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In mixed semiconductor crystals, random potential fluctuations cause localized band-tail states below the
band edge and control the optical spectrum and dynamics. We report the influence of these band-tail states on
the dynamics of electron-hole plasmas in highly excited In,Ga;_ N mixed crystals. Temporal changes in the
luminescence spectrum of In,Ga;_,N mixed crystals and their band-gap renormalization are completely dif-
ferent from those of GaN crystals. Our findings show that holes are rapidly localized at band-tail states and that
electron plasmas in the extended states determine the luminescence properties and band-gap renormalization of

In,Ga;_,N mixed crystals.
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As the primary material for optoelectronic applications in
the blue and ultraviolet spectral regions,! the optical proper-
ties of GaN-based mixed crystals, such as In,Ga,;_,N and
Al,Ga;_,N, have been extensively studied. In these mixed
crystals, structural disorders induced by random fluctuations
in the composition cause the formation of localized, so-
called “band-tail,” states below the mobility edge.” These
band-tail states strongly affect the optical properties and ex-
citon dynamics of mixed crystals.>* Furthermore, due to the
very small exciton Bohr radii in wide-gap In,Ga;_ N and
Al Ga;_.N, these optical properties are very sensitive to spa-
tial potential fluctuations. Between these properties and the
ability to control their material properties by changing their
compositional fraction x, wide-gap In,Ga;_ N and
Al,Ga;_,N mixed crystals make excellent samples for study-
ing the localization of excitons and electron-hole (e-h) plas-
mas in mixed crystals.

The existence of band-tail states drastically changes the
exciton dynamics in semiconductors. Disorder-induced line
broadening of optical transitions and localization of excitons
and biexcitons are observed in semiconductor mixed
crystals.’>™ In addition, the localized states play an essential
role in the excitonic optical gain and lasing processes in
highly excited mixed crystals.!®!! However, the effect of lo-
calized band-tail states on the formation and relaxation pro-
cesses of e-h plasmas is not clear.!>!3 Moreover, two long-
standing issues remain unresolved in the optical response of
highly dense e-h plasmas: large discrepancies between the
experimental observations and theoretical calculations of
band-gap renormalization in wide-gap semiconductors'3!4
and the origin of excitonic photoluminescence (PL) and the
transformation from e-h plasmas into Coulomb-bound pairs
(excitons) in semiconductors.!3~'8 Because free exciton PL is
not observed in In,Ga;_,N mixed crystals even at elevated
temperatures,” no spectral overlap occurs between e-h
plasma and free exciton PL bands. Therefore, the time-
resolved PL studies of In,Ga;_,N mixed crystals provide de-
tailed information about e-h plasmas in highly excited semi-
conductors.

In this work, we examined the time-resolved PL spectrum
of highly excited In,Ga,_ N mixed crystals at low tempera-
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tures. The broad PL band, due to e-h plasmas, appears in the
picosecond time scale. The rapid transformation from e-h
plasmas to localized excitons occurs within several picosec-
onds. The band-gap shrinkage of the In,Ga;_,N mixed crys-
tals is much smaller than that of GaN crystals. We conclude
that holes are rapidly localized at band-tail states and that
electron plasmas in the extended states determine the lumi-
nescence dynamics in In,Ga;_ N mixed crystals.

The 90-nm-thick In,Ga;_,N epitaxial layers were grown
on a patterned sapphire substrate with a 5 um GaN buffer
layer.!%?0 The preparation and characterization of our
samples were described in Ref. 20. Compositions of x
=0.05 and 0.09 were chosen for investigation because de-
fects in In-rich samples (x>0.1) strongly affect the lumines-
cence dynamics, and the PL peak energy is too close to that
of the GaN buffer layer in low In percentage samples (e.g.,
x=0.03). Epitaxial films were used for the study of the nature
of e-h plasma dynamics in In,Ga;_, N mixed crystals because
in the quantum well structures, the PL spectrum is strongly
influenced by internal piezoelectric fields due to lattice con-
stant mismatch.?!

