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Dynamics of biexciton localization in Al,Ga;_ N mixed crystals under exciton resonant excitation
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We report the localization dynamics of biexcitons in Al,Ga;_ N mixed crystals under exciton resonant
excitation at low temperatures. During a few tens of picoseconds just after intense laser excitation, the photo-

luminescence (PL) spectral shape obeys an inverse Maxwell-Boltzmann distribution and free biexcitons domi-
nate the PL spectrum. With a further increase in the delay time, the biexciton PL peak energy and edge energy
shift to lower energies. These redshift behaviors in Al,Ga;_,N mixed crystals are completely different from the
behaviors of free biexcitons in GaN crystals. Our observations reveal the rapid transformation dynamics from
free to localized biexcitons in band-tail states in Al,Ga;_,N mixed crystals.
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In semiconductor mixed crystals such as Al,Ga,;_ N and
In,Ga,_,N, alloy disorders are induced by random fluctua-
tions in the composition x, and these disorders cause the
formation of localized, so-called “band-tail,” states below the
band edge.! Excitons are localized in the band tail, which are
observed as line broadening in the optical transitions around
the band edge.?* The localized excitons determine the optical
properties of the mixed crystals.>® Furthermore, the local-
ized band-tail states play an essential role in excitonic many-
body effects under high excitation conditions, such as exci-
tonic optical gain'®'? and the formation of biexcitons
(excitonic molecules).®~® The biexcitons are localized in the
band-tail states, similar to the case of excitons. However, the
dynamic aspects of the transformation from free to localized
biexcitons and the relaxation of biexcitons into localized
band-tail states are not clear.

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.'3>'® Then,
Al,Ga;_N mixed crystals make an excellent sample for the
study of exciton-related luminescence and the localization
dynamics of excitons and biexcitons in semiconductors.
Moreover, studies on the dynamics of localized excitons and
biexcitons in highly excited Al,Ga;_ N mixed crystals are
needed to clarify fundamental excitonic processes and lasing
mechanisms in wide-gap semiconductors.!%-1%15

In this Brief Report, we investigated the time-resolved
photoluminescence (PL) spectra of highly excited Al,Ga;_ N
mixed crystals and the dynamics of biexciton localization in
band-tail states. Under exciton resonant excitation, the spec-
tral shape of the biexciton luminescence obeys an inverse
Maxwell-Boltzmann distribution for 20 ps or less. This be-
havior is similar to that of free biexcitons in GaN. After
several tens of picoseconds, however, the redshift of the PL
energy and the edge energy of biexcitons evolve with time,
signifying the transformation from free to localized biexci-
tons in the Al,Ga;_ N mixed crystals.

The samples were Al,Ga;_ N and GaN epitaxial films.
Following the deposition of GaN buffer layers, 1-um-thick
Al,Ga,_,N epitaxial layers were grown on (0001) sapphire
substrates using a metalorganic chemical vapor deposition
technique.'* The Al,Ga,_,N epitaxial layers examined in this
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PACS number(s): 78.55.Cr, 78.47.Cd, 71.35.—y

study had aluminum concentrations of x=0.038, 0.057, and
0.077.

Wavelength-tunable femtosecond laser pulses, obtained
from an optical parametric amplifier system based on a re-
generative amplified Ti:sapphire laser, were used as the ex-
citation source. The excitation energy was set at the free
exciton energy for each sample. The pulse duration and the
repetition 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 um. An optical Kerr gate
method in a 1-mm-thick quartz cell having toluene as the
Kerr medium was used for the time-resolved PL spectral
measurements with a time resolution of 0.7 ps. The PL spec-
tra were measured as a function of delay time using a liquid-
nitrogen-cooled charge coupled device with a 50-cm single
monochromator.

The inset of Fig. 1 shows the time-integrated PL spectrum
under an excitation intensity of 7 wJ/cm?. The excitation
energy was tuned to the band-to-band excitation of 3.761 eV.
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FIG. 1. (Color online) Exciton (Iyx) and biexciton (/yy) PL in-
tensities in Al,Ga,;_ N (x=0.038) as a function of excitation inten-
sity. The solid lines show power law fitting results. Inset: Time-
integrated localized exciton and biexciton PL spectra at an
excitation intensity of 7 wJ/cm?. The dotted line indicates the fit-
ting result of applying two Gaussian functions.

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.193203

BRIEF REPORTS

3.576[(a) x = 0.038
3.574 ]

3.572fF - ]
3.570f 5 emesecwme o “’ ) X

Ey (eV)

3.564f o
3.562|

3.560 .

Exx (V)

3.618
(b) x =0.057
3.616 é E
@

3.614 ...' .
@ 900 0 000 ¢ o0 o o8 X
3.612

3.606
e
3.604 o E

)
3.602 L XX A
3.600

Ex (eV)

Eyx (V)

10%  10°  10°
Excitation Intensity (uJ/cmz)

FIG. 2. (Color online) PL peak energies of excitons (Ey) and
biexcitons (Eyy) as a function of the excitation intensity in the
Al,Ga;_,N samples with (a) x=0.038 and (b) x=0.057.

