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Exciton hopping in In,Ga;_,N multiple quantum wells
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The dynamics of photoexcited excitons in thin InGaN/GaN multiple quantum w@W¢'s) with different In
contents was studied by comparing the experimental data obtained by photolumind&tenéd excitation,
and photoreflectance spectroscopy techniques with the results of Monte Carlo simulations of exciton hopping.
The temperature dependence of the PL linewidth was demonstrated to be in a fair agreement with the model of
phonon-assisted exciton in-plane hopping within In-rich regions with inhomogeneous broadening taken into
account. The band potential fluctuations, which scale the dispersion of localized states the excitons are hopping
over, were attributed to compositional disorder inside the In-rich regions. Meanwhile, the inhomogeneous
broadening was explained by variation in mean exciton energy among the individual In-rich regions. For
typical 2.5-nm-thick InGa;,N (x=0.22 QW'’s, the simulation revealed fluctuations of the band potential
(31 meV) with additional inhomogeneous broadenif® me\) and a crossover from a nonthermalized to
thermalized exciton energy distribution at about 150 K. Both the fluctuations and inhomogeneous broadening
showed an enhancement with increasing of In content. Simultaneously, a Bose-Einstein-like temperature de-
pendence of the exciton energy in the wells was extracted using data on the PL peak position. The dependence
exhibited a fair conformity with the photoreflectance data. Moreover, the density of localized states used in the
simulation was found to be consistent with the PL excitation spectrum.
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InGaN/GaN multiple quantum wellSMQW'’s) are the W-shaped linewidth dependeric€indicate that exciton and
key components of many commercial devices emittingcarrier motion and the thermalization process occur through
green, blue, near-UV, and white light. The widely acceptedphonon-assisted hopping over localized state¥ Such PL
paradigm is that the inhomogeneous distribution of indiumbehavior related to exciton hopping was initially revealed in
facilitates high quantum efficiency of nitride-based light InGaAs/InP and ZnCdSe/ZnSe quantum wéll§ and was
emitting devices in spite of the tremendous density of dislo-accounted for in terms of incomplete thermalization of local-
cations peculiar to InGaN/GaN structures grown on latticedized excitons at low temperature. Recently, an evolvement of
mismatched substratésThe formation of In-rich regions in the S-shaped and W-shaped temperature dependences of the
InGaN is proved by high-resolution microscopy and x-rayPL peak position and linewidth, respectively, was observed
microanalysis;® spatially resolved cathodoluminescerice, with gradual introduction of indium into thick layers of
and near-field optical microscopy.However, despite an im- AlGaN alloy® By using Monte Carlo simulations of exciton
pressive commercial success, the physical origin of efficienhopping, this observation resulted in unveiling of an intricate
light generation in this partially disordered system is un-pattern of the band potential, containing fluctuations both
veiled incompletely. In particular, further effort is required to within the In-rich regions and among the regiof®uble-
link the intricate structure of InGaN with its electrical and scaled potential profile
optical properties. Here we generalize that exciton hopping can universally

It is generally believed that the unique optical propertiesaccount for PL temperature dynamics in group-Ill nitride al-
of InGaN are related to the specific nature of carrier motiorloys, including quantum well structures. This is evidenced by
that is governed by fluctuations of the band potential due t@omparison of the experimentally obtained temperature de-
compositional disorder. In particular, carrier and exciton lo-pendence of the PL parameters with the corresponding
calization in fluctuation minima should prevent them from Monte Carlo simulation results in thin InGaN/GaN MQW'’s
reaching nonradiative recombination sites. However, thevith different In contents. To provide more proof, the results
character of carrier and exciton motion and the relevant prowere shown to be in quantitative agreement with extended
cess of establishing of their distribution over the localizeddata on the localized states obtained from photoreflectance
states in InGaN are not completely understood. Meanwhile(PR) and photoluminescence excitatiPLE) spectra.
an anomalous temperature behavior of photoluminescence Since the extraction of spectroscopic signatures of exciton
(PL) in group-lll nitride alloys and relevant quantum wells hopping relies on precise measurements of the PL
designated as an S-shaped peak position dependence dmkwidth!® our study was performed in narrow quantum
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FIG. 1. Evolution of the PL spectra with temperature in » ofola ., 1 ...
Ing o GaNy 76/ GaN MQW'’s. The temperature is incremented by 0 50 100 150 200 250 300
15 K starting from 10 K(the uppermost spectryrand ending with Temperature (K)
310 K (the lowermost spectrumThe band peak positions are indi-
cated by dots. FIG. 2. (a) Temperature dependence of the full width at half

