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Effect of degree of localization and confinement dimensionality of excitons on their recombination
process in CdSEZnSeZnS,Se _, single quantum well structures
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We have studied the recombination dynamics of localized excitons in CdSe/Zn$8é&/nSsingle quan-
tum well structuregSQWS with the CdSe well layer of 1, 2, and 3 monolayéhdLs). A time-resolved
photoluminescenceél RPL) measurement and a nonlinear photoluminesc€Nt®L) measurement were used.
A time-integrated photoluminescen€EIPL) measurement at 20 K showed that the photoluminescé®ice
from the CdSe layers was observed in the range from the blue spectral region to the green one with increasing
CdSe layer width, and that the PL linewidths were about 20—50 meV with an increase in the CdSe layer width.
This is resultant from the quantum energy shift and the interfacial roughness between the CdSe and ZnSe
layers, respectively. The TRPL measurement showed that excitons were localized at the tail states caused by
the interfacial fluctuation. Decay times were measured and found to increase with increasing monitored photon
energy, and their values increased with increasing CdSe layer width. It was found that the degree of localiza-
tion of excitons was larger and the radiative lifetimes of excitons were longer with an increase in the CdSe
layer width, indicating that the energy depth in the tail states was smaller and the oscillator strength of excitons
was larger for the SQW with a thinner well layer. A NLPL measurement was performed for the 1 and 2 ML
SQWS, which revealed that the many-body effect involving localized excitons occurred in the two samples,
and that such an effect could result from the localized biexcitons for the 1 ML SQW and from the localized
exciton-exciton inelastic scattering for the 2 ML SQW. The difference in the optical properties observed in the
two samples is probably due to the difference in the inhomogeneity of the potentials felt by excitons. In order
to study the effect of such inhomogeneity on the optical properties of excitons, we investigated the temperature
dependence of the TRPL measurement for the three CdSe SQW samples, by which the radiative and the
nonradiative lifetimes of localized excitons in the three SQW samples were obtained. These systematic mea-
surements have enabled us to clarify the relationship of localized excitons to both the localization effect and the
guantum confinement one. It has been deduced from these resultsrtlzal fML SQW, thequantum size
effect of excitons is enhanced and the biexcitonic emission is observed, and for 2 and 3 ML SQWS, the degree
of localization of excitons becomes larger compared with that for the 1 ML SQW and it prevents excitons from
encountering the nonradiative recombination centers.

[. INTRODUCTION QW structures are the interface fluctuation and the alloy
composition fluctuation, both of which are inherent in QW
The exciton in 1I-VI semiconductors has a larger bindingstructures with any alloy. In addition to such localization
energy and smaller Bohr radius compared to those in llI-\effects, for strained QW structures, dislocation and stacking
semiconductors. Accordingly, it is expected that even undefaults induced by the relaxation of strain cause excitons to be
high excitation, the Coulomb interaction between electrondocalized. In order to restrain the extrinsic localization of
and holes is not screened and excitons can remain stable. f¥citons due to the poor quality of samples, the QW struc-
fact, various emissions originating from an excitonic many-tures in this study were grown on ZnSSe, which is lattice
body interaction have been observed at low temperature§1aiched to GaAs substrate, and the thickness of the well was
t below the critical thickness.
The CdSe/ZnSe/ZnSSe QW structures assessed here are
characterized by the disordered interface that originates from
uthe large strain between CdSe and ZnSe layers. Accordingly,
fhe degree of localization of excitons is expected to be larger
o - T than that of the alloy broadening. The degree of localization
ization effect has long been under investigatioff.in par- 1 'pe altered only by changing the thickness of the CdSe
ticular Vl"ltg much attention paid to bulk crystals such asjayer This enables one to focus on the origin of localization
CdSSe'** Unlike alloys such as CdSSe, in a ZnCdSe/yye 1o the interfacial structure. The CdSe/ZnSe/ZnSSe QW
ZnSSe quantum wellQW) structure, the excitonic localiza- girycture is a suitable material for the investigation of
tion effect is induced by the interface roughness as well as b)ftrongly localized exciton behavidi-22
the alloy broadening. Understanding and elucidation of the Fyrthermore, localized excitons exhibit the following fea-
emission mechanism is essential for the optimization of aures. Free excitons should preserve momentum before and
device structure. after radiative recombination and as a result, an emission
The main factors causing the localization of excitons inprocess via scattering with optical phonons can take place

For example, it has been reported that excitonic molecules®
(biexcitons! or exciton-exciton inelastic scatterilngontrib-
utes to the formation of optical gafit,and that for the laser
mechanism, excitons that are localized in the tail states d
to alloy broadening produce optical gdifthis type of local-
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even under a high excitation condition. This leads to the
nondirect excitonic transition, resulting in a low efficiency of 0.1 Jfom’ 0.12 2 Jicmé
emission. In the localized exciton system, however, momen- 1ML
tum conservation is lifted off because of the disordered po-
tentials. This can enhance the possibility of direct transition
of excitons. Because excitons become localized in energy
and momentum spaces in the disordered potentials, they are
restrained from encountering nonradiative centers and thus
the enhancement of emission efficiency is expected. In addi-
tion, localized states due to the disordered potentials form
tail states, where the density of states is small and therefore
the population inversion of carriers can easily octdhe
localization effect can cause the excitons to possess larger
binding energy than free excitofsIndeed, we have recently
found experimental evidence that localized biexcitons are the
origin of surface emission and edge emissibn.
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FIG. 1. (8 Time-integrated luminescence spectrum together
with decay times for 1 ML SQW under the excitation intensity of
II. EXPERIMENTAL PROCEDURE 0.11 wJlcnt. (b) Time-integrated luminescence spectrum together

