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Photoelectron spectroscopic study of CdS nanocrystallites
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Nanocrystallites of semiconductors, especially those belonging to II-VI and IlI-V groups, show size-
dependent optical and electrical properties. In this paper we report on x-ray photoemission results of CdS
nanocrystallites of two different sizes and compare these results with bulk CdS. Theu®l2%s core levels
of the nanocrystallites reveal three different types of sulfur, unlike bulk CdS, which shows only one kind of
sulfur species. Details of the spectroscopic results provide estimates of the size of the nanocrystallites, while
also indicating the origin of the stability of such small clust¢80163-182@09)03811-4

I. INTRODUCTION finds application as a window material in heterojunction
thin-film solar cells The photophysical and optical proper-
Semiconductor nanocrystallites have continued to be afies of CdS nanocrystallites have been extensively sttidfed
active field of research for more than a decade primarily fo@S this system is known to exhibit pronounced quantum size
two reasons. First, it gives a unique opportunity to study the&fect. These nanocrystaliites display a wide range of inter-
material properties at the nanometer level and consequent _tmg properties. Apart fror_n their unique absqrptmn and I_u-
to understand the underlying physics at reduced dimension linescence properties, which r_nakes_them suitable matepgls
The second reason is based on their immense potential f pr gpphcahon as optqelectromc devices, they ‘?‘ISO exhibit
application in the area of optoelectronic devices. At Suchexutmg thermpdynar.mcal. and structurgl properties. L°V.Ver'
length scales, intermediate between two well-studied and X9 of the me'?'”g point with reduced size Oﬂfi the _crystallltes
tensively developed limits, namely, those of the atomic anoand pressure-induced s;ructural tr_ansform_a @ns Just two
molecular sizes on one hand and the macroscopic world quamples of such exotic properties. Opiical and structural
extended solids on the other, nanomaterials are expected §6ud|es of CdS nanocrystallites have already been exten-

exhibit unique properties, possibly requiring new theoreticaﬁ'}velthttUd'ec.j’ t.)Ut there htas ??ﬁn very little Wf&ﬁtﬁ.?te on
frameworks to describe their properties. The optical andn€ Photoemission aspects of these nanocrysta e

electrical properties of nanocrystallites are significantly dif-CPtical spectroscopy of the nanocrystallites provides infor-

ferent from the corresponding bulk and depend on the Crysr_nation about the band to band transistions and their relative

tallite size!~* Blueshift of the optical absorption and fluores- positions thus giving an estimate of the band gap direct

cence band with decrease in the crystallite size, highe and-gap semiconductgrsphotoemission experiments, on

oscillator strengths, and enhanced nonlinear optical coefﬁ-he other hand, probe the detail structure of the valence band

cients are some examples of the interesting properties exhit?‘-nd the absolute energy position of the band edfatore-

ited by semiconductor nanocrystallites. These size-depende ver hpho_toelmﬁ_sflon gor?hlev?)ls g!ve a quart1t|tfat|\|/e dl_deatr?f
properties arise from quantum confinement as a direct con- € chemical shift and other bonding aspects including the

sequence of the reduction in the crystallite sizeBriefly, hature of the s_urface passivation, which plqys an important
when the size of the crystallites are on the order of a fe ole in controlling the optlgal and electroptical prope.rtles.
nanometer or even less, the photogenerated carriers, i.e.here are hardly any studies on these aspects, particularly

electrons and holes, feel the spatial confinement; as a cons fth reference to |I-VI nanocrystalline semiconductors, like
guence of this the electronic energy levels shift to the highe ds. In fagt, the poweriul techmq_u.es O.f electron Spectros-
energy. This leads to an increase in the band gap. In molecd°PY haye in general been. undgrutmzed in the study_of semi-
lar terminology, this is referred to as an increase in theconductmg nanocr_ystals, in spite of the proven efflcqcy of
HOMO-LUMO gap. However, the extent of the increase int_hese spectr_oscoplc methc_st to effectively prob_e a W'de va-
ety of physical and chemical phenomena. In this article we

the band gap with size depends on the specific type of the. o
semiconductor sample and the effective mass of carriers. F SCUSS X-ray phqtoemss@b(P)_spectra of CdS nanocrys-
llites with two different sizes in the quantum confinement

example, CdS shows a strong confinement effect when thg . . ) :
; o Iimit, compared to the bulk CdS. We discuss in detail the
size of the crystallites is around 50 A and below, wherea Various features of the CddBand S 2 core levels, which

