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Exciton capture and losses in a stacked submicron array of sidewall quantum wires
on patterned GaAs„311…A substrates
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The optical properties of stacked GaAs/~Al,Ga!As quantum wire arrays, with a 0.5mm lateral period
fabricated by molecular beam epitaxy on patterned GaAs~311!A substrates, have been investigated. We ob-
serve an unexpectedly high quantum wire related contrast in the lateral distribution of the cathodoluminescence
~CL! intensity, in particular at 300 K. The temperature dependence of this contrast as well as of the integrated
CL intensities in the quantum wires and connecting quantum wells, reveals the loss mechanisms, which cause
a reduction of the exciton transfer efficiency from the well into the wire regions. For low and intermediate
temperatures, exciton localization and nonradiative recombination within the quantum well regions contribute
to the decrease of the transfer efficiency. Near room temperature, the vertical escape of carriers, in particular
out of the quantum well regions into the~Al,Ga!As barriers, is the limiting process. Within the framework of
a detailed model, we determined the transfer time and the ratio of the radiative recombination times in the well
and wire regions by combining the spatially resolved CL measurements with time-resolved photoluminescence
spectroscopy.@S0163-1829~99!12539-6#
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I. INTRODUCTION

The electronic properties of single quantum wires~Qwire!
as well as of Qwire arrays have been widely investigated1–9

Most studies in this field have been performed on cresc
shaped Qwires grown onV-groove-patterned GaAs~100!
substrates.1–5,7,9Since in array structures the lateral width
the connecting quantum well~Qwell! regions is usually
much larger than the one of the Qwire regions, a fast tran
of excited carriers from the Qwells towards the Qwires
necessary for a high capture efficiency of the Qwires. The
fore, the transfer timet t of excitons generated in the Qwel
is a crucial quantity for a successful application of su
Qwire arrays in device structures. The ratioRPL5I PL

W /I PL
R ,

whereI PL
W andI PL

R are the spatially integrated photolumine
cence~PL! or cathodoluminescence~CL! intensities of the
Qwell and Qwire spectra, is usually applied to estimate
exciton transfer efficiency.2,7 Such an approach, howeve
neglects nonradiative recombination in the Qwell and Qw
regions as well as other loss mechanisms. As found pr
ously in several works,10–13nonradiative decay channels ca
actually be of importance for the recombination dynam
even at low temperatures. Therefore, the measured ratioRPL
probably reflects an overestimated transfer efficiency for
whole temperature range. In Ref. 2, e.g., the authors e
mated a value oft t,0.1 ps for a 240 nm period Qwire arra
which is extremely fast. However, if the diffusivity (D) and
lifetime ~t! of excitons in thin Qwells—as determined b
Hillmer et al.14 and Gurioliet al.10—are taken into account
exciton diffusion lengths (L) on the order of 100 nm are
obtained at low temperatures. This is consistent with
value ofL5130 nm found by Grundmannet al.4 within the
connecting Qwells of a Qwire array exhibiting a well wid
PRB 600163-1829/99/60~15!/11038~7!/$15.00
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of 2 to 3 nm. Hence, the distance, which can be covered
the excitons during their lifetime, is of similar magnitude
the lateral width of the Qwell regions. From this point
view, it is not expected that the transfer time differs by o
ders of magnitude from the lifetime even for a periodicity
the Qwires of a few 100 nm.

Recently, we reported on the successful growth o
Qwire array with 0.5 mm periodicity on patterned
GaAs~311!A substrates, which results in a less compl
structural arrangement compared withV-groove structures.15

While the latter consists of the crescent Qwire and vario
Qwell regions, which differ in thickness and orientation, t
Qwires based on the GaAs~311!A substrate appear as thicke
lens-shaped regions, which are laterally connected with e
other by thinner, almost smooth Qwell regions. In our s
tem, the luminescence response solely consists of two
separated spectral lines, which are assigned to the Qwire
Qwell regions. The energy difference between the Qwire a
Qwell luminescence lines indicates a lateral confinement
tential of 210 meV. Furthermore, the exciton transfer b
tween the Qwell and Qwire regions is very efficient resulti
in high luminescence intensities of the Qwire even at ro
temperature. Therefore, the present Qwire structure all
for a comprehensive study of the exciton capture, recom
nation dynamics, and escape behavior, which is impor
for a basic understanding as well as for a further optimizat
of Qwire array systems with regard to device application

