com-
laritons as shown schematically in Fig.(a% where phining for kilc, all originating fromI's, are shown in Fig.
transitions allowed foE.L ¢ andEllc are shown by solid and 2(b), left panel. We believe that the same phenomenon has
dashed curves, respectively. The scheme is composed Usig take place forkLc. The integration should involve the
data published for polaritons in 11-VI wurtzite compouridls. ~excitonic states with similar orientation of the electric di-
The mutual positions of the polariton branches related to th%oles. Thus, the total number of branches increases up to
I's andI'; exciton states, depending on a strain in the strucseyen atk1 c: four I's branches described above and three
ture, need a closer study. Here we demonstrate the expectgdgitional originating froml'; excitonic states: LPRT;),

structure of these branches by using available theoreticquBB+ LPBc(T';), and UPB(T',) [see Fig. ™), right
estimates? The energy positions of forbidden transitions fre- panel.

qguently observed in polariton emission in different

materiald®?***are markedby stars tentatively due to the IIl. EXPERIMENTS
lack and dispersion of respective data for G#N\One can
see that the transverse UPB and longitudinal polaritb®3
are connected pairwise faétfic andk L c for both excitond s The study was performed using two representative
andI';. It is worth noting that the longitudinal polaritons in samples with the same thickness of about2b, grown on

LPB((s)

UPBg+LPBS(Ts)

UPBg(I's)
UPBg(T'4)

UPBg(Ts)

I

A. Experimental details
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c-plane sapphire by using undoped or Si-dopedA1bthick

metal-organic chemical vapor deposit¢éMlOCVD) GaN

templates. The growth of the samples was performed at

1090°C in a conventional HVPE system, as described

previously?®> The samples were nominally undoped, but 7y
showedn-type conductivity. The level of residual donor con- 7 — /o J
centration determined from Hall measurements in the sample = ¥ E(c)
grown on the Si-doped templa@x 1017 to 4x 10t cm™3) Gal\{{ @€ v
is a few times higher than that in the sample grown on the :
undoped templat& The optical study follows a detailed
structural characterization by x-ray diffractomet(}{RD)
and transmission electron microscdpy> which demon-
strate a good quality of the samples, especially in the vicinity FIG. 3. Scheme of the top surface and facet measurements in
of the top surface region, where the dislocation density isiifferent polarizations.

less than 1® cm™2. At room temperature the layers exhibit a

biaxial compressive strairr0.2 GPa at the top surface. Both B. Peculiarities of u-PL measurements

samples show identical PL spectra from the top surface with —
Some peculiarities of facet and top surface measurements

imil iti f the PL ks. H ; ) i
Very simrar energy pos'“m?s of the peaks. riere Wehave to be discussed before analysis of experimental data. As
present mostly the data obtained on the sample grown on the o .
well known, heteroepitaxial GaN layers have a mosaic

; ) : ' I
ur_1doped buffer, since it can be conS|der_ed asa Smglesgrys'[giructure consisting of columns. In the samples studied the
with a record smf_;\II value of column t||([~62_a_rcse column sizes are in the range of 0.6+ 3% Reflectance
Thus, the sample is expected to possess a minimal value ggectroscopy, being a surface-sensitive technique, probes es-
depolarization due to the-axis inclination. _ pecially the outermost first array of such columns. The strain
Measurements of-PL were carried out in a He continu- 4nq the defect density differ in the top surface layer and the
ous flow cryostat in the 4-300 K temperature range undegjeaved edge faces, thus the respecRepectra must be
cw excitation by a 266-nm laser line. The UV radiation is ynequal. Contrary to thay-PL spectroscopy is designed to
emitted by a solid-state diode-pumped frequency-doublegrobe the internal part of the layers and the spectra could be
Nd:vanadate cw laser followed by an MDB-266 frequency-similar.
doubler unit. The maximal excitation power before the cry-  Another peculiarity may be induced by the geometry of
ostat window was~12 mW. The beam impinging normally the u-PL measurements, when different sections of the GaN
onto a surface or a cleaved edge facet of the sample wdayers are excitedFig. 3). When the excitation is normal to
focused using a reflective objective creating an excitatiorthe top surface, the emission from the top layer may be ab-
spot with full width at half maximunfFWHM) of ~1.5 um. sorbed by underlying more defective or relaxedjusted to
The same objective collected the PL signal and the sampl#e buffej regions and then reemitted with the energy below
image, which is monitored by a charge-coupled detectothe top layer absorption edge the range of transparency
(CCD). The PL was relayed to the slits of an asymmetricalAt the edgeu-PL measurements the light of excitation, first
Czerny-Turner-type monochromator and then to the nitrogef©OMing onto the outmost facet region, penetrates through a
cooled CCD. The maximal spectral resolution of the systenjelatively uniform longitudinal sectiorte.g., in the perfect
is estimated as-0.6 meV. Theu-R measurements were per- top region. The cleaved edge region is most likely .d_efectlve
formed in the same setup, using a tungsten lamp as an ex&f‘d relaxed, and therefore possesses lower transition energy

