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By studying the temperature dependence of the photoluminescence intensity in strain-confined
GaAs/Al„Ga& As quantum wires and quantum dots, we show that as dimensionality is reduced from
two-dimensional {2D) through 1D to OD, there is no reduction of luminescent efficiency at low tempera-
ture, and that high quantum efficiency persists to significantly higher temperature. There is efficient spa-
tial energy transfer from the 2D region to the 1D or OD region. This transfer increases with tempera-
ture, showing that there is a barrier to transfer a few meV high. This barrier is lower than theoretically
predicted. For above band-gap excitation there is substantial "capture transfer" in which unthermalized
carriers or excitons transfer even at very low temperature. Exciton localization due to the well-width
fiuctuations of the host quantum well also plays an important role in determining the temperature
dependence of the exciton transfer in these structures.

I. INTRODUCTION

In the past two decades, there has been a vast amount
of work on semiconductor quantum wells, both experi-
mentally and theoretically. ' Interest in reduced dimen-
sionality has been extended to semiconductor quantum
wires and dots for more than a decade. ' Existing tech-
niques for generating significant lateral confinement to
quantum wells are reviewed in Ref. 3. Among them, the
following are most frequently used. (1) Patterned etch-
ing: this is perhaps the most direct method for making
quantum wires and dots out of quantum wells. (2) Ion
implantation. (3) Growth on nonplanar substrates: this
technique gives better luminescence efficiency than etch-
ing and ion implantation. However, the uniformity of
samples depends very critically on the growth rate, which
is difficult to control. (4) Strain confinement. ' This
method, proposed by Kash et al. is to put a so-called
"stressor" on the top of a quantum well. The stressor de-
forms the quantum well locally and generates lateral
confinement by lowering the band gap. This method can
produce quantum wires and dots with high luminescent
efficiency down to the scale of a few tens of nanometers.
Growth methods that do not require patterning have also
been developed. These include spinodal decomposition, '

growth on self-organizing structures, " and strain-
induced three-dimensional growth of islands. ' '

A wide variety of optical experiments has been carried
out on these low-dimensional structures. ' ' With one
exception, these measurements were all made at low (heli-
um) temperature. However, from the application point
of view, the optical properties at higher temperature are
more important, since nonradiative processes usually be-

come significant with increasing temperature. Among
the various techniques for making quantum wires and
dots, strain patterning is perhaps the best for achieving
high luminescent efficiency, making possible a meaningful
comparison of the efficiency of wells, wires, and dots. The
efficiency of our strain confined quantum wires and dots
is not only comparable to that of the host quantum wells
at low temperature, but also persists to relatively high
temperature, as we briefIIy reported recently. ' As the
dimensionality is reduced from 2D through 1D to OD,
the temperature dependence of the nonradiative and radi-
ative decay, and of electron-phonon interaction, all
change. As far as we know, the only other systematic in-
vestigation of the temperature dependence of the
luminescence efficiency and luminescence decay time was
made on strain-induced three-dimensional islands, '

whose geometry and composition were not yet precisely
known. An important issue in such structures is carrier
or exciton localization, since interface imperfections are
unavoidable. In the low-temperature limit, localization
causes a Stokes shift ' and afFects the free-exciton radia-
tive decay time. However, its role at finite temperature
is not clear yet.

In this paper, we study the temperature dependence of
the luminescence in strain-confined quantum wires and
quantum dots. Section II describes the quantum wire and
dot structures, their strain tensors, and the experimental
setup. Section III reports steady-state measurements of
the temperature dependence of luminescence in quantum
wires and dots of various sizes, with comparison to un-
patterned quantum wells. The main results of this sec-
tion are (I) as dimensionality is reduced from 2D through
1D to OD, nonradiative recombination is effectively re-
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duced and thus higher quantum eKciency is achieved at
relatively high temperature; (2) there is efficient, but
temperature-dependent, spatial energy transfer from the
2D region, across a strain induced barrier, to the 1D or
OD region. In Sec. IV, we discuss the inhuence of energy
relaxation of hot carriers or excitons in quantum wires
and dots on the luminescent e%ciency. We use a kinetic
model to obtain the effective transfer rate and compare it
with the theoretical prediction. Finally, in Sec. V, we
summarize this work and give some conclusions.

II. SAMPLES AND EXPERIMENTAL SETUP

A. Samples

The details of the fabrication of the strain-confining
structures have been described elsewhere.

Briefly,

radio-frequency plasma deposition employing butane as
the carbon-containing gas was used to put down a
100—300 nm-thick, uniform layer of amorphous hydro-
genated carbon (a-C:H) onto a quantum-well sample.
The bonding defects created by the impact of high-energy
ions during growth of the film produce stress in the car-
bon 61m. The carbon layer is patterned by electron-beam
lithography and etched. Upon etching, the carbon wires
or dots ("stressors") left on the sample expand, and in
their partial relaxation, they locally deform the underly-
ing quantum well.

This work concentrates on two samples, A and B,
grown by molecular-beam epitaxy (MBE) on [100] orient-
ed semi-insulating GaAs. Sample A has three GaAs
wells of 9, 2, and 4 nm thickness, separated by 20 nm
thick Alo 3Gao 7As barriers, and a 30-nm cap layer. Onto
this structure, a 160 nm thick a-C:H layer was patterned
and etched to form 40—50-pm square arrays of works
along the [100] direction. There are two arrays of wires
in this sample, labeled 8'2 and 8'3. 8'2 and 8'3 have
wires 350 nm wide (measured by scanning electron mi-
croscopy), and period 1 and 2 pm, respectively. We will
use symbol 2-8'3 (350/9 nm) for the spectra of the 9-nm
QW in the 350-nm array W3 of sample A, and so on.