Wavelength-tunable femtosecond laser pulses were ob-
tained from an optical parametric amplifier system based on
a regenerative amplified Ti:sapphire laser. The pulse duration
and the repetition rate were ~150 fs and 1 kHz, respectively.
The typical laser spot size on the samples, as carefully mea-
sured using a knife-edge method, was 100 um. For the time-
resolved PL spectral measurements, an optical Kerr gate
method was used in a 1-mm-thick quartz cell with toluene as
the Kerr medium. Time resolution was 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.

PL spectra were measured under band-to-band excitation
at 7 K. The excitation laser photon energy was set to E,
+175*=5 meV, where E, is the lowest free exciton energy in
each In,Ga,;_,N sample: 3.496 eV for GaN, 3.292 eV for
In,Ga,;_,N (x=0.05), and 3.110 eV for In,Ga,_ N (x=0.09).
This is because, under the same excitation intensity, the ini-
tial electron temperatures (or excess energies) are almost the
same in all samples. The excitation laser intensities were
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FIG. 1. (Color online) Time-resolved PL spectra of (a) GaN, (b)
In,Ga;_\N (x=0.05), and (c) In,Ga;_ N (x=0.09) samples under
extremely intense laser excitation at 7 K. Fits to the spectra are
plotted by dots. The arrows at the 1 ps spectra indicate the renor-
malized band-gap energy (Eg) obtained from spectral fitting. The
upper part shows time-integrated PL spectra under weak laser exci-
tation (solid curves), the absorption spectra (dots), and the exciton
free energy (E,) for each sample.

varied between 0.4 and 4.5 mJ/cm?. For comparison, time-
resolved PL spectra were measured for 30-um-thick GaN
crystals under the same experimental conditions.

Figure 1 shows time-integrated and subpicosecond time-
resolved PL spectra of (a) GaN, (b) In,Ga,_,N (x=0.05), and
(¢) In,Ga;_N (x=0.09) samples. The time-integrated PL
spectra were measured under weak laser excitation. The PL
and optical absorption spectra are shown as solid and dotted
curves, respectively, in the upper part of Figs. 1(a)-1(c). The
lowest-exciton absorption peak is observed even in our
In,Ga,_,N mixed crystal samples, and the arrows in the up-
per figures show the free exciton energy E,. The Stokes shift
between the E, and PL peaks is 40-50 meV in the
In,Ga,_,N mixed crystal samples; this large shift means the
formation of localized band-tail states below the band edge.

The temporal change of the PL spectrum in GaN is dif-
ferent from that in In,Ga;_,N. In the GaN crystal, under ex-
tremely intense excitation, the whole PL band appears at a
lower energy, below E,. A broad PL appears at early delay
times up to about 10 ps. This broad band is due to the highly
dense e-h plasmas. The blueshift of the PL peak energy oc-
curs with an increase in delay time. The two clear peaks
around 25 ps are due to the PL bands of the biexcitons (M
line) and inelastic-exciton scattering (P line).

In contrast, in the In,Ga;_ N (x=0.05 and 0.09) mixed
crystal, a broad PL appears at around E,. This broad PL is
clearly observed at delay times up to 5 ps. After an about
5 ps time delay, the PL peak energy is below the exciton
energy E,. At this lower energy, below E,, the redshift of the
PL peak energy occurs, and the PL spectral width becomes
narrower and more symmetrical with increasing delay time.
These large delay time behaviors can be explained by a lo-
calized exciton model with the electrons and holes relaxing
into lower-energy localized states.’

The temporal change of the PL peak energy in the
In,Ga;_,N (x=0.05) samples is plotted in Fig. 2 as a function

PHYSICAL REVIEW B 77, 073201 (2008)

3.34

3.32

3.30

3.28

3.26

Peak Energy (eV)

3.24

0 5 10 15 20
Delay Time (ps)

FIG. 2. (Color online) Temporal change of the PL peak energy
in the In,Ga;_ N (x=0.05) mixed crystal sample for different exci-
tation intensities: (a) 0.4 mJ/cm?, (b) 1.0 mJ/cm?, and (c)
3.9 mJ/cm?. The inset shows the temporal change of the effective
electron temperature and the renormalized band-gap energy at
3.9 mJ/cm?.

of delay time. At low excitation intensities, a broad PL band
is not observed at the beginning, and the localized exciton
PL is only seen in the low-energy region below E, (see Fig.
2). The photoexcited carriers are rapidly localized at band-
tail states.

