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Quantum Confined One-Dimensional Electron-Hole Plasma in Semiconductor Quantum Wires
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We report a study of the temporal evolution of the luminescence from an electron-hole plasma
confined in GaAs quantum wires under high-power excitation. In the spectra 1D intersubband transi-
tions with quantum numbers as high as n=5 are resolved. The spectral positions are in excellent agree-
ment with Kohn-Luttinger calculations based on an active wire width of m =60+ 5 nm, accurately
determined by an x-ray-diffraction method employed for 1D systems. The decay of the luminescence
and the hot-carrier cooling rate, which is obtained from line-shape analysis, are found to be slower than
the corresponding processes in quantum wells.

PACS numbers: 73.20.Dx, 73.40.Kp, 78.55.Cr, 78.70.Ck

In recent years the study of low-dimensional systems
has attracted much attention. These systems are usually
fabricated by an ultrafine patterning of layered semicon-
ductor systems. Unipolar one-dimensional electron sys-
tems (1DES) and ODES have been studied in modu-
lation-doped quantum wires and dots. The optical prop-
erties of undoped quantum wires are strongly governed by
1D excitonic eff'ects [1-5]. Here we present the first
study of a quantum confined 1D electron-hole plasma ex-
cited by high-power laser pulses and the investigation of
the time dynamics of the radiative recombination process-
es occurring in the dense electron-hole plasma (EHP)
confined in an array of semiconductor quantum-well
wires (QWW). A suitable design of the GaAs/
A1036Ga064As heterostructure configuration allows us to
clearly observe the luminescence of 1D intersubband
transitions with quantum numbers as high as n =5. The
separation of the higher-energy transitions agrees well
with the calculated confinement energies adopting the
structural parameters determined by a suitable x-ray-
diff'raction technique, employed for the study of 1D struc-
tures. A decay time of the order of 800 ps is measured
for the electron-hole plasma luminescence, indicating a
slower carrier cooling rate as compared to semiconductor
quantum wells.

The investigated samples are realized by microstructur-
ing a GaAs/Alo 36Gao 64As multiple-quantum-well het-
erostructure consisting of 25 wells of 10.6-nm width
sandwiched among 15.3-nm-wide barriers grown by
molecular-beam epitaxy (MBE). The key feature of the
investigated structure is that the quantum wells are
grown on top of a 1-pm-thick A1036Ga064As cladding
layer. This provides an efficient optical confinement of
the luminescence due to the refractive index discontinuity
at the interface of about 7% resulting in a considerable
increase of the spontaneous luminescence efficiency and
in a lowering by about 1 order of magnitude of the stimu-
lated emission threshold at room temperature [6]. The
quantum wires have been prepared starting from holo-
graphically defined arrays of periodic photoresist stripes
acting as masks for a dry mesa-etching process [7].
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FIG. l. Asymmetric (422) x-ray-diA'raction pattern with the
quantum wire structure (a) perpendicular and (b) parallel to
the scattering plane. The satellite peaks in (a) are produced by
the periodic array of the quantum wires along the (100) sur-
face.

For the explanation of the optical data it is very impor-
tant to determine the actual structural parameters of the
quantum wire array. This has been performed by em-

ploying a suitable experimental and theoretical method
based on x-ray-diff'raction experiments for 1D systems
[8]. Bragg diff'raction measurements were performed in

symmetric (400) and (200) as well as asymmetric (422)
reflection geometry. The asymmetrical (422) reflection
was recorded with yo& yq and yo& yq, where go=sino;
and yt, =sinO„are the direction cosines [9]. The azimuth
angle for each reflection measurement was chosen in or-
der to be either sensitive or insensitive to the quantum
wire structure, i.e., with the quantum wires perpendicular
(y axis) and parallel (x axis) to the scattering plane, re-
spectively. Figure 1 shows the (422) diffraction pattern
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The quantitative analysis of the experimental spectrum of
Fig. 1(a) through Eqs. (1) and (2) gives for the quantum
wire period Lq =2800 A and for the averaged QWW
width L~, =60+ 5 nm. The uncertainty is mainly due to
Auctuations of the wire width, which is most probably
varying over the sample. It is worth noting that the
geometrical wire width determined by scanning electron
micrographs (SEM) on this sample is 8'=140 nm. Since
the x-ray-difraction method is only sensitive to the crys-
talline part of the wire, we conclude that on either side of
the wire a region of width W, =(W L)y/2=40 n—m is

slightly amorphized, this due to ion channeling and, pos-
sibly, to redeposition during the etching process. As we
will show in the following, the results of our optical mea-
surements demonstrate that these regions act as nearly
perfect (infinitely high) barriers for the electrons and
holes, thus confirming that the crystalline wire width

L~ =60 nm deduced by the x-ray-difI'raction experiments
is indeed the "active' width. A detailed discussion of the
x-ray diA'raction in semiconductor quantum wire struc-
tures will be published elsewhere [11].