. ) ~ maximum of the photoluminescence band in 2.5-nm
wells, where th(_e mhomogeneogs_broaden_mg _of the_ PL “néPno_ZZGal\bjg/GaN MQW's. Points depict experimental data;
due to fluctuations of the built-in electric field via the gashed, dotted, and solid lines show results of the Monte Carlo
quantum-confined Stark effe¢QCSH is small enough to  simulation of exciton hopping for different scales of random poten-
allow measurements of the PL linewidth with sufficient ac- g fluctuationse (indicated with the innomogeneous broadening
curacy. Here we employed MQW structures containing 2.51 taken into account: dash-dotted line represents resultsofor
nm-thick InGa_,N quantum wells. The structures were =31 mev andl'=0. (b) Simulated temperature dependence of the
grown by metal-organic chemical vapor deposition over asiokes shift of the PL band peak position in respect of the mean

sapphire substrate and consisted of fivgaa_,N quantum  eyciton energy corresponding to the bestfitted linewidth
wells separated by 9-nm-thick GaN barriers deposited on g@ependence.

2.5-um-thick GaN buffer layer.

Structures with different In content were under study. Toand longitudinal-optical-phonon-replicated recombination of
ensure identical growth conditions, we fabricated a set ofocalized excitons, respectively. The PL intensity maintains
samples in a comparatively narrow range of In content from@n almost stable value below 50 K and decreases at elevated
22% to 27%. Below we focus our description of the study onlémperatures, most _prot_Jany due to enhanced |nf|u_e_nce_of
the sample containing §3,Ga, N MQW’s and summarize n_onr§1d|at|ve recombl_nathn. The PL band pez_ik_ position is
the results on an identical investigation carried out onMighlighted by dots in Fig. 1. The peak exhibits a well-
samples containing quantum wells with different In content€Stablished S-shaped temperature behdvioit slightly

A continuous-wave He—Cd laser emitting at 325 nm Wasredhlfts in the range from 10 K to 1QO K, thgn blueshifts in
used for the excitation of PL, whereas a broadband Xe lamf'€ range of up to 180 K, and redshifts again afterwards.
was exploited in the PLE measurements. The PL signal was 1he points in Fig. &) show a W-shaped temperature de-

dispersed by a double monochromataobin Yvon HRD-1 pendence of the full width at half maximu(@WHM) of the
and recorded by using a photomultipliHamamatsu PL band with a characteristic kink at about 150 K. The