Double PL peaks are clearly observed in the medium inten-
sity range between 0.1 and 100 wJ/cm?. In our Al,Ga,_,N
mixed crystal samples, there are Stokes shifts between the
PL and PL excitation peaks in the exciton and biexciton
spectra.!” These two time-integrated PL spectra peaks are
assigned to the localized excitons (X) and the localized biex-
citons (XX).!” As shown by the blue dotted curves, we evalu-
ate the PL intensities and peak energies of the localized ex-
citons and biexcitons using two Gaussian functions.

Figure 1 shows the time-integrated PL intensity of exci-
tons (Iy) and biexcitons (Iyy) in Al,Ga;_ N (x=0.038) as a
function of the excitation laser intensity (Ij,s;). As shown by
the solid red lines, the exciton and biexciton PLs show linear
and superlinear intensity dependences. The excitation inten-
sity dependence of the biexciton PL is approximately given
by I, 1% . This small power index is due to a short biex-
citon lifetime.'® In contrast, both intensities, Iy and Iyy show
saturation at excitation intensities higher than 20 uJ/cm?.

In Fig. 2, the PL peak energies of the localized excitons
(Ex) and biexcitons (Eyy) are plotted as a function of exci-
tation intensity for the Al,Ga,_ N samples of (a) x=0.038
and (b) x=0.057. While the peak positions are almost un-
changed under weak excitation (<10 wJ/cm?), under in-
tense excitation, Ey and Eyy simultaneously blueshift with
PL intensity saturation. This excitation intensity dependence
of the peak shifts and the PL intensities are observed in all
the Al,Ga,_ N (x=0.038, 0.057, and 0.077) samples. These
phenomena in Al,Ga;_ N mixed crystals are explained by the
state-filling effects of the band-tail states,''? that is, the
saturation of the localized states and the population transfer
to the delocalized states under high laser excitation. While
excitons and biexcitons appear at localized states under weak
excitation, filling of the localized states under high-intensity
excitation causes a rise in the effective temperature in exci-
tonic systems and a redistribution to delocalized states. Note
that the behavior of biexcitons is very similar to that of ex-
citons.
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FIG. 3. (Color online) Time-resolved PL spectra measured at 8
ps delay in the Al,Ga;_ N (x=0.038) sample under different exci-
tation intensities: (a) 0.5 mJ/cm?, (b) 0.25 mJ/cm? and (c)
0.15 mJ/cm?. The solid lines show the fitting results for free biex-
citons and excitons. T, represents the effective biexciton tempera-
tures obtained by fitting.

To clarify the transformation from free to localized biex-
citons and the relaxation dynamics of localized biexcitons in
the band-tail state, we performed time-resolved PL measure-
ments. Figure 3 shows the PL spectra of the Al,Ga,_ N (x
=0.038) sample at 8 ps time delay under 3.581 eV excitation
at different intensities. With an increase in excitation inten-
sity, the PL spectral shape becomes broad and asymmetric,
and the lower-energy tail of the PL spectrum grows.

In the radiative annihilation of biexcitons, a biexciton (an
excitonic molecule) changes into a free exciton and a photon.
The free biexciton PL spectrum has an asymmetric line shape
with a low-energy tail, and the PL spectral shape is well
described by the inverse Maxwell-Boltzmann distribution
function.!” In the spectral analysis, the inhomogeneous
broadening is taken into account by convoluting the inverse
Maxwell-Boltzmann distribution function with a Lorentzian
function,20

[E,—&]"? exp[— (Ey— &)/kgTT
I(h d
(heon) = f (ho,,—&)*+T? ©

(1)

where E is the edge energy of the biexciton luminescence,
and I is an inhomogenous broadening parameter depending
on the composition x. The PL intensity /(Aw,,) is propor-
tional to the density of the thermalized biexcitons (the
Maxwell-Boltzmann distribution) and therefore, the PL
spectral shape is given by the above inverse Maxwell—
Boltzmann distribution function. On the other hand, the PL
spectrum shape of free excitons has a higher energy tail and
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FIG. 4. (Color online) Time-resolved PL spectra of the
Al,Ga;_ N (x=0.038) sample at an excitation intensity of
0.5 mJ/cm?. The hatched areas indicate the fitting results for biex-
citons using the inverse Maxwell-Boltzmann distribution.

is described by the Maxwell-Boltzmann distribution. In the
exciton PL spectral fitting, we use the Maxwell-Boltzmann
distribution function with a Lorentzian broadening. We as-
sume that the early stage time-resolved PL originates from
free excitons and free biexcitons, and so we deconvoluted
the PL spectra into two components using the fitting model
including free excitons and biexcitons. In the spectral fitting
of the x=0.038 sample shown in Fig. 3, we used I'=3 and 5
meV and free edge energies E;=3.581 and 3.571 eV for
excitons and biexcitons, respectively, where the biexciton
binding energy is 10 meV.!*!7 This early stage PL spectral
shape is well described by the above-mentioned model for
excitons and biexcitons. Under exciton resonant excitation,
the effective temperature of biexcitons, 7,, increases with the

(a)
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excitation intensity as shown in Fig. 3. Hereafter, we focus
on the temporal evolution of the biexciton dynamics under
high-intensity excitation.

