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Abstract

A ZnS/CdS/ZnS quantum dot quantum well was prepared in AOT micelles successfully and was characterized by absorption spectroscop
and fluorescence spectroscopy. Luminescence in the region of 350-600 nm was observed. The complete ZnS shell might reduce the numt
of defects on the surface of the CdS well, which were assumed to act as centers for radiationless recombination, resulting in the luminescenc
enhancement.
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1. Introduction minescence with high efficiency may be obtained. ZnS has
the cubic structure of a blende type=£ 5.406 A), very close

Semiconductor nanomaterials, as a new type of lumines-to that of CdS ¢ = 5.818 A), and a large gap (3.7 eV) com-

cent material, have drawn cdderable inteest in recent  pared to the gap of CdS (2.5 eV) [16]. There are basic con-

years [1-5]. Quantum confinement effect and surface ef- ditions for forming a QDQW structure with ZnS and CdS.

fect are the two key factors determining the optical prop- In this paper, ZnS/CdS/ZnS QDQW was prepared and char-

erties of the nanoparticles. Surface states usually act as theacterized. The QDQW'’s optical properties were not just the

radiationless recombination centers. So the surface modi-superposition of those of separated ZnS and CdS nanoparti-

fication of nanoparticles which could passivate the surface cles. The luminescence was enhanced by the complete ZnS

becomes an active research field [6—12]. The first approachshell.

to modification is capping the nanoparticles with some or-

ganic molecule. Although this method cannot passivate the

surface perfectly, the quantum yield has reached about 10%2, Experimental methods

at room temperature [6,7]. The second method is to attempt

to grow a second semiconductor material on the surface of  A|l solvents and chemicalsave analytical reagent grade

a given nanoparticle. The quantum yield at room tempera- and were used as received. AOT (dioctylsulfosuccinate

ture has been raised to about 20% by this method [12]. In sodium salt) was dissolved in heptane at a concentra-

recent years, a new method has been developed by Wellekion of 4 x 102 M. Standard solutions of Zf (0.206

and his collaborators [13—15] They prepared the first three- and 1.375 M) and O}ﬁ' (0200 M) were prepared from
layered compound which consists of a core of size-quantizedzn(NO;),, Cd(NO3),, and purified water.

CdS coated with a layer of HgS as the well, which itself was
covered by, again, CdS as the outermost shell. They called2 1. Formation of colloidal ZnS core
this structure quantum dot quantum well (QDQW). The elec-
tronic properties of QDQW may be controlled by tuningthe - gight hundred rilliliters of 0.04 M AOT heptane solution
thickness and the energetic structures of various layers. A lu-yas mixed with 2.3 ml 0.206 M Zn(N§), aqueous. The
mixture was stirred magnetlly until the nixture became
* Corresponding author. homogeneous. This preparation gave a microemulsion with
E-mail address: 9990629@sina.com (L. Cao). the water-to-surfactant mole rati& = 4. The microemul-
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sion was bubbled with plgas for 30 min before excess 8l Eqg. (1):
was introduced. Finally, the nonreactegdSHwas blown out 3
by N, and the ZnS core in AOT in heptane was obtained.  [(r +15)/r]" —1=27.5/W. 1)

In our experiment, the ZnS core was preparedvat 4.
Thus the radius of the ZnS core was estimated to be 1.5 nm.
In this article, AOT was used as a microreactor which con-

~ The calculated amount of 0.2 M Cd(NJ2 aqueous solu-  trgjled the size of the nanoparticles. Because the high AOT
tion was added to the ZnS core colloidal solution and stirred ¢oncentrations interfere with the microscopy of the parti-

magnetically for 20 min. Thus the nanoparticles with @ ZnS ¢jeg; the particles’ transmissi electron microscopic images

core covered by a CdS well in AOT in heptane were ob- \yere not obtained. The size of the ZnS nanoparticles was

tained. The thickness of the CdS well can be controlled by 5159 calculated from the absmion spectrum (Fig. 1, spec-

changing the amount of added Cd(B)@aqueous solution.  ym 1) using the effective mass model of Brus. For ZnS,
the effective masses of the electron and the hole were 0.42

2.3. Deposition of incomplete ZnS shell on the surface of and 0.61m., respectively. The dielectric constant was 8.0.

CdSwell Then the radius of the ZnS nanoparticles was calculated to
be 1.6 nm, which was consistent with the values estimated

Excess HS was divided into several parts and injected by W (1.5 nm). Since the suobility of the CdS product is

into ZnS core—CdS well colloidal solution at intervals of at least 5 orders of magnitude smaller than that of ZnS, it is

20 min. After the reaction was complete, the unreactg H  chemically reasonable to assume a substitution reaction,

was removed by bubblingMNgas through the solution for at

least 30 min. In this step, an incomplete shell of ZnS was (ZnS), + mCE* — (Zn9),_, (CAS),, +mZn?,

deposited on the surface of a CdS well.