Sample B was grown in the following sequence: 500-
nm GaAs buffer layer, a 200-nm barrier layer consisting
of 160 nm of Alo 3Gao 7As, followed by a twenty layer su-
perlattice of 1.4 nm of GaAs and 0.6-nm A1As (with the
same average composition as A1Q3Gao~As), inserted to
smooth the lower interface and to trap impurities, a 12-
nm quantum well, a 20-nm barrier of Ala 3Gao 7As and a
30-nm GaAs cap layer. A 100-nm a-C:H layer was de-
posited, patterned, and etched to form 40-pm square ar-
rays of stressor wires or dots. The wires are along the
[100] direction, while the dots are squares with sides in
the same orientation. The wires or dots with nominal
stressor sizes 100, 200, 300, 400, and 800 nm were made
in this sample, and they are labeled B Wl (100/12 nm);-
B-8'5 (800/12 nm) or B D1 (100/12 nm); B-D5 (-800/12
nm), respectively. The periods are three times the nomi-
nal sizes.

B. Strain tensors and band structure

(C. Experimental setup

Most of the nonselective luminescence spectra were ex-
cited with a He-Ne laser. This was focused to a measured
spot diameter at 12 pm, compared with the pattern size
of 40 pm. Selective luminescence spectra and photo-
luminescence excitation (PLE) spectra were obtained
with a cw dye laser using LDS 751 dye. The spot diame-
ter was -20 pm in this case. The laser spot was focused
centrally on the patterns and was cheeked with a micro-
scope ( X20). However, some laser light always reached
the unpatterned region, particularly in the case of selec-
tive excitation.

The sample was cooled by helium gas in a variable tem-
perature cryostat. A thermocouple was attached to the
sample holder at the same height as the sample to mea-
sure temperature, which was stabilized by a heater in the
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FIG. II. Contour plot of volume dilatation of semiconductor.
Contours are at equal intervals of the dilatation. The deforma-
tion is exaggerated.

The strain tensors are calculated as described previous-
ly. ' A typical contour plot of the strain is shown in Fig.
1. The material under the center of the stressor is dilat-
ed; that near the edges is compressed. The decay length
of the strain is comparable to the width of the stressor,
regardless of the details of its structure, so the quantum
well must be located as close as possible to the stressor in
order to get strong band-gap modulation. However, it
cannot be less than about 50 nm from the stressor, be-
cause interface states adversely affect the luminescent
efficiency. Since the deformation potential is negative, a
potential well for electrons is created in the region of the
well under the stressor, while barriers are formed near
the edges, as shown for two wire widths in Fig. 2. Near
the minimum, the potential is parabolic, and' the electron
energy-level spacing is about 2.5 meV in the 200-nm case
and 1 meV in the 350-nm case. The effect on the valence
band is more complicated because of the off-diagonal
components associated with shear strain' ' (which are
not shown in Fig. 1), and depends on the details of the
geometry (see Fig. 10 below for a particular case).
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FIG. 2. Calculated modulation of the conduction-band edge
by inhomogeneous strain, for two stressor widths.

dewar and an external temperature controller (Air Prod-
uct Model 3700-APC) in the range of about 2 to 80 K
with an accuracy of about +0. 1 K.

The luminescence signal was dispersed through a 1-m
double grating monochromator (Spex Industries Model
1400 II). Typically, a 0.3-mm slit width (M, =2 A) was
used. A Hamamatsu R636 PMT (GaAs cathode) was
used for these cw measurements (time-resolved measure-
ments, using a multichannel plate tube will be reported
elsewhere). The DC signal from the PMT was amplified,
converted to digital form and recorded in a computer.

III. EXPERIMENTAL RESULTS

A. Low-temperature results

In this subsection, we report the luminescence and
PLE spectra of the strain-confined structures, and show
that at low temperature the luminescence efficiencies of
quantum wires and quantum dots are comparable to that
of their host quantum wells. We discuss how excitons
transfer to quantum wires and dots and how the transfer
affects the luminescence in these structures.

Since the quantum wire (QWW) and quantum dot
(QWD) structures were made by strain patterning previ-
ously grown quantum well (QW) structures, the quality of
the QW affects the properties of the QWW's and QWD's.
In general, interface roughness of QW's introduces inho-
mogeneous broadening of the exciton peak. At liquid-
helium temperature (-4 K) and with excitation density
-20 W/cm, the full width at half maximum (FWHM) of
the heavy-hole exciton for the unpatterned QW's in sam-
ple A are the following: —5 meV for the 9-nm QW, -6
meV for the 4-nm QW, and —8.5 meV for the 2-nm QW;
for sample B (12 nm) it is -4 meV. In terms of interface
roughness, these two samples are not among the best
which have been reported. However, the internal quan-
turn efficiency appears to be about 100% at low tempera-
ture.