The time-resolved luminescence measurements have
been performed by using a high-power frequency-
doubled, amplified, actively and passively mode-locked
Nd-doped yttrium-aluminum-garnet laser, providing 25-
ps pulses at 5-Hz repetition rate. The peak power density
obtained after focusing over a spot of about 800 pm was
about 20 MWcm . The luminescence was dispersed by
a 25-cm spectrometer followed by a single-shot streak
camera with a two-dimensional charge-coupled device

recorded in the yo& yp configuration, which is the most
sensitive reAection geometry for the observation of quan-
tum wire structures. !n Fig. 1(a) the QWWs are perpen-
dicular to the scattering plane. The satellite peaks of the
mth order (labeled W ), which arise from the periodic
wire structure, are well pronounced. On the other hand,
no peaks from the quantum wire structure can be ob-
served in the (422) diffraction pattern of Fig. 1(b)
recorded with the QWWs parallel to the scattering plane.
The satellite peak (5 ~) must be attributed to the
quantum-well structure, i.e., to the superperiodicity nor-
mal to the sample surface. In Fig. 1(a) the angular dis-
tance between two satellite peaks of order m and n

(co „) is related to the quantum wire period L~ by the
equation

Lp= &I) ol lm —nl (I)
sin208 o)~g

where k is the x-ray wavelength (Xc &, 1 5404562 A)
and Oq is the kinematic Bragg angle. In addition, the in-

tensity ratio r(m, n) between the satellite peaks of order
m and n is a measure of the quantum wire profile W(y)
[10],

detector. The overall time resolution was about 20 ps.
The strong improvement of the light emission by the

optical confinement layer has now been fully exploited to
measure the luminescence emitted by a dense electron-
hole plasma confined in the wire. In Figs. 2(a) and 2(b)
we depict the time-resolved luminescence spectra of the
electron-hole plasma confined in the QWW at two
diff'erent excitation intensities. The spectra clearly exhib-
it several intersubband transitions involving higher-
energy QWW states up to quantum numbers as high as
n=5. Because of the high photogeneration rates of our
experiment a broad emission band can be observed during
the first 100 ps after the excitation. During this short
transient the dense carrier population fills all the avail-
able 1D states and the emission spectrum consists of Aat

and very broad structures [see Fig. 2(b)1. For delays
longer than 150 ps carriers recombine and relax into
lower-energy quantum wire subbands, resulting in the ap-
pearance of several peaks whose energy position does not

vary in time and is almost independent of the excitation
intensity. At longer delays ( & 400 ps) the spectra exhib-
it a few structures around the n=l quantum wire emis-
sion. The luminescence decay times range between about
400 ps for the higher-energy transitions to 800 ps for the
ground-state luminescence (originating from the recom-
bination of electrons and holes at the n=l conduction
and valence 1D subbands) and are found to depend on
the carrier density, especially on the high-energy tail of
the emission spectrum. This lifetime is longer than the
one measured in the quantum-well reference sample un-
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FIG. 2. Time-resolved electron-hole plasma luminescence in

quantum wires at 5 K. The excitation intensities for these spec-
tra are 2XEO in (a) and 10 in (h), where 10 is 0.5 MWcm
The dots reproduce the calculated luminescence line shape (see
text).

892



VOLUME 67, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AUGUST 1991

der similar excitation conditions, z =500 ps [12].
In Fig. 3 we depict the positions of the peaks in the