tation source. At the same focusing conditions the spatia"fls compared with the internal region. lts emission, which is

- . . expected to be weak, cannot be an efficient source for exci-
resolution of the reflectance measurements is estimated sp

about 10um. A linear polarizerfollowed by a depolarizer ation of the rest material.

) ted bef th h 1 lits t | th A high density of excitation, characteristic of thePL,
IS mounted betore the monochromator siits 10 analyz€ e o critical factor for observation of exciton-polariton ef-

w-PL andR. Two positions of the polarizer were exploited fooq *\which, as mentioned above, are pronounced if the
with polarization vectors normal and parallel to the growthgpeciral finewidth is close to the longitudinal-transverse
direction of the layers(c axis), respectively. The samples gpjitting, whose reported values for GaN vary in thd—2
were characterized by conventional PL aRdpectra, mea- mev range'®3® In high-quality GaN samples the width of
sured in a closed-cycle He cryostat using a 325 nm line of &olariton reflection anomalies is close tar, while the

15 mW He-Cd laser and emission of a xenon lamp, respecexciton-polariton emission peaks are usually witle5—2.5
tively, as excitation sources. A photomultiplier with a me\).1820213Qne could expect that thg-PL technique,
photon-counting system was used during these experimentidcusing on the perfect regions, could provide narrower
All spectra were calibrated with emission lines of a mercurypeaks, however, the high density of excitation must result in
lamp. The reflectance spectra were normalized using scar increase of population of the polariton branches and,
obtained from a polished aluminum mirror. During the hence, in broadening the PL lines. In our samples the width
micro-PL measurements special measum@arking were  of peaks rises almost twice with variation of the excitation
taken to maintain the focusing on the same point. power in the available rangé~5-500 kWcm?). That

E(a) c-axis
S

: A E(m)
» k E

.
v

Sapphire

075212-4



POLARIZED MICROPHOTOLUMINESCENCE AND . .. PHYSICAL REVIEW B5 075212

makes problematic the observation of pure polariton effects 3% 381 ' ' '
related, for instance, to the splitting between UPB and LPB.

At the same time, as was shown previou¥l§° an in- 3501
crease in the photoexcitation density enhances the excito
lifetime, since the different centers, capturing excitons, ares’,
saturated and, hence, the exciton-polariton diffusion Iengthﬂ’/
increases. We estimate the variation of the effective diffusiong;
length with power by using the integral intensity of 2LO & ***
emission, which reflects directly the population of the w
exciton-polaritons in the whole occupied volume. It has been 347

3.50

3.49

3.48

3.47 1

3.46

3.45 ]

3.44

found that in theu-PL the rise of the 2LO-line intensity is f )F(Z)((,)

superlinear, i.e., doubling of the power results in almost five 346 A surface 1 A Pl

times increase of the 2LO-replica intensity. Thus, the diffu- Oedee A Jse] ¥ X , ,
sion length at theu-PL is hardly less than fum, if we 0 50 100 150 0 100 200 300
assume that it is~1-2 um at the conventional PL. This Temperature (K)

makes credible the observation of some polariton effects,
e.g., related to complicated structure of polariton branches %
klc.