) ) with decay times for 2 ML SQW under the excitation intensity of
Time-resolved photoluminescen€ERPL) measurements (.12 yJ/cnt.

were carried out using a frequency-doubled beam of a

Al,05:Ti laser pumped by a cw Ar laser, and a photon (RHEED) oscillation and cross-sectional transmission elec-
counting method with a synchroscan streak camera in conygp, microscopy(TEM).

junction with a 25-cm single-grating monochromator. The |, gec |1 (1l A and 111 B), excitonic optical properties

wavelength(WL), the pulse width(PW) and the repetition hqer a high excitation condition at low temperature are
rate(RR) of thg eXC|tat|on'be_am were 390 nm, 1.7 ps, and _82dealt with using 1 and 2 ML SQW samples. Then, in Secs.
MHz, respectively. The incident excitation energy density;;c and Il D, the temperature dependence of the exciton

was tuned using a variable neutral density filter. The tim&ecompination process under a low excitation condition is
resolution of the detection system was about 20 ps. Accordgegait with using 1, 2, and 3 ML SQW samples.

ingly, the exponential decay time could be estimated within
an accuracy of 5 ps by the deconvolution technique.

In order to investigate high excitation effects, nonlinear lll. RESULTS AND DISCUSSION
photoluminescencéPL) spectroscopy was performed by the
population mixing technique, in which two excitation beams
are modulated at different frequencie§)€831 Hz,
=1000 H2 by a chopper and focused at the same spot on a Figures 1a) and 1b) show time-integrated luminescence
sample. A nonlinear PL component was obtained by detectTIL) from the CdSe well layer together with decay times for
ing the sum-frequency elemenf)(+Q,=1831 H2 of the 1 and 2 ML SQWS under the excitation intensity of 0.11 and
total PL signal using a lock-in technique. 0.12 pJlcnt, respectively, which are the lowest excitation

In this study, the second harmonic light of the amplifiedintensities for the two samples. The spectral broadening, the
laser output(WL, 400 nm; PW, 200 fs; RR, 250 kHzavas  full-width at half maximum(FWHM) of the TIL spectra, is
used as an excitation source, and the delay between the eabout 20 and 40 meV for the 1 and 2 ML SQWS, respec-
citation pulse pairs was set to be zero. All optical measuretively. The difference in the two values results only from the
ments were performed at 20 K using a cryostat. difference between the microscopic interfacial structure. The

CdSe/ZnSe/ZnSSe separate confinement single quantu@dSe/ZnSe QW system can be characterized by the change
well (SC-SQW structures studied here were grown by mo-of its growth mode from two- to three-dimensions at the
lecular beam epitaxyMBE) on a Zn-dopedp-type GaAs stage that the thickness of CdSe is about several MLs; the
substrate oriented t9100. The growth of the SC-SQW change of the growth mode is caused by the large lattice
structures was performed as follows. First, a GaAs buffemismatch between CdSe and ZnSe layers, and introduces the
layer was deposited, followed by a 30-nm-thick ZnSe bufferfluctuation of the interface between CdSe and ZnSe layers.
layer and subsequently, a 0.88n-thick Zng S o3 clad-  With increasing the CdSe layer width, the interface rough-
ding layer. The active region, a CdSe SQW sandwiched beaess becomes higher and provides more fluctuated potentials,
tween ZnSe waveguide layesach of 50 nm thicknegsvas  and accordingly, excitons become localized in the potential
grown. Finally, a 0.15xm-thick Zn$,,-S& s capped layer minima?®2! The difference in the degree of localization of
was grown. The mean thickness of the well was set to be &xcitons is reflected in the spectral broadening.

ML, 2 ML, or 3 ML. The value was estimated according to  These behaviors can be understood in terms of the effect
the growth rate and PL energy of the CdSe layer. This estiof exciton localization, where the decay of excitons is not
mation was in agreement with the previous results for theonly due to radiative recombination but also due to transfer
growth of CdSe on ZnS&, where the CdSe layer thickness processes to the low-energy tail with the assistance of acous-
was estimated by reflection high-energy electron diffractiortic phonong:*2®

A. Recombination process under low excitation condition—
localization of excitons
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TABLE I. Table of characteristic values for 1 and 2 ML SQWS 1ML >
determined by fitting Eq(2). 0.11 ¢ Jiem? <§<§> %
400ps '. % x6.7
Sample Eo (meV) 7 (P9 Eme (6V) RS - S
1ML 8.5 209 2.7267 ) £ “6‘
2 ML 16.3 454 2.5914 5 e .
_; 300ps hy x3.7
o
] . % m&aﬁ
Those decay curves are well fitted by a single or double < g ﬂ?g
exponential curve as in the following expression = 40ps ?
-
o

