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Well-width dependence of optical properties of rare-earth ion-doped Zn§gsSe, »/undoped ZnS
multiple quantum wells
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We compare optical properties of $mdoped Zn$¢Se, ,/undoped ZnS multiple-quantum wellsIQWs)
with different well widths(2, 5, 10 monolayejsand bulk ZngSe,,:Snt* crystal. The excitonic peak in the
photoluminescence excitation spectrum of the*Sruminescence shifts to the shorter-wavelength side with
reducing well width, which shows that the excitation of Bnoccurs through the energy transfer from the
spatially confined excitons. The activation energy of the thermal quenching of thie IBminescence is found
to increase with reducing well width. This result is interpreted as due to the difference in the spatial confine-
ment effect on the binding energy of the free exciton. In addition, the quantum efficiency of thie Sm
luminescence at 4 K is found to increase remarkably with reducing well width. At this temperature, the
quantum efficiency of the two monolayers MQW sample is more than 16 times as high as that of the bulk
sample. Probable causes of this fact are discussed.
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. INTRODUCTION thermal quenching and the quantum efficiency of the¥'Sm
luminescence.
For the past decade, optical properties of dopant ions as
well as of excitons in quantum structures have been studied Il. EXPERIMENTS

extensively~® As to the luminescence properties of the

dopant ions, Bhargava's grotipeported that ZnS nanocrys- ~ 1he Sni* doped multiple-quantum wefMQW) samples
tals doped with manganese ions show very high quantuny€re grown on00D-oriented GaAs substrates by molecular-

efficiency of the MA" luminescence at room temperature leamhepléaZXé.rT?Etalledé)roczd.urte ?r: th; growth wa”s lreported
under the interband excitation. This result has attracted mucf >c VM€ was doped nto the 53582 well lay-

o . . . ers, and not into the ZnS barrier layers. A ZnS buffer layer of
attention in the field of practical phosphors, because, in theioo Am in thickness was initially arown on the GaAs sub-
case of the interband excitation, a reduction in crystallite Siz%trate to reduce dislocations Thz Ig\]/IQW structure consists of
is generally believed to cause a decrease in luminescen )

- . - . %o periods of SAT -doped ZngSe, , wells and 5-nm-thick
quantum efficiency owing to efficient nonradiative recomb"undoped ZnS barrier with a 20-nm-thick ZnS capping layer.

nation of photogenerqted electron-hole pairs at the crystallingp,.ae kinds of MQW samples were fabricated which have
surfaces. Recently, it has been found that the thermaliferent well widths of 2, 5, and 10 monolayefdL ). The
quenching of the luminescence from Kndoped into ZnS  igths of the 2 ML, 5 ML, and 10 ML are 0.54 nm, 1.35 nm,
and CdS nanocrygtals under the mte_rband excitation is m_uog]nd 2.7 nm, respectively. Bulk Zp$Se, » doped with Sm*
weaker than that in the corresponding bulk crystals, whichyas also prepared as a reference sample. The concentration
leads to high luminescence quantum efficiency of the nanoof Sn** is the same for the bulk host crystal and the well
crystal samples at room temperatdte? layers of Zng¢Se, and is of the order of 10 mole% of

