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Recombination dynamics in dry-etched„Cd,Zn…Se/ZnSe nanostructures:
Influence of exciton localization
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The influence of exciton localization on the recombination dynamics in dry etched~Cd,Zn!Se/ZnSe wires
and dots has been studied using time-resolved photoluminescence spectroscopy. The observed size and tem-
perature dependence of the excitonic lifetime can be explained quantitatively taking into account the interplay
between nonradiative carrier loss at the sidewalls and trapping of free excitons into localized states. From the
data, a density of localized statesNL573108 cm22 and an average localization energyEA52.8 meV can be
deduced.@S0163-1829~99!13703-2#
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I. INTRODUCTION

In low-dimensional semiconductor structures, fluctuatio
of the composition and/or the size1,2 result in a spatial varia-
tion of the band gap. Especially at low temperatures, e
tons can be trapped in such localization centers, suppres
the lateral exciton diffusion. To give an example, it w
found that fluctuations of the well width strongly affect, e.
the photoluminescence~PL! spectrum,3 the radiative lifetime
of excitons,4,5 the exciton scattering,6 or the biexciton forma-
tion process7 in quantum wells. Reducing the dimensionali
further to quantum wires and quantum dots, the influence
localized states caused by interfaces and/or surfaces on
optical properties is even expected to increase due to an
hanced interface/surface to volume ratio.8

A straightforward approach to realize quasi-on
dimensional or quasi-zero-dimensional structures is elec
beam lithography followed by an etching process. Even
II-VI materials, this process is well established now, allo
ing a flexible control of size and geometry in wire and d
structures.9–12 For this kind of nanostructure, another aspe
of surfaces plays an important role: Excitons can recomb
nonradiatively via surface states. In deep etched wires
dots, the reduction of the exciton lifetime and the normaliz
PL intensity with decreasing size is usually explained b
diffusion of free excitons to the sidewalls followed by a no
radiative recombination process at the surface.9–11,13–18This
picture is confirmed by experimental data, e.g.,
GaAs/~Al,Ga!As wires14,16 and dots,18 ZnSe/Zn~Se,S!
wires,17 and CdTe/~Cd,Zn!Te wires.10 However, there are re
cent reports on~Cd,Zn!Se/ZnSe wire structures,17,19 where
the recombination lifetime observed in time-resolved
spectroscopy remains approximately constant even if the
eral size is reduced down to 20 nm. Exciton localizati
caused by alloy or well width fluctuations was supposed
be responsible for this behavior, but there was no quan
tive analysis of the experimental data.
PRB 590163-1829/99/59~4!/2888~6!/$15.00
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In order to explain the size dependence of the exci
lifetime in more detail it seems therefore necessary to
velop a uniform picture for the recombination dynamics
deep etched nanostructures describing the interplay betw
exciton localization and nonradiative loss of free excitons
the sidewalls. In this paper we present a study of the exc
recombination dynamics in dry etched~Cd,Zn!Se/ZnSe wire
and dot structures using time-resolved PL spectroscopy.
varying the size and the geometry of the nanostructures
surface/volume ratio is systematically changed. An exten
diffusion model including exciton localization and nonradi
tive carrier loss is developed to describe the experime
data, giving access, e.g., to the density of localized states
the average exciton localization energy.

II. SAMPLE PREPARATION AND EXPERIMENT

The ~Cd,Zn!Se/ZnSe quantum well~QW! structure under
investigation was grown by molecular-beam epitaxy on
GaAs substrate. The sample consists of a 1.1mm thick ZnSe
buffer, a 10 nm Cd0.20Zn0.80Se/ZnSe QW, and a 100 nm
ZnSe cap layer. Arrays of wires and dots with different la
eral sizes were defined in a polymethylmethacrylate re
~PMMA! by electron beam lithography and transferred in
the semiconductor by a reactive ion etching~RIE! process
using a CH4/H2 gas mixture. Further details were reporte
elsewhere.20 Wires and dots with different lateral extensio
were realized on the same sample allowing a direct comp
son of nanostructures with different dimensions.

The excitons recombination dynamics in deep etch
nanostructures was studied by time-resolved PL spect
copy. The sample was excited by a pulsed frequen
doubled titanium sapphire laser, yielding pulses with a pu
length of 1.5 ps and a repetition rate of 82 MHz. The ex
tation was performed in the~Cd,Zn!Se layer with an exces
energy of approximately 100 meV in order to avoid carr
capture from the ZnSe barrier. Typical excitation densities
2888 ©1999 The American Physical Society
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PRB 59 2889RECOMBINATION DYNAMICS IN DRY-ETCHED ~Cd, . . .
about 1010 cm22 were used for all measurements if not stat
otherwise. The PL signal was dispersed by a 0.32-m Jo
Yvon monochromator, and recorded using a streak cam
with an S20 cathode and a subsequent charge-coupled-d
array~CCD camera!. The overall time resolution of the setu
is about 5 ps.