2.2. Deposition of a CdSwell on the surface of the ZnScore

taking place. Because of the absence of excéss@s in

the solution, the separated CdS single nanoparticles could
not be formed directly. At first, Cd ion was attached to
the surface of ZnS nanoparticles, and then thé*Cibn

_ _ displaced the Z#" ion in the Zn—S bond to form a Cd-S
Repeating procedures 2 and 3 resulted in the CdS wellyong on the surface of ZnS nanoparticles. When all of the

thickening and an incomplete ZnS shell depositing. Then, znp2+ jons on the surface of the ZnS nanoparticles were re-
another appropriate amount of Zn(b)@was added to this  pjaced by Cé* ions, the reaction stopped. The amount of

solution drop by drop, with the injection of#3 continuing ¢+ jons was excess so that the CdS layer could be com-
in the meantime. After reaction, the removal of excesSH  plete, So there were excessidons present n the solution.

by N2 gas bubbling led to the formation of a complete shell The concentrations of 2% and C&+ ions in the solutions

of ZnS. The thickness of the ZnS shell can be controlled ¢ sample 1 and sample 3 were measured by ICP-AES/MS
by changing the amount of added Zn(j)@aqueous solu-  gpectrometer. Since in 3-nm ZnS particles the surface-to-
tion. In this step, the concentrations ofZnand S~ ions  yoyme ratio is approximately 0.525, the concentrations of

remained very low during the reaction. Zn?t and Cd* ions before and after the substitution reac-
A ICP-AESIMS spectrometer (TJA POEMS) was used to (ion can be estimated also lmplculation according to the

measure the ion concentrations. X-ray photoelectron spec-pjtia| concentrations. The data are presented in Table 1.
troscopy (XPS) measurementere performed using an Es- The data in Table 1 confirm that the ion exchange reaction
calab MARK Il spectrometer. Apsorptlon spectra were mea- pappened indeed. Subsequent slow introduction fifst
sured with a Shimadzu recording spectrophotometer. Fluo-|g( to the excess G ions converting to CdS and then led
rescence spectra were taken using a Hitachi F-4500 fluoresyq the replaced Z#t ions converting to ZnS, forming an in-
cence spectrophotometer. Fluorescence quantum yields wergomplete shell on the Cd®yer because the replaced?Zn
determined by comparison with fluorescein in methanol, jons cannot completely cover the surface of the enlarged

which is known to fluoresce with quantum yields of 1. particles again. Another introduction of Zhions and HS
resulted in the completion and thickening of the shell. Due to

2.4. Thickening of CdSwell and deposition of complete
ZnSshell

3. Resultsand discussion
Table 1

. ) The concentrations of Zi and C&* ions
The semiconductor particles are assumed to have grown

to approximately the same size as the water pools of the re-
verse micelles in which they are prepared [8,17]. The size -
of the water pools can be estimated roughly by the water-to- 1 ~0 008107 ° L
surfactant mole ratio. A morgrecise relationship between ~ 311107 2931077 0.59x1071 07110

. : L : Iniial ~ 5.92 x 10~ 3.70x 10~
W and the radius of the micelle water pa@) is given in