FIG. 4. Temperature dependencies of exciton energies obtained
om polarized reflectanc¢a) and u-photoluminescence together
with reflectance data on th@ exciton (b). Open circles and solid
triangles show edge and surface reflectance data, respectively. The
IV. RESULTS AND ANALYSIS solid and dashed lines present, respectively, fits to the experimental
u-PL and reflectance points using thésBlar formula; the dash-
dotted line presents the fit of X#) with adjusting parameters like
The comparison oju-PL andR data presented in Fig. 1 for FX,(o).
permits us to assign the most intense peak to a donor-bound
A exciton that appears to be generadtypolarized. The or- )
dering and energy of the free excitonic transitions are conFXa(l's) @nd FXg(I's) exciton resonances are well pro-
sistent with published data for weakly strained GaN on sapfounced, while the FXT's) one is rather weak. On the con-
phire (see, e.g., references in Ref.)4The width of the trary, in the  polarization, the F¥(I';) resonance domi-
polarized components depends on excitation power: accordiates with a well-distinguished RXI';) feature and
ing to a decomposition of the PL band by using Lorentziannegligible FX,(I's). According to the fitting of the
contours, an average value is about 3 meV. As for free excie-polarized reflectance spectra, using a three oscillators
ton PL lines, this is slightly more than in strain-free ho- model of the dielectric functioff the linewidth T, is ~4
moepitaxial GaN film382°37as expected. The width of the meV. This value is~3 times worse than that for the high-
bound exciton lines is also larger than the best reported valquality epitaxial layet® The R exciton resonances are
ues[~0.1 meV (Refs. 37,4]] and fine structure of bound smoother in the facet spectra, likely due to the cleaved edge
excitonic states is not resolved due to the high level of themperfection.
u-PL excitation. However, the samples studied are character- The o- and o-polarized R spectra are unequal—the
ized by the distinct excitonic features in the spectra, and th@-po|arized spectrum is high-energy shifted as compared to
ratio of bound-to-free exciton intensities of about 5:1, whichthe o-polarized one. The difference between the and
is typical of good quality structures with a residual donor s-polarizedR spectra becomes more dramatic with the tem-
concentration in the low 0 cm™2 range'® perature variatiofiFig. 4a)]. The exciton resonances, attrib-
The above-discussed differences between surface angled to the same band, shift differently in the facet and sur-
facet measurements are confirmed by the experimental datgce spectra, although the energy gap betweei thendT";
The u-PL spectra recorded in three polarizations from thestates is expected to be less than 2 rifeVhe facetR de-
surface(a) and facet(o and m) (Fig. 3) are shown in Fig. pendences look as if they were induced by a strong aniso-
1(a) together with the unpolarized facet PL taken from thetropic strain in this regiof®
bottom interface and top region®L? and PL;, respec- The detailed analysis of the reflectivity data will be pre-
tively). The facet PL varies across the layer due to differensented elsewhere. Here we would like to stress that the tem-
strain and dislocation densiti&The longitudinal homoge- perature variations of tha andB exciton peak energies ob-
neity of the sample body in the top region is, likely, respon-tained fromu-PL measurementghe solid lines in Fig. &)
sible for the distinctiveness of the free exciton features in thare fittings of theu-PL data, obtained as described beJow
facet spectra as compared with the surface one. A differentialre consistent with those in thepolarizedR spectrum, but
feature in thea-polarized u-PL spectrum—the pronounced do not correlate with the facet ones. Only tleexciton
low-energy shoulder—obviously repeats the?P[Ldotted transitions, energy shifted due to the spin-orbit splitting,
curve in Fig. 1a)], and is related to remission from bottom show a consistent temperature variation in all spectra. The
interface regions. equal behavior of theu-PL and thea-polarizedR spectra
The reflectance spectfdrig. 1(b)] generally satisfy the means that the main portion of the polarized edg®L,
selection rules and the expected intensity relationship of thencluding the disputableX () line, is from internal regions
exciton transitions. For then- and o-polarizations the and is not a characteristic of the outeear facetarea.