III. EXPERIMENTAL RESULTS

To get insight into the recombination dynamics it is i
structive to investigate the time-resolved and spectrally in
grated PL signal. In Fig. 1~a! ~left! the PL intensity of wires
with geometrical widthsWx ranging from 330 nm to 81 nm
and a two-dimensional~2D! reference~mesa! is plotted ver-
sus time for a temperature of 2 K. While the onset of the
signal reflects carrier relaxation and exciton formation,21 the
decay is associated with the recombination of excitons.
viously, the recombination dynamics changes if the w
width is reduced: In the case of the 2D reference and the
nm wires an almost monoexponential decay with a de
time of about 70 ps is obtained. In contrast, a distinct bi
ponential decay is observed for smaller wires where the
component becomes shorter and more pronounced with
creasing wire width. In addition, this two-component dec
characteristics strongly depends on the excitation den
While only the fast decay component is observed for exci
densities of about 1011 cm22, the long component become
more pronounced if the excitation density is reduced to ab
53108 cm22. Similar results were obtained for dot structur
with geometrical diametersWF ranging from 500 nm to 95
nm as shown in Fig. 1~b! ~right!. Regarding wire and do
structures with comparable lateral extensions the time c
stants are reduced in dots compared to wires. This indic
an enhanced nonradiative carrier loss at the etched surf
due to the increased surface/volume ratio in dots.

Usually the lateral size dependence of the recombina
dynamics in various deep etched III-V14,16,18 and II-VI10,17

nanostructures, respectively, is explained taking into acco
exciton diffusion to the sidewalls and subsequent nonra
tive surface recombination. Using such a model a predo
nantly monoexponential decay characteristics with a size
pendent time constant is obtained. Obviously, this sim
diffusion model is not appropriate to explain the siz

FIG. 1. Normalized PL intensity as a function of time for a s
of Cd0.20Zn0.80Se/ZnSe wires~a! and dots~b! at a temperature of 2
K.
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dependent biexponential decay observed in our samples
addition, the diffusion model is also unable to explain t
experimental findings in wet etched Cd0.35Zn0.65Se/ZnSe
wires,17 where no significant reduction of the lifetime wa
obtained even for 20 nm wide wires.

While spectrally integrated PL transients mainly refle
the recombination dynamics of the exciton population in
structure, the analysis of time-resolved spectra gives ac
to relaxation, localization, or thermalization of the excito
distribution.22,23 In Fig. 2 transient PL spectra for the mes
~left! and Wx5110 nm wide wires~right! are shown for a
temperature of 2 K and an exciton density smaller than 109

cm22. For the PL maximum a time-dependent energy shift
DE53.1 meV to lower energies is observed for both, t
mesa and the wires, reflecting the localization process
excitons due to well width and/or alloy fluctuations.23 In the
inset of Fig. 2 the transient energy shiftDE of the PL maxi-
mum is plotted. By fitting these data using a monoexpon
tial law ~solid lines! a time constant of 20 ps was obtained
both cases reflecting the average localization time of f
excitons. Hence, the data presented in Figs. 1 and 2 indi
that the recombination process of excitons in these na
structures is influenced by both nonradiative carrier loss
the sidewalls and exciton localization.

IV. MODELING OF THE EXCITON RECOMBINATION
IN ETCHED NANOSTRUCTURES

For a quantitative description of the experimental data
seems therefore necessary to develop an extended diffu
model, which describes the interplay between exciton loc
ization and nonradiative loss of free excitons at the si
walls. As a first approximation, the broad exciton band u
ally occurring in ternary quantum wells, was separated i
localized and mobile excitons.24–26 In Fig. 3, a schematic
sketch of the situation is shown. Free excitonsF are formed
by a generation rateg(t) which includes pulsed laser excita
tion, carrier relaxation and exciton formation.21 Free excitons
can be captured into localized exciton statesL within a time
constanttFL , recombine radiatively with a recombinatio