The purpose of this study is to examine how optical prop-zn2™.
erties of dopant ions in quantum wells change from those in  PhotoluminescencéPL) spectra were taken with a com-
the bulk crystal and also with the well width. While there arebination of a 32 cm monochromatofActon Research,
many reports on the doped zero-dimensional semiconductoSpectrapro-300i and a Si-charge-coupled-device detector
(quantum dots or nanocrystafs*3~*%studies on the opti- cooled with liquid nitrogen. For the comparison of the lumi-
cally active ions doped into two-dimensional systems, sucmescence quantum efficiency between the grown samples,
as quantum wells, are very scarfédn this paper, we inves- the 325 nm line of a He-Cd laser was used as an excitation
tigate the Iuminescence properties of Sndoped source. In the measurement of the temperature dependence
ZnS g5 »/undoped ZnS multiple-quantum wells and bulk of the PL spectra, the excitation was done at 260 nm wave-
ZnS, S& ,:SnT crystal. The Zn§gSe /undoped ZnS length. This excitation light was obtained by passing the light
multiple-quantum wells belong to type I, in which the elec- from a 500 W xenon lamp through a 25 cm monochromator
trons and holes are both confined within the same wel[JASCO, CT25CR Photoluminescence excitatio(PLE)
layers!’ Sn?* is one of the rare-earth ions that are now spectra were also measured in the 280—380 nm wavelength
put to practical uses as the electroluminescence device. Ouange, by monitoring the luminescence of 8naround 650
main attention is paid to the well-width dependence of thenm. The samples were mounted on a cold finger of a closed-
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550 600 650 700 FIG. 2. Photoluminescence excitation spectra of
Wavelength ( nm ) ZNnSy S8 ,:SNP/ZnS muItipIe-quanthum wells with 2, 5,_and 10
monolayers and bulk ZRgSe,,: SNt at 10 K. The most intense
FIG. 1 Photoluminescence spectrum of a *Gg-®Hg, luminescence of SA was monitored in all the

ZnS, 65,:SNTT/ZnS multiple-quantum well with two monolay- Ssamples.

ers at 10 K. The excitation was done at 340 nm wavelength. Pho-

toluminescence intensity was corrected for the wavelength deper@ngth with .reducmg We”§"l¥:dth' This result clearly ShOV_VS
dence of the monochromator and the response of the detector. that the luminescence of Smoccurs through the free exci-

tons confined in the well layers. Since the exciton Bohr radii
of bulk ZnS and ZnSe semiconductors are 2.4 and 3.3 nm,
respectively, that of Zn3;Se,, is estimated to be about 2.6

It is important from the crystallographic viewpoint to nm by the linear-interpolation method on the basis of Veg-

know where S is located in each sample and how the ard’s law. Thus, it is quite reasonable that our three MQW
charge is compensated. However, the expperiments to Clarigamples show the confinement effect of the free exciton. No
these questions, such as the measurement of the exten et(chtures due to the intraf4shell transitions were observed
o 10 the PLE spectra of all the samples, because of the weak-
x-ray-absorption fine structure, are beyond the scope of thlﬁess of their transition strengths. This fact shows that the
paper. contribution of the direct excitation of St through thef -f
absorption transitions is negligibly small, compared with that
Il. RESULTS AND DISCUSSION of the excitation transfer from the semiconductor host.
. Figure 3 shows the temperature dependence of th&"Sm
All the sz doped MQW samples as well as bulk pL intensity at about 650 nm in the 9—305 K range under the
Zn$, gS&»: SN showed many sharp luminescence spectrabxcitation at 260 nm wavelength. Since this excitation posi-
lines in visible region under the ultraviolet light excitation. tion is by far higher in energy than the band-gap energies of
In Fig. 1, we show the PL spectrum of the 2ML-MQW the bulk Zn$g ¢Se, , crystal and the ZnS barrier layers of all
sample at 10 K under the excitation at 325 nm wavelengththe MQW samples, their absorption coefficients at the exci-

Since the sharpness of the observed luminescence lines tigion wavelength are considered to be almost constant in the
characteristics of the intraf4transition of the rare-earth ion above temperature

in crystals, the luminescence lines are ascribed to the
4f5-4f5 transitions of the SAT ion. On the basis of the [T T T T T T T T
Dieke’s energy-level diagranf,the PL spectral lines in the
570-590 nm, 600—625 nm, and 650—675 nm regions can be
assigned to the transitions from tH&,(41°) state to the
CHg(41%), ®H,(4F%), and ®Hg(41°) states, respectively.
Other samples also exhibit the PL spectra similar to that of
the 2ML-MQW sample, and the strength distribution of the
transitions is almost the same for all the samples. This fact
suggests that all the samples used in this study resemble each 0.01
other in the crystal-field interaction acting on $m 0 50 100