A. Assignment of peaks by usingu-PL and reflectance data
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FIG. 6. Relative intensity of polarized-PL peaks versus exci-
: tation power. The intensities are obtained by division on the inten-

346 347 348 349 sities of the respectively polarized components of the bomok-
Energy (eV) citon and normalized to the value at the minimal excitation power.
Open diamonds->{( ), open circles—FX(o), solid triangles—

FIG. 5. u-photoluminescence spect(solid lineg measured at
different excitation power densities in different polarizations. Dot-
ted line presents an-polarized reflectance spectrum.

FXg().

exciton emissions are negligible. The obtained dependences
of integrated intensities on excitation power have also dem-
onstrated some saturation of tk€r) line and a full satura-

The spectra measured at different excitation power irtion of both polarized components of the boufdxciton.
three polarizations are presented in Fig. 5. The energy posPRarticularly, the saturation shows a low probability of biex-
tions of theu-PL excitonic emission peaks$ 4 K in thefacet  citon formation.
spectra appear to be constant within the range of power den- The accuracy of the power measurements is maximal
sities used, while there is a small low-energy shift of thewhen the relative intensities of the peaks extracted from the
a-polarized spectruniFig. 5). At the level of excitation cor- same spectrum are compared. Therefore, we present in Fig. 6
responding to the conventional PL techniquel0 Wcmi ?)  the ratio of intensities of th&(), FXg(w), and FX(o)
the near-band-edge PL from the surfdnet presented heye components to the respective intensity of either theor
appears to be shifted to even higher energy, though the Pé&-polarized component of th& bound exciton. For the sake
still remains within the limits of a reflectance contour. The of clarity, the values are normalized to their magnitude at the
same dependence on excitation power was observed in II-Mhinimal power. The values drop until the bound exciton
semiconductoré® The spectra presented demonstrate appreemission grows, then, after BXsaturation, they start to in-
ciable saturation of the boun8l exciton and theX(w) line  crease. One can see that the relative rise oXitw) peak is
with increasing power, while the- and o-polarized compo- much slower than that of both Xw) and FX\(o).
nents of theA free exciton, as well as thB exciton, still
increase.

The separation between the free and donor boAiedci-
tons in our samples varies in the range of 6.6—6.8 meV, The temperature variation of the unpolarizedPL spec-
which is consistent with data reported previodsl:**To a  trum measured from a facgfig. 7(a)] looks similar to that
first approximation we can assume the same binding energgreviously reported for conventional surface PL in high-
for all three excitons. Since at low temperature #er)  quality sample$®*®“°The dependence confirms our assign-
peak has a-6.5—6.7 meV separation from tieexciton[see = ment of the excitonic transitions, e.g., the bound exciton line
Fig. 1@], a tentative explanation of the dominant drops significantly, while thé\ exciton begins to dominate
m-polarized line near thé exciton peak could be the mere the spectrum with increasing temperature.
overlap of theA free with B bound excitons. This may be a  The polarizedu-PL measurementd=ig. 7(b)] provide an
result of the particular strain present in our structures. Theinexpected result; the intensity of tixé =) peak rises with
bound B exciton was previously observed in high-quality the temperature increas@vhen impurity-bound excitons
homoepitaxial GaN films between the free and donor boundhave to be thermally ionizedthen drops being resolved up
A excitons***® The biexcitons having slightly smaller bind- to T~200K. Note that the measurements are done at high
ing energy’ of ~5.7 meV could also contribute to thePL  enough excitation power density, when all bound states are
spectra at high excitation power. saturated.

We have performed a decomposition of the polarized To obtain the energy position and integral intensity of the
spectra by using Lorentzian shape contours, separating f@omponents, the polarized spectra are decomposed using the
the m-polarization ther-polarized component of thebound  following sets of Lorentzian contours: in the polarization:
exciton BX\(7), X(m), and FX(), and for theo-one—  BXa(w), X(7), FXg(7), FXc(7); in the o polarization:

BX (o) and FXy (o). At low temperature F¥(o) and theC ~ BXa(0), FXa(o), and FXg(o). The last transition, as well

B. Power-dependentu-PL measurements

C. Temperature-dependentu-PL measurements
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BX T(K): tonically weakened, the free-exciton lines first rise with in-
J\ﬁAB S — 10 JJ\T& creasing temperature, then decrease slowly. The variation of
J\'\ 21 the X(r) intensity is, generally, the same as for the free
exciton ones, though with a sharper decrease after 50 K. At
higher temperature the remnant part of ¥(er) is about 1/3
of the FX,(o) component.

