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The carrier density dependence and the temporal evolution of the ground level parameters of a quasi-
one-dimensional electron-hole plasma confined in GaAs quantum wires have been studied by a line-

shape analysis of the time-resolved luminescence. The obtained data are compared with the available
theoretical calculations.

I. INTRODUCTION

When a dense electron-hole plasma (EHP) forms in a
semiconductor, the single-particle picture breaks down
and the crystal ground level differs from the one calculat-
ed for noninteracting electron-hole pairs. The progres-
sive shrinkage of the band gap with increasing EHP den-
sity is one of the macroscopic consequences of many-
body interactions in the crystal. This phenomenon,
known as band-gap renormalization (BGR), is important
to forecast the emission wavelength of coherent emitters,
and has been widely studied in recent years in semicon-
ductors of different dimensionalities. ' Most of the work
has been aimed to a quantitative determination of the
carrier density dependence of the BGR in bulk as well as
in quantum well semiconductors. The dimensionality
dependence of the BGR has also been demonstrated. In
this work we present an experimental investigation of
ban~i. gap renormalization in a hot-carrier plasma photo-
gen|:rated by short laser pulses in GaAs quantum wires.
The, carrier density dependence and the time evolution of
the BGR and of the carrier temperature have been ob-
tained by the line-shape analysis of the time-resolved
photoluminescence (PL) of highly excited quantum wires.

II. EXPERIMENTAL

The investigated quantum wire array was fabricated by
holographic lithography and plasma etching from a
GaAs/Alo 36Gao 64As multiple quantum well heterostruc-
ture (the well and barrier widths were 10.6 and 15.3 nm,
respectively). The resulting quantum wires had a lateral
width of 60+5 nm. Details on the investigated structure
are reported in Refs. 2 and 3. The sample was kept at a
lattice temperature of 5 K and optically excited by the
second harmonic of a mode-locked Nd: Yag (yttrium

aluminum garnet) laser with pulse duration of about 25

ps and repetition frequency of 2 Hz. The temporal evolu-
tion of the luminescence was analyzed by a single-shot
streak-camera equipped with a cooled charge coupled de-
vice detector.

III. RESULTS AND DISCUSSION

In Fig. 1 we show the high-excitation-intensity photo-
luminescence (PL) spectra of the quantum wires at
different delays after the exciting pulse. The spectra were
recorded at power densities ranging between 0.5 and 10
MW cm, and measured for delay times of the order of
1 ns, until the PL signal extinguishes completely. The
spectra exhibit a band-filling line-shape as usually ob-
served for the electron-hole plasma emission of low-
dimensional semiconductors. These spectra originate
from the radiative recombination of electron and holes
occupying quantum wire subbands with quantum num-
bers as high as n =5 and following the selection rule
b.n =0 (y labels the quantum wire confinement direc-
tion). As shown by the vertical lines in Fig. 1, the rela-
tive positions of the PL structures reAect the energy split-
ting of the first five interband transitions in the wires. '

These were obtained by adding the lateral confinement
energies from a Kohn-Luttinger —type calculation of the
valence-band states, and from a simple square-well mod-
el calculation of the conduction bands, to the quantum
well gap. The exact energy of the unperturbed n =1 en-

ergy gap of the wires (E ) has been determined from the
experimental position of the 2p exciton state measured by
two-photon-absorption spectroscopy. For the investi-
gated wire array we found Eg = 1.566 eV at low tempera-
ture. In general, at short delays after the exciting pulse
the PL spectra exhibit broad tails, indicating the presence
of a hot-carrier distribution (high-energy tail) and band-
gap renormalization (low-energy tail). With increasing
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delays, energy relaxation of hot carriers occurs. The
spectra narrow and distinct interband transitions become
distinguishable. At long delays the PL spectrum reduces
to a sharp peak with some additional structure in the
high energy tail due to a residual population in the n =2
quantum wire subbands. At the lowest excitation intensi-
ty [Fig. 1(a)] only few subbands are populated, and the
luminescence spectra are narrower. With increasing exci-
tation intensity a strong broadening of the high energy
tail of the spectra is observed. The population of states
belonging to the second quantum well subband and the
saturation of the quantum wire density of states can be
observed in the spectra of Figs. 1(c) and 1(d) at short de-
lays. Under these conditions the luminescence persists
for delays as long as 1 ns due to the relaxation of hot car-
riers into the lower quantum wire sub-bands. This time
dynamics reflects the temporal evolution of the carrier
density in the quantum wire states, which is expected to
be maximum after the laser pulse and then to decrease
following the e-h pair lifetime in the plasma. Following
this plasma dynamics the BGR and the hot-carrier tem-

perature are expected to decrease either with decreasing
the excitation intensity or with increasing the delay time
after the exciting pulse. Qualitatively, a time (i.e., densi-
ty) dependence of the BGR and of the carrier tempera-
ture can be inferred by the progressive narrowing of the
low- and high-energy tail, respectively, observed at long
delays in the PL spectra of Fig. 1.