In this work, we present experimental results of spatia
resolved CL investigations between 5 and 300 K of a stac
sub-mm-pitch Qwire array. We find that nonradiative recom
bination within the Qwell regions cannot generally be n
glected. Furthermore, we observe that re-emission of e
tons, in particular out of the Qwell regions into th
~Al,Ga!As barrier material, results in an increasing reducti
11 038 ©1999 The American Physical Society
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PRB 60 11 039EXCITON CAPTURE AND LOSSES IN A STACKED . . .
of the transfer efficiency, when the temperature is increa
to 300 K. A model shows that a combination of spatially a
time-resolved luminescence experiments can yield inform
tion about the excitonic transfer time and the ratios of
radiative recombination rates in the Qwire and Qwell
gions.

The paper is organized as follows. In Sec. II, the expe
ments are described. The obtained results are discuss
Sec. III, where in the first and second subsections data
spatially resolved CL investigations obtained at low and h
temperatures are presented, respectively. The third sub
tion deals with the time-resolved PL results. Finally, in t
fourth subsection, a model is discussed. Section IV cont
a summary.

II. EXPERIMENT

The GaAs~311!A substrate was patterned with a 0.5mm
pitch periodic grating by holographic lithography and sub
quent dry etching to a depth of 15 nm. The samples w
cleaned in concentrated H2SO4, and the native oxide wa
removed in the preparation chamber by atomic hydrogen
radiation before loading them into the growth chamber. T
following layer sequence was deposited by molecular be
epitaxy ~MBE! on top of the patterned substrate: a 50 n
GaAs buffer layer, 50 nm Al0.5Ga0.5As, a stack of 3 Qwells
consisting of 3 nm thick GaAs well and 10 nm thic
Al0.5Ga0.5As barrier layers, 50 nm Al0.5Ga0.5As, and a 20 nm
thick GaAs cap layer. A reference quantum well was gro
side by side on a planar GaAs~311!A substrate, which re-
sults in a nominal thickness of the well layer of 3 nm.

CL spectra, line profiles, and images were obtained i
scanning electron microscope~SEM! equipped with an Ox-
ford mono-CL and He-cooling stage for temperatures ra
ing from 5 to 300 K. The time-resolved PL measureme
were performed using the second harmonic of a modeloc
frequency tunable Ti:sapphire laser~Coherent Mira! with a
pulse width of about 150 fs and a repetition rate of 76 M
as the excitation source. The PL signal was dispersed b
0.22 m monochromator and recorded by a streak-camera
tem ~Hamamatsu! in syncroscan operation.

III. RESULTS AND DISCUSSION

A. Spatially resolved CL

Figure 1 shows the CL spectrum and the CL image of
quantum wire array at 5 K. As discussed in Ref. 15, the
lines centered at 1.61 and 1.83 eV originate from the Qw
and Qwell regions, respectively. The lateral intensity dis
bution exhibits a regular, stripe-like pattern, which clea
reflects the grating period. For the upper and lower par
the CL image, the detection energy was set to the spe
position of the Qwell and Qwire emission, respective
Compared with the lateral CL intensity distribution of th
upper part, the lower one exhibits a shift perpendicular to
wires by half a period of the wire array. This confirms th
the respective CL arises from spatially separated, neigh
ing regions. The fact that we are able to clearly resolve
Qwire array by CL imaging already indicates an incompl
transfer of excitons from the Qwell to the Qwire regions. F
a complete transfer of Qwell excitons, we would not exp
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any Qwire related contrast in the CL micrograph. One rea
for a reduced exciton transfer efficiency at low temperatu
could be the localization of excitons within the Qwell r
gions due to potential fluctuations. This contribution is le
relevant at higher temperatures. Consequently, the CL c
trast decreases with increasing temperature.15

Figure 2 displays a CL spectrum and a CL micrograph
the Qwire array at room temperature. It contains two imp
tant results, which seem to contradict each other. The
one is that we establish a high Qwire luminescence e
ciency even at 300 K without notable repopulation of t
Qwell regions, which implies a perfect transfer of carrie
towards the Qwires. The second one is that a strong w
related CL contrast clearly re-appears again at room temp
ture, which implies a nonperfect carrier transfer betwe
Qwell and Qwire regions. This contradiction led us to a mo
detailed investigation of the loss mechanisms, which can
responsible for a reduced transfer efficiency in these Qw
structures.