In general, a nonresonantly excited strain confined
quantum wire has two major peaks in its luminescence
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FIG. 3. Photoluminescence spectrum of an array of 350-nm
wires, 8'3, in sample A. There are three sets of (HH, HHW)
lines, associated with three strained quantum wells with well
width 9, 4, and 2 nm. The integrated intensity ratios of HHW to
HH are 0.58, 0.74, and 1.35 for the 9-, 2-, and 4-nm quantum
wells, respectively.

spectrum: "HH"—the heavy-hole exciton peak from
QW in the unstrained region between wires (and, if focus-
ing is imperfect, from the unpatterned region) and
"HHW" —the heavy-hole exciton peak from QWW.
Figure 3 is the luminescence spectrum of A-8'3 (350
nm). There is a set of HH and HHW lines for each of the
three strained QW's. The "EW" line in Fig. 3 is from ex-
citons in a quantum wire formed at the interface of the
lowest A, Ga, As barrier/GaAs buffer layer, which is
discussed elsewhere. Since EW is from a region
separated from the unstrained QW by a thick barrier,
there is no communication between the QW and EW,
that is, excitons in the QW to not transfer to the EW.

The intensity ratio of HH to HHW is sensitive to the
tightness of focusing and to the accuracy of positioning
the laser spot on the patterned region. However, for the
two 350-nm wire arrays, A-W2 (350 nm) and A-W3 (350
nm) the total intensity of HH plus HHW is nearly con-
stant, showing that the luminescent efficiencies of QW
and QWW are the same, i.e., the strain patterning does
not introduce extra nonradiative decay. The spectrum
for another array, W2 (350 nm), in sample A is similar to
Fig. 3, but the HH to HHW intensity ratio is different,
due to the different "geometric ratio, " i.e., the ratio of the
patterned wire width to the wire separation.

The excitation-density dependence of the HH and
HHW intensities has been measured. For 10th of them a
linear dependence is found from 1 to 8X10 W/cm .
This work will concentrate on this linear region.

The geometric ratio is 0.54 for 8 2 and 0.21 for 8'3,
but the HHW/HH ratio is much larger than this, as can
be seen clearly in Fig. 3. This is because excitons created
between the wires can transfer directly to the wires. If
there were no transfer, the ratio of the luminescence
would be closer to the geometric ratio, so long as the
laser spot is focused within the patterned area. On the
other hand, if there were no potential barriers at the
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edges of the wires, most of the excitons created between
the wires would transfer to the wires before they decay
radiatively, as in the case of the so-called V-groove quan-
tum wires. The relative intensity of the HH and HH%'
varies for the three QW's at different depths beneath the
stressor, as shown in Fig. 3, which indicates that the
transfer efficiency is different for each QW. The 4-nm
QW has the lowest barriers since it is the one farthest
from the stressor, and as expected, the HHW/HH ratio is
largest for this QW.

The PLE spectrum of the HHW of A-W3 (350/9 nm)
was measured. While no structure attributable to QWW
subbands could be resolved, two PLE peaks correspond-
ing to the light- and heavy-hole exciton states in the QW
could be clearly seen, indicating some tunneling transfer
from the interwire region to the wires. Their peak posi-
tions are blueshifted by 2 —4 meV from the unpatterned
QW. This shift has been observed before and was attri-
buted to excitons in the slightly compressed QW regions
between stressors. Another possible explanation is that
the PLE intensity is a convolution of the absorption spec-
trum of the QW exciton and the tunneling rate. Such a
combined effect will lead to the blueshift of the PLE
peaks since tunneling increases with increasing energy.

The QW peaks in the PLE are weak relative to direct
excitation into the wire, showing that the contribution of
transfer from low-lying QW states is much smaller than
that of direct excitation of QWW states. When the exci-
tation energy is near HH, the transfer contribution is less
than 20% of the total. However, in luminescence spectra
obtained with well above band-gap excitation, for in-
stance Fig. 3, the contribution of transfer is nearly 50%
of the total HHW integrated intensity. Thus, transfer is
more efficient at high excitation energy. This result im-
plies that the transfer is taking place, while carriers or ex-
citons are still hot. We distinguish between three transfer
processes, illustrated in Fig. 4. These are capture
transfer, in which carriers or excitons created in the in-
terwire region are captured into the wire when their ener-

gy is higher than the barrier, tunneling transfer, which
occurs when the exciton energy is lower than the barrier
height, and classical actiuation transfer, due to thermal
activation across the barrier, which is negligible at the
low temperatures considered in this section. The closer
to the bottom of the barrier, the more difficult it is to tun-
nel through the barrier. It will be even more difficult if
the excitons relax to localized exciton states in the QW.
Figure 4 includes these localized states, which are dis-
cussed later.

Figure 5 shows the nonresonantly excited luminescence
spectra of all the wires and dots in sample 8, with corn-
parison to the unpatterned QW. "HHD" is the HH hole
exciton peak from QWD. The redshift of HHD, with
respect to HH, is larger than HHW for the same stressor
size, since in this case c,„„&0.In sample 8, in which the
geometric ratio is -0.5 for wires and 0.125 for dots,
HHW or HHD is stronger than HH for above band-gap
excitation. There is clearly strong transfer from the in-
terwire or interdot region to wires or dots. There are
some extra peaks in these spectra, whose origin is ob-
scure. Possible explanations are discussed in Ref. 38.
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B. High-temperature results
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FIG. 5. Photoluminescence spectra of all wires and dots in
sample B, compared to the unpatterned QW (bottom curve).

In this subsection, we will show that the high quantum
efficiency obtained at low temperature for QWW's and
QWD's persists to significant by higher temperature than
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that of the unpatterned QW's, and that energy transfer
from the QW to QWW and QWD is thermally enhanced.
The mechanisms for the thermal enhancement will be dis-
cussed.