I[(t)=Asexp(—t/7) + Agexp —t/7), (1) \I
wherer; and 75 are the decay times of the fast and the slow
components, and Aand A, are constants, respectively. 45?N length ¢ 460
Single exponential approximation is the limiting case for ex- avelength (nm)

pression(1), with A¢>A;. FIG. 2. Time-resolved PL spectra measured as a function of
Using expressioll), decay times for 1 and 2 ML SQWS delay time under the excitation intensity of 0.4D/cn? for 1 ML

are plotteddepicted by closed circle Figs. Xa) and 1b), SQW.

respectively. The decay times are found to be longer with

increasing wavelength; this tendency has been observed Wy that even ag=0, the localization process of excitons
many 11-VI alloy semiconductor®-33and has indicated the ge §=0, P

S : has already occurred within the time resolution of the mea-
localization process of excitons. It should be noted that th

Surement system.
decay times for the 2 ML SQW are, on the whole, longer 4

than those for the 1 ML SQW. It is most likely that the
inhomogeneous broadening of luminescence, namely, the d&. Recombination processes under high excitation condition—
gree of localization, has relevance to the decay times. many-body effect of excitons

In general, the decay time can be related to the degree of
localization by the following expressibh

As discussed in Sec. IlI B, the two SQW samples exhibit
a difference in the degree of localization of excitons, result-
ing in a difference in the oscillator strength and in the energy
7(E) " *=7 Y1+ exl (E—Eme/Eol}, (2)  depth of localized excitons. It should be noted that such dif-
ferences are caused merely by the interface roughness, the
whereE, is the characteristic energy for the density of statesinhomogeneity of which may cause excitons to play a sig-
7, IS the radiative lifetime, and,, is defined by a definite nificant role in a dense exciton system because the filling of
energy for which the decay time equals the transfer time. excitons in both phase space and real space may occur si-
The best fit was obtained for both 1 and 2 ML SQWS asmultaneously. On the basis of such an argument, the emis-
listed in Table I. On the basis of the results listed in Table I,sion origin may be different between the two samples.
it is found that the energy depth of localized stakgsis Figures 4 and 5 show the time-integrated luminescence
larger for the 2 ML SQW than for the 1 ML SQW and, (TIL) spectra from the 1 and 2 ML SQWS, respectively, with
moreover,r, for a 1ML SQW is smaller. Both results indi-
cate the larger oscillator strength of excitons due to the dimi- oML >
nution of inhomogeniety in the well layer. 0A2pdlem?  © c%g
Figures 2 and 3 show the time evolution of the lumines- ' g;@b ¢
cence spectra as a function of time after pulsed excitation - %10
(ty) under the lowest excitation condition for 1 and 2 ML BOOPWW* ' A .
SQWS, respectively. In Fig. 2, the PL peaktg=0 ps is
located at 454.4 nni2.728 eV}, and then shifts towards a
lower photon energy withy. This behavior can be under-
stood as a transfer process of excitons to the tail states. The
PL spectrum narrows slightly with time frobg=0 to 40 ps.
A shoulder appears and grows at about 458 @71 eV
afterty= about 40 ps. The component is overlapped with the
main peak K,) afterty=400 ps, and no peak shift is ob-
served afterwards. This indicates that the density of the tail Ops _/ ul___,
states[g(E)] is not accurately expressed by the form of - ' ‘ s
exd —E/Epy] but rather by a form of separately distributed 470 W 480 490 500
. . . . avelength (nm)
features depending on the interfacial structure. In Fig. 3, the
time evolution tendency of the spectra is found to be almost FIG. 3. Time-resolved PL spectra measured as a function of
the same as that for the 1 ML SQW. Each spectrum attany delay time under the excitation intensity of 0.x2/cn? for 2 ML
is broader compared to that for the 1 ML SQW. This sug-SQWw.

8
&

PL Intensity (arb. units)
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45'-,0 ' 260 FIG. 6. Fitted values ofr;, 75, and A;/A for 1 ML SQW
Wavelength (nm) obtained at the excitation intensity of 4.72/cn?.

FIG. 4. Time-integrated luminescence spectra for 1 ML SQWgrows more rapidly than thX; line, and an additional peak
with different excitation intensitiesti) 0.11, (i) 0.93, (i) 4.72  (denoted asXX;) emerges at 456.41 ni2.7168 eV. The
wdient. X, and XX, denote the main peak and an additional one,energy difference betweeX; and XX, is estimated to be
respectively. about 11 meV.

For 1 ML SQW, the emergence of the additional peak

different excitation intensities: for the 1 ML SQWI) 0.11, XX, and the spectral shift and broadening suggest that the
(i) 0.93,(iii) 4.72 wJ/cn?, and for the 2 ML SQW(i) 0.12, ~ Many-body effect involving localized excitons may play a
(ii) 2.36, (ii) 5.55 wJ/cnt. significant role under the high excitation condition. For the 2
Some noteworthy features are observed in these figure}/L SQW, although no additinal peak is detected in the TIL
Under the lowest excitation intensities, PL spectra exhibitesPectra, the many-body effect of localized excitons probably
in Figs. 4i) and 5i) are dominated by the recombination of occurs, judging from the appearance of the spectral shift and
localized excitons, with their peaks being situated at 454.6Proadening. _ o o _
nm (2.7276 eV (denoted a¥,) and 479.42 nn{2.5718 eV At this stage, regarding the emission origin for the addi-
for 1 and 2 ML SQWS, respectively. The main peak in Fig.tional peakXX; shown in Fig. 4, a biexcitonic emission