PbS shows such effects even at 180 Wnproved synthetic . . . .
and fabrication methods over the last few years have paveﬁrov'de an understanding of the compositon and the stability
f these nanocrystals. Furthermore, we show for the first

the way to tailoring the properties of these semiconductof’

nanocrystallites for desired applications and also to stud me that it is possible to estimate the S'Ze.Of the nanocrys-
their properties in well-defined and properly characterize allites from such core-level spectral analysis measurements.

samples. Il. EXPERIMENTAL DETAILS
CdS is a typical 1I-VI semiconductor having a band gap of '

2.4 eV at room temperature. Bulk CdS is widely used as a CdS nanocrystallites having an average diameter of 25 A
commercial photodetector in the visible spectrum; it alsoand 45 A, hereafter called CdS-l and CdS-Il, respectively,
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were synthesized following the procedure reported eddier.
The synthesis method, in brief, consists of refluxing the re- . 3

Ay
action mixture containing fixed amount of cadmium acetate K \
and thiourea in the presence of a capping agent A \
1-thioglycerol in an organic solvent dimethyl formamide A
(DMF). In the case of the small¢25 A) cluster, the refluxed 3 \

solution was subjected to a method known as size selective
precipitatiort® in order to separate out the larger CdS par-
ticles giving a narrow size distribution. In this procedure, one
finally obtains free standing powders of CdS nanocrystallites
that remain stable for several months. The optical absorption
spectra of the nanocrystallites in the ultraviolet-visifla/-

vis) range were recorded using a Hitachi UV-vis spectropho- .
tometer using a thin-film sample of these nanocrystallites on Cds * 1

a quartz plate. The thin film of the nanocrystallites was pre- FEEAN
pared by spin coating the quartz plate with a solution of the ;
nanocrystallites in DMF. X-ray diffraction patterns of the Ve,
nanocrystallites were recorded in the step scan mode with a ! . .
Siemens D5005 diffractometer using Cu, Kadiation hav- 300 400 500
ing a net x-ray power of 900 W. Since the diffracted inten- Wavelength (nm)

sities from such nanocrystallite systems are generally weak, -~ ; \;y/.vis optical absorption of CdS-I and CdS-II nano-

all Eat_tems were recorded at a Sloyv scan '(a'l_@ sec _per crystallites. The absorption edge of bulk CdS is shown by an arrow.
0.1°) in order to get a reasonable signal to noise ratio.

The x-ray photoelectron spectra were recorded with g, iionic features indicate a narrow size distribution of the
commercial electron spectrometer from VSW Scientific In-p,nqcrystallites; otherwise a large size distribution would
struments using a monochromatized Al, Bource. The total paye resulted in a wide distribution of the band gaps yielding
resolution of the spectra reported here is approximately 0.3 proad and featureless optical absorption edge. It is clear
eV. All of the spectra were recorded at a base pressure Gtom the experimental spectra that there is a large shift of the
510" mbar. The samples exhibited finite charging Upzpsorption edges of the nanocrystallites towards lower wave-
leading to a shift of the measured binding energies, on aggngih (higher energy systematically increasing with de-
count of their insulating nature. We adopted the following oyeasing crystallite size. The band gaps calculated from the
procedure to eliminate such charging effects. The nanocrys.st excitonic peak maxima of the absorption spectra are
tallite powders were thoroughly mixed with powdered gra-approximately 3.35 eV and 3 eV for CdS-l and CdS-I, re-
phitic carbon. This allows the nanocrystallites to be ﬁ”ewspectively, as compared to a band gap of 2.4 eV in bulk CdS.
dispersed and be in intimate contact with conducting graphLippens and Lanoo using a semiempirical tight-binding
ite surfaces without agglomerating into macroscopic lUMpS;cheme have calculated the lowest excited state of the CdS
that are insulating. The graphite layer on the nanocrystal Sulsanocrystallites as a function of the crystallite S2@hese