In a bulk (3D) semiconductor, nonradiative decay of
excitons, due to diffusion of excitons to nonradiative
centers, tends to dominate the luminescence and in-
creases with increasing temperature. In a QW (quasi-
two-dimensional) spatial confinement reduces the ability
of excitons to reach nonradiative centers and raises the
luminescence efficiency, especially at low temperature,
where the excitons are localized. This effect of spatial
confinement should increase further when the dimen-
sionality is reduced to quasi-one-dimensional or quasi-
zero-dimensional. However, although many QWW or
QWD structures have been investigated, there has not to
date been any systematic comparison of the temperature
dependence of the luminescence efficiency of QWW's and
QWD's with QW's of known comparable quality. Strain
confinement is unique in that extra nonradiative centers
are not introduced during fabrication. We will show that
these strain confined QWW's and QWD's are indeed
better than their host QW's in suppressing nonradiative
recombination.

Figures 6(a) and 6(b) show the temperature variation of
the integrated luminescence intensities and the corre-
sponding luminescence spectra for A-W3 (350/9 nm) at a
low excitation density (80 W/cm ). The small wave-
length shifts as the temperature is raised are due to delo-
calization of the exciton (an initial blueshift) followed a
redshift, due to the decreasing band gap. We concentrate
here on the integrated intensity. Figure 7 shows the cor-
responding temperature variation for A-8'3 (350/2 nm).
The results for the unpatterned QW's with the same exci-
tation density are also included for comparison. The
common feature in these structures is that while the QW
emission quenches faster than in the unpatterned QW's
with increasing temperature, the QWW emission in-
creases and the total QW + QWW intensity remains
nearly constant up to 60 or 80 K, where the luminescence
of the unpatterned QW has quenched substantially. With
increasing temperature, more excitation energy is
transferred from the interwire region to the wires with
little nonradiative loss. There is less nonradiative recom-
bination within the wires than in the unpatterned QW's,
and the transfer process dominates the nonradiative pro-
cess in the interwire QW. A more detailed discussion of
the temperature dependence of the luminescence intensi-
ties, with an explanation of the lines in Fig. 7(a), will be
given in the next section. Similar results are also ob-
tained for another array, A-8'2 (350 nm).

Figure 8 shows the temperature dependence of the
QWW luminescence of A-W3 (350/9 nm) obtained with
excitation resonant with HH. The excitation power is
about 40 times that used in Fig. 6, but because the ab-
sorption is weaker at the longer laser wavelength and the
dye laser could not be focused as tightly as the He-Ne
laser, the carrier density is only about 5 times higher.
Comparison of Figs. 6(a) and 8 clearly shows the distinc-
tion between capture transfer, which is only present for
above band-gap excitation and is weakly (if at all) depen-

dent on temperature, and the strongly temperature-
dependent activation transfer. Quenching, due to nonra-
diative decay, starts at about 50 K in Fig. 8, and is more
significant than in the case of nonresonant excitation, be-
cause cold excitons in the QW have more of a chance to
recombine nonradiatively before they transfer to the
wires than do the hot excitons responsible for capture
transfer.

Referring to Fig. 4, we see that there are several contri-
butions to the temperature dependence of the transfer
rate besides thermal activation over the barrier (activa-
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temperature the band gap decreases, shifting the lines to lower
energy.
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tion transfer). (1) Tunneling transfer will also be
enhanced because a thermally excited exciton sees a
lower and thinner barrier. However, this cannot be dis-
tinguished experimentally from activation transfer, and
the calculation shows that the correction due to this is
small in the relevant temperature range. (2) Thermaliza-
tion of QW excitons increases the exciton decay time,
so that more excitons or carriers can transfer to the wire
within their lifetime. (3) Thermal activation of localized
excitons in the QW: free-excitons transfer more easily to
the wire.

These mechanisms coexist in the observed thermal
enhancement of the transfer. If the temperature depen-
dence of activation transfer were dominant, thermal
enhancement would have occurred at a lower tempera-
ture in 3-W3 (350/2 nm) than in 3-W3 (350/9 nm),
since the former QW has a lower barrier, being further
from the stressor. This is contrary to the experimental re-
sults. Therefore, the other two mechanisms must play a
role, in particular the third, the 2-nm QW having a larger
localization energy.

By comparing the geometric ratio to the actual
HHW/HH intensity ratio at low temperature, one can es-
timate the transfer contribution in the HHW. For in-
stance, from the data on HHW in 2-8'3 (350/9 nm) (Fig.
6), the transfer contribution is -47%. On the other
hand, if we assume that the contribution of direct excita-
tion into the wire is temperature independent and take
the contribution of the tunneling transfer at low tempera-
ture to be 20% (estimated from the PLE spectrum: see
above), the resonance excitation data (Fig. 8) show that
activation transfer increases by a factor of about 16 at
-50 K. Furthermore, if the total transfer contribution
for nonselective excitation is treated as the sum of activa-
tion plus tunneling from the HH states and capture from
higher-lying states, and if the contributions of capture
transfer and direct excitation are assumed to be tempera-
ture independent, one can combine the information given
by the results of the above band-gap excitation [Fig. 6(a)]
and selective excitation (Fig. 8) to obtain the contribu-
tions from each mechanism. With above band-gap exci-
tation at low temperature, this analysis indicates that
—53% of the HHW comes from direct excitation,
—39% from capture transfer, and —8% from tunneling
transfer for A-W3 (350/9 nm). The tunneling probability,
i.e., the fraction of fully relaxed HH excitons tunneling to
the wire, is -4% for A-W3 (350/9 nm). The diff'erent
contributions depend on the geometric ratio. For A-8 2
(350/9 nm), which has a larger geometric ratio, they are
—56% (direct excitation), -42% (capture), and -2%
(tunneling). The above analysis shows that tunneling
transfer is usually small at low temperature, but that ac-
tivation transfer is greatly enhanced at high temperature.
The fact that the contribution of "capture" transfer is
essentially the same for A-8'2 and A-8'3, whose
geometric ratios di6'er by a factor of 2.5, shows that non-
radiative decay in the quantum well (as opposed to the
wire) is not important for the hot excitons involved in
this process, whereas the lower "tunneling" contribution
for the sample with smaller geometric ratio shows that it
is important for thermalized excitons.