Sample  Concentration of 2i (M) Concentration of C#" (M)
Calculated Measured Calculated Measured
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Table 2
Some parameters and data of the samples
No. Composition Total amounts of Cd(ND Comments Molar ratio of
and Zn(NQ), Zn?* to CdPt+
1 ZnS core 2.3 ml 0.206 M Zn(N£§)>
2 ZnS core Cd&e2 Sample 1 0.74 ml 0.200 M Cd(NQ@)» With 0.62 monolayer of CdS 3.21
3 ZnS core Cd$qo Sample 2+ 0.74 ml 0.200 M Cd(N@)» With 1.00 monolayer of CdS and 1.6:1
excess CH"
4 ZnS core Cd$152nS 93 Sample 3 With 1.15 monolayer of CdS and 1.6:1
0.93 monolayer of ZnS
5 ZnS core Cd$15ZnS; 21 Sample 4+ 0.12 ml 1.375 M Zn(NQ@)2 With 1.15 monolayer of CdS and 2.2:1
1.21 monolayer of ZnS
6 ZnS core Cd§gpZnS3.00 Sample H-20.48 ml 0.200 M CdNO3)» With 5.00 monolayer of CdS and
+40.21 ml 0.206 M Zn(NQ)» 3.00 monolayer of ZnS
100+ ”
Table 3 g
The atomic ratio between Zn and Cd at different depths in sample 6 g
80+ £
Art ion etching time (s) 0 30 90 s
Atomic ratio Zn:Cd 1.04 0.69 0.89 ° P Navelength oy
O 604
c
®©
2
the very low concentrations of 2h and $~ ions, the pos- S 401
sibility of forming ZnS single nanoparticles is very small. 2
Our experiments were completed at room temperature. At 20+
so low a temperature, the formation of mixed crystals of
Zn,Cdy_, S was hardly possible. And the emission peak for 0 T T )
200 300 400 500

our samples 2 to 4 centered at 520 nm (Fig. 4), very differ-
ent from that for ZRCdy_, S shifting with X [21]. So, most
of the Zr?* ions formed a ZnS shell on the surface of the Fig. 1. Absorption spectra of the samples (the numbers 1, 2, 3, 4, 5 corre-
CdS well. Assuming the radius of the ZnS core could be es- spond to samples 1, 2, 3, 4, 5). Inset: Absorption spectrum of the mixture of
timated byW, the thicknesses of the well and the shell layer ZnS colloidal solution and CdS coltial solution with a Zn:Cd molar ratio
were estimated by taking into account the mole volumes of ©f1.6:1.
CdS (29.88 crimol~1) and ZnS (23.83 cAmol~1) and the
initial amounts of ZAt ions. According to the calculation, materials, the X-ray photoelectron spectra sampled over a
the diameter of the CdS molecule was about 0.46 nm and therelatively large area would show a uniform distribution of
diameter of the ZnS molecule was about 0.42 nm, which was the composition into the mixture with the depth from the
the thickness of one monolayer of CdS and one monolayersurface. The atomic ratio Zn:Cd would remain constant with
of ZnS. Some parameters and data of the obtained sampleshe etching time.
are given in Table 2. The data are available only for refer-  The inset of Fig. 1 gives the absorption spectrum of the
ence. mixture of ZnS colloidal solution and CdS colloidal solu-
For sample 6, the nanoparticles were precipitated from tion with a molar Zn:Cd ratio of 1.6:1. It can be seen that
the solutions by adding amounts of water into the system the absorption spectrum has two large shoulders at 280 and
and dried at room temperature. The powder of sample 6 was380 nm attributed to the electron transition of size-quantized
pressed into foil and used for XPS measurements. XPS isZnS and CdS nanopatrticles, respectively [18,19]. This is a
a technique whose surface sensitivities lie in the range of characteristic of the superposition of the ZnS spectrum and
4-12 A. It can be used to demonstrate layering. In this ex- the CdS spectrum.
periment, an AT ion etching technique was used to detect ~ Shown in Fig. 1 are the absution spectra of the sam-
the changes in the composition distribution with the depth ples. For sample 1, an absorption onset at 300 nm and a
from the surface. The atomic ratio between Zn and Cd in large shoulder at 280 nm are observed. The shoulder is blue-
the outermost surface layers of sample can be obtained byshifted from 320 nm for the bulk ZnS because of quantum
correcting the ratio of the Zf} and Cd,, peak integrated ar- ~ confinement. With the thickness of the CdS layer increas-
eas. The obtained data are listed in Table 3. It can be seering, both the onset and the shoulder shifted to the red. For
that the atomic ratio Zn:Cd reduced to 0.69 from 1.04 after samples 1-3, the CdS layer increases from 0 monolayer to
the surface was etched by Aion beam for 30 s. But after 1 monolayer, with the onset and the shoulder shifting to
the surface was etched for 90 s, the atomic ratio Zn:Cd rose355 and 325 nm from 300 and 280 nm, respectively. Subse-
to 0.89 again. The result demonstrated the three layers inquent sulfidation led to the red-shifting of the onset and the
some degree. If the sample was a mixture of two separatedshoulder to 420 and 390 nm, respectively, in sample 4. The