To get quantitative information on the temporal evolu-
tion of the EHP parameters we have performed a statisti-
cal analysis of the luminescence line shape. Electrons and
holes in the plasma are described by a quasi-equilibrium
Fermi-Dirac distribution functions (f, h ) with common
carrier temperature (higher than the crystal tempera-
ture). This approximation is fulfilled in the time scale of
our experiment, as the typical carrier thermalization time
is 1 ps, whereas the recombination time is of the order of
ns. Assuming that the many-body interactions modify
the single particle energy states causing a rigid band shift
and a quasiparticle broadening, the resulting spectral
density of emission for a constant transition matrix ele-
ment reads as

N
1(A'co)= g f dE' f dE, f dEh5(Aco E, Eh—Eg*—)—

Xf,(e,, )fh(e, h)D(E' Eg* EJ —
Ejh

—)I e[E—e &je«')]Lh [Eh ejh(

The renormalized band gap falls in the low-energy tail
of the PL spectra (arrows in Fig. 2) and is redshifted with
respect to the n =1 gap of the unperturbed quantum
wire by an amount which depends on the excitation in-
tensity and/or the delay time. The results of the present
model do not difFer much from those obtained in our pre-
vious work where the one-dimensional joint density of
states itself was phenomenologically broadened; such an

where the summation is over X occupied subbands, E*is
the normalized band gap,

(2)Je, h + g ge gh

I / I I I I
/
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212 pg
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consistent with the assumption of momentum conserva-
tion in the recombination, and D(E) is the joint one-
dimensional density of states proportional to E ' . The
values used for the five parabolic e6'ective masses are
m, =0.067 and mh =0.2. The latter has been chosen to
reproduce on average the dispersion of the four topmost
one-dimensional (1D) hole subbands. In this model the
quasiparticle spectral functions are given by Lorentzian
functions L, h with constant damping parameters I, h,
which account for intercarrier scattering. ' . If in the
Fermi-Dirac functions the approximation E, =e ,(E').
and Eh ——ejh(E') are made, Eq. (1) reduces to

N
I(fi~)= g fde'f, [e , (E')]fh[e h(E.')]

j=i
XD (E' E* E, E&h)I.—(—A'co, E'), — .

(3)

1 ps

477 ps
where the Lorentzian function L has a broadening pa-
rameter I =I,+ I h. Within this model, given the values
of the electron and hole 1D subband edges E, and Ejh
(measured and calculated in Refs. 3 and 5), and varying
the total e-h pair density (n ), E ', the carrier temperature
T and I as fitting parameters, a satisfactory line-shape
analysis of the spectra is obtained as shown by the typical
results of Fig. 2."

1.50 1.55 1.60 1.65
ENERGY (eV)

FIG. 2. Time-resolved electron-hole plasma luminescence
spectra measured at 5 K {continuous lines) and calculated spec-
tra (dashed lines). The arrows indicate the renormalized band

gap. The individual interband transitions are plotted for the
477-ps spectrum.
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approach would be more appropriate if the broadening
were dominated by wire-width fluctuations or other de-
fects rather than by lifetime (Landsberg-like) damping.
As the typical values of I are comparable to those of the
temperature, ' several spectra have also been fitted using
Eq. (1) in which no approximations are made in evaluat-
ing the Fermi-Dirac distribution functions. The (unphys-
ical) low-energy tail of the Lorentzians L, h has been cut
at an energy value 31,(3I i, ) below the peak, i.e., remov-
ing about 10% of the spectral weight from their low ener-

gy tail. As shown in Fig. 3 for two typical cases, Eq. (1)
gives good fits with parameter values very close to those
obtained from Eq. (3). Only a detailed calculation of the
spectral functions for several occupied 1D subbands at
finite temperature would justify a less rough modeling, by
including, for instance, energy-dependent lifetime
broadenings. Actually, we find that the proposed model
becomes unsatisfactory only for the spectra recorded at
short delays ( (200 ps) or at very high carrier densities
(having a very broad and featureless line shape).