These CW results are supported by transient measure-
ments. At low temperature, the luminescence decay time
of the QW excitons is not affected by patterning, because
of the small tunneling rate. As temperature increases, the
luminescence decay time of HH in a patterned QW be-
comes significantly shorter than in an unpatterned QW,
while the rise time of HHW increases, due to an increas-
ing contribution of the relatively slow exciton transfer
from the interwire region to the wire region. The tran-
sient results are discussed in detail elsewhere.

Qualitatively, the temperature dependence of lumines-
cence intensity in QWD's is similar to that in QWW's.
However, QWD's suppress nonradiative processes even
more eKciently than QWW's. For example, Figs.
9(a)—9(c) show the temperature dependence of the in-
tegrated QWD intensities for B D2 (200/12 nm), BD4--
(400/12 nm), and B D5 (800/12 nm).-The temperature
dependence for the 12-nm unpatterned QW is also shown
in the plots, scaled to the total intensity at 4 K. The total
intensity QW plus QWD is approximately constant up to
a temperature well above the quenching temperature for
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the unpatterned QW. There may even be a small increase
of the total intensity, due to the competition of thermally
enhanced transfer with nonradiative processes in the
QW. The quenching temperature increases as dot size is
reduced, showing that the suppression of nonradiative de-
cay is stronger for smaller confinement size. Even at 150
K, the luminescence efficiency of the patterned structures
is about twice that of the parent unpatterned QW. This
suppression of nonradiative recombination could be an
important feature for possible applications of these quan-
tum structures.

IV. DISCUSSION
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FIG. 9. (a) Integrated photoluminescence intensities versus
temperature for quantum dots. (a) B-D2 (100/12 nm), (b) B-D4
(400/12 nm), and (c) B-D5 (800/12 nm) compared to the unpat-
terned 12-nm quantum well. Filled circles —quantum dots
(QWD); open circles —QW in the interdot region; filled
squares —sum of QW and QWD; open squares —unpatterned

W.

The luminescence e%ciency is determined by the com-
petition between radiative and nonradiative recombina-
tion. We will now discuss the inAuence of reduced
dimensionality on this competition.

First, we consider how the lateral confinement of quan-
tum wires and dots affects the competition between radia-
tive and nonradiative recombination at the luminescent
states. Very little is known about the origin of nonradia-
tive decay in GaAs/Al Ga& As quantum wells. Nonra-
diative processes, in general, are not well understood, and
the uncontrolled variation in samples from different
sources makes it hard to draw general conclusions. In
the host quantum wells, it is clear that migration to non-
radiative centers leads to thermal quenching of lumines-
cence although the microscopic mechanisms for the non-
radiative processes may not be known. In quantum wires
and quantum dots, lateral confinement reduces the proba-
bility that photogenerated particles (electrons, holes, or
excitons) reach nonradiative centers. Our data show that
lateral confinement by strain does not change the density
of nonradiative centers, but it does change the spatial dis-
tribution and mobility of photogenerated particles. Be-
cause of lateral transfer, excitons which would be uni-
formly distributed in a larger 20 area without lateral
confinement will be concentrated into the smaller wire or
dot area. After relatively fast relaxation within the wire
or dot, the excitons will be confined to a small region
near the center of the wire or dot. The scale of this re-
gion is determined by the extension a, of the ground-state
wave function of the center-of-mass (COM) motion.
(Here 2a, is the FWHM of ~1(~, and in all cases con-
sidered here a, ))az, the exciton Bohr radius. COM
motion of the exciton will be further discussed in the next
subsection. ) Well width fluctuations localize the excitons
and we can define a length a&„over which the variation
of the lateral confinement potential is comparable to the
localization energy. If a&„&a„ the localization energy is
larger than the wire or dot confinement energy and the
excitons will be distributed over a distance -a&„, as in
the QW. However, when the temperature is raised, the
excitons will find it dificult to escape this region because
of the lateral confinement, and nonradiative decay will be
suppressed so long as a&, is small compared with the
diffusion length I.ri of a free exciton in the QW (I.D —1



13 310 YONG ZHANG et al.

pm). For example, in a typical 200-nm wire like 8-8'2
(200/12 nm), a, is calculated to be 12 nm, and ai„-40
nm (taking the localization energy to be of the order of
the linewidth, say 5 meV). The number of accessible non-
radiative centers in the wire is thus reduced, relative to
the QW, by a factor ai„/I.D

—1/25. This effect will be
even more pronounced in a dot. The same mechanism ex-
plains the suppression of impurity luminescence in quan-
tum dots.