4(i) gradually shifts to higher photon energies with increasProcess or exciton-exciton inelastic collision is more prob-
ing excitation intensity. This is due to the filling of density of able, on the basis of the above discussion and the energy

states, which is easily induced for localized excitons lying inSeparation of 11 meV. For the 2 ML SQW, the broadness of
the tail state. On the other hand, in Fig. 5, the main peakhe TIL spectra makes it difficult to assign the emission ori-
shifts slightly to a lower energy and then towards higherdin. However, the peak shift to a lower energy region be-
energies, and further spectral broadening is observed simulween the lowest excitation energy density and the second
taneously. one suggests a contribution of the many-body effect involv-
In Fig. 4, with the raising of the excitation power density iNg localized excitons, although those excitons may be
to 0.93uJ/cn?, a shoulder appears on the lower energy sidescreened by the Coulomb interaction, to separate finally into

With further increasing the excitation intensity, the shoulderelectron-hole plasma under the highest excitation condition.
On the basis of these results, the many-body effect should

be reflected in the decay times, which are smaller under high
20K 2ML excitation intensity than those under low excitation intensity.
This effect can be observed in Figs. 6 and 7.

The values of decay times are obtained by fitting with
expression(1). It should be noted that in Fig. 6 both the slow
and the fast decay components increase with decreasing pho-
5.55 4 Jjom” ton energy, indicating that both thg and theXX; emission
lines are related to localized excitons. The tendency of the
slow components in Fig. 6 is almost the same as that of
decay times obtained under the excitation intensity of 0.11
wlicn?. The fast components are estimated to be roughly
half as small as the slow components, suggesting thaXthe
emission originates from the biexcitonic transition, where a
biexciton recombines radiatively leaving a photon and an
exciton. This is because the formation rate of biexciton con-
centration is proportional to the square of exciton concentra-
tion after a certain period of pulsed excitation.

FIG. 5. Time-integrated luminescence spectra for 2 ML SQW  On the other hand, in Fig. 7, decay times are found to
with different excitation intensities(i) 0.12, (i) 2.36, (i) 5.55 become smaller in the lower energy region under the high
wdlent. excitation condition, and there is a minimum at about 480

(iiiyx 1.0

2.36 1 Jiem?

(i) x 2.4

PL INTENSITY (arb. units)

()x65.8 0.12 g Jom?

1 1 1
470 480 490
Wavelength (nm)
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FIG. 9. Time-resolved PL spectra measured as a function of

FIG. 7. Fitte(_j_value_‘s ofr; for 2 ML SQW pbtained at__the delay time under the excitation intensity of 2.a8/cn? for 2 ML
excitation intensities ofi) 0.12 uJ/cn? (closed trianglesand (ii) SQW.

2.36 uJicnt (closed circles

) , i lows. Photogenerated excitons relax to lower energy states
nm. The values for the higher energy region remain almosf4 reach the local potential minima. In such a situation,

unchanged compared to those under the low excitation con, citons are spatially localized within the well layer due to
dition, implying that the many-body effect occurs principally (e preak of the momentum preservation, and the many-body
in the lower energy region. These results strongly suggesitact involving excitons is more easily produced than in the
that the many-body effect involving localized excitons also.se of flat QWS without the effect of localization.

occurs in the 2 ML SQW sample. _ , The energy difference betweefy and XX, is about 11
Figures 8 and 9 show the time evolution of the lumines-,.\, ¢ the origin ofXX, is the inelastic collision of exci-

cence spectra as a function of time after pulsed exr(iztatio%ns, this energy difference should correspond to the binding
(tg) under the excitation intensities of 4.72 and 2/38c energy of excitons. However, this cannot be the case here,
for 1_and 2 ML S_QWS, respectively. considering the calculated value of the excitonic binding en-
Itis found in Fig. 8 that a peak emerges at arodadind  grqy in the sample structure studied here. On the basis of the
after 40 ps an additional peakX,, grows rapidly. TheX;  (ajationship of decay times betweey and XX,, we can
peak gradually shifts towards a lower energy, whileX¥,  concjude that the radiative recombination of localized biex-
peak rapidly diminishes and shows a larger energy shift. Itiions is the most probable process ¥X;.
should be noted that theX; peak shows a red shift, strongly For the 2 ML sample, in Fig. 9, the spectrum is observed
indicating the localization process of even biexcitons to thg, pe narrower at 300 ps, and additionally, the line shape is
tail states. _ seen to be nearly symmetric. Afterwards, however, the spec-
The XX line begins to grow aty= several tens of ps, tm becomes broader again and exhibits a tail in the higher
reaches the maximum &§=100 ps, and then decays more gnergy region. This transition of the spectral line shape with
rapidly than theX, line. The dynamics of localized excitons ihe delayed time can be explained as follows. Between the
under the high excitation condition can be described as fo'delay times of 100 ps and 300 ps, an additional emission
with a fast decay component contributes to the sharpening of
the line shape, and after several hundred ps, the emission is

JthgliuJ/cmz g% extinguished.
' < % For the identification of the additonal pexk,, for the 1
A ML SQW in Fig. 4 and the minimum observed in decay

times for the 2 ML SQW in Fig. 7, the nonlinear lumines-
cence measurement was performed.

