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Composition dependent dynamics of biexciton localization in Al,Ga;_ N mixed crystals
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We report the localization-dependent dynamics of biexcitons in Al,Ga;_,N mixed crystals under exciton
resonant excitation at low temperatures. After intense laser excitation, biexcitons rapidly localize into the
band-tail states. The formation time of localized biexcitons becomes shorter with increasing Al composition.
Both the inhomogeneous linewidth and the binding energy of biexcitons increase with the inhomogeneous
linewidth of excitons. The biexciton binding energy is enhanced by the restriction of exciton motion to
disordered potentials and the dynamics of stable biexcitons determines the optical spectrum in mixed crystals.
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I. INTRODUCTION

In photoexcited semiconductors, an attractive Coulomb
interaction between conduction-band electrons and valence-
band holes causes excitons to form. The formation of mol-
ecules composed of two excitons also becomes possible in a
dense exciton system under intense photoexcitation at low
temperatures.’-? These are called biexcitons or excitonic mol-
ecules. Since the existence of biexcitons was first argued in
1958, extensive studies have examined their optics in
semiconductors.'? Biexcitons play an essential role in the
optical responses of wide band gap semiconductors and
semiconductor nanostructures because of their large exciton
binding energies and strong electron-hole correlations. In
semiconductor mixed crystals and nanostructures, the local-
ization of biexcitons occurs in random-potential fluctuations
induced by compositional fluctuations in mixed crystals or
by interface roughness in nanostructures.*3 Although biex-
citon and exciton localization are crucial for stimulated emis-
sion and optical gain processes in highly excited mixed crys-
tals and nanostructures,”'> the dynamical behavior of
localized biexcitons is still unclear compared to that of local-
ized excitons.!318

Random potential fluctuations in mixed crystals, or alloy
disorders, strongly affect the photoluminescence (PL) dy-
namics of excitons. Disorder-induced localization of excitons
is observed as line broadening in optical transitions around
the band edge. Because a biexciton is a composite of two
excitons (two electrons and two holes), both attractive Cou-
lomb interaction between electrons and holes and repulsive
Coulomb interaction between two electrons (or holes) are
enhanced due to the spatial localization. Thus, the optical
spectrum and dynamics of biexcitons in mixed crystals are
complicated. A satisfactory and systematic analysis of biex-
citons in mixed crystals has so far not been performed. Due
to the very small exciton Bohr radii in wide-gap GaN-based
mixed crystals, their optical properties are very sensitive to
spatial potential fluctuations.'®>?> Al,Ga,_ N mixed crystals
are therefore well suited for the study of biexciton dynamics
in semiconductor mixed crystals.

In this paper, we report subpicosecond time-resolved PL
spectra of biexcitons in highly excited Al,Ga;_,N mixed
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crystals at low temperatures as a function of the Al compo-
sition. We observe that under an exciton resonant excitation,
the biexciton localization becomes more rapid with increas-
ing Al composition, and that the PL linewidth and the sur-
vival time of free biexcitons depend on the composition of
the sample. Moreover, the composition-dependent biexciton
PL dynamics reflects the biexciton binding energy which is
enhanced by the restriction of exciton motion in disordered
potentials.

II. EXPERIMENTAL

The samples were Al,Ga;_,N and GaN epitaxial films.
Following the deposition of 1-um-thick GaN buffer layers,
1-pum-thick Al,Ga;_ N epitaxial layers were grown on
(0001) sapphire substrates using a metalorganic chemical va-
por deposition technique.>® The Al,Ga,_,N epitaxial layers
used in this study had Al concentrations of x=0.019, 0.038,
0.057, and 0.077. Wavelength-tunable femtosecond laser
pulses, obtained from an optical parametric amplifier system
based on a regenerative amplified Ti:sapphire laser, were
used as the excitation source. The pulse duration and repeti-
tion rate were ~150 fs and 1 kHz, respectively. The sample
temperature was kept at 7 K, and the typical laser spot size
on the samples was 100 wm. An optical Kerr gate method in
a 1-mm-thick quartz cell with toluene as the Kerr medium
was used for the time-resolved PL spectral measurements,
with a time resolution of 0.7 ps. The PL spectra were mea-
sured as a function of delay time using a liquid-nitrogen-
cooled charge-coupled device (CCD) with a 50-cm single
monochromator.

