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Abstract

Macro- and micro-photoluminescence (PL) spectroscopy has been applied
to investigate the exciton localization in cubic CdS/ZnSe type-II
superlattices (SL) in the temperature range 5—35 K. The non-monotonic
shift of the macro-PL peak with increasing temperature reveals the kinetic
contribution of acoustic-phonon-assisted exciton multi-hopping processes.
The experimental data are described by means of computer simulation and
calculations based on a kinetic theory generalized from zero to finite
temperatures. The advantages of each theoretical approach are discussed.

1. Introduction

The spectral peak of photoluminescence (PL) from undoped
quantum well (QW) structures at low temperatures is
usually red-shifted with respect to the peak in absorption
or PL-excitation (PLE) spectra.  This so-called Stokes
shift is explained taking into account that the excitation
spectrum is dominated by optical transitions to extended free-
exciton states, while the low-temperature PL arises from
radiative recombination of excitons localized by interface
microroughness and substitutional alloy disorder (see [1-6]
and references therein). In the multiple-hopping regime,
the population of the exciton-band tail and, hence, the PL
spectrum are formed as a result of competition between the
exciton recombination and acoustic-phonon-assisted hopping
from one localization site to another.

The kinetic theory of localized excitons in the zero-
temperature limit is based on the approximation of hopping
to the nearest lower-energy neighbour site [5]. This theory has
been applied to describe experimental data for ZnCdSe/ZnSe
QW structures, including the cw Stokes shift between the PL
and PL-excitation peaks, the time decay of the PL integral
intensity, the temporal shift of the PL spectral maximum in
time-resolved experiments and the shapes of cw and transient
PL spectra [7]. Baranovskii ef al [8] used the Monte-Carlo
simulation procedure to model the same scenario and obtained
(for the identical set of parameters) an excellent agreement
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between the simulation and the kinetic analytical theory [7].
They employed a similar simulation technique for finite
temperatures and confirmed the non-monotonic temperature
dependence of the cw PL peak, demonstrated previously by
Zimmermann et al [9]. Physically, this curious phenomenon
can be explained (see also [10]) taking into account that at
T = 0 the PL is dominated by excitons finding themselves
at accidentally isolated localization sites acting as pores. For
such sites (or traps) the lifetime with respect to hopping to
the nearest lower-energy neighbour exceeds the recombination
time. At low, but finite temperatures, an exciton trapped by an
effective pore has an opportunity for further energy relaxation
by hopping first to the nearest higher-energy neighbour and
then to a deeper-energy site. The non-monotonic behaviour of
the Stokes shift (retained even with the temperature-induced
shift of the band gap subtracted) has also been observed
experimentally [10-12]. A generalized kinetic equation for
excitons localized in QW structures at finite temperatures has
been proposed by Golub et al [5], but up to now this equation
has not been applied to analyse the temperature evolution of
the PL spectra.

In this paper, we report on an experimental study of
macro- and micro-PL (u-PL) spectra of CdS/ZnSe multi-layer
structures, a novel II-VI heteropair [13, 14], with focus on the
temperature dependence of the PL peak. The low temperatures
used made it possible to ignore the thermal activation of
excitons from localized to extended states. The obtained
experimental data are described in terms of the multi-hopping
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model by using two independent theoretical approaches,
namely, exact computer simulation and approximate kinetic
theory. Comparison between theory and experiment furnishes
the best-fit parameters of localized excitons in the CdS/ZnSe
heterostructures, and that between the results of the two
calculations gives notion of the validity of the kinetic theory.

The paper is organized as follows. The next section
displays the experimental results. Computer simulation and
comparison with the experiment are the topics of section 3. The
kinetic theory is presented in section 4. Section 5 is devoted
to simulation of u-PL spectra.