The temperature variation of polarizedPL peak ener-
gies obtained as a result of the fitting is presented in Fig. 4
together with the C exciton reflectivity data to define the
shift in the whole temperature range. To analyze the data we
use an analytical four-parameter model proposed lspleg’
and applied recently for successful fitting of data on ho-
moepitaxial GaN® In the model the temperature variation of
band gap is given by

(@)

Intensity (arb.units)

3.AI100 3.:&25 3.Alt50 3_;175 34400 3425 3450 3475 3.500 a @ p 4 772 4_|_ 2 4T 7
Energy (eV) E(T)=E(0)~ “; p:i[ \/1+ F((a_) +(®_) 1/2_1}
p p
FIG. 7. u-photoluminescence spectra measured from a facet at o
different temperaturega) unpolarizedb) - (open diamondsand +(1—p) COU’( 2_15’) -1 } , 3
o- (solid lineg polarized. The spectra are normalized to their maxi-

mal peak intensities. . -, .
whereE(0Q) is a zero-temperature transition energy;is a

as FX(), is pronounced at temperatures higher than 80 Khigh-temperature slope of the dependence; the parameter
while FXc() is negligible in the whole temperature range. 0=p<1 determines relative weights of long-wavelength
The inset in Fig. 8 illustrates a perfect fitting by an example2coustical phonons through lingacontribution or a combi-
of the spectra measured at 49 K, when X{er) intensity is n-atlo-n of optical and .shortl-wavellength acoustical phonons
almost equal to that of the FXo). One could assume that Vi singular(1—p); ©p is defined via the Debye temperature
the observed strong depolarization in the spectrum neakthe @o @s ©,=2/30p/(1-1/2p). The weighting parametes
exciton is related to an exciton energy increase with incread?as @ crucial role in the model, since it allows varying the
ing temperature, since the selection rules are strongly fulcurvature while both the slope and point of crossing of
filled at k=0 only. In this case, the enhancement of differ- Nigh-and low-temperature asymptotes are fixed. .
ently polarized contributions could be near the fBeexciton The fit of the u-PL data has been performed using
as well. In contrary, we observed thepolarized component E=3.4810, 3.4858, 3.5053 eV ,=420, 400, 420 K
near theB exciton to be even smaller than expected for the?=0-4, 0.3, 0.42 for FX(0), FXg(m), FXc(m), respec-
I's transition®® tively, with the samex=0.42. The fitting of F)§( ) data by
Figure 8 presents the integral intensity variations obtainedSing parameters of FXo) is obviously wors¢dash-dotted

from the fitting. While the bound exciton is fast and mono-line in Fig. Ab)]. This reflects the nonequidistant spacing of
A andB exciton transitions. Previous temperature-dependent

X studies of GaN performed in the polarization had fre-
[ BX(o) (a) - . . .
G FX© quently shown the nonequidistant spacing ascnbpd to a dif-
ferent influence of the temperature-induced strain onAhe
FX(0) and B exciton energy positiorisee Ref. 49 and references
. therein. The strain influence should vary for different crystal
X  (b) orientations. Probably, the difference gnvalues along and
1000 7T BRI/ Fxytm normal to thec axis reflects also an anisotropy in phonon
y spectra in the wurtzite GaR, although it may be related to
K 04 the difference in group velocities of the respective polariton
2 ° 346 948 850 branches, which also influences phonon-polariton
G e e @ Energy (eV) interaction’® The dependence oiK(w) energies has a
Qf' %ﬁ:.& ® -..::::BIZ* ...... ° sharper kink as compared to that of the J&%) at T
i =50K; so the fitting presented in Fig(® has been done
0 50 100 150 200 250 300 using the same adjusted parameters as fog(FX with E
=3.479eV.
The fitting of the reflectance data using E8) shows
FIG. 8. Integrated intensity of PL polarized components versughat the a-polarized R data are generally described by
temperature:  BX(o)—stars, FX(o)—solid circles, and the fitting parameters of the facgtPL. The facet reflec-
X(7)—open diamonds. The inset shows Lorentzian contour delivity data are fitted withE=3.4780, 3.4830, 3.5053 eV,
composition ofz- and o-polarizedu-photoluminescence spectra at ©®,=100, 200, 420K;p=0.9, 0.85, 0.4 for FX(o),
49 K. FXg(m), FXc(7), respectively{dashed lines in Fig. (@)].
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@) MO MOn g

