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Femtosecond four-wave-mixing studies of nearly homogeneously broadened excitons in GaN
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Femtosecond degenerate four-wave-mixiRgVM) is used to study coherent dynamics of excitons in GaN
epilayers. Spectrally resolvg®R) FWM data are dominated by th® andB intrinsic excitonic resonances.
SR FWM combined with time-integratedl) FWM demonstrates that the excitonic resonances are nearly
homogeneously broadened even at low temperature. The temperature-dependent dephasing rate is used to
deduce exciton-phonon interaction rates. TI| FWM shows a strong beating betwegratitB excitons and
the beats are shown to be true quantum beats. In addition, a 180° phase shift in the quantum beating was
observed when the polarization geometry was changed from collinear to cross linear.
[S0163-182607)06627-1

Recently, there has been tremendous interest in GaN ard GaAs quantum wells, which also shows a 180° phase shift
related materials, due to its ability to emit light in the between the two polarization geometrfes.
blue/UV regiont Many types of linear optical spectroscopy ~We used the second harmonic of a self-mode-locked
have been wused to study these wide-band-gafi:sapphire laser in the high-energy region of the tuning
semiconductoré.Nevertheless, significant uncertainties still curve (700 nm. The second harmonic of the 100-fs pulses
remain regarding the fundamental band edge transitions iresonantly excites intrinsic excitons in the GaN epilayer. The
GaN. For instance, due to strong absorption in GaN and podf.2-um-thick epilayer was grown with the wurtzite structure
sample quality for thin layers<1um), unambiguous deter- on ac-phase sapphire substrate using metalorganic chemical
mination of the exciton linewidth as a function of tempera-vapor depositiofMOCVD). The valence-band degeneracy
ture by absorption is difficult, and as a result, exciton-phonoffor wurtzite crystals is removed by crystal field splitting and
interaction rates are not well known. In addition, clear evi-gpin-orbit interaction. As shown in the inset of Figag the
Qence of free excitons in the absorption spectra is still lackyy lowest-energy transitions at th& point are the
Ing. \Y C : : g \%

gAno'[her area of intense research activity has been the ¢ F-g F7CeXC|t9n @ exutqn transm(.m and thel; (upper
herent spectroscopy of semiconductors and their quantu%xand'r9 exciton (B excnqn transn!qm FWM was per
wells, stimulated in part by the ready availability of tunable ©©'Med on theA andB exciton transitions in the reflection
femtosecond laser sources. Extensive studies have been pgROMetry with an average power per beam of about 1 mw
formed on GaAs, ZnSe, and related materials and their quaiocused onto a 10@sm spot.

tum wells in the coherent reginié.However, up to now, no ~ In Fig. 1@, TI FWM data are shown at three different
studies have been performed on GaN in the femtosecon@mperatures=10, 70, and 190 K The laser was tuned
coherent regime. near resonance with th& exciton, and the weak beating at

In this paper, we present the results of femtosecond fourlO K is a result of the excitation of a smail exciton com-
wave-mixing (FWM) studies on nearly homogeneously ponent. At 190 K, the FWM signal is nearly time-resolution
broadened excitons in a high-quality GaN epilayer samplelimited. The decay time at each temperature was fit to a
We have performed time-integratéd@l) FWM and spec- single exponential decay to determine the decay rate as a
trally resolved(SR) FWM as a function of temperature and function of temperature. The homogeneous linewidth can be
polarization. From these studies, we have determinedetermined from the relatioh, = 27%/T,, whereT, is the
exciton—acoustic-phonon and exciton—optical-phonon coupure dephasing time. In order to determifig we need to
pling constants. TI FWM displays well-defined beating be-know if the resonances are predominantly homogeneously or
tween theA and theB excitons, and SR FWM demonstrates inhomogeneously broadened. This is because the FWM de-
that the beating is due to true quantum beats between thesay time -y is equal toT,/2 in the homogeneously broad-
two modes, and not due to the so-called polarization beat. ened limit and T,/4 in the inhomogeneously broadened
addition, the quantum beat between thand theB excitons  limit.” As discussed below, SR FWM is used to show that the
shows a 180° phase shift between the collinear and the crosexcitonic resonances studied here are nearly homogeneously
linear polarization geometries. This is analogous to thebroadened. Figure(fh) shows the homogeneous linewidth
heavy-hole(HH) and light-hole(LH) exciton quantum beat plotted as a function of temperature assuming homogeneous
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FIG. 1. (a) Time-integrated four-wave-mixingl't FWM) signal

in the reflection geometry near ttigzexciton resonance at 10, 70, FIG. 2. (a) Spectrally resolvedSR) FWM signals from theA

|a_1|nd 190 K for T‘_ 7.2::_cénhep)|llaye(jr of G?N gr_own fon sapphire) handB exciton resonances near zero delay at 10, 50, 100, 150, and
ol.rgoglz).ene(.)us |n|eW| th plotte ?S ek o k:emperature. T 890 Kk plotted together with continuous-wave reflectivity data from