2. Experimental macro- and p-PL spectra

The properties of localized excitons in several cubic
CdS/ZnSe superlattices (SLs) were investigated by means of
spatially integrated (macro-PL) and spatially resolved (u-PL)
photoluminescence spectroscopy. The band alignment of
this heterostructure is of type II, with the conduction and
valence band off-sets of around 800 meV and 500 meV,
respectively [13]. The CdS (ZnSe) layers form potential
wells for electrons (holes). The high structural quality of the
superlattices has been confirmed by the observation of higher-
order folded acoustic and confined optical phonons in Raman
scattering experiments [14—-16]. In this work, we concentrate
on macro- and p-PL from a 200-period (19 A/19A ) CdS/ZnSe
superlattice grown by molecular beam epitaxy on GaAs(001),
with CdS and ZnSe as source materials [17].

For the PL measurements, a sample was mounted in a
liquid helium flow cryostat equipped with a resistive heater,
allowing the sample temperature to be maintained between 5 K
and 300 K with an accuracy of £0.1 K. An excitation source
served the 351 nm line of an Ar*-ion laser, with excitation
intensity of about 2 W cm™2. The spectra discussed in what
follows were taken with spatial resolution of ~ 1 um (u-PL)
or ~ 50 um (macro-PL). The signal was dispersed by a 75-cm
double spectrometer and detected with a Peltier-cooled CCD,
with spectral resolution of ~ 50 ueV. Macro-PLE spectra
were taken using a tunable 1 m monochromator to select the
excitation lines from the spectrum of a 200 W xenon lamp.
Owing to intensity problems, the spectral resolution had to be
restricted to ~ 4 meV in this special case.

Figure 1 shows a macro-PL spectrum (full curve) of the
SL, recorded at 5 K. The spectrum has a full width at half-
maximum (FWHM) of around 22 meV. Additionally, a PLE
spectrum is displayed in the inset, together with a macro-PL
spectrum. The detection energy for the PLE spectrum shown
here was chosen to be at the PL-peak. The resonance in
the PLE spectrum is attributed to the heavy-hole 1s-exciton
transition, which is in good agreement with the calculated
transition energy. No other resonances were observed, most
probably because of the strong damping of these states. The
Stokes shift was estimated from the energy difference between
the PL- and PLE-maxima to be 18 meV.

As already mentioned in previous publications, we
observe a strong non-monotonic (red-blue-red) shift of
the macro-PL peak with increasing temperature [15,18].
This behaviour is typical of all the investigated CdS/ZnSe
superlattices. In the following, we concentrate on the
temperature range between 5 K and 35 K, where the first red
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Figure 1. PL spectrum taken from a CdS/ZnSe 19 A/19 A SL and
recorded with spatial resolution of ~ 50 um at 5 K (full curve). The
other two curves represent the results of computer simulation at

T = 0 (broken) and T = 5 K (dotted) for the parameter set given in
the text, with the simulated spectrum inhomogeneously broadened.
In the inset, the PL and PLE spectra are compared, revealing a
Stokes shift of 18 meV.

shift is observed for the sample under study and the kinetics of
localized excitons is of importance.

In figure 2, three selected w-PL spectra recorded at
different temperatures are shown. The spectra are normalized
with respect to the PL-peak and shifted vertically against each
other for clarity. In addition to a broad PL background, a
structure of narrow superimposed lines is observed (FWHM =~
300 peV), typical of strongly localized excitons forming quasi-
zero-dimensional states. Within the experimental accuracy, the
shift of the peak with increasing temperature is identical for
all the lines and corresponds to the temperature-induced shift
of the superlattice band gap. The shift between 5 K and 35 K
amounts to —1.4 meV. Above 35 K, the narrow line emission
is hardly observable, indicating enhanced delocalization of
excitons. Macro-PL spectra show a more pronounced red
shift of the emission peak (—3.5meV) with the temperature
increasing from 5 to 35 K. This effect, also seen for the
envelope of the u-PL spectra, is clear evidence in favour of
phonon-assisted exciton hopping to deeper localized states.

The full circles in figure 3 show the measured temperature
dependence of the relative shift of the PL peak

AEn =hon(T) —hon(0) —SEL(T), (1)

normalized to the PL Stokes shift at T = 0. Here, wy(T)
is the spectral position of the PL peak at temperature 7', and
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Figure 2. Temperature dependent p-PL spectra (spatial
resolution &~ 1 m) taken from a 19 A/19 A CdS/ZnSe SL.
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Figure 3. Temperature dependence of the PL-peak shift in
accordance with equation (1), normalized to the low-temperature PL
Stokes shift of 18 meV for a 19 A/19 A CdS/ZnSe SL. Full circles,
experiment; full curve, computer simulation for the same parameters
as in figure 1.