1LO PL Intensity (arb. units)

0.41 (C),’{‘ oo TEWL ;
= 0.2 ",I }\} } } }
0.0

0 20 40 60 80 100 120
T T . ‘ Temperature (K)
3.36 3.38 3.40 3.42 3.44
Energy (eV) FIG. 10. Temperature dependence @J: the shift of the maxi-
mum of theo-polarized 1LO phonon replica from its low-energy
FIG. 9. Spectra of 1LO phonon-assisted emission measured igyt-off; (b) ratio of intensities of ther- to o- polarized replicas; and
- (diamonds ando- (thin lines polarizations at different tempera- (¢) the shift of the maximum of the-polarized 1LO replica relative
tures:(a) 5 K; (b) 20 K; and(c) 70 K. Solid line, shifted down for  tg that of o-1LO.
clarity in (c), presents the fitting using Maxwell-like distribution.

These strongly varying parameters are hardly meaningful iflénce. An example of the 1LO PL shape fitting is shown by
the model taking into account the phonon interaction only:Solid line in Fig. dc) for 70 K. Considering the data at the

obviously, anisotropic strain has to be considered to explainhigh” temperatures, we conclude that the neutral impurity
the R temperature dependence. scattering, dominating in the samples studied in Ref. 53 at

50-70 K, is rather small in the top regions of our samples.
The observed deviation from the linear law at lower tempera-
ture is likely related either to a higher temperature of the
Since the intensity of the no-phonon polariton emissiongrystal lattice, estimated to bel0 K at a nominal tempera-
depends on many unknown factdisee Eq.(1)], we per-  tyre of the sample of 5 K, or to polariton scattering by neu-
formed an analysis of the temperature variation of shape angla| impurities?® enhanced with decreasing temperature.
intensity of the LO phonon-assisted emission, to obtain an At low temperatures(~5 K) the intensity of the
information about the real density of states in different PO-7-polarized LO PL replicad , o appears to be negligible
larizations in the vicinity of thé\ exciton. This emission has compared to ther-polarized ondFig. 9a]. Thel o value
to reflect the density of the exciton-polariton states in accorygyies in the range (0—0.1) o among the measurements of
dance with Eq(2), where the probability of exciton recom- 5 points on the facets. At the same time, ter) line
bination Wi,(E) is different for the first(1LO) and second exceeds in intensity the-polarizedA exciton emission at
(2LO) PL replicas due to different impulse conservation lawsipig temperature. This impels us to conclude that Xiger)
for the processes involving one or two phondh8ssuming  jine & 5 K is mostly due toB excitons bound to neutral
a power dependencdd/,(E)~E'm, whereln=1 andln=0  gonors P°Xg), whose LO phonon replica may hardly be
for the 1LO or 2LO replica, respectively, the energy shift  gpserved due to a weak LO phonon coupling strefi§tn
between the maximum of thath replica and its low-energy  the contrary, 1LO acceptor bound excit8fX , is well vis-
cutoff should increase linearly with increasing temperature ible in these spectra due to heavier hole masses.
_ The m-polarized density of occupied states increases no-
Am=(Imt1/2)kgT. @ ticeably up to 20 K[Fig. 9b)] in a similar way as the no-
The deviation from the law is indicative of defect scatteringphonon freeA exciton emissioriFig. 8. The enhancement of
of exciton-polaritons in GaN or strong thermal nonequilib-the exciton-polariton emission is promoted by temperature-
rium in the crystal lattice. dependent scattering of polaritons inside a branch by longi-
To confirm the linear law we have used thepolarized  tudinal acousticalLA) phonons. Within the “high” tempera-
replicas that appear to be more pronounced compared to thiere approximation the probability of the LA phonon
m-polarized replicas at any temperatuiféig. 9. The data scattering of polariton states with wave vectorincreases
presented in Fig. 1@) concern 1LO replica, since the2LO  with increasing temperature a&“*~k(kgT) until distur-
overlaps partly with a donor acceptor péi)AP) emission.  bance by chaotic thermal vibrations &t>100 K.2° How-
The experimental shiff\; is well consistent with the linear ever, the probability is not equal to unity, since polariton
approximation at “high” temperatures>20 K) and the line  states may partly scatter out of the branch, losing their po-
shape is well simulated by thie~ E¥?exp(—E/KT) depen- larization. The process is especially noticeable in the bottle-

