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Stimulated emission due to spatially separated electron-hole plasma and exciton system
in homoepitaxial GaN
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Stimulated emission under quasi-resonant photoexcitation was studied in high-quality homoepitaxial GaN
layers. Emission escaping perpendicular to the excited surface as well as propagating along the surface was
analyzed as a function of the excitation power density in the temperature range from 8 to 600 K. Contributions
of stimulated emission due to inelastic exciton—exciton/carrier interaction and recombination in electron-hole
plasma(EHP) were revealed and simultaneously observed from the sample edge. The concurrent action of two
mechanisms of stimulated emission was interpreted to be caused mainly by spatially inhomogeneous Mott
transition due to separation of EHP located at the very surface of the layer and dense exciton gas located deeper
in the layer. The separation is facilitated by high carrier diffusion length in homoepitaxial GaN. Stimulated
emission due to inelastic exciton—exciton/carrier interaction was unambiguously traced up to the temperature of
440 K.
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[. INTRODUCTION The most radical solution of the substrate problem is ho-

Recently, InGaN/GaN quantum well based laser diode&N0€pitaxy of GaN layers on bulk GaN substrates with low
(LDs) and light-emitting diodegLEDs) became indispens- dlslocat!on _denS|ty.. SL.JCh' bulk crysFaIs grown from solupons
able commercial solid-state light sources in the green/blue?f atomic nitrogen in liquid Ga at high Noressure and high
violet spectral region2 A rapid increase in the market po- temperatur€-?'contain less than t@lislocations per cAr?
tential of the LEDs is stimulated mainly by their applications (Very recently a liquid phase epitaxy method in a Ca—Na
in traffic lights, large scale full-color displays, LCD back- mixed flux system was proposed for the growth of large size
lighting, and white sources of light, while the LDs have goodGaN _single crystals with a dislocation density below 2
prospective in high-density optical storage, high-resolutionx 10° cm™2.2% Among all the available approaches, ho-
printing, and projection displays! However, a large variety moepitaxy is the only one, which is capable to deliver GaN
of important applications such as detection of biological andayers of superior structural and optical quality with ex-
chemical agents, medical diagnostics, phototherapy, disinfe¢remely low dislocation densif% Despite small size and
tion, deodorization, and solid-state lighting require efficienthigh production cost that prevent large-scale applications
light sources in the UV spectral regidriTherefore, use of (visible LED9, homoepitaxy over GaN monocrystals might
pure GaN or AlGa N layers in the active region of UV be the technology of choice for specific applications like
emitters is highly desirable. In spite of such a great impor-high-power LDs and deep-UV LEDs, where exceptional
tance of GaN for its utilization in multilayered heterostruc- quality is the first priority.
tures for the green/blue/violet and UV light emitters, com- On the other hand, GaN homoepitaxy provides a unique
prehensive understanding of the intrinsic emission processegpportunity to study almost strainless GaN layers with espe-
in GaN is not unambiguously established so far. cially low density of structural defects, high carrier

Since GaN layers are usually grown by heteroepitaxy omobility,?® and long carrier lifetimé?! In particular, this ap-
sapphire or SiC substrates, they contain a very large densifyroach based on almost intrinsic GaN allows one to get a
of threading dislocationg~10®—10'° cm™) because of a deeper insight into the processes of stimulated emission in
large lattice and thermal mismatch with the substfdt&aN  this material.
layers with a high density of dislocations are not desirable Numerous experimental and theoretical studies of optical
for fabrication of advanced light-emitters, since dislocationsgain in GaN and related materialsee e.g., Refs. 27—85
serve as nonradiative centers for nonequilibrium carriers anthay be pointed out as an indication of high importance of
deteriorate efficiency of light emissiéni®Also, dislocations  better understanding of the processes of stimulated emission
were found to be a major cause of degradation of laser difor development of UV LDs. However, by using a conven-
odes, which operate at high current denéit}?2 Despite of  tional variable-stripe-length excitation methdneasurable
enormous efforts to reduce the density of threading dislocavalues of the optical gain coefficient are well below
tions by employing low-temperature-interlayer technofdgy 10* cm 2837383 maximum value predicted in GaN for in-
and epitaxial lateral overgrowth technidfé® with its nu-  trinsic mechanisms of stimulaticf. Therefore, measure-
merous modification&>1" typical dislocation density in GaN ments of the optical gain coefficient provide with poor infor-
layers still remains higli~10°-10" cm™?). mation on the origin of stimulated emission and extended