Wavelength (nm)
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Fig. 3. Emission spectra of the samples excited with the most effective
Fig. 2. Emission spectra of the samples excited at 298 (sample 1), 305 (sam-wavelength (sample 1, 298 nm; sample 2, 346 nm; sample 3, 346 nm; sam-
ple 2), 305 (sample 4), and 308 nm (sample 5). (The numbers 1, 2, 4, 5 ple 4, 372 nm; sample 5, 371 nm). (The numbers 1, 2, 3, 4, 5 correspond to
correspond to samples 1, 2, 4, 5.) samples 1, 2, 3,4,5.)

red shift may be a result of the increased size of particles. 70001

The onset and the shoulder of sample 5 shifted to the blue 6000
slightly compared to sample 4. This indicates that sample 5
has fewer surface defects than sample 4. The absorption tail
of sample 4 was assigned to the absorption of surface de-
fects. Obviously, the spectra are not superpositions of the
spectra of ZnS and CdS. These results indicate that there
are interactions between ZnS and CdS. The regularity of the
changes in the absorption spectra was consistent with that 1000
in the CdS/HgS/CdS system reported by Weller et al. [13], o
though the synthetic method was different. 300 400

Fig. 2 shows the emission spectra of the samples excited Wavelength (nm)
at the wavelength corresponding to the higher energy emis-
sion. It can be seen that the luminescence at 350—400 nnFig. 4. Emission spectra of the samples 6 days after initial preparation ex-
disappeared gradually with the CdS Iayer increasing to 1.15 cited with the most effective waveigth as for Fig. 3. (The numbers 1, 2, 3,

. . . . 4,5 correspond to samples 1, 2, 3, 4, 5.)

monolayer and appeared again with the ZnS shell increasing.
These phenomena confirmed the formation of the QDQW
structure to some degree. Usually, the luminescence at 350-shell, which led to the number of radiationless centers being
400 nm was attributed to the self-activated emission from reduced [9,11].
ZnS [20]. The emission from the ZnS core was absorbed by  Fig. 4 gives the emission spectra of the samples 6 days
the CdS well, which caused the gradual disappearance of thisafter initial preparation. It can be seen that the maximum
emission with the CdS well thickening. The emission from position of the emission band of all the samples was un-
the ZnS shell resulted in the reappearance of this emission. changed, while the emission intensity increased to a different

Presented in Fig. 3 are the emission spectra of samples exdegree. Especially for sample 5, the emission intensity in-
cited with the most effective wavelength. A broad emission creased up to three times largean that of the same sample
band for ZnS with maximum at 400 nm is observed in the just after the initial preparation.
spectrum of sample 1. This luminescence can be attributed The fluorescence quantum efficiency of samples 3 and 5,
to the self-activated emigsi caused by Zn vacancies in the 6 days after initial preparation, was determined. The quan-
lattice. With the CdS layer increasing from 0 monolayer to tum yield was about 0.83% for sample 3 and 4.52% for
1 monolayer, the luminescence maximum shifts from 400 to sample 5. Although the quantum yield was still low, an in-
520 nm and the luminescence intensity at 520 nm increasescrease in quantum efficiency of emission upon the ZnS shell
When the 0.93 monolayer ZnS is capped on the surface ofwas obtained.
the CdS layer, the luminescence intensity reduces sharply. It is reasonable to ask whether this luminescence en-
The increased interfaces introduced by the incomplete ZnShancement and the increase in quantum yield of emission
shell resultin an increase in the radiationless paths. But afterare caused by the size increase of the nanopatrticles.
the ZnS shell is increased to 1.21 monolayer, the lumines- The absorption spectra of sample 5 just after and 6 days
cence intensity rises again. Usually, the enhancement of theafter the initial preparation were measured (Fig. 5). From
luminescence was attributed to the completion of the ZnS the spectra, no change in the onset or the shoulder is ob-

50001

4000+

3000

Intensity

2000
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100+

4. Conclusion
801 A ZnS/CdS/znS quantum dot quantum well was pre-
° . pared in inverted micelles of AOT in heptane. The optical
S 604 properties of the ZnS/CdS/ZnS QDQW were not just the
g b superposition of the properties of separated ZnS and CdS
Q401 nanoparticles. Luminescence in the region of 350—-600 nm
< was observed. The luminescence from CdS was enhanced
20+ by the complete ZnS shell, which may be the result of the
decrease in the defects on the surface of the CdS well, which
0 . . y were assumed to act as centers for radiationless recombina-
200 300 400 500

tion.
Wavelength (nm)

Fig. 5. Absorption spectra of sample 5 (a) just after and (b) 6 days after the Acknowledgments
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