In Figs. 1 and 2, the ratioRPL of the spatially integrated
CL intensities of the Qwell and Qwire spectra is 0.05 a
smaller than 0.01, respectively. From this point of view, w
would conclude that forT55 K about 95% and forT
5300 K almost 100% of the excitons are found within t
Qwires before radiative recombination takes place. Since

FIG. 1. CL spectrum and CL image of a stacked Qwire array
GaAs~311!A substrate at 5 K. For the upper~lower! part of the CL
image, the detection energy was set to the Qwell~Qwire! CL line of
the spectrum.

FIG. 2. CL spectrum and CL image of a stacked Qwire array
GaAs~311!A substrate at 300 K. The detection energy is set to
maximum position of the CL spectrum. Note the strong Qwire
lated CL contrast in the CL micrograph, although the Qwell CL h
almost completely disappeared.
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11 040 PRB 60U. JAHN et al.
estimate neglects nonradiative recombination channels,
will discuss another approach to estimate the transfer rat
efficiency, which is based upon spatially resolved measu
ments of the Qwire CL intensity. The idea is to generate
excitons within a small limited volume of the Qwell region
and to detect the portion, which recombines radiativ
within the Qwires. This approach is realized by recording
Qwire CL intensity, while the electron beam scans alon
line perpendicular to the Qwires, i.e., by measuring line p
files of the Qwire CL intensity. Provided that the scatteri
length of the exciting electrons is smaller than the wire
riod ~for an electron beam position centered between
wires, direct excitation of the wire regions is avoided!, the
value of the maximum CL contrastC512I min

R /I max
R , where

I min
R andI max

R denote the minimum and maximum intensiti
of the Qwire CL line profile, is controlled by exciton diffu
sion. Therefore,C can be considered as a measure for
transfer efficiency of excitons generated in the Qwell
gions. The more efficient the exciton transfer is, the sma
the value ofC. Since the transfer efficiency is a function
the beam positionx, we consider the maximum contrastC as
a measure for the minimum exciton transfer efficiency andC

averaged over all the positions along the line (C̄) as a mea-
sure for the mean transfer efficiency.

Line profiles of the Qwire CL recorded at 5, 100, and 3
K are shown in Fig. 3. The diameter of the electron scat
ing sphere amounts to about 200 nm for the chosen valu
the acceleration voltage of 5 kV. Since the connecting Qw
regions are more than two times wider,C is controlled by
exciton diffusion and thus directly related to the transfer
ficiency. For a comparison with the intensity ratioRPL , we
focus first on the line profile obtained at 5 K. The corr
sponding contrast values are determined to beC50.2 and
C̄>0.15, whereC is the average value of all adjacent e
trema in the line profile. We conclude that at 5 K less than
85% of the excitons are found within the Qwires before
diative recombination takes place. The difference to
value of 95% obtained by the ratioRPL can originate from
nonradiative recombination within the Qwell regions. T
exciton diffusion lengthL and thus the transfer efficienc
depend on the excitonic diffusivityD as well as on the non
radiative and radiative lifetimestnr and t r , respectively. It
can be written as

FIG. 3. Normalized CL line profiles perpendicular to the wir
of a stacked Qwire array at different temperatures. The respe
detection energy is set to the maximum position of the wire lin
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L5ADt, where
1

t
5

1

t r
1

1

tnr
. ~1!

Both D andt vary with T resulting in a temperature depen
dent transfer efficiency, which is clearly reflected by the d
ferent modulation depths of the line profiles in Fig. 3. D
tailed experimental data forD(T) andt(T) of Qwells with
different well widths were reported by Hillmeret al.14 and
Gurioli et al.10, respectively. In order to decide, which of th
valuesD, tnr, or t r actually controlsL, we measuredC(T)
over the whole temperature range between 5 and 300 K
Fig. 4, the corresponding results are indicated as squa
The circles denote the inverse of the ratioRPL as a function
of T. Starting at 5 K, the value ofC drops with increasingT,
until 100 K is reached. At the same time,RPL