SEy(T) is the temperature shift of the narrow lines in the -
PL spectra. The definition of AE;, excludes the effect of
temperature dependence of the band gaps, and A E,, represents
a purely kinetic contribution to the shift.

A large value of the macro-PL Stokes shift and the
observation of a superimposed system of narrow lines in the
u-PL spectra unambiguously demonstrate the localized nature
of recombining excitons. The thickness of 19 A for both CdS
and ZnSe layers is small enough for excitons in these type-II
heterostructures to have large binding energy and, therefore,
a remarkable oscillator strength. On the other hand, 19 Ais
wide enough to ignore the heavy-hole tunneling through the
CdS barrier. Thus, the 19 A/19 A CdS/ZnSe heterostructure
can be considered a superlattice only for a conduction-band
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electron, and a multiple quantum well for a heavy photohole
confined within a particular ZnSe layer. It follows then that,
in order to describe the above experimental data, one needs to
consider two-dimensional (2D) hopping of localized excitons
and sum up independently the PL intensities related to different
ZnSe layers.

3. Computer simulation: comparison with
experiment

We start with a list of notation used in what follows. The
exciton localization energy denoted by ¢ is positive and is
related to the exciton excitation energy, E, and the exciton
mobility edge, Ey, by

e=Ey—E; 2

w(e, &, r) is the exciton transfer rate of the & — &’ transition
between sites separated by distance r. As in [8], we assume
that

2r e—¢& +|e—¢|
!
) ) = - - Y Y 3
w(se r) woexp< p T ) 3)

where a is the localization length, 7 is temperature, kg is
Boltzmann’s constant and w is a constant factor. The exciton
recombination time is labelled as 7y, with its dependence
on ¢ ignored. g(e) is the exciton density of states, and the
concentration of sites with localization energy exceeding ¢ is
given by

o(e) = / g (¢)de’.

[o(e) is the generation rate into the state & from delocalized
states. In the following, we neglect the dependence of Iy on &
and assume an exponential density of states

2(e) = goexp (—j—o) @)

and thus p(¢) = gpg(e) = goco exp (—&/¢&op).

For numerical simulation, we generate 2D random
uniform distributions of localization sites, (r;, &;),i = 1...n,
on a square cell of size L = (n/goco)"/?. Here r; = (x;, ;)
are the space positions of the sites and ¢; are the localization
energies generated with the chosen function of energy density
of states, g(e). The number of sites, n, or the ratio L/a =
(n/gogoa?)'/? is taken large enough to obtain results insensitive
to further increase in the L value. The exponential decay of the
transition rates with intersite distance permits moderate values
of L /a and relatively small numbers of localization states, n, in
the configuration, n = 1000 and L /a = 44.3 for the particular
parameter set as listed below. To minimize the effects of
the cell perimeter even further, we use periodic boundary
conditions for the configuration of sites by identifying the
opposite sides of the cell. This is taken into account by
assuming the effective distance between sites r; and r; to have

the form r;; = ,/xizj + yizj, where

|X,'—Xj| if }X[—X_/'|<L/2
Xij:

|xi —x;| = L/2 if |x —x;| > L/2
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and y;; is defined likewise. For a given site configuration,
all the possible intersite transition rates (3) are calculated
and substituted into the set of n linear rate equations for the
occupation numbers f;, i = 1...n,

[Zw(si, £j. i) + T{,} fi=Y wiej.ei.rji) fi =To (5)
J#i J#i

which can be written as a single n x n-matrix equation. The
stationary generation from delocalized to localized states is
assumed to be the same for all the localization sites and small
enough to enable the dependence of transition rates on the
occupation of final states to be ignored. The matrix kinetic
equation (5) is solved and the occupation numbers f; are found
for a series of M site configurations. The PL spectrum is then
calculated as the sum

J(w) = i Z £ s (a) — w§m>) 6)

m=1 i=1

where the index m enumerates the configurations from 1 to
M, a)f") is the resonance frequency of the ith localized-exciton
state in the mth configuration, and the function §(€2) describes
the homogeneous broadening of a single line. It is taken in the
Lorentzian form

e P

) = T yr+ Q2

While simulating macroscopic PL spectra, we generate > 200
configurations to obtain a sufficiently smooth spectrum. The
number of configurations taken for simulation of ©-PL spectra
is much smaller, so that we have a system of narrow lines
superimposed on the smooth spectral background.

