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Optical properties of localized excitons have been studied in a highly strained CdSe quantum well with
1-ML thickness by employing time-resolved photoluminescefRle and nonlinear PL spectroscopy under
various excitation conditions. At 20 K, the time-integrated PL from the well layer was peaked at 2.7276 eV
with a linewidth of 21 meV under low excitation intensit§.11 xJ/cn?). The lifetime ranged from 200 ps to
50 ps as the monitored photon energy was changed from the low-energy tail to the high-energy one. The
behavior could be well understood as a result of exciton localization, which is induced by terraces and islands
with units of ML thickness fluctuation lying at the interface between CdSe and ZnSe. An emission with the fast
decay component was observed at the low-energy side of the (@2k68 eV under higher excitation
condition. The emission could be well resolved as a positive component by the nonlinear PL measurement, and
originates from the many-body effect of localized excitons, which is probably attributed to localized biexci-
tons.[S0163-182(06)07828-9

[. INTRODUCTION their usefulness for blue-green laser dioét&Since the well
layer in the structures is under compressive strain, the lowest
Ternary and quaternary II-VI alloy semiconductors areexcitonic transiton occurs between the 1 conduction elec-
examples of materials with perturbed crystal potential. Theron andn=1 heavy hole, generally designated&gy,. The
perturbation results from microscopic, statistical variationssolid composition of Cd in ZpCd;_,Se well layers is typi-
of the alloy composition on a microscopic scale. This alloycally about 15—-20% in the device structures. The PL line-
disorder leads to a density of tail states of the form ofwidth of E,,}, for such layers grown under the appropriate
exd —E/Eq]" extending down to the forbidden gap, where condtion is as low as about 9 meV at low temperature, a
E is band energy ané, the characteristic energy for the value that agrees fairly well with the theoretical one derived
density of states. The value afis under debate and it has from the alloy broadening effecf This suggests that the
been reported to be from 0.5 to 2.0. The localization of exdocalization of the exciton in these structures is mainly
citons to these tail states locates the peak energy of photoleaused by the effect of alloy broadening.
minescencgPL) on the lower-energy side than that of ab- In CdSe/ZnSe QW structures, on the other hand, localiza-
sorption(the so-called Stokes shifand the PL linewidth is tion of excitons occurs only due to interface roughness. This
broadened. enables us to investigate easily the properties of localized
Such phenomena are also induced in quantum-(«galV) excitons focusing on the interface structures. The well width
structures with interfacial disorders. Microscopically, hetero-fluctuation of 1 ML in the CdSe/ZnSe QW with ultrathin
interfaces between wells and barriers are pseudosmoothkell width (< 5 ML) results in the fluctuation of the electron
within certain lateral regions, which vary in size at small confinement energy of the order of 100 meV. The strong
terraces or extended islands with their step heights beingpatial variation of the carrier confinement leads to signifi-
usually in monolayergML ). If the region of islands is sub- cant localization of excitons to the tail states, and the optical
stantially larger than the in-plane diameter of excitons, PLand electrical properties of the structure are extremely sensi-
spectra are composed of a few sharp emissions, which cotive to such kind of disorder. Accordingly, another feature of
respond to quantized energy levels determined by the wethis structure is the large lattice mismatch between the well
width.>2 Such an interface has been achieved in 1ll-V semi-and the barrier. It has been reported that pseudomorphic
conductors by the advanced growth technique. However, thgrowth of the CdSe layer on the ZnSe buffer without the
density of islands highly depends on growth conditions andformation of misfit dislocations is limited to a few ML'’s and
in most cases, transition energies are averaged within thidne high PL efficiency is obtained in such pseudomorphic
volume of excitons due to the small size of islands. Consewell layers! In this study, the CdSe single QY8QW) with
guently, unlike the localization caused by the effect of alloyl-ML thickness was embedded in a Zi&,_,ZnSe/
disorder, the degree of localization strongly depends on th&nS,Se; _, waveguide structure, which was coherently
quality of the interface. grown on the GaAs substrate. The use of the structure has
In recent years, intense studies have been carried out dwo reasons: one is for the effective confinement of photo-
excitonic properties of ZnCdSe/Z®HSe QW's in terms of generated carriers, and the other is that the flathess of ZnSe
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coherently grown on a Zn&e, _, buffer is superior to that
grown on a strain-relaxed ZnSe layer.