Figure 2 shows the PLE spectra of the Bmumines- 1
cence of a series of MQW samples and bulk 1000/T (K™)
Zn%-BSQJ-?S”FJr' A shoulder is observed in the low-energy FIG. 3. Temperature dependence of the intensity of thé*Sm
region of each spectrum. In the PLE spectra of bulk Zn§yminescence of a 2ML ZngSe, ,: Sn*/ZnS multiple-quantum
crystals doped with low concentrations of Mnand S\™,  \ell and a bulk Zn$eSa, ., SN crystal at about 650 nm. The
the peaks were observed at the positions of the free excitogkcitation was done at 260 nm wavelength. The luminescence in-
transitions:*2° Similarly, the shoulder in Fig. 2 can be as- tensity at 10 K is taken as unity. The broken line and the solid line
signed to the excitonic transition of the well layer. As is seenare the fitted curves for the 2ML multiple-quantum well and bulk
in Fig. 2, the position of the shoulder shifts to shorter wave-Zng, ¢Sy ,: S+ crystal, respectively, using E¢l).

cycle He refrigerator(Daikin, UV202CL or a liquid-He
flow-type cryostaiOxford instrument
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100 bound excitorf}~23 However, the activation energy obtained
° (a) in our bulk sample is fairly large compared with the binding
energies of the bound excitons reported so?¥af® but
agrees very well with the free exciton dissociation energy 33
meV of bulk Zn$ ¢Se,, crystal estimated by the linear-
404 ° ° interpolation method(Here, the dissociation of a free exci-
ton means that a free exciton is thermally liberated to an
201 electron and a holg.In this estimation, we used the free
exciton dissociation energies of 20 and 36 meV for bulk
ZnSe and ZnS crystals, respectivélfhe coincidence be-
tween the activation energy and the dissociation energy of
the free exciton strongly indicates that the dissociation of the
free exciton is responsible for the thermal quenching of the
Sm?* luminescence.

One may think that the deexcitation processes at the ex-
cited states of SA contribute to the thermal quenching of
the luminescence from the St *Gg, state in Fig. 3. How-

o ' ever, in our samples, this contribution is negligibly small for
the following reasons. It is well known that the nonradiative

E(meV)

[—]

2 4 6 8 10
Well width ( monolayers )

10*
° (b)

2
10 transition between thef# states of the rare-earth ion in sol-
ids occurs by the multiphonon emission process. The rate of
10— . . . . the relaxation process of this type is determined by the
2 4 6 $ 10 highest-energy phonon and the energy separation between
Well width ( monolayers ) the 4f" states concerned with the nonradiative transitfn.

The energies of the phonons that couple with the’ Sion

in our samples are considered to be below 350 tmwhich

corresponds to the energy of the longitudinal-optical phonon

of bulk ZnS, ¢Se, , crystal®® The crystal-field levels of Sfi

with the energies higher than th&Gs, state are closely

spaced in energy and the energy separations of the neighbor-

ing two levels are comparable to or smaller than the
ag)ngitudinal-optical phonon energy, while the energy separa-
Jon between the Shi 4Gg, state and the next loweéF

FIG. 4. Well-width dependence of the activation enekya)
and the preexponential fact@ (b) in Eq. (1), which were deter-
mined from the thermal quenching behavior of the®$rumines-
cence. For comparisoft, andC of a bulk Zn$ gS&, ,: SNt crystal
are also shown by the dotted line. Note that the vertical axi®)in
is logarithmic.

range. Thus, the PL intensity in Fig. 3 can be regarded
being proportional to the luminescence quantum efficienc - 118
one is as large as about 7000 ctht® Because of such an