In general, PL intensityp, changes with excitation inten-
sity (1o, according to the following equation. Neglecting the
terms higher than the third orddr, is written as

I =kl0~ale,+bl2, 3

PL Intensity (arb. units)

The signal detected by nonlinear PL spectroscopy is the sec-
Xo1 XX ond .term(b) proportional tol ¢, . _

: Figures 10 and 11 show the nonlinear PL spectra under
three different excitation intensities for 1 and 2 ML SQWS,
respectively.

FIG. 8. Time-resolved PL spectra measured as a function of The positive signal indicates the superlinear component,
delay time under the excitation intensity of 4.%2/cnf for 1 ML while the negative signal corresponds to the sublinear one, as
SQW. shown in Fig. 10. For the 1 ML sample, under the low exci-

1 i
450 460
Wavelength (nm)
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region. The energy position of the former peak is found to be
situated at a similar position to the minimum as shown in
Fig. 7.

Upon further increasing the excitation intensity, the spec-
trum begins to exhibit a sublinear component on the low
energy side, while the superlinear signal is enhanced on the
higher-energy side. In addition, the superlinear component in
the high energy region exhibits a tail. The change of the sign
of the nonlinear signal for the 2 ML SQW represents the
reverse tendency in the case for the 1 ML SQW. Namely, in

1ML

SUPERLINEAR

NONLINEAR LUMINESCENCE
INTENSITY (arb. units)

24
<
ot udem’ | | 2 contrast to the 1 ML sample, the nonlinear signal in the
(ii)0.93 1t Jiem’ m . .
G720 diom?® | | B lower energy region for the 2 ML SQW saturates earlier than
X1 l lxx1 that in the higher energy region, resulting in the contribution
450 ‘ 4é0 ‘ of a sublinear component. In Fig. 11, the energy separation
Wavelength (nm) between the two peaks observed below 2u3Bcnt is esti-

mated to be about 30 meV. Considering that the binding
%nergy of an exciton is calculated to be about 30 meV for the
samples assessed in this study, the recombination process

FIG. 10. Nonlinear PL spectra under three excitation intensitie
for 1 ML SQW. (i) 0.31,(ii) 0.93, (iii) 4.72 uwJ/cnt.

the time mtegra_ted linear P_L._The origin is probably thetlon, the excitons are screened by the Coulomb interaction to
saturation of residual nonradiative centers by the photogener- ; o .

. o R ) ‘Separate them into electron-hole plasma. This is confirmed
ated carriers. Raising the excitation intensity above approxi:

mately 0.31uJ/cn?, the positive signal at th¥; line grows b)_/ the_finding_ that the superli_near component i_s observed
more than that at th¥X; line. Under the excitation intensity ywdely in the higher energy region and the saf[uranon process
of 4.72 pJlen?, the nonlinear signal at th¥, line changes is repres_ented by the sublinear component in the lower en-
its sign to negative nonlinearity because of the band-filling®"9Y r€g!on. o o
effect of localized excitons. However, it should be noted that ' nerefore, what type of mechanism is the origin for the
the positive signal at th¥ X, line continues to grow even at different radiative recomb|na_t|on processes of excitons for 1
that excitation density, convincingly indicating that tkx, ~ @nd 2 ML SQWS? We consider this problem as follows. A
line originates from the many-body effect of localized exci- Piexciton is composed of two excitons and, accordingly, has
tons. a larger Bohr radius than an exciton. When considering biex-
For the 2 ML sample SQW, as seen in Fig. 11, a nonlineafitons and excitons as particles, the biexciton suffers more
signal is obtained for the excitation intensity of more thanstrongly from the effect of the inhomogeneity of the random
0.93 uJ/cnt. At this excitation intensity, the spectrum indi- potentials. Thus a biexciton is more easily segregated into
cates twin peaks, both of which correspond to superlineagxcitons under strong inhomogeneity.
components. The intensity of the peak located on the low- In the following, we focus on how the difference in the
energy side is higher than that of the peak on the high energgfisordered potentials in the CdSe layers influences the opti-
side. At 2.36uJ/cn?, the peak located in the low energy cal properties of excitons. We prepared three samples with

region grows more rapidly than the peak in the high energglifferent well widths of 1, 2, and 3 ML.
Such disorder as described above influences the behavior

of excitons. The variation in the depths of the potentials felt
2ML by excitons changes the electronic states, and thus the den-
sity of the states of excitons is modified. Accordingly, the
excitonic absorption and luminescence lines are broadened,
(i) < through which the behavior of the excitonic localization pro-
cess can be investigated.

The monochromatic excitation creates localized excitons
of a certain energy through no-phonon absorption induced by
the random potential. These excitons can either recombine
with some probability or transfer towards any exciton state

of lower energy. The excitons relax into the localized states
10.93 1 Jrer? where further relaxation and spatial diffusion are possible
(ii)2.36 4 Jiem? . .
(ii)5.55 11 Jfom® through tunneling between the localized states. The relax-
ation rate for this process strongly depends on the density of
available final states with lower energies and decreases rap-
idly with a decrease in energy within the tail states due to the
low density of the final states. The decay rate of localized

FIG. 11. Nonlinear PL spectra under three excitation intensitieXcitons is expressed by the radiative recombination decay
for 2 ML SQW. (i) 0.93, (i) 2.36, (iii) 5.55 uJ/cnt. rate with relaxation rate to the lower energy states. The de-

