
ance

PHYSICAL REVIEW B, VOLUME 65, 193102
Coherent exciton–biexciton dynamics in GaN
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Spectrally resolved and time-integrated four-wave mixing are used to measure the polarization dependence
of biexcitonic signals and quantum beats between two-A-exciton (XAXA* ) andA-biexciton (XAXA) states in a
high-quality GaN epilayer. Mixed beats with two periods are observed: the first beating period corresponds to
the energy splitting betweenXAXA* andXAXA ; the second period corresponds to beating betweenA excitons
(XA) and donor bound excitons (D0X). We also measure the polarization-dependentB-biexciton (XBXB)
signal. The effective masses for theA andB holes are deduced from the binding energy.
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Recent studies revealed that excitonic nonlinearities
modified by biexcitonic contributions, and exciton-biexcito
interactions should be taken into account.1,2 Biexcitons have
been studied in various semiconductors such as bulk Cu3

ZnSe quantum wells,4 and GaAs quantum wells.1,5,6 GaN is
strongly excitonic, with an exciton binding energy ofEX
;25 meV, which makes it an ideal material for the study
biexcitons. The band-edge optical properties are domina
by the pronounced excitonic resonances arising from
three closely spaced valence bands present in the GaN w
ite structure. Little is currently known about the biexcitons
GaN.7–9 Because the energy difference between neu
donor-bound excitons (D0X) and A biexcitons (XAXA) is
very small, the spectral broadening present in photolumin
cence measurements makes it difficult to spectrally reso
the two features. However, the beating period determined
transient degenerate four-wave mixing~DFWM! yields an
accurate splitting of the resonances, hence giving the bind
energies for bothD0X andXAXA . The nonlinear interaction
involved in the exciton dynamics cannot be described b
simple assembly of two-level systems; rather a five-le
model has been suggested, including the two-exciton sta
well as the biexciton state.1,2 In particular, Saikiet al.10 sug-
gested that the use of cross-linear polarization is a good m
sure for detecting the two-photon coherence of the tw
exciton state. This has been measured previously in Ga5

and ZnSe quantum wells.4 In this paper, we report on quan
tum beat measurements between two-exciton and biexc
states in GaN with a cross-linear polarization. Additiona
by measuring the dephasing of the beats, the tempera
dependence of the interaction with acoustic phonons
been determined. We have also measured theB-biexciton
(XBXB) signal in GaN for the first time, to our knowledge

Spectrally resolved~SR! DFWM and time-integrated~TI!
DFWM measurements were made as a function of delay t
and temperature using cross-linear and cocircular polar
light. A mode-locked Ti:sapphire laser with a 120-fs pul
width was frequency doubled in a beta-barium-borate cr
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tal. The second-harmonic pulse width was estimated to
167 fs by the Gaussian transform of its spectral width. T
pump beam was focused to a 50-mm spot diameter onto a
sample mounted in a closed-cycle helium cryostat kep
15 K. We used a two-pulse self-diffraction configuration
reflection geometry. In this configuration, the coherent int
action of two excitation laser pulses, time delayed byt with

respect to each other and with wave vectorskW1 andkW2, gen-
erates a third-order nonlinear polarization. This polarizat
gives rise to an electric field coherently emitted into t

phase-matched direction 2kW 1-kW2. The DFWM beams were
modulated at two different frequencies, and the spectr
resolved diffracted signal was detected at the sum freque
using a photomultiplier connected to a lock-in amplifier;
monochromator was used in order to remove scattered lu
nescence. The GaN sample was a nominally undoped e
ayer grown by lateral epitaxial overgrowth.11

Figure 1~a! shows the time-integrated photoluminescen
spectrum and the SR-DFWM signal measured at zero t
delay with cross-linear and cocircular polarized light. It h
already been shown that the dominant luminescence p
can be attributed to unresolved neutral donor-bound exc
(D0X) emission andA-biexciton (XAXA) emission in GaN.7

Emission due to biexcitons has already been confirmed b
superlinear increase of the emission intensity with increas
excitation power,7 and by investigating the decay dynami
of the signal.8 However, polarization-dependent four-wav
mixing ~FWM! can confirm the presence of biexcitons. T
polarization-selection rules in exciton-biexciton FWM a
explained by a five-level model, which consists of a grou
state, two one-exciton states, a biexciton state, and a t
exciton state.1,2 For an incident beam perpendicular to th
plane of the sample, only transitions withDJz561 are di-
pole allowed between the conduction and valence bands,
ing rise to two one-exciton states (uX6&) which have differ-
ent angular momentaJz561 respectively. Using cocircula
polarization ~either s1s1 or s2s2), a one-exciton state
©2002 The American Physical Society02-1
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(uX1& or uX2&) can be selectively excited, as shown in F
1~c!. The DFWM signal of biexcitons is forbidden for exc
tation with cocircular polarized light, and thus only the on
exciton state signal (XA) is observable via the two-level pro
cess because of the polarization selection rules@Fig. 1~c!#.2

