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Time-resolved photoluminescen(@®l) spectroscopy was used to investigate carrier distributions in

a GaN/AlGaN multiple quantum welMQW) sample under high excitation intensities necessary to
achieve lasing threshold. Room temperature PL spectra showed optical transitions involving both
confined and unconfined states in the quantum well structure. Analysis of the experimental results
using a microscopic theory, indicates that at high excitation the carrier distributions are
characterized by plasma temperatures which are significantly higher than the lattice temperature.
The implications of our findings on GaN MQW laser design are also discussed998 American
Institute of Physicq.S0003-695(98)03243-4

Group IlI-V nitride semiconductors have been recog-alternating 25 A GaN wells and 50 A Aba,_,N barriers
nized as promising materials for many novel optoelectronigyith x~0.07. The sample was nominally undoped and GaN
devices, such as blue ultraviolgdV) light emitting diodes  epilayers grown under similar conditions were insulating. A
(LEDs), laser diodes(LDs), and high-temperature/high- description of the laser and detection system used for time-
power electronic devicésAs demonstrated by LDs, LEDs, resolved PL spectroscopy can be found elsewhé&r. typi-
and electronic devices, many llI-V nitride based devicesal low excitation measurements, we used a lens with a focal
must take advantage of multiple quantum wMIQW) struc-  length of 8 cm to focus the excitation laser beam to a spot of
tures such as GaN/AlGaN and InGaN/GaN MQWs. Re-about 50um in diameter. For high excitation measurements,
cently, extensive efforts have been devoted towards the fadhe laser beam was focused to a spot @2 in diameter by
rication and understanding of MQW lasérS.For the design  an objective with a focal length of 2.7 mm. The excitation
of these lasers, one important issue is to maximize opticahtensity was controlled by a set of neutral density filters. A
emission from the lasing states. The population of thes&ingle photon counting system with an overall time resolu-
states depends strongly on the carrier dynamical processéi§n of 20 ps was used to measure time-resolved PL spectra.
under high excitation conditions. This letter describes experi- Room-temperature continuous wat@v) PL spectra of
mental and theoretical studies aimed at understanding tH&€ GaN/Ap oGay.oN MQW sample under highl{,.= 1)
physical processes governing the carrier distributions irfnd Iow (lex~0.011) excitation intensities are presented in
MQW structures. Fig. 1@ and Ib), respectively. For comparison, the PL

In this letter, the optical properties of GaN/AlGaN SPectrum of a GaN epilay€grown under similar conditions

MQWSs under high excitation intensities were probed by pi-Under Iowl e is also shown in Fig. (t). For the GaN epil-
cosecond time-resolved photoluminescefi®g). Since most  &Yer, the main peak at 3.423 eV is dominated by the band-

GaN based devices operate at or above room temperatuf&g9€ transitions, including the band-to-band and free exci-
(RT), we have focused on RT optical studies. Our resultdONic transitions. In the MQW sample under low excitation

revealed that in the GaN/AlGaN MQWs, plasma heating Fig. 1(b)]%t;17e mair; pgr;:k at 3.500 e\:] isquNe shi{ted by.l_?]n
strongly effects the carrier distribution between the confine?mount 0 meV with respect to the GaN epilayer. The

and unconfined states of the MQW structure. The confine lue shift is due to q_uantum_ cc_)nfmement and blaxqu stra_un
effects. Under very high excitation, the PL spectrum is quite

states are the bound states of the quantum well, while thgifferent As shown in Fig. (8, it has a much broader emis-

unconfined states have energies above the quantum well con- = . - .
9 q sion band due to band filling and carrier-carrier collisions. A

flpemer_:_thpot(?nual, a:nd spat;alil_y exteng mtof the hbar(rjler dre'second PL line with peak position around 3.610 eV is attrib-
gions. The plasma temperatully may be a Tew hunared ;0 14 the unconfined states as determined from the band
degrees higher than the lattice temperaflireand increases

v with the infected ior densit structure.
rapidly wi € injected carrier density. In order to understand the optical transitions in the

The MQW sgmple studied was grown by rgactwe mO'GaN/AI0_07GaO_93I\I MQW sample under high,., we varied
lecular beam epitaxy on SapPh're substrates with a 50 NMMthe excitation intensity by one order of magnitude from §.1
AIN buffer layer. The 10 period MQW was composed of 1 | ' The carrier density is estimated to be abdut
=10"%cn? (at 1g=0.115) to 10"¥cn? (at lge=1o). We
¥Electronic mail: jiang@phys.ksu.edu plotted the PL spectra for four representative excitation in-
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E (CV) FIG. 3. The ratio of the PL intensities of the 25 A GaNyfGay .\ MQW
. sample from the unconfined states in the barriers and the confined states in
FIG. 1. Room-temperature cw PL spectra of the 25 A well thicknessy,o yejis as a function of injected carrier density. The open squares are