face serves as a conducting path for the charges that tend {Qcyjated results suggest band gaps of 3.1 eV and 2.75 eV
accumulate due to the phot.oemlssmn process. We _ensur%ir nanocrystallite sizes of 25 ands4A , which agree rea-
that there was no charging in the samples by recording thgonaply well with the experimentally obtained band gaps
intense and narrow Cdd3peak with varying x-ray power. fom the optical absorption measurements in the present
There was no noticeable shift in the Cd ®inding energy study. On the other hand, calculations based on the effective
with x-ray power ranging between 40 and 120 W. mass approximation by Brus and othiérgield band gaps of
approximately 3.9 eV and 2.9 eV for the 25 A and 45 A
nanocrystallites, respectively.

The x-ray diffraction patterns of the nanocrystallites are

The UV-vis absorption spectra of the nanocrystallite filmsshown in Fig. 2. We have also shown the pattern of bulk CdS
of both sizes are shown in Fig. 1. These spectra of the nan@orresponding to the wurtzite phase for comparison. Both
crystallites are distinctly different compared to the well- CdS-I and CdS-II nanocrystallites show considerable broad-
known featureless absorption edge of bulk CdS that appeaening in the x-ray pattern in comparison to the diffraction
at approximately 515 nrif: We have marked the absorption pattern obtained from bulk CdS; this broadening of the dif-
edge position of bulk CdS with an arrow in Fig. 1. In con- fraction peaks is primarily due to the finite size of the nano-
trast, the spectra from nanocrystallites are structured with therystallites and is quantitatively given by the Debye-Scherrer
absorption edge of the CdS-I being approximately 400 nnformulal’ However, it is clear from the figure that CdS-II
and that of the CdS-Il at 450 nm. The structures in the abnanocrystallites show clear signatures of the wurtzite phase
sorption spectrum of CdS-1 and CdS-Il correspond to theof the bulk sample. It has also been reported that CdS nano-
excitonic transitions in the nanocrystallites. The peaks at 378rystallites in a particular size regime exhibit a mixture of
nm for CdS-I and at 410 nm for CdS-Il have been attributedzinc-blende and wurtzite structur&5.Such a mixture of
to 1S-1S, transition!? In CdS-1 we notice another peak at crystallographic phases also exists in the case of CdSe
approximately 305 nm that corresponds to a higher-ordenanocrystallites as shown by the x-ray simulation results of
excitonic transition. Such sharp absorption spectra with cleaBawendi and co-workerS. The x-ray diffraction pattern of

1% cdsu
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FIG. 2. X-ray diffraction pattern of CdS-I and CdS-II. The bulk FIG. 3. X-ray photoemission spectra of Cd 8ore levels from
CdS pattern corresponding to the wurtzite phase is also shown fqfqs.| cds-I1. and bulk CdS.

comparison. The dotted lines show the calculated fit to CdS-II

nanocrystallites, as described in the text. . L . . .
y talline domains in a single nanocrystallite. We notice that

CdS-I nanocrystallites is broadened considerably more com"-vhile the .fit.is reasonably gooq fdr=25 A ".ﬂ 'OW.er ¥
alues, this is not true for the highe®2alues in which the

pared to that of CdS-Il due its smaller size. This pattern doe¥ ; ) : .
not exhibit the characteristic features of the wurtzite Struc_experlmental spectrum is broader than _the c_alculated fit. This
xtra broadening at higher angles is primarily due to several

ture, possibly due to the extensive broadening of the Iinefj ¢ King faul 4 di i avhich oo
shape; therefore, it is difficult to obtain any meaningful in- efects, stacking faults and distortionsyhich are intrinsic