21 increases
strongly.C increases again forT.100 K showing a drastic
enhancement between 200 and 300 K. Taking into acco
the results of Hillmeret al.14 and Gurioliet al.10 for compa-
rable well widths, the decrease and increase ofC and RPL

21

between 4 and 100 K, respectively, are probably due to
increase of both, the exciton diffusivity and the lifetim
Since for T.100 K it is not expected that the diffusivity
drops to values comparable to those at 5 K, the contribu
of D to the increase ofC is probably small in this tempera
ture range. Therefore, the re-appearance of the CL con
above 100 K is mainly governed by theT dependence of the
exciton lifetime, which is consistent with the minimum po
sition of C at 100 K, where Gurioliet al. found a maximum
of t for 2 nm thick Qwells.10 Furthermore, since the reduc
tion of the lifetime forT.100 K can only originate from the
nonradiative contribution~the radiative lifetime increase
continuously with increasing temperature10,16!, the observedT
dependence ofC indicates the presence and influence of no
radiative recombination channels within the Qwell region
Therefore, we assume that besides exciton localization n
radiative recombination can contribute to the reduction of
transfer efficiency even at low temperatures. This nonrad
tive contribution can vary from sample to sample due to
different growth conditions. Hence, nonradiative recombin
tion of excitons within the connecting Qwell regions is
limiting process for the transfer efficiency at least for te
peratures between 5 and 200 K. The behavior ofRPL

21 for T

ve
FIG. 4. Temperature dependence of the CL contrastC ~squares!

and the ratioRPL
21 ~circles! of the spatially integrated intensities o

the Qwire and Qwell CL. The contrast was measured by CL l
scans.
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.150 K and the drastic increase ofC for T.200 K will be
discussed in the following subsection.

B. Loss mechanisms at elevated temperatures

For values ofT near room temperature, additional mech
nisms, which result in a loss of Qwire excitons, have gen
ally to be taken into account. Since at 300 K the therm
energy reaches values comparable with the excitonic bind
energy, exciton dissociation should be taken into acco
Nevertheless, as has already been shown previously, the
jority of the confined excitons is expected to remain in t
excitonic state even at 300 K.17,18

The comparison of the temperature dependencies oC
and RPL

21 in Fig. 4 as well as of the integrated Qwell an
Qwire CL intensities in Fig. 5 gives insight in addition
thermally activated loss mechanisms. Figure 5 shows
both, the Qwire and Qwell CL intensity, decrease contin
ously with increasingT. Moreover, between 50 and 150 K
the Qwell CL intensity decreases exponentially with a th
mal activation energy (Ea) of about 25 meV. Since for the
chosen growth conditions, the migration length of the
adatoms is larger than the period of the Qwire array,
evolution of thinner Qwell regions near the Qwires acting
potential barriers is not expected. Therefore, we concl
that in the sub-micron Qwire array, the thermally activat
increase of the transfer efficiency is attributed rather to e
ton delocalization than to thermally activated overcoming
a potential barrier between Qwire and Qwell regions as
recently been found for single Qwires fabricated under co
parable conditions.19,20This conclusion is consistent with th
extracted value ofEa , which is typical for potential fluctua-
tions within the connecting Qwells due to monolayer var
tions of the well thickness.18 For temperatures exceeding 15
K, RPL

21 firstly decreases and then increases again for va
of T near 300 K. The increase ofC and RPL

21 between 200
and 300 K coincides with a strong reduction of the Qwire C
intensity within the same temperature range~cf. Fig. 5!.
These experimental results can be explained, when the
cape of excitons out of the Qwire and Qwell regions is tak
into account. The potential barrier (El), which has to be
overcome by excitons, in order to be released out of
Qwires into the connecting Qwell regions, corresponds to

FIG. 5. Temperature dependence of the integrated CL intens
originating from the Qwire~circles! and connecting Qwell~squares!
regions. The dashed lines describe an exponential temperatur
pendence with the respective activation energy (Ea).
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energy separation between the Qwell and Qwire lines, wh
amounts to about 210 meV. However, the potential bar
Ev for a vertical escape of an exciton as a whole entity ou
the Qwell and Qwire into the~Al,Ga!As matrix is expected
to be larger than 300 meV. For this estimate, we neglec
the probability that electrons can be scattered into theX band
of the ~Al,Ga!As matrix, which for the chosen AlAs mole
fraction ~0.5! is lower in energy than theG band. Moreover,
Ev is much smaller for the Qwells than for the Qwire
Therefore, the vertical escape probability is expected to
much higher within the Qwell regions.