Figure 4 shows the time-resolved PL spectra of
Al,Ga,_,N (x=0.038) under 0.5 mJ/cm? excitation. At 4 ps
delay, a broad PL spectrum peaked at 3.565 eV appears. At
an early stage, the spectral shape of biexciton luminescence
obeys an inverse Maxwell-Boltzmann distribution function
(hatched area in Fig. 4) indicating the existence of free biex-
citons in Al Ga,_N for a few tens of picoseconds. With time
evolution, the spectral shapes show redshift and become nar-
row, and the biexcitons are localized into the lower-energy
band-tail state. After about 100 ps delay, the emission peak
energy becomes independent of time and the spectral shape
becomes symmetrical, indicating the localization of the biex-
citons into the lower-energy band-tail states.

In mixed crystals, variations of the binding energy and
localization energy of biexcitons lead to the spectral broad-
ening. The PL spectral shape reflects the energy profiles of
the localized state and the thermal distribution of the biexci-
tons. The origin of the broad PL spectra and the spectral
shape analysis during the transformation from free to local-
ized biexciton are complicated. For simplicity, we use Eq. (1)
including the spectral broadening, in order to analyze and
discuss the essential features of the biexciton PL spectra. We
obtain the biexciton PL peak energy Ep;, the edge energy E,,
and the effective temperature 7,, from the biexciton spectral
fitting of the time-resolved PL spectra.

Figure 5(a) shows the temporal change of Ep;, Eg, and 7,
in the Al,Ga,_,N (x=0.038) sample under 0.5 mJ/cm? exci-
tation. For comparison, the temporal change of Ep, E,, and
T, in the GaN crystal under 0.5 mJ/cm? excitation is sum-
marized in Fig. 5(b). Note that the two parameters, T, and
E,, determine the biexciton PL spectral shape.

As shown in Fig. 5(a), the dynamic behavior of biexcitons
at short delay times (<20 ps) is different from those at
longer delay times. Although the blueshift of the PL peak
energy Ep; occurs at delay times of less than 20 ps, the edge
energy, E,, remains almost constant. This temporal behavior
is very similar to that of free biexcitons in the GaN sample.
For the free biexcitons in Fig. 5(b), the peak energy Ep.
increases with a decrease in T,, and the time-independent

(b)

FIG. 5. (Color online) Temporal evolution of

the peak energy Ep;, the edge energy E, and the
effective biexcitons temperature 7, in the
Al,Ga;_ N (x=0.038) (a) and GaN samples (b).
The solid curves are visual guides.
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edge energy E, corresponds to the well-defined lowest en-
ergy of the free biexciton at k=0. Even in the Al,Ga;,_ N
(x=0.038) sample during the early stage, the biexciton tem-
perature is higher than 100 K and the free biexciton lumines-
cence dominates the PL spectrum. Similar behavior is ob-
served only under excitations higher than 0.2 mJ/cm?.
After a 20 ps time delay, however, the edge energy E,
becomes time-dependent. Note that both the peak energy Ep;.
and the edge emission energy E, show redshift in the long
time delay region. These behaviors are different from the
free biexciton behavior in GaN. The E, redshift in
Al,Ga,;_,N mixed crystals suggests the appearance of local-
ized biexcitons in the band-tail states. Since the radiative
annihilation of localized biexcitons is caused by the transi-
tion from localized biexciton states to free excitons, and not
to localized excitons, the edge energy E|, is indicative of the
lowest energy of biexcitons. The energy difference between
the time-independent E, of the free biexcitons and the time-
dependent E, of the localized biexcitons corresponds to the
localization energy of the biexcitons E),.. The effective tem-
perature T, is comparable to the localization energy of the
biexcitons, Ej,.=5 meV at 100 ps delay, and to the inhomo-
geneous broadening of the biexcitons, I'=5 meV. Therefore,
even after E, starts to redshift, the spectral shape is approxi-
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mately described by inverse Maxwell-Boltzmann distribu-
tion functions. After the biexcitons are relaxed into the
lower-energy state, the PL spectrum reflects the energy dis-
tribution of the thermalized biexcitons in the localized states.
We conclude that the edge energy E; is the most reliable
parameter for judging the localization of biexcitons. Our sub-
picosecond time-resolved PL measurements under exciton
resonant excitation can reveal the free biexciton state and the
localization dynamics of biexcitons in Al,Ga;_ N mixed
crystals.

In conclusion, we report the first observation of free biex-
citons and transformation dynamics from free to localized
biexcitons in Al,Ga;_,N mixed crystals. Under intense exci-
ton resonant excitation, we observed that asymmetric spectra
were described by the inverse Maxwell-Boltzmann distribu-
tion function. We further observed that free biexcitons exist
during the first few tens of picoseconds, followed by the
rapid localization of biexcitons. Our findings reveal the rapid
localization of biexcitons in GaN-based mixed crystals.

Part of this study was supported by a Grant-in-Aid for
Scientific Research from the Japan Society for the Promotion
of Science and the Global Center of Excellence (G-COE)
program from MEXT.
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