Under high excitations above 1 mJ/cm?, the PL peak en-
ergy appears above E, at early delay times. When the PL
peak energy reaches E, (this time defined as 7j,.,), the tem-
poral change of the PL spectrum abruptly occurs. At delay
times shorter than 7., a broad PL band due to the e-h
plasmas appears. At delay times longer than 7, the elec-
trons and holes are localized into band-tail states. Similar
behavior is observed in the In,Ga;_ N (x=0.09) sample. We
found that the free exciton energy E, is a good indicator for
discriminating between e-h plasmas and excitons in mixed
crystals. In addition, the band-gap energy in the e-h plasma
region (<) is much lower than E,, and this behavior
cannot be explained by piezoelectric effects, as will be dis-
cussed below.

To examine the dynamics of the highly dense e-h plasmas
at early delay times, we calculated the spectral shape of
spontaneous e-h plasma emission by a momentum conserva-
tion model with constant matrix elements?? and by a nonmo-
mentum conservation model.?? In our case, the momentum
conservation model reproduces well the experimental spec-
tra, compared to the case of the nonmomentum conservation
model. Hereafter, we discuss the e-h plasma dynamics using
the momentum conservation model with a Lorentzian broad-
ening of the Landsberg theory.>*?> We applied the same ap-
proximated energy dependent Lorentzian width described in
Ref. 24 for all samples. We followed this approach to deter-
mine the e-h pair density (n,), the effective electron tempera-
ture (T,) of the e-h pair, and the renormalized band-gap en-

ergy (E,).

Effective electron and hole masses and dielectric con-
stants for the In,Ga;_,N used in the e-h pair line shape analy-
sis for concentrations of x=0.05 and 0.09 were determined
using Vegard’s rule with GaN gnd InN crystal parameters:
For GaN, the hole mass was m;, =1.66m,, the electron mass
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FIG. 3. (Color online) Universal plot of the band-gap renormal-
ization and the normalized carrier density. The band-gap energy
shrmkage AE, is expressed in units of excitonic Rydberg energy
Ry and the dens1ty in units of excitonic Bohr radius. The crosses,
open circles, and squares represent the results for Inyg9Gagg(N,
Ing 15Gag 95N, and GaN, respectively. The dotted line is a numerical
calculation based on the Vashishta-Kalia theory.

m =0.18m,), and the dielectric constant €=9.5; for InN, the
values were mh—l 63mg, m.=0.1m, and £=15,"28 where
my is the free electron mass. The calculated spectra are plot-
ted with dots in Figs. 1(a)-1(c), and they fit the experimental
spectra very well for early delay times. The spectrum widths
of the e-h plasma luminescence in In,Ga;_,N and GaN are
determined by the Fermi energy of the electrons, rather than
that of the holes, because of the large mass mismatch.?® As
an example the inset of Fig. 2 shows the temporal changes

of E and T, evaluated from the spectral fitting of the
In GaHN (x=0.05) sample at 3.9 mJ/cm?. With an increase
of delay time, the carrier density decreases. It is noted that
the band-gap energy increases with delay time. This behavior
is explained by many-body effects, rather than piezoelectric
and thermal effects.

Just after laser excitation, the photoexcited electrons and
holes in the extended states have enough kinetic energy to
escape from the localized states. The effective electron tem-
perature rapidly decreases and the lattice temperature in-
creases through electron-phonon interactions. We estimated
that the lattice temperature raise is less than 100 K and the
thermal-induced redshift of the band-gap energy is negligibly
small.?” It is also experimentally confirmed that the band-gap
renormalization is almost independent of electron tempera-
ture, but it is strongly dependent on e-h plasma density.?!
The plasma density, estimated from the PL line shape analy-
sis, is kept to about 6.0X 10' cm™ until the delay time
reaches 5 ps, a value higher than the Mott transition density.