Using the information given above, we tentatively discu
the experimental data of Figs. 4 and 5 as follows. Since
T.100 K the increase ofC is assigned to nonradiative re
combination within the Qwells, it cannot be linked to th
decrease ofRPL

21 . Moreover, the onset of the reduction o
RPL

21 is shifted towards higher temperatures compared w
the one of the contrast increase. Therefore, the decreas
RPL

21 for T.150 K indicates most probably a lateral escape
excitons out of the Qwire regions. In consideration of t
value ofEl , the corresponding repopulation of the conne
ing Qwells is expected to be smaller than 1% under ther
equilibrium conditions, which is consistent with the min
mum value ofRPL

21 between 200 and 300. The fraction o
Qwire excitons, which are thermally emitted into the Qwel
has been found to be remarkably larger for Qwires exhibit
a smaller lateral confinement potential compared with
Qwire system investigated in this work.8 The fact thatRPL

21

increases again forT.200 K as well as the strongly in
creased value ofC at 300 K indicate the presence of add
tional losses, in particular within the Qwell regions forT
near room temperature. These losses are obviously
nected with the steep decrease of the integrated Qwire
intensity within the same temperature range~cf. Fig. 5!.
From the estimated thermal activation energy of about 2
meV, which is of similar magnitude asEv of the Qwells, we
conclude that at temperatures near 300 K preferred exc
re-emission out of the connecting Qwell regions into t
~Al,Ga!As barriers is mainly responsible for both, an over
carrier loss and an increase ofC. Since the~Al,Ga!As barrier
material usually builds a reservoir of several kinds of carr
traps acting as nonradiative recombination centers,21–24

whose densities are particularly high at the heterointerfac25

and which increase with increasing AlAs mole fraction, t
vertical escape of carriers into the barrier matrix can be c
sidered as a very effective loss mechanism. The lateral
rier escape solely leads to a thermal equilibrium distribut
between Qwire and Qwell regions, whereby the correspo
ing repopulation of the Qwell regions is limited by the later
confinement energy.

C. Time-resolved PL

Figure 6 shows transients of the PL intensity for t
Qwire and Qwell PL measured at 5 K in the wire array and
unpatterned reference sample. The temporal decay of
Qwell PL follows a single exponential over a wide tim
range for both, the patterned and unpatterned sample,
cating decay times~t! of 250 ps and 340 ps, respectivel
This difference cannot be attributed to the thinner Qw
layer in the Qwire array compared with the referen

es
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Qwell—the decay time is found to be almost independent
the Qwell thickness (Lz), whenLz is smaller than about 15
nm10,26—but reflects the influence of the exciton trans
from the Qwell to the Qwire regions resulting in the fas
decay compared with the reference sample. Hence, the m
sured decay time of the Qwell PL provides the total exci
decay rate within the connecting wells, including radiati
and nonradiative recombination as well as the exciton tra
fer. With regard to the Qwire PL, the exciton transfer resu
in a delayed onset of the decay by about 250 ps. Moreo
an exponential decay can only be observed after about
ps resulting in a value oft'450 ps. This part of the Qwire
transient is a result of the radiative and nonradiative reco
bination rates within the wires. The delayed onset of the
decay in the unpatterned reference Qwell is attributed to
high energy level of the used laser mode resulting in a v
small excitation depth. The subsequent carrier motion fr
the excited surface layer down to the Qwells causes a d
~in particular, at lowT!, which in the patterned sample in
creased for the Qwires and decreased for the Qwells.
statements about the exciton decay rates are in princ
valid only at low temperatures.

In the following, a model is proposed, which enables us
estimate the exciton transfer time as well as the ratio of
radiative lifetimes in the Qwell and Qwire regions by com
bining the results of spatially and time-resolved experime

D. Model

The exciton ratesG, which are important for the recom
bination behavior of a Qwire/Qwell array, are illustrated
Fig. 7.G r

W , Gnr
W , G r

R , andGnr
R denote the radiative and non

radiative recombination rates within the Qwell and Qw
regions, respectively.G t(x), G l , andGv are the transfer rate
of the excitons from the connecting Qwell towards the Qw
regions and the lateral as well as vertical escape rate
excitons out of the Qwires into the Qwell regions and out
the Qwells into the~Al,Ga!As barrier material, respectively
The total rate in the Qwell regionsGW consists of the fol-
lowing components:

GW5G r
W1Gnr

W1G t1Gv2
1

f
G l , ~2!