R1463R in the photon counting regime. To avoid distortions S-Shaped temperature behavior of the PL band peak position
of the PL line shape due to Fabry-Perrot interference causedf’d the W-shaped temperature behavior of the linewidth are
by multiple reflections of light between the substrate andNOWn to be a signature of exciton hopping over randomly
sample surfacévhich are~2.5 um aparj, we collected the dlspersed localized states W|th a crossover fro_m a nonther-
PL signal propagating through the transparent substrate thgt@lized gto a thermalized distribution function of the
was frosted to randomize the angles of the escaping photon€XCitons- , o
The PR spectra were measured using a chopped excitation Th€ observed temperature behavior of the PL linewidth
beam of the same He—Cd laser. The modulated constitueMfas simulated by using a two-dimensiofD) Monte Carlo
of reflected halogen-lamp radiation was detected by mearre‘,ro_Cecluréa with the Miller-Abrahams rate for phonon-
of a lock-in amplifier (Signal Recovery 7265 A closed- gssstgd .excnon tunn(_allng between the |q|t|al and final states
cycle helium refrigerator was employed to perform the meal @ndj with the energiess; andE;, respectively:
surements at temperatures down to 10 K. 2ry E-E+|E-E|
The near-band-edge PL spectra measured at different tem- Vinj = Vo €XP ~ - oo T
LS rent t 2ksT
peratures are presented in Fig. 1. The spectra contain a single
band with a hump on the low-energy slope separated by agdere r;; is the distance between the statesjs the decay
proximately 90 meV. We attribute these features to direclength of the exciton wave function, ang is the attempt-
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to-escape frequency. Hopping was simulated over a ran- o~ 50 T T ——

domly generated set of localized states with the sheet density g - o
N. Dispersion of the localization energies was assumed to be s Br r o~ 1
in accordance with a Gaussian distribution g 40 [ L T
- i 7 -
(E- Eo)’ 2 A A
- 8 35| a
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with the peak positioned at the mean exciton endtgynd £ M S RN
the dispersion parametéhe energy scale of the band poten- s 0.22 0.24 026 0.28

tial profile fluctuation$ o. For each generated exciton, the Indium Molar Fraction

hopping process terminates by recombination with the prob- _ _ S _ _

ability 7'51 and the energy of the localized state, where the FIG. 3. Potential fluctuations within individual In-rich regions

recombination has taken place from, is scored to the emidv) and inhomogeneous broadening due to fluctuations in the aver-

sion spectrunsy(hv). age exciton energy among individual In-rickll regicﬁﬁ$ as a func-
Fitting of the temperature dependence of the simulated PEC.’S hOf flnz rgolar fraction in IpGa N MQW's with a fixed wel

linewidth to the experimental results reveals the importaanI thof 2.5 nm.

peculiarities as follows. In the initial temperature range frompyent with the well-established fact that in group-Il nitrides
10 K 'to 150 K, the variation of the linewidth is due to ther- i, reased In content facilitates an enhancement of band po-
mal enhancement of exciton hopping within the nonthermaligniial fluctuation°
ized energy distribution and the shape of thezdependence IS Thus, our Monte Carlo—simulation-based analysis reveals
basically a function of the spatiéhe producNa®) and tem- 5 qoyple-scaled band potential profile in InGaN quantum
poral (the productry7o) parameters of the hopping process. ye|is similar to that deduced in AllnGaN bulklike layéfs.
The kink in the temperature dependence of the Imew@th akych a band potential profile implies hopping of excitons
about 150 K represents a crossover from a nonthermalized {Qiinin isolated In-rich regiori! with the band potential
thermalized energy distribution of excitons. The Crossovero ghnessr, whereas the average exciton energy is different
temperature is related mainly to the energy scale of the bang cach In-rich region and is dispersed over the s&alén
pqtential fluctuationsg. Finally, an almost constant line- ihick layers, the dispersioR can be attributed to band-gap
width right above the crossover temperatd®s0-180 K f,cryations due to different average indium content within
indicates an occurrence of a thermalized exciton energy disne |n-rich regiond? In quantum wells, the PL line can be
tribution. However, to achieve a quantitative agreement withyqgitionally broadened by the well-width fluctuations that
additional inhomogeneous broadeniilg should be intro-  tions of piezoelectric polarization, which result in the inho-
duced. The simulated initial emission spectrfigthy) trans-  mogeneous red shift due to the QCZE.
forms to Figure 4 depicts several PR spectra measured at tempera-
tures above 200 K(At lower temperatures, the PL back-
_ , , . ground was too high to extract reliable dat@&he spectra
Sthv) ‘J So(hv)G(I, hy = hw')dhy', (3 contain a double structure, probably due to phase separation
in InGaN (Ref. 23 or an admixture of the symmetry-
whereG(T",hv) is a standard Gaussian function with disper—forb'%i'en optical transition involving first excited hole
sionI"2. The further increase of the linewidth above 180 K is level =" The arrows in Fig. 4 d.e’?Ote the energy of t_he lower
PR resonance deduced by fitting to Lorentzian line-shape