Figure 3 shows the universal plot of the band-gap shrink-
age AE, as a function of the parameter r; in GaN and
In,Ga,_,N mixed crystals. Here, AE, is deﬁned by the reduc—
tion of the band gap in units of ex01t0n binding energy Ry ,

.= (E,~EJRy, (1)

and r, is defined by the e-h density n, and the exciton Bohr
radlus ag,B
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We consider that in high-density e-h plasma regime, the pi-
ezoelectric field effect on the PL spectra is negligibly small
because of e-h plasma screening effects. The band-gap ener-
gies of unstrained In,Ga;_,N crystals, E,(x), are needed for
the evaluation of AEg. Unfortunately, their values are unclear
experimentally because of the piezoelectric effects. Then, we
estimated E,(x) using the following approximation:

E,(x) =xE,(InN) + (1 = x)E,(GaN) —x(1 =x)b, ~ (3)

where E,(InN) and E,(GaN) are the band-gap energies of
InN (0.78 eV) and GaN (3.51 eV), respectively, and b is the
bowing constant in the virtual crystal approximation
model.3? Several values of the bowing parameters have been
discussed for the band-gap energy estimation of In,Ga;_ N
mixed crystals.”® We use the bowing constant of 1.4 eV ac-
cording to Ref. 28. The calculated band-gap energy is also
consistent with the experimentally estimated exciton energy
E. in our InGaN samples. Broad e-h plasma PL is clearly
observed at excitation intensities above 1.0 mJ/cm?. Data
obtained at varying excitation intensities above 1.0 mJ/cm?
are summarized in this figure. Figure 3 clearly shows that the
r, dependence of the band-gap shrinkage in In,Ga;_ N mixed
crystals is completely different from that of GaN; it is much
smaller, even though the material parameters of GaN and
In,Ga,_,N are very similar to each other.

In highly excited semiconductors, the band-gap shrinkage
is caused by the many-body effects in highly dense e-h sys-
tems. The magnitude of the band-gap shrinkage in narrow-
gap semiconductors, such as Si, Ge, and GaAs, is well ex-
plained by the universal formula of the Vashishta—Kalia
(VK) model.>* The dotted line in the figure is given by the
VK theory with the e-h exchange interaction neglected.
However, in GaN crystals, a large discrepancy exists be-
tween the experimental observations and the theoretical VK
calculation, as seen in Fig. 3. In wide-gap semiconductors
possessing large exciton binding energies, such as GaN, the
e-h exchange and excitonic effects, in addition to the
electron-electron (e-e) and hole-hole (h-h) interactions, play
an essential role in the band-gap renormalization.'* There-
fore, it is believed that the reduction of the e-h interactions is
the principal cause of the differences between GaN and
In,Ga,_,N crystals.

As noted above, the hole masses in In,Ga;_ N mixed
crystals are an order of magnitude greater than the electron
masses. This large mass mismatch plays an essential role in
the relaxation of e-h plasmas. The energy loss rate of holes
by phonons is much faster than that of electrons.>* The holes
are rapidly relaxed to the top of the valence band and local-
ized into the band-tail states. We believe that this rapid hole
localization plays an essential role in the band-gap renormal-
ization reduction. Many-body interactions between holes and
electrons are related to their wave function overlap.>>3 In
our case, where electrons exist at delocalized extended states
above the band edge and holes at localized band-tail states
below the band edge, the many-body interactions between
them are very weak. In In Ga;_,N mixed crystals, the reduc-
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tion of the e-h interactions is caused by rapid hole localiza-
tion, and the electron plasmas determine their PL dynamics
and spectrum.

In conclusion, we have shown the importance of e-h
plasma localization on the PL dynamics of In,Ga;_ N mixed
crystals leading to a smaller band-gap renormalization in
In,Ga,_,N mixed crystals compared to GaN crystals. Our
findings indicate that holes are rapidly localized at band-tail
states and that electron plasmas in the extended states deter-
mine the PL dynamics. Our experimental approach of using
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mixed crystals strongly suggests a method for solving the
long-standing problems of very large band-gap renormaliza-
tion in wide-gap semiconductors and the transformation from
e-h plasma to excitons in highly excited semiconductors.
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