In order to qualitatively take into account the
inhomogeneous broadening, the macroscopic PL spectra
Jo(Eo—hw) simulated for a fixed value of the exciton mobility
edge Ey are convoluted with a Gaussian

J (hw) / dEF (Eg — Eg) Jo (Eo — ho)

= (2
- 1 Ey—FE
F (Eo — Eo) = ﬁAexp[—<°A°>l @

The dimensionless parameters chosen to calculate
the PL spectra are the following: w9 = 10° and
m(a/2)?goeo = 0.4. The inhomogeneous broadening is
described by the Gaussian (7) with A = 2 g,. At zero
temperature, the PL peak occurs at e, = Ey — hoy, = 3.38¢)
for the homogeneous mobility edge Ey and at 3.53 g if the
inhomogeneous broadening is included. Since the PL Stokes
shift equals 18 meV (see the inset of figure 1), we obtain for
&o a value of (18/3.53) ~ 5.1 meV.

In addition to the above simulation procedure, we also
applied the Monte-Carlo simulation method described in detail
by Baranovskii et al [8] to check the accuracy of the
calculations. The simulation parameter combinations wgty
and 7 (a/2)% goeo were the same as in the calculation described
above. Sample sizes were 10 000 sites and 250 000 sites for
a finite size check. To average over different realizations of
the disorder, we used up to 200 000 samples and checked

for the convergence of our results. We found both methods
to give identical results. Note that the computing time is
temperature independent in the first computer simulation. As
for the Monte—Carlo method, it is faster for lower and slower
for higher temperatures.

Figures 1 and 3 compare qualitatively the results of
computer simulation with the experimental data. Low-
temperature macro-PL spectra are shown in figure 1, with
the full curve representing the spectrum measured for the
19A/19 A CdS/ZnSe SLat T = 5K, and the broken and dotted
curves corresponding to the computer-simulated PL spectra
for T = 0and T = 5 K, respectively. Figure 3 shows the
purely kinetic contribution to the temperature-induced shift of
the PL spectral maximum, with the full curve being the result of
computer simulation and full circles representing the behaviour
of the experimental PL-peak in accordance with equation (1).
It can be seen that the results of computer simulation performed
with the parameter set listed above are in good agreement with
the experimental data.

4. Kinetic theory: comparison with computer
simulation

The kinetic theory of localized excitons at zero tempera-
ture [5, 7] was derived in the approximation of optimal hop-
ping transfers. This means that an exciton is allowed to hop
to a lower-energy site characterized by the maximum value of
w(e, €, r), which, at zero temperature, depends in the model
under consideration only on r, see equation (3). At finite tem-
peratures, in the framework of the approximation of optimal
hopping transfers, each site is characterized by three param-
eters ¢, ¢’ and r [5]. Here ¢ is the localization energy for a
given site, while ¢’ and r are the localization energy and the
distance to an optimum site characterized by a maximum value
of w(e, &', r) in the given local configuration. If the occupation
probability of such a state is denoted by f (e, &/, r), then the
energy distribution N (¢) determining the PL spectral intensity

J(hw) x N (Ep — ho) 8)

is related to f (e, &', r) by

N(e) :g(s)/mde’foo drP, (¢',r) f(e.€.r) . (9
0 0

Here P.(¢',r) is the distribution of optimal neighbours in
energy and space. For uncorrelated localized sites distributed
in a 2D space we can write

P, (¢'.r) =2nrg (&) exp[—U (e, €', r)] (10)

U, g,r) :/ /dezdrﬂnrzg (&2) (11)
Q

with the integration performed over the area 2 in the (g3, 2)
space, where

w(e, &2,12) > w(e, &, r).