attributed to the participation of phonons in the radiative ional f Thi h .
transitions and to the influence of delocalized excitons thafUnctional form. This energy represents the mean exciton en-

are not taken into account in the model used.

The solid line in Fig. 2a) represents the best fit obtained
for the following values of the parametetsa?=1, vy7o=3
X 10°, o=31 meV, and'=29 meV. The dashed and dotted
lines demonstrate the sensitivity of the simulation results
with respect to the hopping energy scalewhile the dash-

Intensity (arb. units)

dotted line shows the simulated dependence without inhomo- 300K
geneous broadening. |

The same fitting procedure was appliggiith the same . _
parametersNa?=1, 1y7,=3x10°) to the set of InGaN 2.40 2.60 2.80 3.00
samples with different In content. Both potential fluctuation Photon Energy (eV)

scaleso andI” have a general trend to increase with increas-

ing indium molar fraction(see Fig. 3. Namely, o increases FIG. 4. PR spectra in jpGaN, 7/ GaN MQW'’s at different
from 31 to 38 meV, whereds increases from 29 to 47 meV temperaturesindicated. Bold lines represent the best fit with two-
for x ranging from 0.22 to 0.27. This result is in good agree-component Lorentzian functional form.

085306-3



KAZLAUSKAS et al. PHYSICAL REVIEW B 71, 085306(2005

2.84 -
[ 2
282 . S
$ ..l §
>, 280 z g ° 22% In
g’ - | ® Exciton (simulation) @ & A A —ov.28%
o [ | & PL (experiment) ] £ o N
w 278 o PR (experiment) £ ;U o 27% In
N ol 71 .
276 A AAAAAAAAA AT i
Aa, A Ap i
L ARy o s " 1 L N 1 L 1
0 50 100 150 200 250 300 26 27 28 29 30 31 32 33
Excitation Energy (eV)

Temperature (K)

. . FIG. 6. PLE spectra(pointy of 2.5-nm-thick InGaN/GaN
FIG. 5. Measured photoluminescence band peak positipan MQW's with different In contentgindicated at 77 K. Lines show

trlanglgs) and the reconstructeq mean exciton endegfid dqts) a5 the density of band-tail states used in the simulation with the inho-
a function of temperature. Solid line represents the best fit by us'n%ogeneous broadening taken into account

a Bose-Einstein-like formula. Open rectangles show the PR reso-

nance energies. The points in Fig. 6 present the PLE spectra of
o5 26 b 2.5-nm-thick InGaN/GaN MQW samples with different In
ergy Eq,*>?°which is inherently affected by the QCSE. content, measured at 77 K. The long-wavelength slope of the

To match the model of exciton hopping with the PR data,pLE spectra is flat and temperature insensitive. This indi-
the results of the simulation were used to reconstruct th@ates the dominant contribution of disorder due to the com-
mean exciton energy. Here we exploited the fact that thgositional fluctuations and interface roughness over the con-
simulated spectra are shifted to lower energies with respegfibution of thermal broadening. The lines in Fig. 6 depict the
to the exciton mean energy. The temperature behavior of thgensities of band-tail states resulting from the Monte Carlo
Stokes shift deduced from the peak position of the simulategimmations[Eq_ (5)] for the QW's with different In content.
spectra is depicted in Fig.(9. By adding the modulus of These densities of band-tail states are centered at the average
this shift to the energy of the measured peak positions of thexciton energies obtained by the reconstruction procedure
PL band(open triangles in Fig. )5 the temperature depen- described above and are collated with their respective PLE
dence of the average exciton energy was reconstrystdil  spectrum for each sample. The long-wavelength slopes of the
circles in Fig. 3. The dependence is fairly well described by densities of localized states are seen to be in a fair coinci-
a Bose-Einstein-like expression dence with the far long-wavelength tails of the correspond-