More recently there has been increasing interest in lasing 20K
processes in disordered semiconductors in terms of the fact 0.11 uJ/em?
that localized excitons can easily contribute to the optical
gain due to their low density of stat8.In many studies,
however, many-body effects of localized excitons have been
ignored as a first-order approximation. This is probably be-
cause of the difficulty in the assignment of new emissions,
which may appear as a function of photoexcitation intensity,
caused by the inhomogeneous broadening effect such as al-
loying and/or interfacial disorder.

In this paper, effects of high excitation on the dynamical asvonm U™ sgonm OO
behavior of localized excitons in the CdSe SQW have been
assessed by employing linear and nonlinear luminescence
spectroscopy.

PL Intensity (arb. units)

Wavelength (nm)

FIG. 1. Three dimensional representation of the time-resolved
PL spectrum taken from the CdSe/ZnSe/Z88, _, SC-SQW
structure underl.=0.11 pJ/cn?. Emissions from ZnSe and
ZnS,Se, _, layers decay rapidly, and the emission from the CdSe

The CdSe/ZnSe/ZnSe,_, separate confinement single QW dominates in intensity. This indicates that photogenerated car-
quantum well (SC-SQW structure described above was riers are effectively captured to the well.
grown by molecular beam epitaxy on a Zn-dopedype
GaAs substrate oriented td00). The growth of the SC- in the vicinity of the linear-PL peak under high excitation
SQW structure proceeded as follows. conditions due to the band-filling effect. Accordingly, posi-

First, a 0.85xm ZnS, o:Sey o3 Cladding layer was depos- tive nonlinearity is occasionally detected at either the higher-
ited, followed by a 30-nm ZnSe buffer layer. A CdSe SQW and/or lower-energy side of the negative peak as a result of
(the active layeris sandwiched between ZnSe waveguidethe formation of hot excitons and/or bimolecular excitons
layers (50 nm in each Finally, a 0.15um ZnS;,Seygz  (biexcitons.
capped layer was grown. The mean thickness of the well was
set to 1 ML. The value was estimated according to the
growth rate and PL energy of the CdSe layer. This estimation lll. RESULTS AND DISCUSSION
has been assured by the previous results for the growth of
CdSe on ZnS&where the CdSe thickness was estimated by
the reflection high-energy electron diffraction oscillation and
the cross section transmission electron microscopy. Figure 1 shows a time-resolved PL spectrum from the

Time-resolved PL measurements were carried out using &@dSe/ZnSe/ZngBe, _, SC-SQW structure under the excita-
frequency-doubled beam of an AD;:Ti laser pumped by a tion energy densityl¢,) of 0.11 wllcn?. The spectrum is
cw Ar " laser, and a photon counting method with a synchrocomposed of three parts, located at about 437, 440, and 458
scan streak camera in conjunction with a 25-cm singlenm, which correspond to emissions from Zi$®, _, clad-
grating monochromator. The wavelengtWL), the pulse ding layers, ZnSe waveguiding layers, and a CdSe SQW,
width (PW), and the repetition ratéRR) of the excitation respectively. Lifetimes of PL from Zn&e, , and ZnSe
beam were 390 nm, 1.7 ps, and 82 MHz, respectively. Théayers are as small as 47 and 25 ps, respectively. Time-
incident excitation energy density was tuned by the variablgesolved signals from ZnSe layers and a CdSe SQW reach
neutral density filter. The time resolution of the detectionthe maximum after time delays of several ps and 55 ps, re-
system is about 20 ps. Accordingly, the exponential decagpectively with respect to the maximum of the signal from
time can be estimated within the accuracy of 5 ps by theZnS,Se;_ cladding layer. These results indicate that re-
deconvolution technique. combination processes in both ZnSe and 2§ _, layers