III. RESULTS AND DISCUSSION

Figures 1(a)-1(c) show the time-resolved PL spectra of
Al,Ga,_,\N (x=0.019, 0.038, and 0.077) under 0.5 mJ/cm?
excitation. The excitation energy was set at the free exciton
energy for each sample. At a few picoseconds delay, a broad
PL spectrum clearly appears in all the Al,Ga;_ N (x=0.019,
0.038, 0.057, and 0.077) samples. The PL dynamics in dif-
ferent samples are similar to each other, and the PL spectra
show asymmetrical shapes with lower energy tails. Two-
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FIG. 1. (Color online) Time-resolved PL spectra measured un-
der exciton resonant excitation in Al,Ga;_,N mixed crystals: (a) x
=0.019, (b) x=0.038, and (c) x=0.077. Solid and broken curves
show the fitting results of biexcitons using Eq. (1) and excitons,
respectively. (d) Schematic illustration of the energy diagram for
exciton (E,) and biexciton (E,,) (upper figure), and the spectrum
shape of the biexciton PL (lower figure).

photon absorption experiments also showed that the PL band
has a lower energy tail. This asymmetrical PL band is due to
biexcitons.”® With time evolution, the spectra begin to red-
shift and narrow, and biexcitons are localized into the lower-
energy band-tail state. After about a 100 ps delay, the
emission-peak energy becomes independent of time and the
spectral shape becomes symmetrical, indicating the relax-
ation of biexcitons into the lowest band-tail states.

In Figs. 1(a)-1(c), at the early time delays, the spectral
shape has a higher energy tail, fitting the Maxwell-
Boltzmann distribution for free excitons.® To examine biex-
citon dynamics separately from that of excitons, we decom-
posed the PL spectrum into the exciton and biexciton
components. It is known that free-biexciton PL spectra in
binary semiconductors are well fitted by the inverse Max-
well-Boltzmann distribution function with Lorentzian broad-
ening, while free-exciton PL spectra by the Maxwell-Boltz-
mann distribution function with Lorentzian broadening.! In
mixed crystals, however, variations of the binding energy
and localization energy of biexcitons lead to spectral broad-
ening due to alloy disorders. In the biexciton spectral analy-
sis in mixed crystals, inhomogeneous broadening needs to be
taken into account by convolution of the inverse Maxwell-
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FIG. 2. (Color online) Temporal evolution of the edge energy E,
in the Al,Ga,_,N with x=0.019, 0.038, 0.057, and 0.077. The solid
lines are visual guides.

Boltzmann distribution function with a Gaussian function,

I(fhw,,) = f [Ey—&]"* exp[— (E) — &)/kpT,]

ho, - \>
Xexp[—(mT) In Z]ds, (1)

where E is the edge energy of the biexciton PL, correspond-
ing to the energy difference between the lowest-energy biex-
citon and exciton at a given delay time, as illustrated in Fig.
1(d), and T, is the effective temperature of biexcitons.® I is
an inhomogeneous broadening parameter determined from
time-integrated PL spectra in Refs. 7 and 8, and it depends
on the composition x in mixed crystals. We use Eq. (1) with
inhomogeneous broadening included to analyze and discuss
the essential features of the biexciton PL spectra, as shown
by the solid lines in Figs. 1(a)-1(c). The PL biexciton spec-
tral shapes are well reproduced by the above equation. We
obtain the edge energy of the biexciton PL E,, from the biex-
citon spectral fitting of the time-resolved PL spectra. In a
previous paper,® we demonstrated that the edge energy E, is
a good indicator of the localization of biexcitons. The edge
energy E, in mixed crystals is time-dependent because the
mixed crystals have band-tail states. Note that the observed
PL spectra can be fitted by the inverse Maxwell-Boltzmann
model including the shift of the edge energy, rather than by
Gaussian spectral shapes. This fact means that at early time
delays the spectral shape of localized biexcitons is domi-
nated by the homogeneous broadening due to high 7, rather
than inhomogenous I'. In this case, biexcitons are weakly
localized in shallow localized states and the redshift of edge
energy E, indicate the appearance of localization.