If the correlation between the successive hopping events is
ignored, the kinetic equation for f (¢, &, r) has the form

1 o0 o0
[% +w (5, g, r):| f (8, g, r) — /(; /(; de,dr gg((i"l))

X Py, (e, r1)w(er,e,r1) f(e1,8,r1) =T

12)

489



S A Tarasenko et al

PL intensity (arb. units)

Localization energy (e/€)

Figure 4. Theoretical low-temperature PL spectra obtained by
computer simulation (full curves) and calculated in terms of the
proposed kinetic theory in the absence (1) and presence (2) of
inhomogeneous broadening.

The terms in the left-hand side describe, respectively, the
exciton recombination, transfer to the optimal site &’ and
generation from the state (¢1, ¢, r1). At zero temperature

w (8, g, r) = wp eXp (—z—r) 6 (8/ — 8)
a
P, (¢',r) =2mrg (¢) exp [—nrzp(s)]e (¢ —e)

where 0 (x) is the Heaviside step function. It then follows that
at T = 0 we can use the pair (g, r), instead of three parameters,
to characterize the localized state, and equation (12) reduces
to

|:i+w(r)i| f(s,r)—/sg(sl)del /OOZH
To 0 0

xridryexp [—mrip (en)]w (r1) f (e1,11) =To.  (13)

In figure 4, we compare zero-temperature PL spectra furnished
by computer simulation and calculated in terms of the kinetic
theory by equation (13). Spectra 1 correspond to a fixed exciton
mobility edge, and spectra 2 are obtained by convolution of the
PL spectra 1 with the Gaussian (7).

Figure 5(a) presents the relative shift of the PL peak as a
function of temperature, calculated with the inhomogeneous
broadening neglected. The broken curve is obtained by using
the numerical solution of equation (12). It can be seen
that a rather simple kinetic theory leads to a non-monotonic
temperature dependence of the PL-peak shift. Moreover, the
agreement between the broken and full (simulation) curves
is both qualitative and quantitative. Some discrepancy in
the PL spectra and, hence, in the PL-peak behaviour can
be attributed to the following two approximations of the
kinetic theory: itignores transfers to non-optimal sites and the
correlation between the successive hops. At zero temperature
the correlation is insignificant [5], which clearly follows from
the excellent agreement between the two curves in figure 4. At
finite temperatures the role of correlations increases. In fact,
at nonzero, but low temperature, part of excitons participating
in upward hopping transitions from site O to O’ return
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Figure 5. Relative shift of the PL peak as a function of temperature,
calculated (a) neglecting and (b) taking into account the
inhomogeneous broadening. Full curves, computer simulation;
broken curves, kinetic theory.

back to site O and either recombine at this site or relax
to other localization sites O; different from O and O’. A
better agreement in the framework of the kinetic theory could
be achieved by going beyond the approximation of optimal
hoppings (see [19] for details) and/or taking into account
the hopping correlation. However, in this case the kinetic
equation would have a much more complicated form and
its application would lose some obvious advantages over the
computer simulation procedure.

To illustrate and to make the physics of the PL-peak
temperature behaviour more transparent, let us consider three
sites O, O’ and O; with localization energies ¢, & and &
(¢/ < & < &1), assuming the initial exciton generation to occur
only to site O. Then the steady-state occupancies f, ' and f
of these three sites satisfy the following set of rate equations

-1
(to ' +woo +wo,0) f —woo f'=Go
-1
(15" +wo,0 +woo') f —woof =0

~1
o, fi—woof —woof =0

(14)

Here G is the rate of generation to site O, wyg is the hopping
rate for the acoustic-phonon assisted transition from site 8 to
site &, and the upward transitions O; — O and O; — O’
are ignored. If site O is a pore at zero temperature, then
Wo,0 < ro_l. Let site O’ be the optimal at 7 # 0 with
respect to O, which means that wp o > wg,p. Site O; is
assumed to satisfy the condition wp,or > weer. It can be
shown that, under the above assumptions and for wo o > 7, !
the ratio f1/(f + f') is given approximately by the product
Towoe 0. At T = 0, i.e. for vanishing wy ¢, this ratio is equal
to Towo, 0, which is small compared with tow¢ . Thus, the
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average exciton energy does shift downwards (the localization
energy shifts upwards) with allowance made for the effective
relaxation channel O — O’ — O;.