FIG. 6. Time dependence of the PL intensity obtained from
Qwire and Qwell regions of the wire array and from the referen
Qwell at 5 K.
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whereG t is the averaged transfer rate andf 5w/r the ratio of
the lateral Qwell and Qwire widths. The factor 1/f in Eq. ~2!
accounts for the smaller width of the Qwire regions. In t
investigated Qwire array,G l andGv become important only
at elevated temperatures~near 300 K!. Since the experimen
tally obtained decay rates can only be easily described
low T, the following consideration refers to low temper
tures, andG l as well asGv are negligible.

With regard to the line profiles of the Qwire CL,I R
R and

I W
R denote the Qwire CL intensity for excitation within th

Qwire and Qwell regions, respectively, whereI W
R is averaged

over the lateral width of the Qwell regions. Although th
scattering radius of the electron beam is larger than the w
of the Qwires, we assume forI R

R that most of the carriers
excited within the surrounding Qwell regions are able
move to the Qwires before recombination takes place. W
this assumption, the averaged CL intensity ratio is

RCL[
I W

R

I R
R 5

G t

GW or G t5RCL3GW. ~3!

RCL is related to the averaged CL contrast byC̄51
2RCL . Note that the Qwire related CL contrast depen
only on the rates within the Qwell regions, because the fac
G r

R/G r
R1Gnr

R contained in both, the numerator and denom
nator of Eq.~3!, cancels.

The inverse ofG t can be considered as an effective tran
fer time t t

e f f5tW/RCL , wheretW51/GW denotes the tota
decay time in the connecting wells. Consequently, the e
ton transfer rate can be determined by measuring the Q
related CL contrast and the decay rate of the Qwell lumin
cence intensity. The experimental data obtained at 5
(RCL50.85, tW5250 ps) result in a transfer time oft t

e f f

'300 ps, which is much larger than previously estimate2

However, since for thin Qwells and at low temperatures
diffusion length within the excitonic lifetime is expected
be on the order of a few 100 nm, which is of similar magn
tude as the wire period, it is not surprising thatt t

e f f is very
similar to the lifetime in unstructured Qwells. Exciton loca
ization due to potential fluctuations is the most effecti
mechanism, which contributes to a reduced transfer rat
particular for thinner Qwells and at lower temperatures. N

e
e

FIG. 7. Sketch of the CL line profile measurement.G r
R , Gnr

R ,
G r

W , andGnr
W denote the radiative and nonradiative recombinat

rates within the Qwire and Qwell regions, respectively.G l , Gv , and
G t(x) are the lateral escape rate out of the Qwire into the Qw
regions, the vertical escape rate out of the Qwell regions into
~Al,Ga!As barriers, and the exciton transfer rate, respectively.
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ertheless, the Qwire luminescence intensity dominates
markably over the Qwell intensity even at 5 K, whereRPL
50.05. Since the luminescence efficiency of the wire arra
not only controlled by the transfer rate, but also by the ra
of the radiative and non-radiative recombination rates wit
the Qwire and Qwell, we will now discuss the ratioRPL in
terms of the recombination and transfer rates.

The spatially integrated luminescence intensity of
Qwires can be written as a sum of the radiatively recomb
ing fraction of the excitons, which are excited within th
Qwire regions and those, which are excited within the Qw
regions and subsequently transferred to the Qwires

I PL
R 5I 0

G r
R

G r
R1Gnr

R S r 1
G t

GW wD
5I 0

G r
R

G r
R1Gnr

R ~r 1wRCL!. ~4!

The spatially integrated luminescence intensity of the Qw
consists~at least for lowT) solely of the radiatively recom
bining fraction of the excitons, which are excited in th
Qwell regions

I PL
W 5I 0

G r
W

GW w5I 0

G r
W

G r
W1Gnr

W wS 12
G t

GWD
5I 0

G r
W

G r
W1Gnr

W w~12RCL!. ~5!

