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PhotoluminescencéPL) line shapes in InGaN multiple quantum well structures have been studied
experimentally and theoretically between 10 and 300 K. The higher temperature PL spectra can be
fitted quantitativelywith a thermalized carrier distribution and a broadened joint-density-of-states.
The low temperature PL line shapes suggest that carriers are not thermalized, as a result of
localization by band-gap fluctuations. We deduce a localization energy7ofmeV as compared

with an activation energy of-63 meV from thermal quenching of the PL intensity. We thus
conclude that this activation energy and the band-gap fluctuation most likely have different origins.
© 1998 American Institute of PhysidsS0003-695(98)03038-1

Semiconductor alloys such as,@®g_,N (referred to as the barrier are nominally 20% and 2%, respectively. All the
InGaN) have become important in fabricating blue—greenlayers are undoped. The band-gap energies in the GaN and
light emitting diodes(LEDs) and laser diode$LDs).! De-  AlGaN layers are in agreement with those reported in the
spite their commercial success, the optical emission propeliterature?
ties are not completely understood. The nature of the The PL spectra of our InGaN sample, cooled with a
electron—hole pair producing the emission in InGaN haglosed-cycle refrigerator, were excited by the 325 nm output
been controversial. For example, Narukastal? have sug- ©of a cw HeCd laser. Figure 1 shows the PL temperature
gested that recombination in InGaN multiple quantum welldependence. AT=80K, the PL spectra show significant
systems could occur in In-rich regions acting as quantuniroadening on the high energy side. A<80K, the line
dots. Other authors have attributed the emission to the reshape becomes independentTofand broader on the low

combination of excitons localized either by In compositional€nergy side. _The_ PL peak qlso exhibits at first a blueshift and
fluctuationg or at the band tail statés. then a redshift with increasing These features suggest that

In this letter we study the PL line shapes in a InGaNnat T>80K the carriers have attained thermal equilibrium

sample and analyze the temperature dependence of its lij@re “thermalized’) while at T<80K the carriers are not
shape, using a single broadening parameter. We compare offfe'malized, presumably as a result of localization.
results in InGaN with a related and better understood family To understand quantitatively the temperature dependent

of ternary alloys, InGaP. The line shape similarity allows usfl‘ “r']t? shap;efs, V\Ile uset Fhe fOHOWISQt mG)BeT.hetop:lcald .
to understand the behavior of photoexcited carriers in In-ransition matrix-element 1S assumed to be constant and in-
GaN. dependent of the emission energy Furthermore, the elec-

. trons and holes involved in the recombination are free to
Our InGaN multiple qua_mtum W.e'(MQW) sample;_ move in bands with joint-density-of-staté3DOS$ D (E)
were grown by metalorganic chemical vapor deposition

. . . according to the Boltzmann distribution function
(MOCVD) on c-plane sapphire and consist of the following - . : : )
sequence: sapphire substrate/@aR pm)/AlGaN(0.1 wm)/ exp(~ElkgTe), whereE is the carvier energie is the Bolt

zmann constant, and, is the carrier temperature. This
InGaN MQW/GaI_\{O.l,um) cap. The InGaN M.QW §egment model is only valid for temperatures much larger than the
contains five periods of InGaN well and barrier with a total

. ) . quasi-Fermi energy of photoexcited electrons and holes. The
thickness of 0.3%um. The In concentrations in the well and PL intensityl (E) is then given by

dElectronic mail: pyyu@Ibl.gov [(E)cf(E)exp(—E/kgT,), (1)
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FIG. 1. Photoluminescence spectra of InGaN at different temperatures. Thgap IS r_espon5|ble both for broadengE) and Iocal|2|ng
broken curves are fits to the experimental curves using(Bq.The inset ~ the carriers at low temperature. That the low-temperature PL

illustrates the sensitivity of fitting t@, for the 180 K spectrum. blueshift can be explained by carrier localization is seen by
comparing the PL peak energies with the band-gap energies

wheref(E) is the JDOS after convoluting with a Gaussian deduced from the PL spectra fitsee Fig. 2 We notice that

function G(E)=exp€%T?), T being a broadening param- Eq is smaller than the PL peak energy at highas expected.
eter: However, at lowT, E; becomeslarger than the PL peak

energy. This can be explained by the nonthermal equilibrium
distribution of carriers in traps with energies bel&y. The
f(E):f D(E")G(E-E")dE". 2 magnitude of the blueshift~7.6 me\j from 10 to 80 K,

while not predictable by our model, is consistent with the
To fit the experimental line shapes, we first determinevalues ofl’ and of the localization energy. A similar expla-
whether Ifil(E)] has a linear dependence on energy, on thenation of the low-temperature blueshift of the emission peak
high energy tail of the PL peak. If so, the carriers are therin InGaN is given by Eliseeet al.’
malized, and a well defined temperatdrgcan be extracted. A similar PL temperature dependence is observed in the
The carriers in our InGaN sample became thermalized foternary alloys lgsGasP, pseudomorphically grown on
T=80K, with T, in good agreement with the refrigerator GaAs. This alloy is known to self-organize into Cu—Pt-
temperature. This also indicates that laser-induced heating &dered domains under appropriate growth conditfoAs.a
insignificant. For such thermalized PL spectra we have atresult of these domains, the PL line shape is inhomoge-
tempted to fit the line shape witb(E)=<(E—E)" for E neously broadenetiWe have studied the temperature depen-
=Ey and D(E)=0 for E<Ey, whereE, is the band-gap dence of PL line shapes in a series of partially ordered and
energy andn=0 (free carriers in two dimensiopsor n disordered InGaP alloy®and found similarities to our In-
=0.5 (free carriers in three dimensignsVe find that all GaN sample. Our InGaP results are also similar to those
thermalized experimental PL spectfee., those measured reported by other grougs.The InGaP samples’ PL spectra
with T=80 K) can be fitted quite well fon=0 with acon-  can be fitted well by our theoretical model, except that the
stantI'=6.5 meV. The theoretical PL line shapésoken broadening parametels are smaller3.0 and 2.5 meV for
curves are compared with the experimental spectra in Fig. 1one ordered and one disordered sample, respectivEhe
The choice ofn=0 implies that the photoexcited electron temperaturg~40 K) necessary to excite carriers out of the
and hole pair in our InGaN sample behave like uncorrelatedraps in these samples is also smalleir localization en-
free particles in two dimensiongor T<80 K, the PL line  ergies are-4 meV). In InGaP the potential fluctuations have
shapes can no longer be attributed to thermalized carriersbeen established to be the result of variations in both alloy
This can be explained by the localization of carriers in fluc-concentration and ordering. However, in InGaN the nature of
tuating potentials, which prevents the carriers from reachinghese fluctuations has not been definitively determined. It is
thermal equilibrium with each other. Since it takes thermalpresumably the result of variations in the alloy concentration
energies on the order df;-80 K (~7 meV) to excite the only, as suggested by other groufp8.
carriers out of these traps, we estimate an upper bound of 7 Another similarity between PL in InGaN and InGaP is
meV as the magnitude of the localization potential. The goodhat both PL intensities are thermally quenched fbr
agreement between the localization potential and the broad>50 K. The inset in Fig. 2 shows an Arrhenius plot of the
ening parameter is expected if the fluctuation in the band integrated PL intensity in InGaN. Fdr>80 K, the thermal
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