GaN/Alb 5Gay o MQWSs under(@) low and (b) high excitation intensity. oy 6rimental data and the solid lines are calculations for different plasma
For reference, the PL spectrum of a GaN epilayer grown under S'm'la'iemperatureé'
P

conditions as the MQWs is included {n).

tensities in Fig. 2. Each emission spectrum can be fitted wit§Ver. iS independent of inhomogeneous broadening. In Fig.
a Lorentzian function(low energy peak plus a Gaussian 3, we plotted the ratio of the integrated PL spectra from the

function (high energy peakas shown by the dashed curves Unconfined and the confined statégcont/l cont, @s @ func-
in Fig. 2. The low energy peak at 3.500 eV is due to transition of injected carrier densiti (open square)zs The ratio
tions involving carriers in the confined states from the wellsStarts at a value of about 18% fdﬂjlol /szs(lexc
The high energy peak around 3.610 eV is due to the transi=0-10), and reaches a value over 64% fr=10"%cn?
tions involving carriers in the unconfined states. (Iexc=10). This shows considerable contributions from the
The actual shape of the emission spectrum depends diarrier regions even at relatively low carrier density. For
the inhomogeneous broadening due to, e.g., quantum wellevice applications, the optical transition from the barrier
thickness fluctuations in the sample. The integrated spectrufig9ions is @ loss to optical gain. The carrier density is very

which is proportional to the spontaneous emission rate, how?igh in our experiment and an electron-hole plasifialP)
state is expected. Because the carrier transfer process from

barrier to well(normally a few tens to hundreds femtosec-
L=011, .25 A/50 A GaN/AlGaN MQW onds is much faster than the carrier recombination lifetime
4 (a few hundred picoseconylst's reasonable to assume the
carrier populations are described by quasiequilibrium distri-
bution at some plasma temperature. The laser pump energy
is about 4.3 eV, which is far above the energy band gap of
the sample studied here. This may result in a hot carrier
population with a significantly high plasma temperattire.

The experimental results are analyzed using a micro-
scopic theory, which is based on the semiconductor Bloch
equations with Coulomb correlation effects treated at the
level of quantum kinetic theoryThe model gives the gain
spectra at different carrier densities and plasma temperatures.
Using a phenomenological expression based on energy
balance’ these gain spectra are converted to the correspond-
ing spontaneous spectra. The areas under the spontaneous

emission spectra are then compared to the experimental re-
3 34 35 36 37 38 sults.
The calculated ratio of carriers in the unconfined to the
E (eV) confined statesl (i,conf/ | con) @S @ function of carrier densit
nconf’ ! con y
’ at different temperatures are plotted in Fig(sdlid lines.
FIG. 2. Room-temperature PL spectra of the 25 A Gah#Ba, N MQW  The figure shows that the experiment results can only be
sample measured at four repre_sgntative high ex_citation intensit_ies. The doé'xplained by plasma heating of the injected carriers at high
ted lines are the least square fitting of the experimental data with a Lorentf (T.>T,). The trans . d it f
oxd Tp>T)). parency carrier densities for

function (lower eneray neakand a Gaussian functidthigher eneray peak € : N2 : Hons |
while the solid line is the sum of the Lorentz and Gaussian fitting curves. GaN/Al,Ga, _,N MQW structures with well thickness from
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2 to 4 nm were calculated to be arounat 10/%cn?.¥%Itis  plasma temperature may be a few hundred degrees higher
thus obvious from Fig. 3 that under high carrier injectionthan the lattice temperature and increases rapidly with the
density above the transparency density, the plasma temperigiected carrier density. The importance of plasma heating
ture, T,, is no longer a constant. It rapidly increases with has both theoretical and experimental implications. It com-
injected carrier density. Our results indicate that above th@licates the modeling of lI-N lasers because plasma tem-
transparency carrier density, the carrier temperature may beRgrature has to be treated as a variable. From the experimen-
few hundred degrees aboWe , reaching a value of 800 K tal aspect, carrier leakage problems are accentuated by the
when the carrier density reaches a value offdr?. Thus a  higher plasma temperature.
significant PL contribution from the barrier regions is actu-
ally due to the carrier plasma heating effect.

Plasma heating makes it more difficult to obtain high
guantum efficiency in the well regions of MQW laser struc-
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