t
FIG. 2. Set of time-resolved PL spectra for the mesa and 110

wide wires at a temperature of 2 K. Inset: energy shiftDE vs time
for the mesa~squares! and the 110 nm wires~triangles, shifted
vertically for clarity! in a logarithmic plot. The solid lines indicate
best fits by a monoexponential law.
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2890 PRB 59K. HERZ et al.
time tF or recombine nonradiatively at the surface. The l
process is controlled by the diffusion constantD, the surface
recombination velocityS, and the sample geometry, i.e., d
pends clearly on the wire width and the dot diameter, resp
tively. Localized statesL can only be depopulated by a tra
sition into free excitonic states, characterized by a transi
time tLF , or by a radiative recombination process with
decay constanttL . Based on this model situation the follow
ing equations for the time- and space-dependent densit
free and localized excitonsF andL, were derived:

dF

dt
5DDF2

F

tF
2~12L/NL!

F

tFL
1

L

tLF
1g~ t ! ~1!

dL

dt
5~12L/NL!

F

tFL
2

L

tL
2

L

tLF
~2!

with an effective sizeWeff for dry etched nanostructures in
cluding a deadlayerWD :13

Weff5Wi22WD ~3!

and the boundary condition:

D
dF

dr U
r 56~Weff/2!

52SFur 56~Weff/2! ~4!

wires: r 5x

dots: r 5Ax21y2 .

Wi ( i 5x, i 5F) is the geometrical lateral extension of th
structure, i.e., the wire widthWx and the dot diameterWF ,
respectively. D describes the Laplace operator for o
~wires! or two ~dots! dimensions, respectively.NL corre-
sponds to the density of localized states and the facto
2L/NL , which takes into account the finite number of loca
ized states, describes saturation effects for enhanced ex
densities.27 These equations were solved numerically
wire and dot structures and the spectrally integrated PL
tensity was calculated by:

I ~ t !5
d~F1L !

dt U
radiative

5
F

tF
1

L

tL
. ~5!

To demonstrate the influence of the density of localiz
statesNL and the transition ratetLF

21 on the recombination

FIG. 3. Schematic sketch of the model developed in orde
describe the recombination dynamics in deep etched nanostruc
t
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dynamics, the results of the corresponding simulations
presented in Fig. 4. In Fig. 4~a! ~left! the calculated PL in-
tensity for a wire with an effective widthWeff5Wx22WD
580 nm is displayed for different values ofv5NL /G by
using a typical set of parameters as given in the figure. H
G, the number of laser generated excitons per area and
pulse, is kept constant.

If the density of localized states is much smaller than
number of generated excitons per unit area~corresponding to
v50.001), a monoexponential decay is obtained with a ch
acteristic time constant of 20 ps, i.e., significantly reduced
compared to the 2D reference. In this case, a distinct red
tion of the time constant with decreasing wire width is foun
This indicates that the excitons behave like free excito
mainly undergoing nonradiative recombination at the si
walls. Thus, the size-dependent exciton lifetimes in wi
and dots are mainly controlled by the diffusion constantD
and the surface recombination velocityS. Experimentally,
this situation is realized, e.g., for GaAs/~Al,Ga!As wires or
ZnSe/Zn~S,Se! wires as reported in the literature.16,17

In contrast, if the density of localized statesNL exceeds
the number of excitons per unit area significantly~corre-
sponding to v5100) an almost monoexponential dec
within a time constant given by the radiative lifetime of lo
calized excitons is obtained. In this case, the decay tim
found to be independent of the wire width. This indicat
that free excitons mainly become localized before reach
the surfaces, resulting in a suppression of non-radiative
rier loss at the wire sidewalls. Experimentally, such a beh
ior was observed in wet etched Cd0.35Zn0.65Se/ZnSe wire
structure, as reported recently.17,19At this point, it is instruc-
tive to discuss the size dependence of the normalized
intensity for this situation, which can be evaluated eas
from our calculations. Although no reduction of the excito
recombination time is obtained for decreasing wire wid
carrier loss at the wire sidewalls can occur during the rel
ation process of excitons into localized states, reducing
PL intensity in narrow wires.17,28

In contrast, a biexponential decay is obtained, if the d
sity of localized statesNL is almost comparable to the den
sity of photogenerated excitons (v50.1). Immediately after

o
es.