Figure 5(b) presents the temperature-induced shift of
the PL peak for the PL spectrum convoluted according to
equation (7). As compared with figure 5(a), the shape of the
curves is changed remarkably. This effect of inhomogeneous
broadening can be interpreted in the following way. If the
PL spectrum calculated for the homogeneous mobility edge is
symmetric about the peak, then the inhomogeneous broadening
has no effect on the spectral peak position fiw,. However,
if the homogeneous PL spectrum is asymmetric about hicwn,
the inhomogeneous broadening results in a shift of the peak
position. To estimate the shift of the PL peak through
inhomogeneous broadening, we introduce the functions Jy(w—
wn) representing the homogeneous PL spectrum peaked at @y,
and F (wy —@n ), describing the inhomogeneous broadening of
the peak position around the frequency @,. Then the observed
PL spectrum is given by the convolution

J<w>=fdme<wm—a»m) h@—om . (5

Taking Jj in the asymmetric form

Jo (0—wn) = Cexp[—A (@ — wn)*] [1+ D (0—wp)’]
(16)

where the coefficient D is a measure of asymmetry and F has
the form

_ B _
F(om — on) = - exp [_B (®Om — @m) ] 17)
we can show that

S _C/ B AB (0 — &)’
@ =CyV 3 P\~ a1z

2
(@ — &)’ F + 2

- N2
2 A+B(w—wm)“- 18)

BD
X 1+ —
(A + B)?
Assuming the asymmetry to be relatively weak, | D|A™3/? « 1,
we obtain that the spectral maximum of J (w) occurs at the fre-
qUENCY Wmax = @, + dw, with the additional shift given by

3D

T4AA+B) (19)

dw
At zero temperature, both the calculated PL spectra in figure 4
almost coincide in shape. At a finite temperature, the
asymmetries of the simulated PL spectrum and that calculated
by using the kinetic theory are different. ~According to
equation (19), this leads to different additional shifts §w
contributing to the full and broken curves in figure 5(b).

5. Simulation of u-PL spectra

For the simulation of -PL spectra we took 50 subsystems each
containing 1000 localized-exciton sites randomly distributed
with equal probabilities in the 2D space (within a square area)
and with weight g(¢) in energy. The exciton-mobility edge in
each subsystem was chosen randomly in accordance with the

u-PL intensity

1 L 1 L 1

o 2 4 6 3

Localization energy (e/€)

Figure 6. ;.-PL spectra computer-simulated for three different
temperatures. See text for details.

Gaussian distribution. Figure 6 shows the results of a computer
simulation of u-PL spectra. The spectra were calculated for
the same configuration of localization sites but for different
temperatures, kg T = 0, 0.4¢( and 0.8¢y. The parameters used
are the same as those in section 3, and the FWHM of a single
narrow line is 2y = 0.04g9. A smooth spectral background
can be seen, reflecting the macro-PL spectrum, with a set
of narrow lines corresponding to individual contributions of
localization sites superimposed on it. Varying the temperature
leads to exciton redistribution over the localization sites and,
therefore, to changes in the intensities of the narrow lines and
to evolution of the PL background. Since the bandgaps are
kept constant, the energy positions of the individual narrow
lines remain unchanged.

6. Summary

In conclusion, we have carried out a macro- and micro-
spectroscopic study of the PL arising from radiative
recombination of localized excitons in quantum well
structures. The measurements have been performed on type-
II multiple quantum wells for a recently grown heteropair,
CdS/ZnSe. A kinetic theory developed for finite temperatures,
T < &, explains the experimentally observed non-monotonic
PL-peak shift with increasing temperature. The results
obtained in terms of the kinetic theory are in good agreement
with those furnished by computer simulation.
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