(iily x 2

SUPERLINEAR

INTENSITY (arb. units)

NONLINEAR LUMINESCENCE
SUBLINEAR

1 1 1
470 480 490
Wavelength (nm)
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TABLE Il. Table of characteristic values for 1, 2, and 3 ML

SQWS determined by fitting Eq2). (Difference between values L
for 1 and 2 ML SQWSs in Table | and Table Il is due to the inho- ZE Aa 4 Q ]
mogeneity of the samples. g C W‘i s
< L °
Sample Eo (MmeV) 7 (pS) Eme (€V) z 8 o ® :1ML(*1.0)
€ Fpe O :2ML(*1.9)
1 ML 11.2 118 2.7021 £ ;§: A SMLE2.7)
2 ML 38.3 364 2.5322 B EC
3 ML 56.6 493 2.4470 ;‘;.;, )
< [ e
E |
2 ES
cay time increases with decreasing photon energy and the X S —
0 10 20 30 40 50 60

TIL peak energy shifts towards lower energies as time 1000/T(K")
passesl-17:24-34

We must bear in mind that such localization is associated FIG. 13. Temperature dependence of TIPL intensity in an
with the dimensionality of excitons that is produced by theArrhenius plot for the three SQW samples. The maximum intensi-
difference among potentials. Quantum d@Ps), and quan- ties are normalized.
tum wires(QWIs) are considered to be the limiting cases in
this respect; therefore, the dimensionality of excitons hagsaAs substrate is not rotated during the growth of epilayers.
been studied>™>" In this section, we present experimental However, this discrepancy is not considered to be essential
results for the enhanced dimensionality due to the randonh the following discussion.
potential. The decay time can be obtained by fitting with  From Table 11, it is found that botE, and 7, are strongly
expression(1). The best fit has been obtained using the parelated to the well width, namely, to the degree of random-

rameters shown in Table II. ness of the interfacial structure. decreases with decreasing
CdSe well width, indicating that the oscillator strength of
C. Time-integrated PL and lifetime excitons increases. This is confirmed by the finding that the

: : : TIPL intensity shown in Fig. 13 is enhanced further as the
Figures 12a), 12(b), and 12c) show a series of time- . . o ) i

. : ~ well width narrows E increases with increasing well width,
integrated photoluminescend@IPL) spectra at 20 K ob indicating the variation of the depth of localized states.

tained from the CdSe well layer, together with decay times, The inh it ffect th i t of excit
for 1, 2, and 3 ML CdSe SQWS, respectively, under the € Inhomogeneity can etiect the confinement ot excitons

excitation intensity of 0.1&J/cn?. The TIPL peak energy is even for bulk crystals by modifying the wave functions of

e\ - - the excitons through the energy and the momentum
found to shift with the changing of the well width. The TIPL . .
width becomes broader Wi'[?’l a?n increase in the well width. spaces”** It can be considered that as the potential felt by

inFigs. 120, 12, and 120, s found for all samples. *4C1501 Pecores move endon, e exent o e wave e
that the decay times become longer as photon energy d% Y

_>k) dispersion is widely spread in the dispersion curve,
creases. N e . . .

On the basis of an argument similar to that in Sec. llI B,Indlcatlng that the diffusion of e.XC'tOT‘S in real space IS pre-
characteristic values were obtained by fitting with expressio f]’.“edh and thus they zre c]?nfm((jed n ar?erdtgm regl re|g|on%
(1) and are summarized in Table Il. The difference betweer%helscgn‘;zgm:z:’gfc:;citgég_gre to as the dimensionality o
the 1 ML and 2 ML SQW samples in Tables | and Il is due :
to the slight inhomogeneity of the samples. This is because a

D. Temperature dependence of time-integrated luminescence

600 o : .
20K The localization process of excitons can also be examined

1ML 2ML 3ML in relation to the temperature dependence of TIPL emission.
The spatial localization of excitons is further supported by
the behavior of the TIPL as a function of the temperature.

Now, it is important to note whether the PL emission is
excitonic even at room temperature. The estimated binding
energy of excitons in our cagaround 30 meVis slightly
larger than the thermal energy at room temperattitéow-
ever, it should be noted that such excitons can divide into
electron-hole pairs with the thermal energy and/or longitudi-
. . l 0 nal optical (LO) phonon energy. Even considering such a
460 480 500 520 540 situation, the data available for sufficiently high temperatures

Wavelength (nm) .
are convincing as follows.

FIG. 12. Time-integrated PL spectruolid line) together with Figure 14 shows how the emission peak energy shifts and
decay times(closed circlesobtained at 20 K fofa) 1 ML SQW,  Fig. 15 shows how the FWHM of the TIPL spectra shown in
(b) for 2 ML SQW, and(c) for 3 ML SQW. The excitation intensity ~ Figs. 12a), 12(b), and 12c) varies with temperature, for the
is 0.15uJd/cnt (the same excitation intensity was used for the sub-three SQW samples. Two features are observed. First, as
sequent experiments belpw seen in Fig. 14 for the three samples, within a certain tem-

1400
(@ (®) ©

1200

PL Intensity (arb.units)
Decay time (psec)
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temperature. At temperatures at which the thermal quenching