For a very refined line-shape model, also the full
dispersion of the coupled valence bands and optical ma-
trix elements and the independent BGR of different sub-
bands should be taken into account (as in Ref. 13 for
GaAs quantum wells). However, in the investigated wide
quantum wires already five transitions overlap within 50
me V above the fundamental ny 1 g'ap This makes
difficult to get information on the BGR of the individual
subbands from a simple statistical line-shape fitting. In
this work we therefore concentrate on the global carrier
density dependence of the BGR obtained from Eq. (3).
The 1D carrier density (cm ') has been adjusted as free

I I I i I I I I i I I ~ I i I I I I i I I I I / I % I I

parameter in the line-shape fitting. The temperature-
dependent chemical potential of the EHP has been evalu-
ated starting from the 1D carrier densities and according
to the well known thermodynamic Fermi-gas theory. In
Fig. 4 we show the chemical potentials of 1D electrons
and holes at two temperatures and for a range of 1D e-A,

pair densities (n) representative of the experimental con-
ditions (continuous line). In order to evaluate the
difference with respect to the 2D case, we also compare
in Fig. 4 the 1D chemical potential with the correspond-
ing quantity for the 10.6-nm quantum well from which
the wires were fabricated. In this case the 2D e-h pair
density is given by n/60 nm (dotted line in Fig. 4). Even
though several 1D subbands are occupied, significant
quantitative differences with respect to the 2D case are
evident.

The band-gap renormalization versus the total carrier
density is shown in Fig. 5. The BGR values were ob-
tained by subtracting the best fit Eg* values from the un-
perturbed n =1 quantum wire gap previously deter-
mined (E =1.566 eV). The analysis was performed on
the whole set of spectra excited at different power densi-
ties or detected at different delays. The BGR values
range between 12 and 24 meV in the carrier density range
2X10 &n &4X10 cm '. The accuracy in the deter-
mination of the best-At BGR values amounts to about
+10%%uo (typical error bars on the BGR, as deduced from
the fit parameters, are reported in Fig. 5). The smallest
BGR value obtained from the fits (about 12 meV at
2 X 10 cm ') compares with the exciton binding energy
in the investigated wires, indicating that exciton ioniza-
tion occurs around this carrier density. In Fig. 5 we also
plot the carrier density dependence of the BGR calculat-
ed by Kuang-Hu and Das Sarma' for quantum wires of
width 1000 and 500 A at zero temperature. This theory
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FIG. 3. Theoretical line shapes corresponding to the spectra
of Fig. 1(b) for delays of 363 ps (upper part, vertically displaced
by 0.5) and 477 ps (lower part): the full curves are obtained
from Eq. (3) as the fits in Fig. 2 (with parameter values, respec-
tively, n =1.37X10 cm ', K&T=11.7 meV, BQR =13 meV,
I =13.8 rneV, and n =0.77 X 10 cm '; K~ T=6.4 meV; BGR
=12.2 meV; I =11 meV), the dashed curves are obtained from
Eq. (1) (with parameter values, respectively, n = 1.39 X 10
cm ', K&T=14.4 meV, BCiR =12 meV, I,+I h =13.8 rneV,
and n =0.74X 10 cm', Kz T= 8.4 meV; BRG=10.5 rneV;
I,+ I q

= 11 meV).

(]0 1/crn)

FICi. 4. The sum (p, +pz ) of the chemical potentials of 1D
electrons and holes measured from the bottom of the respective
first quantum well 2D subbands is shown by the upper and
lower full lines, respectively, for K& T=16 meV as a function of
the 1D density of e-h pairs (n). The dotted lines show the same
quantity for 2D electrons and holes in the same quantum well
with a 2D density of e-h pairs given by n/60 nm. All relevant
parameters are as in the fits to the experimental spectra.
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FIG. 5. Band-gap renormalization (dots) versus total carrier
density obtained from the fit of the luminescence spectra under
different excitation intensities and after various delays. The con-
tinuous lines are the calculated BGR curves for quantum wires
of widths 1000 A {upper curve) and 500 A (lower curve) {after
Ref. 14).