Indeed, the spectrum shown by the dotted line in Fig. 1~b!
with cocircular polarized light does not show a biexciton
signal, although a signal fromD0X is present. However, a
strong biexcitonic signal (XAXA) appears when cross-linea
polarization is used, represented by the solid line in Fig. 1~b!.
In the case of linear polarization, equivalent one-exci
states ofuXx& and uXy&, which correspond toxW andyW polar-
izations respectively, can be obtained by a linear ba
transformation,1 as shown in Fig. 1~d!. For cross-linear po-
larizations, only the three-level process is allowed@Fig.
1~d!#, while both the two- and three-level processes are p
sible for colinear polarization according to the five-lev
model.2,10 Since our laser linewidth is wider than the biexc
ton binding energy, the two-exciton state (XAXA* ) and biex-
citon state (XAXA) are generated coherently via a tw
photon absorption process with thexW -polarizedkW1 beam. The
interference of thekW1 beam with theyW -polarizedkW2 beam
gives rise to a self-diffracted signal, whereXAXA* andXAXA

states are de-excited by emittingyW -polarized beams, a
shown in Fig. 1~d!. The two resonance signals observed w
cross-linear polarization in Fig. 1~b! correspond to the
XAXA* -XA andXAXA-XA transitions, respectively.12 The biex-
citon binding energy is measured to be 5.8360.10 meV.
This value is comparable to recently reportedXAXA binding
energies of 5.7 meV~Refs. 8 and 9! for wurtzite GaN, and
quite similar to a calculated binding energy of 5.8 me
based on Huang’s model.13 The DWFM signal from ionized
donor bound excitons is also very weak, despite its stren
in the photoluminescence spectrum.

FIG. 1. ~a! Photoluminescence spectrum measured at 15 K
GaN. ~b! SR-DFWM spectrum measured at zero delay with cro
linear ~solid! and cocircular~dot-dashed! polarized light. The broad
dashed line shows the spectrum of the exciting laser, and thaXB

andD1X signals are negligible. Five-level model and optical tra
sitions in FWM for cocircularly~c! and cross-linearly~d! polarized
exciton bases.
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Figure 2~a! shows the TI-DFWM signal as a function o
time delay at theXAXA energy with cross-linear and cocir
cular polarized light. Both DFWM signal intensities are no
malized for comparison, and the original signal intensity
tio is I cross/I co56.25. With cocircular polarized light, the
decay of this signal forTL515 K shows an oscillation with
a period of 57962 fs. This beat period corresponds to a
energy splitting betweenD0X and XA of DE5h/t57.14
60.10 meV, theD0X binding energy. However, with cross
linear polarized light, the DWFM signal is modulated by th
interference of two separate beat periods ofXAXA-XAXA* and
D0X-XA . The B-exciton signal is eliminated by a carefu
tuning of the laser. To measure the beating periods m
precisely, the decay signal was removed by dividing the d
by an exponential decay term@Fig. 2~b!#, and a function
f (t)5A sin2@p(t1d)/TXX2XX* #1B ~solid line!, having the
period of theXAXA-XAXA* beating was compared with th
measured data. As is apparent from the figure, the two
ferent beat periods are clearly mixed. The first beat period
70962 fs corresponds exactly to theXAXA binding energy
(5.8360.10 meV), while a second beat period of 57
62 fs corresponds to theD0X binding energy (7.14
60.10 meV). Bearing in mind the fact that theXAXA signal
is much larger than that of theD0X in the SR-DFWM spec-
trum, the oscillation intensity of theXAXA should be domi-
nant during the early part of the beating signal, and theD0X
beating signal would be masked. However, theXAXA line-
width is wider than that of theD0X, implying that theXAXA
signal decays faster than theD0X. As a result, theD0X beat-
ing signal becomes more evident as the time delay betw
pump and probe increases.

It is known that no beatings due to biexcitons are pres
in the TI-DFWM signal in a homogeneous system. If a be
is observed at positive delay times in a homogeneous sys
the signal is attributed to fifth-order contributions.2 We es-
tablished that the DFWM signal was proportional to the th

n
-

-

FIG. 2. ~a! TI-DFWM signal as a function of delay time with
cross-linear and cocircular polarized light.~b! The residual modu-
lation signal~open circles! is taken by removing the exponentia
decay term from~a!, a fitting function~solid! having a period of the
XAXA-XA beats is compared with the data~open circles!.
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power of the intensity of the incident beams, which indica
that contributions from higher-order nonlinear processes
negligible, and that our experimental results can be descr
in terms of the third-order optical susceptibility. On the oth
hand, in an inhomogeneous system, a deep beat due to
roscopic polarization interference is not possible; rathe
quantum beat due to quantum-mechanical interference
ated by coherent mixing of two states with a small ene
difference is observable.14,15 Consequently, these facts lea
us to conclude that the beat with cross-linear polarization
Fig. 1~b! is a case of quantum beats betweenXAXA* and
XAXA in an inhomogeneous system as shown schematic
in Fig. 1~d!.