Figure 2 shows the temporal evolution of the edge ener-
gies of biexciton PL in all samples. The edge energy E,
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FIG. 3. (Color online) Al composition dependence of (a) the
biexciton PL line broadening, I', (b) the formation rate of biexci-
tons, T;rie, and (c) the localization energy, Ej,., obtained by using
the Gaussian broadening (circles) and the Lorentzian broadening
(triangles).

remains almost constant for delay times of less than a few
tens of picoseconds. After a few tens of picoseconds time
delay, however, the edge energy E, becomes strongly time-
dependent. This behavior was completely different from that
of the free biexcitons in GaN.® The clear redshift of E, in
Al Ga;_N mixed crystals suggests that localized biexcitons
appear in the band-tail states. The crossing point between
free and localized biexcitons, as shown by arrows, indicates
the beginning of biexciton localization. The delay time and
energy at this crossing point means the survival time of free
biexcitons 7. and the edge energy of free biexciton PL
Ei®. The survival time 7. decreases as the Al concentration
increases.

In Fig. 3(a), we show the broadening parameter I" (half
width at half maximum) as a function of the Al composition.
Because the broadening parameter I" reflects inhomogeneous
broadening, the alloy disorder increases monotonically with
the Al composition in Al,Ga;_,N mixed crystals. At the de-
lay time 7y, the localization of biexcitons begins. Then, we
define 7., as the formation rate of localized biexcitons. In
Fig. 3(b), the formation rate of localized biexcitons increases
with the Al composition in mixed crystals. This means that
the transformation rate from free to localized biexcitons in-
creases because of the alloy disorder scattering.

The time-dependent E, of the localized biexcitons
(> Tgee) corresponds to the position of averaged biexcitons in
the band-tail state. At a delay time of approximately 100 ps,
the PL peak energies are almost equal to the peak energies of
the time-integrated PL spectra in all samples. This implies
that at around 100 ps, the biexcitons are localized at the
bottom of the band-tail states. Then, we define the localiza-
tion energy E),. as the energy difference between E(f)ree and E,
at 100 ps, indicating the energy width of the band-tail states
for biexcitons. In Fig. 3(c), the localization energy is plotted
as a function of the Al composition. It increases with the Al
composition.
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FIG. 4. (Color online) (a) Inhomogeneous linewidths of biexci-
tions I'yy and excitons I'y as a function of the Al composition. (b)
Biexciton binding energy, obtained by using the Gaussian broaden-
ing (circles) and the Lorentzian broadening (triangles), as a function
of the exciton inhomogeneous line broadening, I'y. The broken
curves are visual guides.

All these parameters for free and localized biexcitons in
Fig. 3 (the inhomogeneous broadening I" the formation rate
of localized biexcitons T;r'ee, and the localization energy Ej,.)
increase approximately proportionally to the Al compositions
in the Ga-rich Al,Ga;_,N mixed crystals. This indicates that
the alloy disorders enhance the localization of biexcitons in
mixed crystals. For comparison, the parameters obtained by
using the Lorentzian broadening function as in Ref. §, are
also plotted in Fig. 3. The essential features of the dynamics
of the biexciton localization are almost independent of the
broadening models (Gaussian or Lorentzian broadening), be-
cause high-biexciton temperature broadening is larger than
these inhomogeneous one.