The experimental data in Fig. 3 are fitted very well with the )
following expression taking into account one deexcitation€Nergy-level structure, St excited by the energy transfer
from the excitons relaxes to thGs), state of the lumines-

channel e o ! .
cence initial state nonradiatively with an efficiency of nearly
1(0) 100%. Furthermore, the radiative relaxation dominates the
_ . 1
(M=17¢ exg—E/KT)” (1) deexcitation process at tH&,, state of SPA" in the mea-

surement temperature range, and the nonradiative relaxation
Here,E is the thermal activation energy aftlis a constant. from this state hardly affects the thermal quenching behav-
In Figs. 4a) and(b), we show the values & andC obtained iors in Fig. 3. From the above considerations, we can neglect
from the best fit to the experimental daEincreases mono- the contribution of the relaxation processes at the excited
tonically with reducing well widthC varies by two orders of ~states of SHi" to the observed thermal quenching. This dis-
magnitude from one sample to another. cussion also holds good in the MQW samples.

Here let us discuss the origin of the activation enegegy Next, we consider the thermal quenching of the MQW
First, we treat the case of bulk ZpsSe ,:Snt*. There samples. There is a possibility that the thermal escape of the
have so far been several studies on the mechanism of thexcitons (or carrier$ from the well layers to the barriers
excitation of optically active ions doped into bulk semicon- contributes to the thermal quenching of the 3$mumines-
ductors. These studies have assumed that an efficient intraence in the MQW samples. If this mechanism is responsible
4f shell excitation of the rare-earth ion involves the forma-for the thermal quenching, the activation energy, which cor-
tion of an exciton bound at the rare-earth ion and subsequemngsponds to the energy separation between the first exaiton
nonradiative decay of the bound exciton by the energy transzarriep quantized level of the well layer and the barrier band
fer to the ion, and also that an activation energy for thegap, should decrease with reducing well width. However,
thermal quenching of the PL should correspond to the dissathis is contrary to the experimental result of Figa{Also in
ciation (or binding energy of the excitons bound at the rare-the MQW samples, it may be reasonable to attribute the ac-
earth ion sites quenches the luminescence of the rare-eartivation energy to the dissociation of the free exciton, as in
ion. (Here, the dissociation of the bound exciton means dhe case of bulk Zn§Se, ,: St ™. If this speculation is cor-
release of a hole, an electron, or a free exciton from theect, we expect that the activation energy increases with re-
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20 ton to the ion. Thus, Fig. 5 implies that the rate of the energy
transfer from the exciton to St becomes high with the
° reduction of the well width.
15-

A probable cause of such an enhancement of the energy-
transfer rate is an increase in the squared overlap integral of
the wave functions of an electron and a hole in the well
layers due to the the spatial confinement, as explained below.
The squared transition matrix element of the free exciton is

Relative PL intensity
[
]

. given by|x|?|U(0)|%. Here,u is the transition dipole mo-
51 ment, and|U(0)|? represents the probability of finding an
bulk ZnS, Se, :Sm™ electron and a hole at the same gioe the squared overlap
| ot integral of the electron and hole wave functipmss the well

]

width is reduced, the exciton size is decreased and accord-
ingly |U(0)|? is increased:** According to the energy-
transfer theory of Dextéf the rate of the energy transfer

. " ’
FIG. 5. Well-width dependence of the luminescence intensity offror? the 2ex0|t0n to St may be proportional . to
Snt* at about 650 nm relative to bulk Zp§Se, ;ST at 4 K. | | |U(0)! . COHS_equently .the energy-transfer rate is en-