ing PLE spectra. Furthermore, one can resolve that the peaks
_, (4)  of the density-of-states functions coincide with the tiny kinks
exp(o/T) - 1 in the PLE spectra. This strongly supports the simulation-
with the best-fit parametera=0.154 eV, §=379 K, and based quantitative estimates of the po?ential fluptua_tion
E(0)=2.845 eV. The dependence obtained was collated witigcales and tr,le rgconst_ructed average exciton energies in the
the energies of the PR resonaricectangles in Fig. b De- InGaN MQW's W't.h various In content. The presented analy-
spite a large uncertainty of the PR data caused by broad pRs not only prowdes addmonal evidence for the T“Ode' of
features, a fair agreement with the data extracted usin xciton hopp_mg bu.t also_|mproves our understanding of the
Monte Carlo simulations is obtained. In addition to proving LE spectra in partially disordered InGaN alloy, where quan-

of the model of exciton hopping, this suggests that the Simu;itative characterization of the absorption edge is difficult to
lation provides us with unique data on the fundamental Opperlform. lusi h d irated vsis of th
tical transition energy, especially at lower temperatures n COTC usg)nr,] we a\f/eth er;ﬁnﬁ rate dtr?n alnaGysll\ls /(c); Ne
where PR can be difficult to measure. Although obtained in emperaturé behavior of the Inew In In-a a

rather indirect way, these data can be useful for the charac- QW S with various In contents by using Monte Carlo
terization of thin quantum wells with a relatively high In simulations of exciton hopping. The simulations revealed

molar fraction, where the exciton energy is difficult to pre- band potential fluctuations within individual In-rich regions
cisely determi’ne by other means and inhomogeneous broadening due to fluctuations in the
An additional proof of the exciton hopping model is pro- average exciton energy among individual In-rich regions. Si-

vided by comparison of the PLE spectra with the actual den[’nultaneously, we deduced th? Stqkeg shift of the PL band
sity of localized states used in the simulation, and reconstructed the Bose-Einstein-like temperature depen-

dence of the average exciton energy in our MQW structures
(E-Ep)? using the measured PL peak positions. These data were
D(E) < exp - 22417 |’ (5 shown to be in a fair agreement with the PR data. Further-
more, the density of localized states employed in the simu-
where the inhomogeneous broadening is taken into accoutdtion appeared to be in a fair agreement with the far long-
by introduction ofT". wavelength region of the PLE spectra.

E(T) =E(©0) -
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The present extended data on InGaN MQW's with differ-  Finally, simulations of exciton hopping in group-IIl ni-
ent In content, as well as the preliminary data on thick Alin-tride epilayers and MQW'’s not only improved our under-
GaN layers'? infer that exciton motion in group-IIl nitride standing of exciton dynamics in these intricate alloys, but
alloys can be universally described in terms of exciton hopalso turned out to be a useful tool for the characterization of
ping through localized states within relatively large In-rich nitride structures by such important parameters as the format
regions(e.g., “quantum disks” within quantum wellsThe  and magnitude of band potential fluctuations, the mean exci-

average exciton energy of these regions is subject to a CoRyn energy, and the density of the localized states.
siderable dispersion due to fluctuations in In content and, in

quantum wells, additionally due to fluctuations of the well This research was partially supported by a joint
width and built-in field. Our results also imply that the hop- Lithuanian-Latvian-Taiwan grant. A.Z. and G.T. acknowl-
ping is the main route of the buildup of thermalized distri- edge the Lithuanian Ministry of Education and Science for
bution of excitons over localized states. support.
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