D. Polarized LO phonon-assisted emission
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neck region, where the-polariton undergoes numerous acts significantly with increasing temperature, because of both
of reflections inside the crystal. We believe that the depolarexciton delocalization and decrease of polariton scattering
ized component might contribute to ti =) line. efficiency by neutral impurities. For instance, in high-purity
The maximum of ther-polarized 1LO replica begins to InP polariton-impurity interaction is essential up to 30 K
shift after 30 K from the energy position corresponding toonly.>® Contributions related to thé exciton band can ap-
the A exciton 1LO replica to th® exciton oneg[Fig. 10b)].  pear at higher temperatures due to increasing exciton-
It looks reasonable, because theolarized 1LO line should polariton branch population for more effective scattering by
be a superposition of the components related to the scatteréd\ phonons. Together with imprisonment of the polariton
A exciton states and the frd& exciton. While the former states in the bottleneck region, this results in an increase of
component decreases near 50 K, the latter begins to grothe depolarized component. The scattering and mixing of
starting from 70 K due to thermally activated occupation ofdifferent exciton states &+0 occur, likely, on defects re-
the B exciton band. The ratio of integral intensities of polar- ducing the crystal symmetry and, hence, lifting of the selec-
ized 1LO replicasy=1,/I, in the temperature range of tion rules>® The existence of reai-polarized states neax

5-60 K can be fitted using an empirical equation exciton in the temperature range of 15-50 K is confirmed by
the pronouncedr-polarized LO phonon emission shifted ex-
n=(dl,/d EE,EO)/T”, (5) actly on 92 meV from theX(7) energy position.

The forbidden exciton FX(I'g) was frequently registered
where v=1-1.5. The good fittingthe dashed line in Fig. atklc in wurtzite compounds;®®?*particularly, due to the
10(c), v=1.5] can be obtained if the value afl,/dE is  strain-induced finiteness of the wave vector. Without external
determined in the vicinity of thé exciton energy, namely, magnetic field this contribution is usually weak in GaR.
within the A exciton linewidth(<3 me\). This indicates that The lifetime of the forbidden exciton is much longer than
the effective interbranch scattering between differently polarthat of allowed transitions, which increases the probability to
ized exciton-polariton states is effective only with close andoe scattered to ther-polarized polariton branch. Contribu-
small enough polariton wave vectors. tion from the mixed states involving the longitudinal polar-
iton LP(I'5) is possible as well, even at the normal excitation
used, as a result of the slight tilt of tleeaxis. The compo-
nents might be important at temperatures higher than 50 K.

The above-presented results show that the disputable Thus, the observed temperature and excitation power be-
X(7) line really exists in the vicinity of thé\ exciton and havior of the X(w) line and temperature variation of the
possesses the following controversial characterisiigsa  Ppolarized LO phonon-assisted emission permit us to consider
low-temperature PL intensity higher than tlepolarized this line as a combination of the bouBdexciton and several
component of FX, (i) a slow increaséalmost saturation contributions related to th& exciton band. The interplay in
of the intensity with increasing excitation power at low tem- intensity between the contributions of different nature, likely,
peratures(iii ) a temperature variation of intensity similar to explains the kink in the temperature dependence oKifve)
that for the free excitons. We suppose that only a combine@nergy. However, there are two disputable iter(i$:the
line, whose different constituents dominate at different tem-bound B exciton originating fromI's states is not directly
peratures, could possess these features. The bound excitobserved in the spectr&j) the PL line related to the free
BX(I';) and scattered\ exciton states including forbidden B(I's) states is also weak, in spite of the pronounced corre-
and mixed ones are probably among its main contributionssponding feature in thR spectra.