] ; . h samples.

formation about the structural phase purity of this samplet0 suc .

from the x-ray pattern. It is possible that the smaller-size hThe _Cd 3j Ievelﬁ of the nanocrystallltes and bulk CdsS are
Cds-1 particles are formed in a crystallographically mixedS"OWn in Fig. 3. The 8 spectrum in each case has a doublet

phase of hexagonal and cubic structures, as reported earliature due to the spin-orbit splitting resulting intds3 and
for various size CdS nanocrystals. 3d3, peaks with a spin-orbit separation of 6.7 eV. The bind-

In an attempt to obtain more quantitative analysis of theNd €nergies of 8s, and Hg, of bulk CdS are 404.4 eV and
x-ray pattern corresponding to CdS-Il nanocrystallites, thét11-1 €V. In the case of nanocrystallites, the Gill8vels
experimental bulk x-ray diffraction pattern was convoluted@'® Slightly broadened and also shifted towards lower bind-

with a Gaussian the full width at half-maximug@WHM) of g energy by about 0.3 eV. Such small shifts in the binding
which is related to the coherence length { and the diffrac- energies of metal core levels in nanocrystalhtg samples have
tion angle @) by the Debye-Scherrer formula as been reported earli&in the case of Pl We find that the
Cd 3d levels of nanocrystallites show only a single peak
0.9\ feature in each of the spin-orbit component without any evi-
=~ Bcost dence for a second Cd species, in close similarity with the
spectrum of bulk CdS. This indicates that all cadmium sites
In the case of spherical crystallites, the relation between thare essentially equivalent, in a similar chemical environment,
coherence length and the crystallite siz® is given byL bonded to sulfur without any extraneous impurity phases in
=4D. \ is the wavelength of the x-ray radiatioB,is the  these nanocrystallite samples. Apart from Gt} ®ther core
full width at half-maximum and is the angle of reflection of levels of interest in these materials are @hd S Z. These
the peak. We find that the broad peak ranging from tidle 2 are shown in Fig. 4 for bulk CdS. The sulfupZpectrum
value of 24—30° in the CdS-Il pattern is actually a convolu-exhibits a doublet arising from the spin-orbit splpz, and
tion of three peakgshown in the case of the bylkach being  2p,,, spectral features at binding energies 162.3 and 163.4
broadened by the finite-size effect; we obtain a good descripeV. The experimental Sg2spectrum of bulk Cd$Fig. 4(a)]
tion for this diffraction feature, if we assume the valuelof can be described with two Gaussians having the same
to be 25 A, which corresponds to a diameleof approxi- ~ FWHM of 0.44 eV and separated by a spin orbit splitting of
mately 33 A, as shown by the dotted line in Fig. 2; this valuel.2 eV as shown by the solid line superimposed on the ex-
is somewhat smaller than that estimated from the band edgeerimental spectrum; the triangles show the error in the fit at
shift observed in the UV-vis absorption spectrum in Fig. 1.each point. The S ® spectrum has a single peak feature
Such underestimation of the size obtained from the x-rayappearing at a binding energy of 225 ¢Wig. 4(b)]. As
diffraction line broadening could possibly arise from the factexpected, the S2and S % spectral features from bulk CdS
that these samples are not fully annealed, resulting in a poare consistent with a single sulfur species being present, con-
crystallanity and/or the fact that there may be several crysfirming the absence of any impurity feature. In contrast, S
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2p spectrum of CdS-I shows interesting multiple features
[Fig. 5(@] and consequently, the Sp2spectrum cannot be
described in terms of a single set of two Gaussians represent-
ing the spin-orbit doublet as in the case of bulk CdS. In order
to interpret the data quantitatively, we fitted the spectrum
with multiple set of spin-orbit doublets. In this case a good
fit to the experimental spectrum was obtained by three sets of
doublet Gaussian functiongabeled 1, 2, and )3with the
2p3pp signal centered at 161.8, 162.9, and 163.9 eV, respec-
tively; in every case the spin-orbit splitting of these three
doublet Gaussian functions turns out to be 1.2 eV, as in the
case of bulk CdS. The individual doublet Gaussian compo-
nents are shown by dotted lines with the solid line showing
the overall fit superimposed on the experimental data in Fig.
5(a). In order to ensure that the spectral decomposition
shown in Fig. %a) for the S % spectrum is meaningful, we
carried out the following consistency check. The $spec-
trum from the same sample was also described in terms of
three single Gaussians with energy separations and the inten-
sity ratios being fixed to those obtained from the analysis of
the S 2 spectrum. The fitted spectrum of S 2vith the
above-mentioned constraints was found to provide a very
good description of the experimental spectrum as shown in
Fig. 5b). In order to understand the nature of these three
sulfur species, we also recorded the sulfgr &1d X core
levels using MgK , source(not shown here Since the pho-
ton energy of the M, radiation is smaller than that of Al
K., photoelectron spectrum obtained with Mg, is more
sensitive to the surface region. We find that these spectra are
also composed of three distinct signals. Spectral decomposi-
tion as in the case of AK, showed an enhancement of the
spectral features labeled 2 and 3 compared to 1, with the
maximum enhancement for the feature 3. This helps us to
attribute the sulfur species with the maximum intensity and
the lowest binding energglabeled 1} to the sulfur atoms of
the CdS nanocluster core, the feature at the next higher bind-
ing energy(labeled 2 to the surface sulfur atoms of the CdS
nanocrystallites, and the third one to the sulfur in the capping
material thioglycerol.