In order to investigate high excitation effects, nonlinearare not dominated by radiative transitions but by transfer
PL spectroscopy was performed by the population mixingorocesses of photogenerated carriers to the CdSe SQW.
technique, where two excitation beams were modulated dloreover, an emission from the CdSe well is dominant in
different frequencies(2 =831 Hz,{)=1000 H2 by a chop- spite of a very thin thicknesd ML) of the active layer.
per and focused at the same spot on a sample. The nonlinear It had been recognized that the well layer thickness of 1
PL component was obtained by detecting the sum-frequendylL was too small to effectively collect carriers. Kolbas, Lo,
element 0, +Q,=1831 H2 of the total PL signal using a and Leé® have pointed out, however, that the efficiency of
lock-in technique. In this study, the second harmonic light ofcarrier collection in AlGa, _,As/GaAs SQW'’s is not deter-
the amplified laser outpufWL, 400 nm; PW, 200 fs; RR, mined by the well width but by the spatial extent of the wave
250 kH2 was used as an excitation source, and the delafunction (¥'). The full width at half maximum(FWHM) of
between the excitation pulse pairs was set to zero. The prirprobability densities |#|2), at first, decreases with well
ciple of this spectroscopy is based on the fact that the Pwidth and then increases for very thin wells due to the
contains a substantial nonlinear component in the radiativepreading of the wave function out of the well. In our struc-
process. For example, the negative nonlinearity is observetlire, the FWHM of|W|? of the n=1 electron and heavy

II. EXPERIMENTAL PROCEDURE

A. Time-resolved PL from a CdSe QW, ZnSe waveguides,
and ZnS,Se,_, cladding layers
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ent |4 values of 0.11, 0.93, and 4.72J/cn?. Under the lowest
excitation (¢=0.11 uJ/cn?), a broad excitonic emissiolenoted C. Decay and lifetime
by X;) is observed. With increasing excitation density a shoulder
(denoted byX,) grows on the low-energy side of th¢;. The
energy difference between thg and theX, peaks is estimated to
be about 11 meV.

Figure 3 shows the lifetimes of the emission as a function
of photon energy, together with the time-integrated PL spec-
trum measured unddr,=0.11 pJ/cn?, the lowest excita-

tion condition. Figure 4 depicts PL decay curves monitored

hole is calculated to be 4.5 and 4.0 nm, respectively, whictft fou_r differen'; emission ene_rgies. The decay spectra are
are that values also achieved with the well width of about 4well fitted by sm.gle exponential curves. The PL Intensity
nm!? It should be also noted that the ZnSe Waveguidingre".iches the maximum after a certain time after pulsed exci-
layers(100 nm act as the reservoir of photogenerated carritation. The rise time as well as the lifetime increase with
ers, which promotes the collection of them to the lowest-decreasing monitored photon energy. These behavior can be
energy level of the well understood as the effect of exciton localizatiéne® where

The FWHM of PL froh the CdSe SQW is about 21 meV decay of excitons is not only due to radiative recombination
The broadening originates from the fluctuation of well layerPUt @lS0 due to transfer processes to the low-energy tail by

thickness within the volume of the exciton. This probablythe ?sgistanc% OT aCO?ESﬁC pt))hononsl.l fitted by the th ical
indicates that there exist some regions without the CdSe Lifetimes obtained have been well fitted by the theoretica

layer grown, and that the QW is divided into some parts mdecay timer(E) as a function of emission energy as follows:
the lateral direction. If this is the case, it is necessary to take

into account the effect of lateral confinement for the calcu- 7(E)~'=7, {1+exd (E~Ene/Eql}, 1)
lation of energy level.

B. Time-integrated PL 20@)?4;;5,;’,42;’",2
) ) ) (b):455.3nm; 0; X4
Figure 2 shows the time-integrated PL spectra at 20 K (C):456.9nm; a
taken from the CdSe well layer under thg, values of (i) oF ;
0.11, (i) 0.93, and(iii) 4.72 uJ/cm?. The PL at the lowest St
excitation density shown in curv@) is dominated by the ar
recombination of localized excitorigenoted byX,), whose SF
peak is situated at 454.61 nf@.7276 eV. The X; peak 2t
gradually shifts to higher photon energy with increasing ex- 2
citation densities. This is because of the filling of the density % 3
state, which is easily induced for localized excitons lying at SF 8
the tail state. This phenomenon is demonstrated by the non- o B o%enete o oTmEOEDL
linear luminescence measurement described below. F o @00 oo NDCOMD
With raising the excitation density up to 0.98)/cn?, a F 9 , , © O mmom
shoulder appears on the low-energy side. When further in- 0 500 1000
creasing excitation density, the shoulder grows more rapidly Delay Time (psec)
than theX; line, and a new peafdenoted byX,) appears at
456.41 nm(2.7168 eV. The energy difference betweey FIG. 4. PL decay curves from the CdSe SQW unigr0.11

and theX, is estimated to be about 11 meV. wJlcn? obtained under various monitored photon energies.
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FIG. 5. PL decay curves from the CdSe SQW unkjgr-4.72 FIG. 6. Slow and fast components of lifetimes, @nd 7;), and

wuJic? obtained at various monitored photon energies. Decayp, /A, underl .,=4.72 wJ/cn?. The tendency of the slow compo-

curves obtained in the vicinity of th&, are well fitted by the pents is almost the same as that of lifetimes obtained under

double exponential function. l x=0.11 uwJd/cn? (Fig. 3. The fast components are roughly half as

small as the slow components.