"o starts, the TIPL exhibits a straight-line behavior character-
Stecee, ized by an activation energy, 65(5 ML), 187 (2 ML), 203
s 26F meV (3 ML). These values may reflect the depth of the trap-
% ™ ping of excitons. The three samples exhibit remarkably simi-
= %AAMA lar behavior characterized by obeying an Arrhenius depen-
b dence. As shown in Fig. 15, the FWHM of TIPL for the 2
§ 24f ML SQW becomes larger than that for the 3 ML SQW above
e \ a temperature of around 50 K. This may result from the
& oML difference in the distribution of islands and terraces in the
oy interface between the CdSe and ZnSe layers. This is sup-
22L L , . . ported by the results shown in Fig. 13, where, for 2 and 3
0 100 200 300 ML SQWS, the TIPL intensity is quenched in two steps, and
Temperature (K) the first activation energy for the 2 ML SQW is larger than

éhat for the 3 ML SQW.

In Fig. 13, at about the characteristic temperature for each
sample, the beginning of a decrease in the TIPL intensity is
perature range, the TIPL peak energy initially moves to abserved. The intensity is reduced by over four orders of
slightly lower energy, followed by an increase in photon en-magnitude in a small temperature range for the 1 ML SQW,
ergy, after which it again decreases. These anomalous phbut for 2 and 3 ML SQWS, the ratio of the intensity at a low
nomena have been also observed in other matéfi4fSec-  temperature to that at the highest temperature is found to
ond, as shown in Fig. 15, in almost the same temperaturdecrease to 10'. The intensity at the lowest temperature is
range as in Fig. 14, the FWHM first shows an increase, aftelarger with decreasing CdSe layer width. However, the tem-
which it decreases appreciably and then increases again. perature at which the TIPL begins to be quencliadhost

This phenomenon is indicative of spatially localized exci-the same the characteristic temperature in Figs. 14 ang 15

tons. It can be explained by the behavior of the TIPL peakhigher with increasing the CdSe layer width. This reflects
energy and the FWHM in terms of excitons localized at po-that at higher temperatures, the nonradiative recombination
tential fluctuations in the well layer: as the temperature isprocess plays a larger role for the sample with a thinner well.
raised, the excitons gain greater mobility, increasing the The role of the nonradiative recombination process is as-
probability that they will become trapped at a lower energy.sessed in the next section.
As the temperature is further increased, the mobile excitons
experience more completely the potential fluctuations, pro-
ducing an increase in the peak emission energy and the
FWHM. In Fig. 16a), the decay times derived from fitting with

The excitons can be regarded as becoming delocalizegxpression(2) are depicted as a function of temperature for
from the tail states and becoming nearly free at 50 K, 100 Kthe three SQWS. Measured decay times can be divided into
and 110 K for 1, 2, and 3 ML SQWS, respectively. It should radiative and nonradiative componefitsand they appear to
be noted that these characteristic temperatures for the thrg@day different roles in the recombination process for the
samples are in good agreement with those in Figs. 13—1%amples assessed here.

Around each of these characteristic temperatures, a feature is If the PL recombination timer(T) is given by
observed; for example, in Fig. 13, for the three samples, the
intensity begins to be quenched at the characteristic tempera- 1 1 1
ture. = + ,
Figure 13 shows an Arrhenius plot of the log of the inte- M) (M) 7elT)

rated PL intensity for each well width versus the inverse . .
g y where 7 is the measured decay time, andT) and 7,,(T)

are the radiative and the nonradiative lifetimes, respectively.

FIG. 14. Temperature dependence of TIPL peak energy for th
three SQWS.

E. Radiative and nonradiative recombination processes

4

A . Then the temperature dependence of the PL interisity
60 AAAA:
_AAiM given by
S A
24l 7(T)
= ° l=lg—=—, (5)
ke .Nw 7(T)
3
S0t oML and if separation of,(T) and 7,,,(T) is possible, the nonra-
a:2ML diative recombination process can be assessed quantitatively
=:3ML through the window of decay time.
00 00 260 2300 Because the radiative recombination process is considered

to be dominant at the lowest temperature, a purely radiative
recombination occurs at= 20 K, which yieldsl ;=1(20 K).

FIG. 15. Temperature dependence of TIPL FWHM for the threeThen the following relations are obtained for the radiative
SQWS. and the nonradiative recombination times,

Temperature (K)
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Temperature (K) abilities of the recombination passes. Consequently, longer
0 100 200 300 radiative lifetime suggests a difficulty in encountering final
' ' ' ' states of recombination that are strongly related to the di-

a mensionality. This is due to the limitation of momentufm

- . In other words, with decreasing the dimensionality, the
400 - amount of availables” is decreased. On the other hand,
LN a smaller nonradiative lifetimes imply the presence of recom-
mL:e bination centers without radiation. A more important point is
2001 e the degree of temperature dependence of the two types of
3ML:m
° lifetimes. The theory dictates that as the confinement is
0 . : : : : : larger (that is, the dimension is smaljerthe temperature
10° (b) ' N dependence of the lifetimes decrea$es.

i It is clear thatr, is less dependent on temperature with
10" £ b increasing CdSe layer width, that is, with increasing inhomo-

i a geneous broadening. For the 1 ML SQW, a stronger depen-
sg » "™ dence is observed in the wide temperature range, indicating
* - that the confinement of excitons becomes weaker and more