0163-1829/2004/624)/24531§9)/$22.50 69 245316-1 ©2004 The American Physical Society



K. KAZLAUSKAS et al. PHYSICAL REVIEW B 69, 245316(2004)

spectral investigations are to be performed. Also, a deeper @ sample [@)  sample
understanding of the mechanisms of spontaneous and stimu- ..-&“
lated emission is desirable for better characterization of GaN, K

what is important for various applications, especially in de- Jfaser *b{ .y

vices operating at high density of nonequilibrium carriers.
FOIIOW'ng the first opservation of stimulated emission FIG. 1. Sample excitation geometries: front-surfé@eand lat-
from optically pumped single-crystal needles of GaN at 2 Ky (b).
in 19712° two processes were pointed out as the most prob-
able origin of stimulated emission in GaNi) inelastic  study exhibited extremely long carrier lifetimes at high exci-
exciton—exciton/carrier scattering resulting in radiative re-tation(890 ps in homoepitaxial and 190 ps in heteroepitaxial
combination of the exciton colliding with another excitdn GaN layers at room temperatyf¢ The long lifetime was
or electrorthole), and (i) recombination in EHP, which oc- attributed to a significantly_lower density _of nonradiative de-
curs at high-density and/or high-temperature regtine. cay centers, and thus, to improved quality of homoepitaxial
The competition of these two optical gain mechanismsGaN layers. Moreover, lowering of the threshold for stimu-
depends mainly on carrier density and temperature. Opticaftéd émission and considerable enhancement of optical gain
amplification due to inelastic exciton—exciton collisions was?t fixed excitation conditions were observed in the homoepi-
observed at 80 KRef. 42 and up to 120 K in GaN needle '@ial layer, as compared to the heteroepitaxial lagrers.
crystals? up to 150 K in MOCVD-grown GaN layers on , The Nomoepliaxial Gan samples under study were prima-
ey . -
;?Cpgﬂrfga#g tl?pzfg Klglg yoirﬁ:vl—?v%rggr:o?vﬁNt:ﬁl)lie%;S der low-power continuous-wav@w) excitation by He—Cd

. laser operating at 325 nm wavelength. Quasi-steady-state PL
crystals3334 To the best of our knowledge, the highest teM-oyneriments at excitation power densities of up to

perature of stimulated recombination due to excitons_qg mMw/cn? were carried out by using a Q-switched
(300 K) was reported in GaN/AlGaN separate confinemeniyg-yaG laser(pulse duration 10 nsThe frequency-tripled
heterostructures grown on Sf€whereas stimulated emis- |aser radiatior(3.50 eV} served for band-to-band GaN exci-
sion was observed in GaN at temperatures as high agtion with small excess energy of the photoexcited carriers
700 K3143Generally, the higher the temperature for exciton-(quasi-resonant excitatipnUse of quasiresonant photoexci-
related stimulated emission to manifest itself, the higher theation was critical for resolving spectral bands, while a non-
quality of the crystal. resonant photoexcitation with a high photon excess energy

The present paper is aimed at the study of stimulated4.66 eV} resulted in broadening and overlapping of PL
emission in homoepitaxial MOCVD-grown GaN with exclu- bands due to carrier heating, as studied in more details for
sively high structural quali? and long lifetime of nonequi- heteroepitaxial GaM®
librium carriers?* We study emission propagating both per- The PL signal was dispersed by a 0.6-m double mono-
pendicular and parallel to the photoexcited surface of thehromatorJobin Yvon HRD } and detected by using a UV-
crystal under excitation power densities within a large dy-enhanced photomultiplier tulielamamatsu R1463PSingle
namic range and at temperatures ranging from 8 K to 600 Kphoton counting technique was used in the cw regime, while
By studying emission that emerges from the edge of the exthe spectra under pulsed excitation were recorded by a box-
cited sample, we demonstrate stimulated emission undejar integrator. A closed-cycle helium refrigerator was utilized
conditions of the inhomogeneous Mott transition that resultgor cooling the samples down to 8 K and the measurements
mainly in spatial separation of electron-hole plasma locategvere carried out in the temperature range up to 600 K.
at the very surface of the crystal and dense exciton gas lo- To distinguish between spontaneous and stimulated emis-
cated deeper in the crystal. We conclude that in homoepision, PL spectra under pulsed excitation were measured in
taxial GaN, stimulated emission due to inelastic exciton-two configurations. The luminescence collected in front-
exciton/carrier scattering can be observed up to temperaturegirface configuration from an excited spot of 0.3 mm in di-
as high as 440 K. ameter[see Fig. {a)] contained contribution mainly due to
spontaneous emission. In lateral configuration, amplified
light propagating along the sample surface was detected. The
light was collected from the cleaved edge of the crystal in the