neglects the hole population and considers an electron
plasma confined in the lowest conduction quantum wire
subband only. Nevertheless, it is satisfactory to see that
experiment and theory get close. Furthermore, our data
are about 50%%uo smaller than those predicted by Benner
and Haug which were calculated for parabolic wires hav-
ing a much larger subband separation than ours. ' As
discussed above, though, more realistic theoretical calcu-
lations would be required for a precise comparison, be-
tween theory and experiments. Unfortunately, so far no
theoretical work including the population of higher-
energy subbands, and the two component EHP at finite
temperature in quantum wires has been reported. We
point out that the obtained carrier density dependence of
the BGR is characteristic of the quasi-one-dimensional
EHP. In fact, by scaling the 1D carrier density in two di-
mensions (by nzD=n/60 nm) the obtained quasi-two-
dimensional BGR does not compare with the one expect-
ed for the 10.6-nm quantum well from which the wires
were fabricated. '

Now we turn to the transient behavior of the BGR. In
Figs. 6(a) and 6(b) we show the temporal evolution of the
total carrier density (n in cm ') and BGR obtained by
the line shape fitting of the EHP luminescence excited
under different power densities. As already observed in
quantum wells, ' the BGR reduces at long delay times,
following the decrease of the carrier density due to
recombination. The initial photogenerated carrier densi-
ty (short delays) depends on the intensity of the exciting
pulse and shows an exponential decay. The slope of the
carrier density versus time slightly increases with increas-
ing the injected density [Fig. 6(a)j, indicating some shor-
tening of the recombination time at high carrier densi-

ty. ' However, no abrupt decrease of the recombination
time due to stimulated emission is observed in the investi-
gated quantum wires. At the lowest excitation intensity
the carrier density reduces from 1.6 X 10 to 4 X 10 cm
in about 500 ps. Under higher excitation, the initial car-
rier density increases and decays following a similar time
dependence. The band-gap renormalization follows this
temporal evolution of the electron-hole plasma density, as
shown in Fig. 6(b). The transient BGR reduces for long
delays and the crystal tends to recover the original value
of the unperturbed energy gap. These trends roughly in-
dicate that a recovery time of the order of 1 ns is neces-
sary to reform excitons originally screened by the EHP
(this corresponds to the condition that BGR equals the
exciton binding energy) and to resume the unperturbed
energy gap of the quantum wires, under high photogen-
eration rates.

Finally, to complete our picture of the dynamics of the
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EHP parameters in one dimension, we point our atten-
tion on the hot carrier cooling. In Fig. 7 we show the
temporal evolution of the carrier temperature obtained
for the line-shape fits of the PL spectra recorded under
different injection densities. These temperatures are de-
duced from the Fermi-Dirac thermal distribution of the
carriers in the subbands, assuming the same average tem-
perature for the electron and hole plasmas. Within the
experimental error the Kz T factor follows an exponential
decay in time, with a slope determined by the initial pho-
togenerated carrier density. The average error on the
best-fit Kz T values amounts to +10%.Only at the lowest
excitation intensity (I curve) the line-shape fit was reliable
enough at short delays, and a K~T value of about 7.5
meV has been obtained for nominally zero delay. This
value reduces to about 3 meV in approximately half
nanosecond. At higher excitation intensities a very hot-
carrier plasma is formed. K~ T values as high as 30 meV
have been obtained from the PL spectra recorded after
long delays ()250 ps). Under this condition the hot
plasma regime is found to last for a time of the order of 1

ns. The E~ T values reported in Fig. 7 differ by less than
10%%ug with those obtained with the simplified line-shape
model of Ref. 3. From these data we can estimate an en-
ergy loss rate for electrons and holes ranging between
7 X 10 ' and 10 ' W/carrier. These values, though ap-
proximated, are smaller than those expected from the cal-
culations of Campos and Das Sarma' valid for a 20
nm X 20 nm wire, in the extreme quantum limit (i.e., with
a single subband occupied at carrier density 10 cm '),
Probably a theoretical treatment of the hot-carrier relax-
ation in the dense 1D-EHP on a time scale of 1 ns, in-
cluding multisubband population and intersubband and
intrasubband interactions, would be necessary to inter-
pret our data. Subpicosecond optical experiments would
be also useful to directly compare with the Monte Carlo
simulation by Rota et al. , which analyzes the carrier re-
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FIG. 7. Thermal energy of carriers (K& is the Boltzmann
constant and T the effective carrier temperature) as a function
of time, under different excitation intensities. The dashed lines
are the regression lines connecting the data points. (I=0.5
MW cm ').
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In conclusion, we have reported on systematic time-
resolved PL measurements carried out in GaAs quantum
wires under intense ps excitation. The carrier density
dependence and the temporal evolution of the band-gap
renormalization and carrier temperature have been deter-
mined and compared with available theories.
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