We now discuss the biexciton localization process in
mixed crystals. Because the radiative annihilation of biexci-
tons is caused by the transition from biexcitons to free exci-
tons, the observed inhomogeneous linewidth I in Fig. 3(a) is
determined by both the inhomogeneous linewidths of biexci-
tons (I'yy) and excitons (I'y): F2=F)2(+ F?{x- Figure 4(a)
shows the composition dependence of I'yy and I'y, where I'y
is deduced from exciton PL spectra. Both I'yy and I'y in-
crease with the Al composition, and the values of I'yy are
almost the same as those of I'y in all samples. In addition,
the biexciton binding energy B,, is plotted as a function of
I'y in Fig. 4(b). The biexciton binding energy, corresponding
to the energy difference between the free biexciton and twice
the free excitons, is evaluated from the energy difference
between EN and the free exciton energy determined from
PL excitation spectra in Ref. 7. The biexciton binding energy
increases with the inhomogeneous broadening due to alloy
disorders. The biexciton properties I'yy and B,, are closely
correlated with the exciton linewidth in disordered poten-
tials, I'y. The enhancement of the biexciton binding energy
cannot be explained by an increase of the band gap energy:
The biexciton binding energies are 5.7 meV for GaN (Ref.
24) and 19 meV for AIN.? Based on a liner interpolation of
Byy between GaN and AIN crystals, we evaluated that the
free biexciton binding energy at the x=0.077 sample is 6.7
meV. However, the experimental result of B,,=11.5 meV at
x=0.077 is much larger than the calculated value. This dif-
ference indicates that the enhancement of the biexciton bind-
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ing energy is caused by the biexciton localization, as dis-
cussed below.

In Ga-rich Al,Ga;_,N mixed crystals, the binding energies
of biexcitons Byy are comparable to or larger than both the
inhomogeneous broadenings of biexcitons I'yy, and the lo-
calization energies of biexcitons E) .. This implies that biex-
citons have large binding energies and are stable even in
disorder potentials in mixed crystals. They are most likely
not decomposed into two excitons during the relaxation pro-
cess at the bottom of the localized states. Thus, biexcitons
are good excitation particles even in disordered potentials in
our samples. Although the volume of an exciton is obviously
smaller than that of a biexcitons (a composite of two exci-
tons), we found that the inhomogeneous linewidth of biexci-
tons ['yy is approximately equal to that of excitons I'y. This
indicates that the characteristic confinement volume for ex-
citons and biexcitons due to potential fluctuations is much
larger than both the biexciton and exciton volumes. Such a
spatial confinement leads to the enhancement of the attrac-
tive interaction between the excitons and biexciton binding
energy.® In contrast, the strong confinement of excitons and
biexcitons leads to the reduction of the binding energy due to
the repulsive Coulomb interaction between electrons and
holes. Therefore, the weakly confinement causes the strong
enhancement of the biexciton binding energy.>® This en-
hancement mechanism is completely different from that of
the strong confined limit in the quantum dots (the enhance-
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ment is caused by a change of Coulomb interaction).”® In
Ga-rich Al,Ga;_\N mixed crystals, the dynamical behavior
of biexciton localizations is dominated by the restriction of
the exciton center of mass motion.

IV. CONCLUSIONS

We reported the composition dependence of the biexciton
PL spectra and the disorder dependent transformation dy-
namics from free to localized biexcitons in Ga-rich
Al,Ga;_,N mixed crystals. With an increase in the Al com-
position, the biexciton localization occurs more rapidly un-
der the exciton resonant excitation. The localization-
enhanced biexciton binding occurs due to the spatial
confinement of excitons. Our findings revealed that biexciton
dynamics are strongly affected by the spatial confinement of
excitons in disordered potentials in GaN-based mixed crys-
tals.
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