MOCVD-grown homoepitaxial GaN layers of Adm  direction along a 3Q:m wide stripe focused on the crystal
thickness were deposited on hexagonal bulk GaN substratssirface by using a cylindrical lerjsee Fig. 1b)]. The laser
prepared from solutions of atomic nitrogen in liquid Ga atbeam was directed perpendicularly to the front surface of the
high N, pressure and high temperatuiegh nitrogen pres- sample in both configurations.
sure solution method, HNP$? X-ray diffraction analysis of It is worth noting that all PL data presented below refers
these layers revealed about 20 arcsec linewidth for théo the epilayer, since the bulk GaN substrate exhibits low
(0004 reflex using CuK alpha radiatiot? Transmission luminescence efficiency, probably, because of unintentional
electron microscopy, defect selective etching, and atomioxygen doping?
force microscopy revealed a very low dislocation density in
these layergless than 19dislocations per cf).?? lIl. RESULTS AND DISCUSSION

As compared with heteroepitaxial GaN layers on sapphire Figure 2 displays a PL spectrum of the homoepitaxial
grown at identical conditions, homoepitaxial layers underGaN layer measured at 8 K using a cw 0.1-W fcexcita-
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o _ (solid line) configurations. The excitation power densities and tem-
FIG. 2. Low-excitation PL spectrum measured in front-surfaceperatures are indicated.

configuration at 8 Khwyg is the longitudinal-optical phonon energy

separating the first and the second replicas of the dominant No substantial changes in the spectrum at low tempera-
(D% Xa™") peak shown inside the dashed rectangle. The inset dentures are detected with an increase of excitation power den-
onstrates the enlarged view of the spectrum in the dashedsity by more than 5 orders of magnitude up to 10 kW#cm
rectan_gul_ar area together with the PL spectra at different temperarne fyrther increase of the pump density causes a consider-
tures(indicated. able broadening and overlap of the lines, although the domi-
tion power density. The edge luminescence region is pred@nt donor-bound exciton peak might be resolved up to the
sented in more details at several temperatures in the insélignest pump densities. At room temperature and elevated
The spectrum is dominated by donor-bound excitb,X) ~ Pump densities, the luminescence spectrum consists of one
emission. Acceptor-bound excitdA®,X) as well as freed- ~ broad feature caused by band-to-band transitiees Fig. 3
andB- exciton emission linegindicated asX,"™* andXg", ~ Essentially different spectra are observed in lateral con-
respectively may also be identified as in Ref. 20. The line figuration. Typical spectra in both configurations are com-
(Do, Xa™1) peaked at 3.4720 eV is caused by recombinatiorPared in Fig. 3. Note the new bands that appear in lateral
of donor-bound exciton with a hole from tievalence band. configuration but are not observed from the front surface of
It is commonly believed that this line originates from Si andthe sample.

O donor impurities in undoped GaN grown by different Evolution of the lateral luminescence spectra with in-
techniqueg® The width (~1.5 meV} and shape of the line creasing the excitation power density is demonstrated in Fig.
shows that it probably consists of several closely stacked. At low temperatures and low pumping levels, the spectra
~0.1-meV wide lines that were resolved in GaN layersare dominated by sharp lines originated from donor- and
grown on pretreated GaN single crystdfeaks due to free acceptor-bound excitons. An increase of the pump density
A-exciton emission at 3.4780 eV as well as fi@exciton  results in a new narrow band peaked at 3.46 eV. The pump-
emission at 3.4860 eV are resolved on the high-energy slopgensity dependences of the PL intensity in the lateral and

of the main line. TheA-exciton binding energy to the neutral front-surface configurations are compared in Fig. 5. Data
donor, D° determined from the energy separation