We show the S g and & core level spectra of CdS-II
nanocrystals with an average size of 45 A in Fig&) &nd
6(b), respectively. Both of these spectra are considerably nar-
rower than the corresponding ones from the smaller-size
Cds-I nanocrystal, shown in Fig. 5. However, these spectra
also exhibit evidence of multiple components compared to
the spectra from bulk CdS shown in Fig. 4. We have ana-
lyzed the spectra in Figs(® and Gb) in terms of the signal
arising from three distinct species of sulfur in a way exactly
like that employed for CdS-I nanoparticles; we find that the
spectra are well described once again in terms of three com-
ponents, as shown by the {#olid lineg and the three com-
ponents(dashed linesin Fig. 6. The energy separation be-
tween the three features as well as their widths are very
similar to those obtained in the case of CdS-I nanoparticles
(see Fig. 5. The main difference in this case is an evident
increase of the relative intensity of the component labeled 1.

FIG. 4. X-ray photoemission spectra of bulk CdS, shown afterSince this sulfur species is associated with the photoemission

removal of the inelastic background, f@ S 2p and(b) S 2s core

from the core of the nanocrystals, the pronounced increase in

levels. The experimental spectra are shown by solid circles, théhe intensity of this feature is consistent with the larger par-
solid line in(a) is the calculated fit and the triangles show the errorsticle size of CdS-Il, enhancing the ratio of bulk to surface
in the fit at each point.

sulfur species. Table | shows the values of the intensities of
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FIG. 5. X-ray photoelectron spectra of CdS-I, shown after re- FIG. 6. X-ray photoelectron spectra of CdS-Il, shown after re-
moval of the inelastic background, féa) S 2p and(b) S 2s core moval of the inelastic background, fé® S 2p and(b) S 2s core
levels. The experimental spectra are shown by solid circles. Théevels. The experimental spectra are shown by solid circles. The
dashed lines are the individual sulfur components labeled 1, 2, andashed lines are the individual sulfur components labeled 1, 2, and
3, respectively, the solid lines show the overall fit, and the triangles3, respectively, the solid lines show the overall fit, and the triangles
show the errors in the fit at each point. show the errors in the fit at each point.
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TABLE |. Experimentally obtained intensities of the three sulfur exp (—z/\), wherezis the distance between the surface and
species, namely, the cof#), surface(2), and capping3), in per-  the point of origin of the photoelectron. Thus, the infinitesi-
centage of the total intensity. mal intensity contributiord! from a volume elemendv is