We should exclude from the consideration the doublet polar- These facts force us to consider the role of polariton ki-
iton emission of the B band, due to an energy separationetics in the enhancement of th¢) line as compared with
between ther-polarized peaks at least three times larger tharthe FXa(o) emission. Fok Lc, different polariton branches

A 7. Contribution of outer edg8 exciton emissioriwhich ~ coexist in the vicinity of theA exciton with only the polar-

at low temperature seems to be possible because of the spten branch LPB(I";) allowed in# polarization[Fig. 2(b)].

cific band alignmentis not a probable candidate either, since The branches differ in their curvature and, hence, in the po-
the X(r) line follows rather the internah than the edgd8  lariton group velocityv,. On one hand, the population and
exciton in the whole temperature range studiEd. 4). the scattering efficiency of a branch is inversely proportional

As for the bound exciton contribution, polaritons can beto v,; on the other hand, the probability of the polaritons to
scattered to excitonlike states and captured by the same sc&scape from the crystal is directly proportional to the same
tering impurities that are, presumably, neutral donors inv, value’®®’Near the transverse energy of tBexciton, the
GaN>3 The absence of the-LO replica at low temperature group velocity of the LPB(I";) is low, which permits effec-
with intensiveX(7) confirms the dominance of the°Xg;  tive scattering of the exciton-polariton to the-polarized
contribution, since a LO phonon replica of tiieeexciton  boundB exciton states. Additional provision can be achieved
bound on neutral donors should be weak. The contributioffrom the UPB+ LPB(I";) branch, whose population is to
appears to be dependent on residual donor concentration likee enhanced by involving the stro@(I';) excitonic states.

a scattered component observed in Ref. 18. The higher dondihus, the BX(I';) emission is expected to be strong. At the
concentration in the sample grown on the Si-doped templatsame time, the combined URB LPBg branch[see Fig.
provides~1.5 increase of th¥ () line intensity. TheD®Xg 2(b)] permits efficient lowering of the polariton states origi-
component saturated with increasing excitation power dropeating fromB(I's) to energies corresponding to teexci-

V. DISCUSSION
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ton, where the respective emission is assigned as thassisted emission has shown that the boBnelxciton ap-
o-polarized component of thé\ exciton. Therefore, the pears to be an essential component of the line at low tem-
o-polarized emission in the vicinity of thB exciton can be peratures, while contributions from scatte#edxciton states
low. In the vicinity of theA exciton bothl'5 branchegsingle  become appreciable when the temperature rises. The en-
LPB, and combined UPB+LPBg) are characterized by a hancement of ther-polarized PL components can be en-
low group velocity. This can result in the relatively weak forced by the high group velocity of tH&(I";) branch in the
o-polarizedA exciton-polariton emission in this bottleneck. vicinity of the A exciton, which provides an effective channel
On the contrary, th&'; branch, possessing high, provides  for PL emission from the crystal.
an effective channel for different scattered contributions to The u-PL andR studies reveal also inequalities in optical
emit from the crystal. properties of cleaved edge and top surface regions in the
It is worth noting that only the joint contributions of the GaN layers, tentatively explained as induced by a different
discussed components and peculiarities of the polariton banstrain in these regions. The observed band alignment in outer
arrangements &t c can result in the observed(w) en- and internal regions is important for the edge-emitting de-
hancement and its temperature behavior. We believe that dces, such as LED and lasers, since the absorption edge of
final decision about the preferable mechanism needs addihe material adjusting to the cleaved edges appears to be
tional studies, e.g., time-resolved and magneto-opjicRL ~ below the energy of emission from internal regions, which
measurements may be especially useful. can induce additional losses.
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