We also need to consider excitons created in the QW.
So long as the diffusion length in the QW is greater than
half the interwire or interdot spacing, excitons delocal-
ized by increasing temperature will transfer to the wire or
dot before they find a nonradiative center in the QW,
thus keeping the total luminescence intensity nearly con-
stant up to significantly higher temperatures than in un-
patterned QW's.

%'hen excitons are nonresonantly excited, nonradiative
recombination can occur during the cooling of the hot
excitons. In a 1D or QD system with 100—200-nm infinite
high square-well potentials, intersubband electron relaxa-
tion by acoustic-phonon-electron scattering should be
slow compared to relaxation in 3D and 2D systems at low
temperature. It has, therefore, been suggested that
the observed low luminescence efFiciency of etched wires
or dots ' " is an intrinsic efFect rather than due to etch
damage as usually believed. According to Ref. 40, this
slow relaxation can increase the electron lifetime in an
excited subband to tens of nanoseconds, longer than the
usual nonradiative decay times in a 2D system. Further-
more, due to larger hole efFective mass and smaller quant-
ization energies, the thermalization of holes should be
faster than that of electrons. Since band to band recom-
bination of hot electrons with cold holes is forbidden by
momentum conservation, low luminescence efFiciency was
predicted. However, the observed drastic reduction in
the luminescent decay time ' of etched wires and dots
compared to unetched ones shows that nonradiative de-
cay, due to etch damage, plays an important role in re-
ducing the eKciency, whether carrier relaxation is slow
or not. Furthermore, it has been pointed out that the
theory of Ref. 40 may anyway be inapplicable to excitons:
the exciton-phonon-scattering rate can be significantly
larger than the electron-phonon rate, because of
electron-hole correlation. Our data show that when there
is no surface damage the luminescence e%ciency is no
lower than that in the 2D case, even in our narrowest
wires. Furthermore, time-resolved measurements on our
samples show no indication of slow relaxation, contrary
to the prediction of Ref. 40 for a comparable sized wire.
However, the lateral potential profile, and therefore the
band structure (especially in the valence band), is quite
difFerent in our samples from the discontinuous profile
considered in Ref. 40, so we cannot say for certain that
our results contradict that prediction.

dots by capture, activation, and tunneling transfer. The
exciton generation and transfer processes in QWW or
QWD structures are shown schematically in Fig. 4. We
assume that capture transfer is temperature independent,
so that the thermal enhancement is due to activation
transfer of those excitons which relax to the bottom of
the conduction band in the well. In the following, we
consider the thermally enhanced transfer, due to these
two mechanisms. For definiteness, the discussion will be
restricted to quantum wires, but it applies qualitatively to
quantum dots as well.

In the WKB approximation, the transmission
coefFicient, defined as the ratio of the transmitted current
to the incident current, is given by

3'2

T(&)=exp ——I &2M [ V(y) F]dy-
e

Here, V(y) is the lateral confinement potential for exci-
tons in a wire, y j and y2 are turning points where V =E,
E is the exciton energy measured from the bottom of the
excitonic band of the unstrained quantum well, and M is
the mass of the quantum-well exciton.

Although we know the lateral confinement potentials
for the electron and hole separately, it is not trivial to
construct a potential for the exciton. It is well known
that the difFusion of free excitons is limited by the
difFusion of the hole, since the hole has much larger
efFective mass, and thus much smaller mobility than the
electron. (Electron-hole correlation affects the diffusion
of the excitons, but only weakly. ) In fact, the diffusion
constant of free excitons is of the same order as that of
free holes and about an order of magnitude smaller than
that of free electrons in GaAs/Al, Ga, „As quantum
wells. In the quantum wire structure, the electron en-
counters a thick barrier, while there is usually no barrier
for the (heavy) hole. Obviously, the spatial transfer of
the exciton will be determined by neither the electron nor
the hole alone, and their correlation is important.

The efFect of lateral strain confinement is analogous to
that of well width fluctuations in quantum wells. Typical-
ly, the confinement potential in a strain-confined quan-
tum wire is significantly larger than the fluctuation poten-
tial in a quantum well, but is still about an order of mag-
nitude smaller than the typical quantum-well
confinement potentials, and its scale is usually much
larger than the width of the quantum well or the exciton
radius. Thus, at least approximately, the quantum wire
potential can be treated in the same way as the Auctua-
tion potential from which the efFective potential for the
COM motion of an exciton can be obtained. According-
ly, the efFective potential for the COM motion of an exci-
ton in the quantum wire or dot structure is

V(R)= j y(r)l V, R+ r

B. Thermally enhanced exciton transfer from quantum well
to quantum wires and quantum dots

Ale 0I (2)

As shown in Sec. III, the excitons generated in the in-
terwire or interdot region will transfer to the wires or

where y(r) is the envelope function, which describes the
relative motion of the electron and hole in a quantum
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well, V, and V& are the confinement potentials for the
electron and hole, respectively. r=r, —

r& is the relative
coordinate, R=(m, r, +myrrh)/M the COM coordinate,
and M =m, +m&. When the spatial variation of V, and

Vh is much slower than that of y(r), ~g(r)~ can be taken
as a 6 function and

10-

sample A

V(R) = V, (R)+ Vh(R) . (3) 8
-10-

350 nm wire ~

This result has been used to calculate the confinement po-
tential of excitons in quantum wires and COM quanti-
zation in wide II-VI quantum wells. For strain-
confined quantum wires and dots, the barrier thickness is
of the order of 100 nm, the exciton Bohr radius is around
10 nm, and this approximation that we adopt is quite
reasonable. The exact calculation using (2) will be left for
future work. Strictly speaking, Vz should be a 4X4 ma-
trix, due to the complicated valence-band structure.