SO—I16 'nfmf adlfasi-zgléaresv it to Edl) with parameters the same sample. Th&(FX,) and B(FXg) intrinsic free excitons

y=1oue andl o= mev. are labeled and the inset shows the excitonic band structure. The

broadeni Initially. th is i it but beai B-exciton linewidth of 2.5 me\full width at half maximum at 10
roadening. Initially, the rate Is linear with, but begins to K together with the FWM decay time of 300 fs

be superlinear starting from about 150 K. This indicates tthSZZTFWM:Fhom:ZZ meV indicate that the excitons in our

dominance of the acoustic phonons as the scattering mechgsmpies are mostly homogeneously broadened even at low tempera-
nisms for the dephasing of excitons at low temperature. Afyre. (b) SR FWM linewidth of theB exciton plotted as a function

higher temperature, it is expected that optical phonons begipf temperature. The solid line is a least-squares fit to (Egwith
to contribute. We fit the homogeneous linewidth data in Fig.parametersy=13 ueV/K andI' ;=470 meV.

2(b) to the following standard formul®®

T'o it is_; possible that a larger deformation potential interaction,
expE o/kgT)—1’ 1) v_vhlch may account for a significant fraction Bf in addi-
Lo’mB tion to the Fralich interaction, is responsible for the larger
wherel'y,y, andI'| 5 are constants to be determined fromI' o.
the fit, andE o andkg are, respectively, the optical phonon  To determine whether the excitons are homogeneously or
energy of GaN(91.7 meV\} and Boltzmann’s constant. The inhomogeneously broadened, we performed SR FWM. The
best fit is the solid line in Fig. (b), achieved with the fitting advantage of SR FWM is that it can give the exciton line-
parameters:I';=2.4 meV,y=16 ueV/K, and I' ;=390  widths without any background, which plagues the analysis
meV. These values are much larger than those for GaAs amef absorption experiments. In addition, for high-quality, rela-
GaAs quantum well$ This is not so surprising, for GaN has tively thick epilayer samples, it is virtually impossible to
larger effective masses for both electrons and holes in conperform absorption. In Fig.(3), SR FWM data at zero delay
parison with GaAs, and thus a much larger density of statesire plotted at several temperatures. Both Ahand B exci-
On the other handy is comparable to that of ZnSe and tons are clearly present, and the SR FWM data shown in Fig.
Zn,Cd,_,Se quantum wells, whereaE o is still much 2(a) represent a very clear demonstration of theand the
larger than that of ZnSe and related materfakhis is an B excitons without the interference of bound excitons that
interesting point, for the density of states of ZnSe as well agnake the interpretation of photoluminescence spectra diffi-
its polarity are comparable to those of GaN. The much largecult. The SR FWM linewidth at 10 K, the lowest temperature
I' o for GaN should in part be due to the much larg§gp of  of our experiments, is about 2.5 meV for tBeexciton, and
GaN in comparison to ZnS@1 versus 30 me) In addition,  about 2.1 meV for thé\ exciton. From Tl FWM and the fit
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shown in Fig. 1a), the homogeneous linewidth in the low- 10
temperature limit is about 2.4 meV assuming homogeneous
broadening, and 1.2 meV assuming inhomogeneous broaden-
ing. Therefore, even in the low-temperature limit, théni- 102 |
mum homogeneous linewidth of our excitons is about half
the total linewidth observed in SR FWM. On the other hand,
the observed linewidth is nearly equal to what is expected in
the homogeneously broadened limit. At higher temperature,
there is no doubt that the excitons we probe by FWM are
predominantly homogeneously broadened. From these obser-
vations, we conclude that our excitons can be considered
mostly homogeneously broadened even at low temperature.
Figure 2b) shows the SR FWM linewidth of thB exci-
ton obtained from a fit to the temperature-dependent data
presented in Fig. (@). The solid curve is a fit to the phonon
broadening equatiofEq. (1)] where the fit parameters are
given byI'y=2.5 meV,y=13 neV/K, andI' ,=470 meV. 107 Mo e
Since the time-resolved data of Fig. 1 become time-
resolution limited above 210 K, the SR FWM data give more Delay (ps)
reliable values of the exciton-phonon coupling constants, es- _ i
pecially T . Note, however, that the values from both SR _ FIG. 3. Tl FWM data at 10 K at different detunings