(~6 meV) between the peak®?, X, and X, " is con- 107

sistent with that of Ref. 47. Separation of the line peaked at

3.4805 eV from thé3-exciton peak is alse-6 meV, thus the 108

line can be attributed tB exciton bound to the same neutral

donor(D°, Xg"™1). The PL peak at 3.4665 eV with FWHM of z ol

~0.7 meV is attributed to am\-exciton bound to shallow >

acceptor (A%, X,"1). The peak position is within 1-meV 5 10°

agreement with that in Ref. 47. RecombinationBoéxciton =

bound to the same neutral acceptdg, results in the line 8 .

(A%, Xg™1) peaked at 3.4765 eV. The so called two-electron f 10

transition(D®, X,"1),, involving radiative recombination of o /
one electron with a hole leaving the neutral donor with the 10° %
second electron in an excited stdtewas observed at 0.01 MW/cm; ~
~3.450 eV. The peak at 3.456 eV(without a labej might 10— 3.5 3_'40”'4 345

be associated with certain acceptor-bound exdfofihe
small peak at~3.498 eV is possibly related to free
C-exciton emission. Most of the sharp peaks have replicas FIG. 4. Excitation power density dependence of the PL spectra
due to recombination assisted by emission of one or twaneasured in lateral configuration at 8 and 292 K. The pump density
longitudinal-optical(LO) phonons with the energy ofw,  for each spectra depicted was increased incrementally by a factor of
=92.2 meV*¥ ~1.45.

Photon Energy (eV)
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) _ _ ) FIG. 6. Integrated PL intensity of stimulated emission bands as
FlG 5. Spectl’ally !ntegrated PL IntenSIty aS. a fUnCUOn Of thea function of the pump power density at two temperatL(i'Bdi_
excitation power density at 8 Ka) and 290 K(b) in front-surface  cated. Squares, the lower-energy stimulated band; circles, the

(solid circleg and lateral(open squargsconfigurations, respec- higher-energy stimulated emission band. The crossovers of the each
tively. For comparison, the curves are collated by an arbitrary vertwo curves are accentuated by dashed circles.

tical shifting.
that observed at 8 K for the highest pump densities. Note

shown by points in Fig. 5 were obtained by integrating of thethat at 292 K, the integrated PL intensity of the both bands
lateral PL spectra depicted in Fig. 4 and spontaneous Pheaking at 3.33 eV and 3.36 eV, respectively, also exhibits a
spectra measured in front-surface configuraiipat shown superlinear increase versus excitation power density, as
herg at each pump densityA shift along the vertical axis is shown by solid circles in Fig.(6). Thus, the pump dynamics
introduced in order to compare these dependend&sow a  of the PL spectrum measured at 8 K and 292 K is similar,
certain threshold, both the lateral and front-surface PL intenexcept that the two bands of the stimulated origin are easy to
sity exhibit almost linear dependencies on the pump densityspectrally resolve at 292 K while they are strongly over-
Whereas above the threshold, the dependence for lateral colapped at 8 K. To verify the identical origin of these bands, a
figuration changes to a superlinear one providing with a cleaPL spectrum dependence on the pump density was measured
evidence on an onset of stimulated emission. Note that aiy gradually increasing temperature from 8 K to 292 K. The
moderate excitation densities, the stimulated band maintainmeasurements revealed that increased temperature facilitates
a constant linewidth and almost constant peak position. Atesolving of the two stimulated emission bands. This is a
the highest pump densities, the band broadens and redshifiarprising effect, since usually increased temperature facili-
rapidly. tates an overlap of spectral lines due to thermal broadening.