A stronger DFWM signal is observed at negative tim
delays with cross-linear polarized light than with cocircu
polarized light. This may be due either to exciton-excit
interactions16 or to a two-photon coherence~TPC!-induced
biexcitonic signal.17 It has been reported that exciton-excito
interactions become dominant in GaN above
31015 cm23 ~Ref. 18!; we estimate the density ofA exci-
tons in our experiment to be 231015 cm23, which was de-
duced using an absorption coefficient at theA-exciton energy
of 8.903104 cm21.18 Thus we suggest that the DFWM sig
nal at negative delay times is mainly due to a TPC-indu
biexcitonic signal. The phase shift between cross-linear
cocircular polarizations has been measured in ot
materials,2,15 and described theoretically.2

Both beating signals appear at positive delay times
have large linewidths in the SR-DFWM spectrum. This im
plies that these transitions are inhomogeneously broade
In this case, the decay time of the DFWM signalTd is equal
to one-quarter of the exciton dephasing time,Td5T2/4,18

and the homogeneous linewidth (Ghom52\/T2) can be de-
duced as shown in Fig. 3. Usually the temperature dep
dence of the homogeneous linewidth due to phonon sca
ing can be described by Ghom5Ghom(0)1aT
1b@exp(\vLO /kBT)21#21, wherea andb are the acoustic-

FIG. 3. Lattice temperature dependence of the homogene
linewidth of XAXA and D0X in GaN, deduced from TI-DFWM
decay rates, assuming that both processes are inhomogene
broadened.
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and optical-phonon coefficients, respectively, andGhom(0)
represents temperature-independent impurity scatter
However, due to a large LO-phonon energy~92 meV! in
GaN, the last term is negligible in our low-temperature
gime (,90 K). The smallerGhom(0) value ofD0X at low
temperatures implies slower dephasing, and it can be un
stood qualitatively in the following way. A lighter biexciton
moves through the lattice and has a higher probability
scattering with defects. However, a bound exciton is loc
ized on the defect and oscillates in phase with the genera
light field. As a result, the phase of the bound exciton
destroyed more slowly than that of the biexciton. This fac
also consistent with our result in Fig. 2~b!, that theXAXA
signal decays faster than theD0X. In addition, it has been
reported that biexciton-phonon scattering is twice as fas
exciton-phonon scattering due to a larger deformat
potential.6 The measured acoustic-phonon coefficient
XAXA (gXX511.060.5 meV/K) is more than twice of
that at XA (gX53.5 meV/K) reported in GaN.19 We also
found that D0X has a larger acoustic-phonon coefficie
(gD0X517.460.1 meV/K) than XAXA (gXX511.0
60.5 meV/K). This implies thatD0X may have a larger
deformation potential thanXAXA , because theD0X is more
localized in the lattice.

In a further measurement, we tuned the laser to an e
tation energy between that ofXA andXB . The DFWM signal
obtained is shown in Fig. 4. With cross-linear polarized lig
the solid line exhibits a shoulder between theXA and XB
signals. However, this signal disappears with cocircular
larized light. This polarization dependence supports the
sertion that the shoulder with cross-linear polarization ari
from the B biexciton (XBXB), and that this DFWM signal
does not arise fromXAXB , since this would not disappea
when excited by cocircular polarized light.20 A binding en-
ergy for theXBXB of (3.8060.01 meV) is obtained, and w
deduce an effective mass for theB hole of 1.03 m0, which is
slightly lighter than that for theA hole (1.30 m0).

In conclusion, we have performed femtosecond S
DFWM and TI-DFWM spectroscopy on a high quality Ga

us

sly

FIG. 4. SR-DFWM spectrum measured at zero delay with cro
linear ~solid! and cocircular~dotted! polarized light when the lase
is tuned between theXA energy and that ofXB . Note that the
B-biexciton signal disappears with co-circular polarized light. T
XBXB signal~dot-dashed! is extracted by using a Gaussian fit to th
line shape.
2-3
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epilayer. With cocircular polarized light, we measured on
the D0X-XA quantum beats. However, with cross-linear p
larized light, we found that two beats (D0X-XA and
XAXA* -XAXA) are mixed with different dephasing rates, a
that each beat period corresponds exactly to the binding
ergy. We found that the strength of acoustic-phonon inter
tions with theD0X is stronger than that with theXAXA by
.J
ys

a

, T

S

of
ki

ki

P.
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analyzing the temperature-dependent homogeneous
width. Finally, we have confirmed the existence of theB
biexciton, and binding energies ofXAXA andXBXB are mea-
sured. We also obtained effective masses of theA and B
holes, and found that theB-hole effective mass is slightly
lighter than theA-hole effective mass.
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