whereE, is the characteristic energy for the density of states,

7 is the radiative lifetime, an€&,. is defined by a definite s complicated in this case because the effect of transfer pro-

energy for which the decay time equals the transfer fifne. cesses has to be considered in the localized excitonic states.

The best fit has been obtained using the following paramg€onsequently, for the quantitative analyses, it is necessary to

eters: E,=8.5 meV, 7,=209 ps, andE,,=2.7267 eV. It  construct the model of population dynamics of localized ex-

should be noted that such a fitting under low excitation concitons and localized biexcitons.

ditions has also been made for localized excitons in CdSe/ PL intensity,lp_, changes withi,, as in the following

ZnSe SQW's grown by a self-limiting monolayer epitdxy equation. Neglecting the terms higher than third ortigris

and that a similaE, value has been obtainelg represents ritten as

the degree of localization. The value of 8.54 meV is larger

than the values reported for CdSe; _, (Refs. 12—2]1 and Ip=klI%~ale+bl2,. 3

Zn,Cd;_,S (Refs. 27 and 31 alloys and for

Zn,Cd,_,Te/ZnTe (Refs. 25 and 26 and CdTe/ZnTe The signal detected by the nonlinear PL spectroscopy is the

(Refs. 22 and 24QW'’s. This implies that the large localiza- Second termif) proportional tol ¢.

tion of excitons is rather a universal characteristic in the Figure 7 shows the nonlinear PL spectra under three dif-

ultrathin CdSe/ZnSe SQW system. ferent excitation intensities. The positive signal means the
Figure 5 shows decay curves monitored at various emissuperlinear component, while the negative signal corre-

sion energies undég,=4.72 uJ/cn?, the highest excitation sponds to the sublinear one. Under low valued gf the

conditon. It was found that the PL transigr(t)] in the  Positive signal is observed in the whole spectral range, and

vicinity of the X, line decays with a double exponential pro- the spectra shape is almost the same as the time-integrated

file shown as linear PL. The origin is probably due to the saturation of
residual nonradiative centers by the photogenerated carriers.
[(t)=Aiexp(—t/ 1) + Agexp(—t/7g), (2)  Increasingl¢ more than about 0.3k J/cm?, the positive

signal at theX, line grows more than that at th¢; line.
wherer and 7 are the decay times of the fast and the slowynger the excitation intensity df,=4.72 uJ/cm?, the non-
components, respectively. Fitted values of, 75, and |inear signal at theX, line changes its sign to show negative
A /As are potted in Fig. 6 as a function of monitored emis-ponlinearity because of the band-filling effect of localized
sion energy. Both the slow and the fast decay componentgycitons. However, the positive signal at g line remains
increase with decreasing photon energy, indicating that botl, grow even at the excitation density, indicating that the
the X; and theX, lines are related to localized excitons. The X, line originates from the many-body effect of localized
tendency of the slow components is almost the same as thacitons such as localized exciton-exciton collisions or local-
of lifetimes obtained undedr,,=0.11 uJ/cn?. The fast com- ized biexcitons?
ponents are estimated to be roughly half as small as the slow
components, probably suggesting that Xyeemission origi-
nates from the biexcitonic transition, where a biexciton re-
combines radiatively, leaving a photon and an exciton. This Figures 8 and 9 show the time evolution of the lumines-
is because the formation rate of biexciton concentration isence spectra measured as a function of time after pulsed
proportional to the square of exciton concentration after @xcitation ¢g) under two different excitation intensities of
certain time of pulsed excitatioid:>3 The situation, however, 0.11 and 4.72uJ/cn?, respectively. Under the excitation

D. Time evolution of PL spectra
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FIG. 7. Nonlinear PL spectra under three differégtvalues of FIG. 9. PL spectra measured as a function of delay time under

(1) 0.31 plfer?, (i) 0.93 uJfom? and(ii) 4.72 pJfer?. The up I_EX:4.72MJ/cmZ. The X, line does not appear just after excitation.

ward direction on the vertical axis means the superlinear deper\t bedins to arow at about. equal to several tens ps. and then
dence, while the downward direction corresponds to the sublinear 9 9 Uty eq PS,

dependence. reaches to the maximum =100 ps.