Increased temperature results in thermal dissociation of To clarify such a contradictory temperature behavior of
bound excitons and, consequently, the sharp lines are rihe two bands, the integrated PL intensity of each band was
longer observed in the PL spectra at elevated temperaturésvestigated separately as a function of pump densge
(see spectra at 292 K in Fig.).4instead of sharp spectral Fig. 6). The intensities of the overlapped bands were de-
features, a broad band due to partially reabsorbed spontanéticed by decomposition assuming that the width and peak
ous emission dominates the lateral PL spectra up to the punposition of the higher-energy band negligibly depends on
power densities of~0.1 MW/cn? with no substantial pump density as it does at 292 K.
changes in the band shape. An increase in pump density Figure 6 demonstrates that an increase of the pump den-
gives rise to a band narrowing, i.e., a new emission bangity at 30 K is accompanied by a superlinear increase in the
emerges on the high-energy slope of the reabsorbeBL intensity of both stimulated emission bands up to the
spontaneous-luminescence band at 3.36 eV. The width ar@tossover of their intensitigindicated by a dashed cirgled
peak position of this new band show no considerable deperfurther increase of the excitation density results in a boost of
dence on pump density in the same manner as the width aritle intensity of the lower-energy stimulated baimticated
peak position of the stimulated emission band peaked aty solid squareswith respect to the higher-energy bagia-
3.46 eV do under moderate pump densities at 8 K. dicated by solid circles In contrast, the intensity of the

However, the most striking feature of the dynamics of thehigher-energy band saturates just above the crossover and
spectra with increasing pump density at 292 K is a rapidmaintains a constant value up to the highest pump densities.
emergence of the second band that is located at lower ene# qualitatively similar evolution of the PL intensity of both
gies(3.33 eV at the threshojdwith respect to the first band. stimulated emission bands with increasing the pump density
In contrast to the first band, the second one drastically broadip to the intensity crossover point is observed also at 292 K
ens and redshifts with pump density. Moreover, the evolutior(see open points in Fig.)6Due to the increased threshold of
of the second band with increasing pump density is similar tstimulated emission at 292 K, these dependencies, as well as
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their crossover point are shifted towards a higher excitation 5
density by more than one order of magnitude in respect to x“(n) =
that observed at 30 K. At 292 K, the crossover is achieved at
the highest pump density used in our experiment, and therg4ere, ¢ is the static permittivity, and; () is a Fermi inte-
fore, further saturation of the PL intensity of the higher- 4.5 of thej order as a function of the reduced Fermi quasi-
energy band, as was observed at lower temperatures, coyile| ..., which is determined by the Mott density and tem-
not be attained. Note that at the highest pump density, thgerature. For GaN, the Mott density calculated using (Ey.
lower-energy stimulated-emission band is by two orders okpould increase by one order of magnitude when the tem-
magnitude more intense than that of the higher-energy bangerature increases from 30 K to 292 K.
at 30 K, whereas the intensities of the two bands are very second, a higher excitation density for achieving the Mott
similar at 292 K. At 30 K, such a huge difference in intensity yransition at higher temperatures might be required because
results in a strong overlap of the high-energy band by they some temperature-induced decrease in carrier lifetime
much more intense lower-energy band. Given that at thene same samples, the lifetime of theexciton of 2.7 ns
highest pump density the separation between these bands{gye been reported at low temperafirén contrast to
almost the same for all temperatures, this in part accounts fq§ 89-ns carrier lifetime at room temperatifje This can re-
the overlap of the two bands at low temperatures. sult in an additional half an order of magnitude for the cross-
The temperature and excitation power dynamics of laterabyer excitation power density at room temperature. The es-

PL described above can reveal mechanisms of stimulategnates presented can account for the observed temperature
emission in homoepitaxial GaN. Basically, the intrinsic gynamics of the Mott transition.

mechanisms of stimulated emission in semiconductors are” Note that in the entire temperature range, stimulated emis-

related with excitons and EHP. Based on the almost constaion in EHP occurs at photon energies lower than those for
linewidth and peak position versus excitation power densityne|astic exciton—exciton/carrier collisions. This means that
of the higher-energy lower-threshold stimulated emissionzHp attains the density required for the stimulation threshold
band, it is reasonable to attribute this band either to melas'ugmy after the Mott transition, which is a result of band gap
exciton—exciton and/or exciton—carrier collisions. On theshrinkage below the exciton ground energy, i.e., of disap-
other hand, the rapid broadening and a strong red shift withearance of excitons. Surprisingly, we observe both the
an increase of the pump density of the lower-energy higherayciton-related band and the EHP band simultaneously.
of the recombination in a dense free-carrier systéfhere- {5 two mechanisms, radiative exciton—exciton interaction and
fore, this band is probably due to EHP recombination. recombination of free carriers, was reported for GaN grown
To support _thg aforementloned_ assignments, the temperan sic up to 220 K2 Formerly, such a coexistence in CdS
ture and excitation power density dynamics of observedyng znO was attributed to phase separation within the ex-
stimulated emission should be discussed in more detail. 18jted area what results in a region filled with EHP and a
particular, the PL intensity dependence on pump density ofegion still exhibiting excitonic properties as confirmed by
the two bands shown in Fig. 6 is consistent with a phasgeflectivity and optical gain measurements using the two-
stimulated emission intensity assigned to EHP in respect tgyerjapped stimulated-emission bands at low temperature
the intensity of the exciton-related band can be attributed tQuere also distinguished by their different time behavior in
the Mott transition. Incrgased carrier density completelycgs (Ref. 53 and interpreted by spatial separation of EHP
screens Coulomb interaction between electrons and holes @g4 dense exciton system due to the decrease of the density