photoluminescence spectra for different decay times. The
one-particle carrier confinement energies in QWWs have
been calculated by Bockelmann and Bastard [13] in a nu-
merical Kohn-Luttinger-type treatment adopting a
square-well model with finite barriers in the z direction
and infinite barriers for the y direction (wire-quantization
axis). The important point is that the valence-band
structure in QWWs has inherently a mixed heavy- and
light-hole character, which significantly infIuences the 1D
energy levels. The calculated energy separations of the
various 1D intersubband transitions for a well width of
10.6 nm, an active wire width of 55 nm, an electron
effective mass of m,* =0.067mo, and assuming the hn =0
selection rule, are indicated in Fig. 3 as straight lines.
The agreement between the calculated and the experi-
mental data points is excellent. This demonstrates exper-
imentally the importance of the mixing between light-
and heavy-hole states in quantum wires. It also strongly
supports the results of the x-ray-diffraction measurements
which give an active wire width much smaller than the
geometrical width observed in the SEM. Further, the
successful application of the infinite potential barrier
model along the wire quantization direction demonstrates
that the amorphized regions of about 40 nm on both sides
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FIG. 3. Comparison between the experimental subband sep-
arations taken from the spectra of Figs. 2(a) and 2(b) (sym-
bols) and the calculated differences of quantum wire intersub-
band transitions with quantum numbers up to n =5 (the selec-
tion rule hn =0 is assumed). Eo denotes the transition energy
between the lowest 10 electron and hole subband.

of the wires act as almost perfect potential barriers.
Information on the ground-level parameters of the

EHP confined in the QWW structure are obtained by
evaluating the line shape of the electron-hole recombina-
tion R(Aro). We adopt a multisubband momentum-
conserving model with constant matrix elements. The
band-filling luminescence in this simple case reads

n

R(atro) = g f, (E„+Es)[1 —fh( —el, )] D(o(E')L(I, I'tro Eg —E')dE', —
i=l ~J

(3)

where the subband index i runs over n occupied subbands,
D l D is the 1D density of states broadened by convolution
with a Lorentzian function L (Landsberg broadening),
and the electron and hole energies are expressed as

(4)

t
togeneration rates. The carrier temperature decreases in

time from 230 down to 60 K during the first 500 ps (Ip
curve), and strongly depends on the excitation intensity.
The comparison of these results with those obtained in

according to k-conservation requirements. Typical calcu-
lated spectra adopting the intersubband transition ener-
gies Es determined above are shown in Fig. 2(b) superim-
posed on the experimental curves recorded after delays of
345 and 410 ps. The agreement is good despite the sim-

plifying assumptions made in the model. In the calcula-
tions the electron temperature kT, the broadening param-
eter 1, and the electron quasi-Fermi level F, have been
used as free parameters. The fit is sensitive to the
changes in the total quasi-Fermi level and in the electron
temperature which affect the bandwidth and the broaden-
ing of the high-energy tail of the luminescence spectra,
respectively, and the filling of higher-energy subbands.
The broadening parameter in the density of states mainly
affects the low-energy tail of the luminescence without
appreciable changes in the overall spectral linewidth.
The best fit of the spectra of Figs. 2(a) and 2(b) at
different delays provides the time evolution of the carrier
temperature. This is shown in Fig. 4 at two different pho-
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FIG. 4. Time evolution of the carrier temperature obtained
from the line-shape fitting of the electron-hole plasma lumines-
cence at two diff'erent excitation intensities.

893



VOLUME 67, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AUGUST 1991

the same manner from the quantum-well reference sam-

ple under similar excitation conditions indicates that the
hot-carrier cooling rate is slower in QWWs than in quan-
tum wells [14]. This is consistent with the observed
longer luminescence decay time of the EHP. It may be
also an indication for a reduced phonon scattering rate in

the type of 1D structures we have investigated, since the
interaction of phonons with carriers depends in 1D sys-
tems on the structural parameters [15]. A systematic
study of the carrier temperature as a function of time and
carrier density is in progress and will be the subject of a
forthcoming paper.

In conclusion, we have investigated the temporal evolu-

tion of the electron-hole plasma luminescence in GaAs
quantum wires. The use of a high optical confinement
heterostructure allows us to observe radiative recombina-
tion from high-index intersubband transitions up to n =5
in the wire. The active width of the crystalline part of the
QWW determined by a suitable technique based on x-ray
diAraction is found to be considerably smaller than the
geometrical wire width observed by scanning electron mi-

crographs. This active wire width has been employed in

the calculation of the 1D confinement energies. Excellent
agreement is found between the observed luminescence
spectra and the 1D intersubband transition energies cal-
culated taking into account the valence subband disper-
sion and assuming a simple infinite square-well potential
model along the wire quantization axis [13]. The time-
resolved luminescence shows an electron-hole plasma de-

cay time of about 800 ps. Further, a momentum conserv-

ing, multisubband electron-hole recombination model has
been used to calculate the line profile of the electron-hole
plasma luminescence spectra at diA'erent delays. The
hot-carrier temperature indicates a reduced carrier cool-
ing rate in these quasi-one-dimensional systems.
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