FIG. 4. Model calculations of the transient PL signal for a w
with an effective widthWeff580 nm according to Eqs.~1!–~5!. ~a!
Variation of the ratiov between density of localized statesNL and
laser generated exciton densityG. ~b! Variation of the depopulation
time tLF . The time constants used for the simulations are given
the figure.



a
c

fre
th
ca
o
fo
Fi
on
en
e

io

d
re
th
n

o
th
e

p

nd
e
c
t i
e

ri
te

th

t
th

P
th
i-
-

im
es

he

i
nt
lo

n
n-
d
T
e

nt
le

s
xcel-
odel
b-
2D
rved

We
.

re
ria-
ng-

ex-
ite
i-
-
n-
ns.

e,
al

elf-

de-
be

nd-
r to
om-
n 2

es
-

he
the

-

PRB 59 2891RECOMBINATION DYNAMICS IN DRY-ETCHED ~Cd, . . .
excitation, the exciton density exceeds the density of loc
ized states and therefore the fast component of the de
characteristics reflects the nonradiative carrier loss of
excitons at the sidewalls. After approximately 100 ps,
recombination of localized excitons dominates the de
characteristics, resulting in a time constant, which is alm
independent on the wire width. This situation is realized
the exciton recombination in wires and dots presented in
1, indicating the necessity of including exciton localizati
in the model calculations in order to discuss our experim
tal data quantitatively. Moreover, the theoretically obtain
variation of the decay characteristics withv5NL /G is able
to reproduce the experimental data for different excitat
densities, as discussed above.

It is well known that an efficient depopulation of localize
states can be obtained, e.g., by increasing the temperatu27

This can be simulated in our calculations by decreasing
depopulation timetLF between localized and free excito
states. In Fig. 4~b! ~right! the PL signal of an 80 nm wide
wire structure is plotted versus time for various values
tLF . For tLF5500 ps a distinct biexponential decay wi
time constants of 20 ps and 90 ps, respectively, is obtain
Decreasing the transfer timetLF e.g., to 20 ps, the long
component of the decay is reduced significantly to 40
This indicates that by increasing the depopulation ratetFL

21 a
reduction of the effective lifetime of localized excitons a
in increase of the nonradiative carrier loss is obtained du
the coupling of localized excitons to nonradiative surfa
states via free exciton states. This also becomes apparen
reduction of the normalized PL intensity, which decreas
e.g., by about 20% by reducingtLF from 500 ps to 20 ps.

V. DISCUSSION

In order to permit a quantitative description of the expe
mental data as much as possible of the model parame
should be determined experimentally. By evaluating
time-resolved PL signal of the 2D reference atT52 K the
recombination time as well as the localization timetFL can
be derived. Low excitation densities are used in order
avoid any saturation effects of the localized states. Thus,
decay time constant reflects the recombination lifetimetL of
localized excitons, while the transient energy shift of the
spectrum after pulsed excitation is mainly controlled by
localization timetFL as shown in Fig. 2. From the exper
ments,tL570 ps andtFL520 ps, respectively, can be de
duced. As a first approximation the same recombination t
is used for the lifetime of free excitons at low temperatur
In addition a dead layer with a widthWD520 nm and a
surface recombination velocityS52.53105 cm/s were used
as reported in Refs. 9 and 20, respectively, for dry-etc
~Cd,Zn!Se/ZnSe nanostructures.

With this approach the number of fitting parameters
strongly reduced. As discussed above the fast compone
the decay, representing the size-dependent nonradiative
of free excitons via surface states, is mainly influenced byD,
S, andWeff , whereas the exciton localization process is co
trolled byNL andtLF . In order to achieve the absolute de
sity of localized statesNL , the number of laser-generate
excitons per area and per pulse has to be determined.
was done as described in Ref. 7 taking into account the
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citation density of the laser pulse. An absorption coefficie
of 2.53104 cm21 was used as reported for a comparab
structure in Ref. 29.

In Fig. 5 best fits~solid lines! for a set of wire~a! and dot
~b! structures are compared to the experimental data~tri-
angles! for T52 K. The experimental data of both, the wire
and the dots are described by one set of parameters. E
lent agreement between the experimental data and the m
calculations is found. Especially, the experimentally o
served transition from a monoexponential decay for the
reference to the biexponential decay characteristics obse
for narrow wires and dots is reproduced quite well.