soon as the critical density is reached. This results in a satys photoexcited carriers from crystal surface into its hithe
ration of the intensity of the exciton-related band. Roughly,inhomogeneous Mott transitipn

the crossover of intensities of the two bands, accentuated by Generally, the dual structure of an emission spectrum can
a dashed circle in Fig. 6,_ indicates the. Mott transition point.pe caused by both temporal and spatial inhomogeneity of the
As one can see in Fig. 6, a considerably higher pummnotoexcited carrier system. Under high excitation, EHP can
density is required to _achieve the Mott transitiqn at elevateghe formed in regions with a higher carrier density, whereas
temperatures. In particular, for a temperature increase froraycitons can reside in regions with a lower carrier density. In
30K to 292 K, an increase of the excitation power by agyr case, spatial inhomogeneity should result from the trans-
factqr of apput 40 is requi.red to attain the crossover betweepgrsa| (almost Gaussianprofile of the excitation stripe and
the intensities of the exciton-related and plasma bands. Weom the exponential depth profile of the carrier density due
suggest that this effect is due to two reasons. First, the critirg diffusion perpendicularly to the surface of the sample. The
cal carrier density for the Mott transition increases with tem-giffusion-related profile can be even more fiayperbolio,
perature. Generally, the Mott density can be deduced from anere bimolecular recombination dominates. The temporal
equation inhomogeneity results from the leading and trailing edges of
the Gaussian excitation pulgeere, the pulse is long enough
agk(n) =1.19, (1) to assume that the carrier density follows the pulse shape
Since a Gaussian function has a much steeper decay than the
where ag is an exciton Bohr radius and the square of theexponential ong¢and even a much more steeper decay than
inverse screening length is the hyperbolic ong we conclude that the diffusion into the

en
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bulk of the layer contributes to the emission from lower-
density carrier system to a larger extent than the transverse
spatial profile and the temporal tails do. Therefore at suffi-
ciently high excitation densities, EHP should emit from the
region at the very surface of the crystal, while the high-
density excitonic system should contribute to the emission
due mainly to the lower-density region located deeper in the
crystal. The excitonic layer persists with increasing the exci-
tation density, being “pushed” deeper and deeper into the S
crystal, however. We suppose that in homoepitaxial GaN, 001 0.1 1 10
observation of spatial separation of two stimulated-emission Excitation Power Density (MW/cm?)

bands in the lateral spectra up to temperature of 440 K is

facilitated by a large length of carrier/exciton diffusion that ~ FIG. 7. Integrated PL intensity as a function of excitation power
results in spatial distribution of carriers and excitons on adensity at various temperaturéadicated.

cration depth of the exciation Tght. A6 A resul, an exchoncal De clearly resolved at 292 K. Note, that the purtp den-
p gnt. ’ .~ 'sities at the stimulation threshold of EHBee Fig. ¢ are

system with a density high enough for stimulated emission, ) sistent with the ratiag(30 K)/no(292 K) with the afore-

can form a layer th'(.:k en_ough for the emission to be Ob.'mentioned temperature-induced decrease of the carrier life-
served in lateral configuration. Our assumption on the neglizima taken into account.