. : TP B _ ex —E/Eg] but rather a form of separately distributed fea-
intensity of 0.11uJ/cnY’, the PL peak aty=0 ps is located  y re5 gepending on the distribution of islands and terraces in
at 454.4 nm(2.728 eV}, and then shifts towards a lower the QW.

. . 7
pho‘%g‘ energy W.'th delay time at a rate f3.0x10 Under | ,=4.72 pJd/cn?, the PL spectrum is nearly the
eV/s:™ This behavior can be understood as a transfer process, e as that undeg,=0.11 wJ/cm?, and noX, line is ob-
of excitons to the tail state as discussed in the previous se¢,, .\ aq just after thexexc.itatiomd(:o ’pé TheX22Iine begins

t'of'o Thiopl' sxec;rurlré slightly narro;vs with t'm% frOTS 0 grow atty equal to several tens of ps, and reaches the
g=0to ps. A shoulder appears and grows at about aximum atty= 100 ps, and then decays more rapidly than

nm (2.71 9\/) aftertdf about 40 ps. The component is over- the X, line. The dynamics of localized excitons under high
lapped V.V'th the main peaky) after tq=400 ps, and N0 o citation conditions can be described as follows. Photoge-
peak. shift was observed aftgr then. This indicates that thie aied excitons relax to the states of lower energy and reach
density of tail state§g(E)] is not exactly the form of the local minima. In such a situation, excitons are localized

spatially within the well layer due to the break of the mo-

PL Intensity (arb.units)
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memtum preservation, and many-body effects such as a for-
mation of biexcitons or exciton-exciton scattering are easily
produced compared to the case of flat QW’s without the
effect of localization. It should be noted that a similar sce-
nario has also been proposed by Krelleral3® in the
Zn,Cd;_,SelZnSe system.

The energy difference betweeXy and X, is about 11
meV atty=100 ps. The origin of th&, being due to inelas-
tic collision of localized exciton, this energy difference
should correspond to the binding energy of localized exci-
tons. The exciton binding energy for bulk CdSe and ZnSe is
13 and 18 me\?/*8 respectively. We calculated the exciton
binding energy E.,) of the CdSe/ZnSe QW'’s by the varia-
tional method using the trial wave function of th& &xciton
as

1
Prs= eXF( - X\/Xz‘*'y27L 7(ze—2n)° .

The result shows that the maximuig, (about 34 meVis

FIG. 8. PL spectra measured as a function of delay time unde@chieved at the well widthl(,) of 3 ML, and that the
lx=0.11uJd/c?. Because of the transfer process of localized ex-E¢,S estimated to be 30.5 meV k=1 ML. Although ana-
citon, PL peaks shift towards lower photon energy with time delay.lyzing the E,, value in the strongly localized system is dif-
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ficult, it is expected that thE,, value will be increased com- ity (0.11xJ/cn). The lifetime ranged from 200 to 50 ps as
pared to the case of nolocalization effect, due to thehe monitored photon energy was changed from the low-
enhanced confinement of wave functions. Thus the processnergy tail to the high-energy one. These features could be
of inelastic collision can be excluded. It is very difficult to interpreted by the model of exciton localization, which is
estimate theoretically the biexciton binding energy in theinduced by terraces and islands lying at the interface between
system where the penetration of wave functions to the barrie€dSe and ZnSe layers.

has to be taken into account. Nevertheless, judging from the An emission with the fast decay component was observed
relationship of decay times between tgandX,, we could at the low energy side of the pedR.7168 meY under
conclude that the radiative recombination of localized biex-higher excitation condition. The component was also de-

citons is the most probable process for ¥e tected as a superlinear signal in nonlinear PL spectra, and
was attributed to a dense excitonic effect such as localized
IV. CONCLUSIONS biexcitons.

Optical properties of localized excitons in a highly
strained CdSe QW with about 1-ML thickness have been
studied at 20 K by employing time-resolved PL and nonlin-
ear PL spectroscopy under various excitation conditions. The This work was supported in part by a Grant-in-Aid for
time-integrated PL from the well layer was peaked at 2.7276cientific Research from the Ministry of Education, Science
eV with the linewidth of 21 meV under low excitation inten- and Culture.
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