The confinement potential for COM motion for the
350-nm wires in sample A is shown in Fig. 10, according
to Eq. 3. V, and Vh are calculated by the method of Ref.
33 from the known strain tensor. The calculated
transmission coe scient for this barrier for
M =0.25m o, can be approximated by
T(E)=expI —a (E~ —E)], where a =4 meV ' and E~ is
the barrier height. T is only significant within 1 —2 meV
of the barrier height, because the barrier is thick. Thus,

I

-20-

I

-400 -200 0
y (nm)

200
I

400

FIG. 10. Lateral confinement potential for exciton center-of-
mass motion for the 350-nm quantum wire in sample A.

the temperature dependence of tunneling transfer is not
distinguishable from that of classical activation transfer.

Assuming a Maxwell-Boltzmann distribution for the
thermalized excitons, the total transmission coefficient is
given by

f T(E)p(E) exp( Elk& T)d—E+f p(E) exp( E/k& T—)dE
P(T) = 0

f p(E) exp( E Ik~ T)dE—
(4)

where p(E) is the density of states and Vo is the barrier
height. The first term on the right-hand side is the con-
tribution of thermally assisted tunneling, the second is
the classical ("activation") term. The contribution of tun-
neling turns out to be negligible, and for a 2D system
with a parabolic band structure, we have
P ( T)=exp( —Vo /kz T).

We can now calculate the rate of transfer into the wire,
m, . If the area density of excitons in the 2D region is n,
and they are in thermal equilibrium, the number of exci-
tons striking the barrier per unit time and per unit wire
length is given classically by nu /4, where
u =(gk&T/AM)'~ (1.24X10 VT cm/s) is the average
thermal velocity of excitons. Excitons enter the wire
through two barriers, so the number of excitons transfer-
ring to the wire per unit time per unit wire length is
P ( T)nu /2. Hence w, =P ( T)u /2L, where L is the width
of the 2D region.

The calculated transfer rate w, for 3-W3 (350/9 nm)
with L =1650 nm is shown in Fig. 11. At high tempera-
ture, the calculated transfer rate is of the same order as
the rate obtained from fitting to steady-state lumines-
cence (see below), and considering the relatively large ex-
perimental error and approximations Inade in the
theoretical model, the agreement at high temperatures is
reasonable. On the other hand, at low temperatures, the
transfer rate should be practically zero, but it is quite ap-
preciable according to the PLE. One possible explana-

tion is that the tunneling has been treated as a single bar-
rier problem in above calculation. Due to the double bar-
rier structure of the wire, there are some quasibound
states, which have energies near or above the ground
state of the quantum-well exciton. Resonant tunneling
could significantly enhance the transfer at low tempera-
ture. Another possibility is that, at some places along the
wire, due to the fluctuation of the QW width, the barrier

104-

2

10 2-

20 40
Yemperature (K)

I

60

FIG. 11. Calculated and fitted effective transfer rates as a
function of temperature for sample A- W3 (350/9 nm).
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height is lower than the average so that the transfer is
easier at those places. The barrier height fluctuation
could be as large as the inhomogeneous linewidth: e.g., 5
meV for the 9-nm QW.

In the above calculation and previous discussion of
transfer, it has been assumed that excitons in the in-
terwire region have a uniform spatia1 distribution. The
laser spot is much larger than the interwire spacing, so
that the generation rate of excitons is uniform, but the
finite diffusion rate in the interwire region can, in princi-
ple, produce a nonuniform distribution. The time for an
exciton to diffuse a distance I. is -I /4D, where D is the
diffusion constant, with a typical value 10 cm /s for free
excitons and 1ess than 1 cm /s for localized excitons in a
quantum well at low temperature (-4 K). For the wid-
est wires the exciton is at most 1 pm from the wire, so the
related diffusion time for free excitons is -200 ps, which
is of the order of, but less than, the exciton 1ifetime. Thus
even in this extreme case diffusion of free excitons can be
taken to be fast and the distribution uniform. For small-
er structures the diffusion time will be much shorter than
the exciton lifetime. At low temperature the thermalized
excitons are localized and D is very small. However
transfer to the wire is very slow, so the exciton density is
determined by radiative decay and the distribution is
again uniform, except perhaps near the "low spots" in
the barrier mentioned in the previous paragraph. Only in
these spots may some depletion by transfer occur. How-
ever, diffusion is probably negligible so that only that a
small number of excitons, whose wave functions actually
overlap the barrier at these two spots are involved. For
these reasons, we believe that spatial nonuniformity is not
significant, and a kinetic model, which treats each group
of excitons as a homogeneous population, is valid in both
temperature regimes.