gible 'influence of the Gaussian taflsoth qutial and tempo- Our results clearly indicate that in homoepitaxial GaN
ral) is supported by the fact that in front-surface gpjjayers, the threshold of stimulated emission at room tem-
configuration, only one spontaneous-recombination band igerature is predetermined by inelastic exciton—exciton/carrier
observed, probably due to EHP, whereas spontaneous emigy|iisions in partially ionized exciton gaéThe excitonic ori-
sion due to exciton—exciton/carrier collisions is strongly re-gin of stimulated emission is expected to manifest itself even
absorbed in the surface layer. stronger in relevant quantum structures, which may offer en-
Note that the absence of stimulated emission in the fronthanced exciton b|nd|ng energyjo set the temperature limits

surface configuration also indicates high structural qualityfor exciton-related stimulated emission in homoepitaxial
and a low density of cracks in the homoepitaxial GaN, sincegaN, which to our opinion is the most close to intrinsic
cracks and rough surface are known to scatter stimulateghystal, we have measured the lateral PL spectra up to 600 K.
emission propagating along the surface of the photoexcitegthe dependence of the integrated PL intensity versus the
crystal> excitation power density at various temperatures is illustrated

_ The diffusion-related spatially inhomogeneous Mott tran-in Fig. 7, whereas the spectral dynamics with increasing tem-
sition is capable of accounting for simultaneous observatiomerature is shown in Fig. 8.

of two stimulated-emission bands. To give a reasonable ex- As can be seen in Fig. 7, the threshold behavior of stimu-

planation of the “anomalous” spectral separation of thesgated emissior(a crossover from a linear to superlinear de-
bands with increasing temperature, band gap renormalizatiofendence of the lateral PL intensity versus pump density
at the threshold of stimulated emission in EHP should b&yith the front-surface PL intensity keeping almost linear de-
considered. According to Ref. 55, the change in the band gagendencg can be resolved up to the temperature of 590 K.
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energy due to renormalizatiqabove the Mott densijyis The superlinear lateral PL intensity versus pump density de-
pendence tends to saturate at the highest pump densities.
—_ Erm’ag Such a saturation is a typical feature of stimulated emission
OB, = , (3) . : | stimulate
12 and is caused by depletion of population inversion due to

amplified emission propagating in the inverted medium, pro-
whereEg is the exciton Rydberg. vided that the gain is high enoughWith increased tempera-

In order to compare the influence of band gap renormaltyre, the saturation point is seen to shift to higher excitation
ization at the stimulation threshold for 30 K and 292 K, thedensities. Above 290 K, the saturation cannot be attained
threshold carrier densityno, should be estimated at each even at the highest pump uséske Fig. 7 indicating that
temperature. By utilizing the condition of the onset of free-stimulated emission is no more able to dominate recombina-
carrier gain, i.e., the transparency pdifitie+un=Eg, We  tion, probably, because of an increased role of nonradiative
estimate the threshold carrier density for GaNcapture.
to be n(30 K)=1.4x10"cm3 and ny(292 K)=4.2 Figure 8 displays the spectra of lateral PL measured at
X 10" cm3. These calculations yield a factor 6f1.8 for  two pump densities for each of the given temperatures.
the ratio 5Eg(292 K)/6E (30 K). This means that at low Dashed curves indicate the lateral PL spectra measured at the
temperature, the onset of stimulated emission due to EHRighest pump density8.7 MW/cn?). Solid curves display
occurs at smaller band gap renormalization than that at higthe spectra of lateral PL measured at pump densities most
temperature. Meanwhile, the exciton energy is known to béavorable for the observation of the high-energy stimulated
almost insensitive to the carrier density. As a consequence, i@mission band. To reveal the peak shift, the spectra are nor-
the vicinity of the Mott transition the exciton-related and the malized. The temperature behavior of the lateral emission
EHP bands are stronger overlapped at 30 K, whereas theypectra indicates that starting with about 200 K, two
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FIG. 9. Temperature dependence of the peak energy of the
stimulated emission bands due to exciton-related phenoisetid
pointy and EHP(open trianglep at the highest pump density of
8.7 MW/cn?, respectively. Lines represent results of numerical
modeling of inelastic exciton—excitor{P,, band, solid ling,
exciton—electron(dashed ling exciton—hole(dashed—dotted ling
and exciton—LO phonordotted ling scattering for exciton density
at the Mott transition.

Normalized PL Intensity (arb. units)

075 0.0 -0.05 0.0 triangley, respectively. Since the peak positions depend not
Relative Shift only on temperature but also on the pump density, we se-
from Exciton Energy (eV) lected the points that correspond to the highest pump densi-

ies applied.