Using the inverse ofRPL , namelyRPL
215I PL

R /I PL
W , we obtain

the following relation between the radiative and no
radiative recombination rates within the Qwells and Qwir

RPL
21

FCL
3

G r
W

G r
W1Gnr

W 5
G r

R

G r
R1Gnr

R , ~6!

where

FCL5
1/f 1RCL

C̄
. ~7!

Equation~6! contains data from laterally integrated (RPL
21) as

well as from spatially resolved (FCL) experiments. In order
to estimate the relation between the radiative rates of
Qwell and Qwire regions, we need to add the informat
provided by the time-resolved experiments.

The temporal variation of the exciton concentration (NR)
within the Qwires after excitation by an ultrashort pulse
determined by the decay rateGR5G r

R1Gnr
R within the

Qwires as well as by the exciton transfer from the Qwe
which again depends on the transfer rateG t and on the decay
rateGW within the Qwell regions. Hence,ṄR5dNR /dt can
be written as

ṄR52GRNR1 fG tN0e2GWt, ~8!

whereN0 denotes the exciton concentration immediately
ter excitation. Its solution is
e-

is
o
n

e
-

ll

ls

-

e
n

,

-

NR~ t !

N0
5

GWRCLf

GR2GW 3e2GWt1S 12
GWRCLf

GR2GWD3e2GRt,

~9!

whereG t was replaced byRCL3GW @cf. Eq. ~3!#. Since high
transfer rates are desirable,GW should be much larger tha
GR. Hence, the contribution of the first part of Eq.~9! disap-
pears faster than the second one. Consequently, for l
values oft, the transient slope of the Qwire PL is main
determined byGR, and the experimentally obtained deca
rateGexp

R (t→`)5G`
R can be assigned toG r

R1Gnr
R . Together

with Eqs.~2! and ~3!, Eq. ~6! can be written as

t r
W

t r
R 5

tW

t`
RRPL~ f 211RCL!

. ~10!

This equation implies that a combination of time- and sp
tially resolved luminescence experiments enables us to de
mine the ratio of the radiative recombination times of t
Qwires and Qwells in coupled Qwire/Qwell structures. W
our experimentally obtained data at 5 K,RPL

21520, FCL'6,

C̄50.15, t`
R5450 ps, andtW5250 ps, we obtaint r

W/t r
R

512, which is very surprising, since for the respective lif
time ratio of independent Qwells and Qwires the inve
(t r

R/t r
W'10) is expected.16 Further effort is necessary t

clarify the reason for the experimentally found small cont
bution of the radiative recombination within the connecti
Qwells compared with the one in the Qwires. Hence, fut
work will focus on the combination of spatially and time
resolved experiments in such systems, in particular, with
ferent lateral and vertical Qwell widths. However, the d
cussion of our experimental results reflects a very interes
fact: namely that a small ratio of the PL intensities from t
Qwell and Qwire regions does not necessarily imply a h
transfer rate, but can also be due to remarkably differ
recombination rates.

IV. SUMMARY

The high growth selectivity on GaAs~311!A substrates
patterned by a sub-mm-pitch grating results in geometricall
flat quantum wire arrays with lateral confinement potentia
which are as high as 210 meV. Consequently, the exc
capture within the wire regions is very efficient, and hig
wire luminescence intensities are obtained up to room te
perature. The combined measurement of the wire related
contrastC and the ratio of the laterally integrated intensiti
of the quantum well and wire luminescence as a function
temperature yields important information about the exci
transfer between the connecting Qwell regions and
Qwires, about the influence of nonradiative recombinat
channels, and about the thermally activated carrier escape
low temperatures~5–20 K! both, exciton localization and
nonradiative recombination, contribute to a reduced exci
transfer efficiency. While the exciton transfer is nearly co
plete at about 100 K, which is linked to the maximum of t
exciton lifetime in this temperature range, it is reduced ag
for T.100 K due to an increase of the nonradiative reco
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bination rate in the well regions. The decrease of the Qw
luminescence intensity as well as the remarkable increas
C near room temperature is attributed to a vertical car
escape, in particular out of the quantum well regions into
~Al,Ga!As barriers. The exciton transfer time and the ratio
the radiative recombination rates in the well and wire regio
can be obtained, when the spatially resolved are comb
with time-resolved measurements.
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