FWM and TI FWM are quite close. Recent linear absorptionf‘i::za‘é’g}“’hze) I;‘z\r/_?r;’;tng tgds"tsxtncétt(l)qnfmgu;nIc?Bthrisdo?]ter\ggg
measurements also give values of ;=10 meV,y qu : ! xcl :

- _ 10 . The fact that we see no phase shift as a function of energy position
f_15 Me}){T’ abnd F'E9_3d75; mth. .T?ﬁ Valuis Obta".‘ed across the8 exciton resonance indicates that the observed beats are
rom a it lo absorption data contain th€ most error Since g, guantum beats. Different temperatures are offset for clarity.
large background of free carrier absorption must be sub-

tracted. For SR FWM measurements, on the other hand, itis . .
known that the excitonic contribution is several orders ofiZation dependence of the quantum beat. In Fig. 4, TI FWM

magnitude larger than the free carrier contribution. Therei Poth the collineatsolid lineg and the cross-lineddotted

fore, the values obtained from SR FWM measurements ari"€9 polarization geometries are shown. The maxima at one
the most reliable and indicate that the exciton-phonon coudeometry correspond to the minima at the other, which indi-
pling constants in GaN are quite large. cates the existence of a 180° phase shift between the quan-

The relatively fast scattering at low temperature is mostUm beats. Similar observations have been made in the case
likely due to scatterings with macroscopic variations in©f theé HH-LH quantum beat in GaAs quantum wells, and
sample quality or impurity scattering. On the other handas theoretically descrlbepl by mcluclilng the total angular
since the total linewidth is roughly the sum of the homoge-Mmomentum for the conduction band< 3) and valence band
neous and the inhomogeneous broadenthge can put the (J_= 5_) m_the optical Bloch equatlorPsln_our case, _the phase
upper limit to the inhomogeneous broadening in our sampléh'ft is likely to be caused by the different spin states of

caused by variations in sample quality. For both Zxand ~ Noles in thel'; and thel'y valence bands.
the B excitons, it is less than 1.5 meV, and most likely in the !N conclusion, we have performed femtosecond coherent

range of a few tenths of a meV. Therefore, with further re-SPECtroscopy on excitons in a high-quality GaN epilayer
duction of the defect density, achieving GaN exciton line-
widths of less than 1 meV should be possible. 1
We now discuss the quantum beat betweenAtand the : collinear pol.
B excitons observed by Tl and SR FWM. As shown in Fig. — — — :cross linear pol.
3, when we tune the laser roughly in the middle of hand
B exciton, well-defined beating, whose period coincides with
(Eg—Ep)/h, is observedE, ,Eg is the energy of thé and
the B excitons observed in SR FWM, respectiveliow-
ever, the beating observed in TI FWM in itself does not
imply the existence of charge oscillation in the coherent su-
perposition ofA andB excitons. To prove that it is really a
guantum beat, we probe the relative phase of the beating at
different energies.In Fig. 3, TI FWM is plotted as a func-
tion of delay for several different energy positions across the
B exciton resonance. The phases are completely in synch at
all the energies, which indicates that the beating we observe )
in TI FWM is indeed due to the coherent superposition of the Time Delay (ps)
A and theB excitons.
Having established the quantum nature of the beating ob- FIG. 4. TI FWM signal at 10 K for collineafsolid) and cross-
served in TI FWM, we now turn our attention to the polar- linear (dashedl polarization geometries.
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grown on a sapphire substrate. By the combined analysis dfy differences between total angular momentum of the con-
the TI FWM and SR FWM, we found that our excitons are duction band and th& andB valence bands.

nearly homogeneously broadened. We have deduced the

exciton-phonon interaction rates, and observed a beating in We would like to thank Dr. L. J. Sham for helpful discus-
TI FWM that we identified as a quantum beat between thesions. This work was supported by a joint grant of NSF and
A and theB excitons. Finally, we observed a clear 180° KOSEF (965-0200-003-2 The work at OSU was also sup-
phase shift between the quantum beats in the collinear angbrted by DARPA and ARO and the work at SNU was sup-
the cross-linear polarization geometries, which we explairported by the Ministry of Educatio(BSRI96-740].
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