The numerical calculations were performed by taking into
account Coulomb and exchange interactions between an
Blectron and hole as introduced by Moriya and KusHiga
e(‘?or exciton—exciton interaction and Benoit a La
Guillaumé?® (for exciton—carrier and exciton—LO phonon in-
stimulated-emission bands can be resolved. The lowefSraction. Polariton effects vyerehalso taken |n|to.acg§|).unt r?y
energy band, which is obviously due to EHP, can stil peincorporating a term containing the exciton polarizability, the

. . . value of which for the homoepitaxial GaN was taken from
resolved at 390 Ksee Fig. 9and it completely disappears at the Ref. 60. The temperature-induced band gap shrinkage

440 K. The exciton-related higher-energy band, which exyaq introduced by using the temperature-dependent exciton

h_ibits an almost_ constant peak position and linewidth, Pelenergy described by a Bose-Einstein—type expression
sists even for higher temperatures. However becaus_e of aﬁ‘és(T):Eés(O)—A/exq,B/T— 1), where the values of
sence of double structure of the spectra, we unambiguousky 47g eV, 0.121 eV, and 316 K were taken for the exciton
set the high-temperature limit for manifestation of exc:itonsenergy at zero temperatuﬁés(o) and the coefficienta and

in stimulated emission from GaN to at least 440(Ro the s yegpectivelf* The highest possible exciton density, i.e.,
best of our knowledge, the stimulated emission due to radiage Mott density, was used in calculations at each tempera-
tive exciton-exciton/carrier interaction has not been observegre point.

in GaN at such high temperaturgdbove 440 K, only one The dependencies depicted by lines in Fig. 9 represent the
broad feature descending from the higher-energy band is olpeak energy of the calculated optical gain spectra. A fairly
served in the stimulated-emission spectra with an excitonigood agreement between the calculated and experimental
contribution still being possible. data evidences that at low temperatue to ~150 K), in-

To provide with additional evidence on the significant elastic exciton—exciton collisions with one of the interacting
contribution of the inelastic exciton—exciton/carrier scatter-excitons scattered to the exciton continuum dominate stimu-
ing to stimulated emission in a wide range of temperaturedated emission. At higher temperatures, several exciton re-
we collated the temperature dependence of the peak energgted processes, such as exciton—exciton and/or exciton—
of the stimulated emission bands with numerical calculationgarrier collisions can contribute stimulated emission. These
of the gain spectrum due to stimulated exciton—-exciton angnechanisms are difficult to distinguish because of their simi-
exciton—carrier recombinatioexciton—-LO phonon interac- lar temperature dependence of the peak energy above 150 K.
tions was also considergdPoints in Fig. 9 represent the In addition above 300 K, exciton—LO phonon should not be
experimental peak positions of the stimulated-emissiorexcluded as well. Above 500 K, the mechanism of stimu-
bands that were attributed to inelastic exciton—exciton/carrielated emission is difficult to identify because of lack of ex-
interaction(solid pointy and recombination in EHRopen  perimental data above the threshold of stimulation.

FIG. 8. PL spectra measured at two pump intensities in Iatera?
configuration(1,=8.7 MW/cn?) for different temperaturegindi-
cated. The energy axis of each spectrum is presented as relative
the exciton energy indicated by the vertical dashed line. The dash
curve connecting the peaks is a guideline for the eye.
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IV. CONCLUSIONS the layer containing excitons at a density high enough for
stimulated emission to occur. Stimulated emission due to in-
To summarize, photoluminescence emitted from the frongjastic exciton—exciton/carrier collisions was unambiguously
surface and emission propagating along the sample surfagced up to a remarkably high temperature 0840 K.
was studied as a function of temperature and excitatiohese results show a high potential of homoepitaxial GaN in
power density in homoepitaxial GaN under quasiresonanyy optoelectronics and might be utilized to identify mecha-
quasi-steady-state excitation conditions. The results of thgisms of the stimulated emission in GaN layers of different
study evidence that light is mainly amplified by two mecha-qyality.
nisms, namely recombination in EHP and inelastic exciton—
exciton/carrier collisions. In a certain range of excitation ACKNOWLEDGMENTS
densities and temperatures, the bands of stimulated emission
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