We will now develop a kinetic model to explain the ac-
tivation and tunneling transfers quantitatively. First, we
consider the situation in which both well and wire
luminescence is dominated by free-exciton recombina-
tion. Two kinetic equations can be written down for the
excitons in the interwire region and the wires, respective-
ly:

I =wX=I
—MIXi—

dX2)
N2]//2I/ N2/(]//2/+ ]//z/I ) ~dt

(12)

where the w's are transition rates defined in Fig. 12, with
subscript f standing for free excitons, l for localized exci-
tons. In these equations, it has been assumed that local-
ized excitons in the well region do not transfer to the wire
directly, but can be thermally excited to a free-exciton
state and then transfer to the wire. The solutions of
(9)—(12) give the wire luminescence,

1+f (T)

and the well luminescence,

(13)

I, =
1+1/f (T)

(14)

f (T)= ]8]+W]/]//]f//(]//]/+ W]/f ) M] +& 1/Nl/ N]
wr w,

I2 =W2%2 =g2+
1+WI/wr

These simple results must be modified to allow for exci-
ton localization. Figure 12 shows the kinetic model to be
used. Let XI and XIr be the numbers of free and local-
ized excitons in the well, respectively, and X2 and X2& the
numbers of free and localized excitons in the wire. There
are now four kinetic equations for the exciton densities,
as follows:

dpi
g ] N I ( ]/// + LU 1 + l// ]f/ ) +N 1/ W 1/fdt

dNII
N ] M ]I/ N ]/ ( Lo ] / + lD ]/I )dt

F2 —gz+N]]//, —Nz(wz +w2f/) Np/wQ/fdt

dN, —g] N](L///+W] )
dt

diaz
dt

=g~+Xi W,
—X2W2

(5)

(6)

g)

(15)

where X, and Nz are the numbers of excitons per unit
wire length near the band edge in the interwire region
and in the wires, respectively, g, and g2 are the corre-
sponding exciton generation rates: g2 includes contribu-
tions both from direct excitation and from capture
transfer, wr is the transfer rate defined above, wI is the
decay rate of the QW excitons in the absence of transfer
and ]//2 is the decay rate of the QWW excitons. Nonradi-
ative decay is ignored, as is reverse transfer from the wire
to well, since the depth of the potential well is much
greater than kz T and energy relaxation within the wire is
fast. Solving (5) and (6), we find for the steady-state
luminescence from the well (I] ) and from the wire (I2 ):

FIG. 12. Kinetic model showing exciton generation, transfer,
relaxation, thermalization, and recombination in a quantum
wire.
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f (T)= AT i exp(E/ks T), (16)

where A =toit/(bci) E =Ei + Vp ~ As an example, we

apply (13) with f ( T) given by (16) to the experimental re-
sult shown in Fig. 6(a) for W3 (350/9 nm). Only data
points below 55 K are fitted, since above this temperature
nonradiative decay is significant, as shown by Fig. 8. The
fitting parameters are g& =1.88, g2=1.22, A =65.4 K
and E =5.6 meV. With ur, i= 1/~&0, =3.30X10 se

c, =0.0976 K ', and E„,=2.2 meV from the study
of the temperature dependence of the exciton decay

time, we find w, =b +T exp( —Vo /ks T), with
b =5.2X10 K ' sec ' and V0=3.4 meV. The fitted
curves are the full lines in Fig. 6(a). The curve for the
wire luminescence agrees well with the data (filled cir-
cles). For the well luminescence, the predicted intensity
is consistently lower than that observed (open circles),
since some excitons are unavoidably created outside the
patterned region by imperfectly focused and scattered
laser light. The fitted ratio gz/g&=0. 65 is larger than
the geometric ratio 0.21, because of capture transfer.

Note that I, and I2 include the contributions of both free
and localized excitons. f (T) includes the contributions
of three mechanisms: the thermally enhanced transfer
rate w„ the thermally prolonged free-exciton decay time
1 /w

&
and thermal delocalization of localized excitons

descl ibed by w ]If The transfer is reduced by localization.
There are too many parameters for a meaningful fit to the
experimental data to (13) and (14). However, if we as-
sume that free and localized excitons in the quantum we11
are in thermal equilibrium, we have
Ni/Nii =ci T exp( —Ei., /kit T), where c, is a constant
which depends on the density of localized states. Fur-
thermore, we assume that (w&Ni)/(witN») «1, which
is valid in these QW's as long as the temperature is not
too high, and we ignore the small tunneling transfer
rate at the low-temperature limit. Writing the
temperature-dependent transfer rate as
w, =b &T exp( Vo /k~ T), where b is a constant, we have

The value of w, is reasonable in order of magnitude, com-
pared to the high temperature results as shown in Fig. 11.
However, Vo is lower than the calculated barrier height
-9 meV for the exciton by a factor 2.6. This discrepancy
could perhaps be due to fluctuations in the barrier height,
but it is more likely that the calculated stress pattern is
inaccurate at the edges of the stressor, which may not be
as sharply defined as assumed in the model.

V. SUMMARY AND CONCLUSIONS

We have shown that strain-confined quantum wires
and quantum dots have as high a luminescent efficiency
at low temperature as unpatterned quantum wells, and
retain this efficiency to significantly higher temperature.
As the dimensionality of the nanostructures is reduced,
nonradiative processes are efficiently suppressed.

Exciton transfer from quasi-two-dimensional regions to
quasi-one-dimensional or quasi-zero-dimensional regions
has been studied in strain-confined quantum wires and
quantum dots. The transfer has three contributions:
capture of hot excitons, tunneling, and classical activa-
tion, and is strongly temperature dependent. The
thermally enhanced transfer is responsible for maintain-
ing high luminescent efficiency at high temperature. The
barrier to activated transfer is considerably lower than
the theoretical prediction, probably because it is difficult
to calculate the precise stress distribution at the edge of
the stressor. Exciton localization, due to the fluctuations
of quantum-well thickness and wire or dot width, plays
an important role in determining the temperature depen-
dence of the luminescent intensity, luminescent decay
time, and exciton transfer in these quantum wire and dot
structures up to at least 80 K.
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