From these fits a diffusion constant ofD50.6 cm2/s is
obtained. Comparable values forD were reported for other
deep etched nanostructures based on ZnSe.17 Moreover, an
estimate of the density of localized states is possible.
obtainNL573108 cm22, a value that seems to be quite low
Spatial fluctuations of the alloy and/or the well width a
expected to build up a potential landscape with energy va
tions on different length scales, often separated into lo
range and short-range contributions.24,30 Thus, we attribute
long-range fluctuations responsible for the localization of
citons in our samples. This is in agreement with the fin
localization timetFL , which clearly indicates, that the exc
tons move several tens of nm~i.e., much more than the ex
citon diameter! before becoming localized. Of course the i
terface structure strongly depends on the growth conditio
It has been shown, e.g., by Rabeet al.,31 that much higher
values ofNL can be obtained changing the growth mod
indicating the transition from a quasi-two-dimension
growth mechanism to the Stranski-Krastanow growth of s
organized quantum dots.31

By increasing the temperature, a thermally induced
population of localized states is expected. This should
controlled by a characteristic activation energy correspo
ing to the average localization energy of excitons. In orde
investigate this mechanism an analysis of the exciton rec
bination dynamics is performed for temperatures betwee
K and 80 K.

In the inset of Fig. 6 the decay curves of wire structur
with a geometrical widthWx5110 nm are plotted for tem
peratures ofT520 K and 60 K, respectively~triangles!. The
main result is the vanishing of the long component of t
decay characteristics by increasing the temperature. For
modeling, the same values ofNL and tFL were used as de

FIG. 5. PL intensity as a function of time~triangles! and best fits
~solid lines! for a set of wire and dot structures atT52 K.
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2892 PRB 59K. HERZ et al.
rived atT52 K. In addition, the temperature dependence
S was derived by the Stevenson-Keyes formula14,32 and the
exciton lifetime was deduced from the 2D reference. Best
are shown as solid lines, yielding accurate values for
temperature dependence of the diffusion constantD and the
depopulation timetLF . For the diffusion constant, an in
crease fromD50.6 cm2/s at T52 K to D51.6 cm2/s at T
560 K is found corresponding to an enhancement of
diffusion length from 65 nm to 150 nm. A similar behavio
was also reported for the lateral diffusion of excitons
GaAs/~Al,Ga!As quantum wells21 and explained by both, the
temperature dependence of the exciton scattering me
nisms and the exciton lifetime.

Of special interest is the temperature dependence of
depopulation ratetFL

21, which should give access to the a
erage localization energy. In Fig. 6,tFL

21 is displayed as a
function of the inverse lattice temperature in an Arrhen
plot. With increasing temperature, a distinct enhancemen
tFL

21, e.g., from 0.02 ps21 for T520 K to 0.1 ps21 for T
560 K is found. Assuming thermal equilibrium between fr
and localized states the temperature dependence of the
between the localization ratetFL

21 and the depopulation rat
tLF

21 is expected to be:27

tLF /tFL}Te2EA /kT ~6!

FIG. 6. Arrhenius-plot of the depopulation ratetLF
21 from local-

ized into free-exciton states. The solid line represents the bes
according to Eq.~6!. Inset: Transient PL intensity~triangles! and
best fits~solid lines! for wires with a geometrical widthWx5110
nm atT520 K and 60 K, respectively.
n
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whereEA is an activation energy for the thermally induce
transition from localized to free-exciton states represent
an average localization energy. Fitting the experimental d
in the temperature range from 30 K to 80 K by this expre
sion we determine an activation energy ofEA52.8 meV.
This value can be compared to the transient energy shif
the PL maximum at very low exciton densities~see Fig. 2!,
which was found to be 3.1 meV. The good agreement of b
values indicates that the assumption of a thermal equilibr
holds at least for temperatures larger than 30 K. The rea
for the deviation between the experimental data and Eq.~6!
at low temperatures is not yet clear. One might expect,
thermal equilibrium is not established at low temperatu
due to the finite relaxation time of excitons.

VI. CONCLUSIONS

The recombination dynamics of excitons in dry etch
~Cd,Zn!Se/ZnSe nanostructures was investigated by tim
resolved PL spectroscopy. For wire widths and dot si
smaller than about 300 nm and 200 nm, respectively,
recombination characteristics of the exciton signal chan
from a monoexponential to a biexponential decay. In orde
explain the experimental findings quantitatively an extend
diffusion model was proposed, including the interplay b
tween exciton localization and nonradiative carrier loss
free excitons at the sidewalls.

A good agreement between the experimental data of
recombination dynamics of excitons in dot and wire stru
tures with different lateral extension and the model calcu
tions is obtained by using one set of parameters. From
data, a density of localized statesNL573108 cm22 and an
activation energyEA52.8 meV, describing the average lo
calization energy of excitons are obtained. Besides an ex
lent description of the experimental data presented here,
model is able to reproduce the various experimental findi
of the size-dependent exciton recombination dynamics
ported in the literature, giving a consistent picture for t
recombination process of excitons in deep etched nanos
tures.
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