unity. The excitation was done at 325 nm wavelength. exciton size in the limit of a two-dimensional crystal is
known to be decreased by a factor of 2 compared with the
ducing well width, because of the spatial confinement effecthree-dimensional cagé. Correspondingly, the value of
on the free exciton dissociatigior binding energy. Our ex-  |U(0)|? in the two-dimentional crystal is eight times as large
perimental result coincides with this expectation. The theoas that of the bulk crystal. This quantitative estimation sug-
retical value of the binding energy in the limit of a two- gests that the data in Fig. 5 can not be explained completely
dimensional exciton is known to be increased by a factor obnly in terms of the spatial confinement effect of the electron
4 relative to the three-dimensional cadedowever, if we and hole. Thus, besides this effect, there should exist addi-
take into account the penetration of the exciton wave functional causes for the increase in the luminescence efficiency
tion of the well layer into the barrier layer and the thicknesswith reducing well width. To our regret, these causes have
of the well layer, it is predicted that the ratio of the dissocia-not been clarified yet.
tion energy of the free exciton is a little smaller than the Finally, we pay our attention to the preexponential factor
factor 4. On the other hand, from Fig. 4, the ratio of theCin Eq.(1). C is proportional to the ratio of the nonradiative
activation energy of the 2ML sample to that of the bulk deexcitation rateK,, at high temperatures to the energy-
crystal is found to be about 2.6, which is slightly smallertransfer rate from the free exciton to $m From the data of
than 4. This fact supports further the attribution of the acti-Figs. 4b) and 5,K,, is found to increase monotonically and
vation energy to the dissociation energy of the free excitonlargely with the reduction of the well widtt ,, of the 2ML
On the basis of the above discussions, the difference in theample is increased by three orders of magnitude compared
activation energyE of the thermal quenching behavior with bulk ZnS, ¢S ,:Snt" crystal. At high temperatures,
among our samples is ascribed to the spatial confinemerihe free excitons are dissociated thermally, which increases
effect on the dissociatiorfor binding energy of the free the rate of nonradiative carrier recombination on defect
exciton. centers’’ K,, is, thus, related to the density of the defect
In Fig. 5, we show the well-width dependence of the in-centers. The density of the defect centers is usually high at
tensity of the S luminescencetad K under the excitation  the Zn$.sS& ,/ZnS interface. Accordingly, the increase in
at 325 nm. Here, the luminescence intensity is normalized by = with reducing well width can be understood as being
the well width. It should be noted that the PL intensity in- caused by the increase in the defect center density due to the
creases remarkably with reducing well width. The3$niu- increase in Zn§8SQ)'2/ZnS interface-to-volume ratio.
minescence of the 2ML-MQW sample is 16 times stronger
than that of bulk Zn$gS&, ,:SnT". Since the band-gap en-
ergy of the well layer becomes high with the reduction of the IV. SUMMARY
well width due to the quantum confinement, the optical den-
sity at the above excitation position should be lower for the In summary, we have examined the optical properties of
sample with narrower well width. Accordingly, as the well- Snt*-doped Zn$gSe) ,/ZnS MQWSs with 2, 5, and 10
width decreases, the luminescence quantum efficiency is exaonolayers and bulk ZR$Se,,:Snt*. Under the band-to-
pected to increase at higher rate than the PL intensity showand excitation of the ZnS barrier layer of the MQW samples
in Fig. 5. This result is similar to the dependence of theand the bulk Zn§eSe, » host crystal, the luminescence quan-
luminescence quantum efficiency of ZnS:Mn and  tum efficiency of S®" at 4 K has been found to increase
ZnSe:Mrf ™ nanocrystals on the crystallite sizéSince, at4 remarkably with reducing well width. The quantum effi-
K, the thermal dissociation of the free exciton hardly occursciency of the two monolayers MQW sample at 4 K is more
the luminescence quantum efficiency at this temperature ihan 16 times as high as that of the bulk sample. One of
proportional to the rate of the energy transfer from the excifprobable causes for this result has been shown to be the

0 2 4 6 8 10
Well width ( monolayers )
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significant increase in the rate of the energy transfer from thguenching characteristic has been assigned to the dissocia-
free exciton to the SAT ion with the reduction of the well tion energy of the free exciton in all the samples. The differ-
width. It has been found that the thermal quenching behavioence of the activation energy among the samples has been
of the Smi* luminescence depends largely on the wellunderstood as due to the spatial confinement effect on the
width. The activation energy obtained from the thermaldissociation energy of the free exciton.
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