&ML thermally affected. Below the characteristic temperatures de-
oL scribed above, the temperature dependence, aé small.
10! ——— ) This suggests that the confinement of excitons is further en-
10° | (C) hanced with increasing inhomogeneity, probably because the
coherency of the wave function of excitons is caused to fluc-
10* | tuate by the randomly distributed potentials and thus the am-
plitude of the wave function is high only in a centered re-
10° | " n gion. Outside this region, the wave function is damped due
°, & 4 a — to its incoherency. Accordingly, excitons are localized at the
10* | ®e a2ML region in a real space after diffusion within their
"L lifetimes 20:21,35.38.39
10! 0 1(')0 2(')0 3(')0 On the other hand, as seen in Fig(d6 7, also reflects
Temperature (K) a situation similar to that fot, in terms of the relationship
between the dimensionality and the inhomogeneity. de-
FIG. 16. (8) Measured decay times for the three SQWI.  Ccreases with increasing temperature for the three samples.

Radiative lifetimes for the three SQW®&) Nonradiative lifetimes  The inverse ofr,, corresponds to the probability of trapping

00| (@)

100 L

102 [

Nonradiative lifetime (psec)Radiative lifetime (psec) Measured time (psec)

for the three SQWS. by nonradiative recombination centers. The values become
larger with a decrease in inhomogeneous broadening, and
1(20 K) less independent of temperature. These phenomena also sup-

7i( :WT(T% (6) port the above description on the basis of the concept of

dimensionality. The localized excitons are less mobile and

1(20 K) accordingly have less probability of being trapped by the

7(T). (7) nonradiative centers.
We finally state with clarity for the above mechanism
shown in Figs. 1@)—16(c): with increasing the CdSe layer

tive lifetimes are obtained and represented in Figgb)Lend width, the temperature dependence of both radiative and
16(c), respectively. In Fig. 1), the dependence of. on nonradiative lifetimes decreases, indicating that the confine-
, . . ) r

temperature is clearly distinguished among the thrednent dimensionality becomes larger. The difference of this
samples. For the 1 ML SQW, in all temperature ranges dimensionality in the three SQWS is considered to be due

increases with temperature. For 2 and 3 ML SQWS, there ar@nly to the difference in the degree of localization. The lo-
two steps, which reflects the similar tendency seen in Fig. 13alization is produced by the incoherency of the wave func-

The dimensionality of the confinement and of the oscilla-tion of excitons(or carrierg (it may be useful to recall the
tor strength of excitons can be studied in relation to the temFourier transformation At least, there is some probability
perature dependence of .>>~*2 In the lower temperature that their existence is in a certain region. Consequently, the
region, the oscillator strength increases with decreasintprger the degree of localization, the more this region is re-
CdSe well width, that is, with decreasing inhomogeneousstricted, and accordingly, excitorier carriers become less
broadening. This implies that the coherency of the wavamobile, leading to the diminution of the probability of meet-
function of excitons is less disturbed with decreasinging nonradiative centers. Figure (&€p shows that excitons
inhomogeneity’®3In other words, more excitons with simi- encounter larger nonradiative centers with increasing tem-
lar # contribute to the enhancement of the oscillator strengthperature because they acquire larger thermal energy. This
The important point regarding radiative and nonradiativesuggests that the samples with smaller well widths have
lifetimes is that their inverse values correspond to the problower confinement dimensionality.

Toe(T) = (20 K)—1(T)

With expressiong6) and(7), the radiative and nonradia-
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IV. CONCLUSION radiative and the nonradiative lifetimes of the localized ex-

. N . . citons in them were obtained.

cit(;/r\{g f;ugé?e};ﬁ srg/czo rrébmatlgiz dlinaﬂﬁtsuﬁj \I/f/)(e:ﬁ“sszti?c?x_ These systematic measurements enabled us to clarify the
=8 -« Singie q relationship of localized excitons to both the localization and

tures with the CdSe well layer of 1, 2, and 3 monOIayerSthe qguantum confinement effects, and revealed that for the 1

(ML). TRPL measurement and NLPL measurement Werey SQW, the quantum size effect of excitons was enhanced
used. TIPL measurement showed that decay times INCIEASERY the biexcitonic emission was observed, and for 2 and 3

with increasing the monitored photon energy, and their vaI-ML SQWS, the degree of localization of excitons became

sr;arger compared with that for the 1 ML SQW and it pre-
ented excitons from being trapped by the nonradiative re-
ombination centers.

found that the degree of localization of excitons becam
larger and the radiative lifetimes of excitons became smalle&
with an increase in the CdSe layer width, suggesting that the
energy depth in the tail states was smaller and the oscillator
strength of excitons was larger for the SQW with a thinner
well layer. NLPL measurement was performed for the 1 and We would like to express our gratitude to Professor Ya-

2 ML SQWS and showed that the many-body effect includ-suaki Masumoto at the Institute of Physics, University of
ing localized excitons occurred in them, and that this effecfTsukuba, Japan. The nonlinear photoluminescence spectros-
may result from the localized biexcitons for the 1 ML SQW copy measurement in this study was performed at his labo-
and from the localized exciton-exciton inelastic scattering forratory. This work was supported in part by a Grant-in-Aid
the 2 ML SQW. Using the temperature dependence of théor Scientific Research from the Ministry of Education, Sci-
TRPL measurement for the three CdSe SQW samples, thence, Sports, and Culture.
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