given by
Type lcore I'sur I'cap
Cds-I 49.8 28 22.2 7
Cds-Il 63.3 21 15.7 di=I, exp( — X) do, (1)

different sulfur components obtained by calculating the aredvhere the normalization constaint depends on the particu-
under the curve of each type of sulfur in both the nanocryslaf electronic level involved and the specific sample via the
tals (I and 1I). The intensities corresponding to the core, sur-photoionization cross section, as well as various instrumental
face and the capping sulfurs are referred td @se, |sur, factors, such as the geometry and th(_a _angular acceptance of
andl,,, respectively. The spectral features discussed so fdf'€ analyzer, the transmission coefficient, and the photon
indicate qualitatively the structure of these nanocrystals wittlux. Thus, integrating the above expression for the infine-
a core region, a surface region, and a Capping |ayer as i||u§ES|ma| Int(?nSIty Cont.rlbutloln over suitable limits, one (.:an
trated schematically in Fig. 7. Within the core region, the€asily obtain the total intensity from each of the three regions
system is essentially a single-phasic CdS, as evidenced tgf the nanocrystals. It is reasonable to assume that the nor-
the clean Cd @ signal from the CdS nanocrystals, similar to Malization constantl, has the same valud {* for S 2p
that obtained from the bulk Cd&@ee Fig. 3 This core re- electrons from CdS bulk and surface; howewer,for the
gion appears to be crystalline, at least for the larger-siz€apping layer lh"’ is expected to be different. The experi-
CdS-Il nanocrystals, as suggested by the x-ray diffractionmental setup defines all the parameters related to the geo-
pattern, the widths of the diffraction pattern being consistenmetrical aspects as well as the analyzer parameters in an
with the particle sizgFig. 2]. The surface of the CdS nano- identical way between the various layers of nanocrystals.
crystallite core appears to be preferentially terminated by th&@hus, the difference betwed"'® and15%S arises from the
sulfur ions which give rise to characteristically shifted sulfur fact that the number densities of sulfur ions in thioglycerol
2p and X core-level peak¢labeled 2 in Figs. 5 and)6The and CdS are different. This is easily evaluated from the
entire CdS nanocrystallite is stabilized by attaching thioglycphysical parameters of these two compounds and can be ex-
erol on the surface of the clusters with the sulfurs in thispressed as
capping agent exhibiting another chemically distinct species
with separated core-level spectral featuflabeled 3 in Figs. Thio Thi
5 and 6. We now turn to a more quantitative analysis of the lo P ' MCdS_
. " . . = — X =0.35

spectral intensities summarized in Table I. |S9S  \Thio” ,CdS '

Based on these spectral decompositions opad S 2
core levels, we can model a single nanoparticle as a core- i . i
shell structure having an inner cgs core, gurface cds Iaye}‘f’here"’ThIO andp©*Sare the densities antd ™" andM ©¢®

and finally the capping layer as shown schematically in Fig.are the molecular weights of the capping agent, thioglycerol,

7. An electron being photoionized below the surface of theand Cds, respective'ly. We alslo need to know the V‘f’"“e of the
ean free pathy. It is knowrf! that the electrons with suf-

nanocluster has a finite probability of escaping through the, o F . . ~ U2 R
surface without suffering any inelastic processes and ther 'hc,'en.t Il<|net|c energies havie given by)'\—O.E|>(KE)A f A 'h
fore being detected as a photoelectron. This probability i41iS Yields an estimate of to be approximately 18 A for the
conveniently expressed in terms of the mean free path > 2P core-level electrons excited with A, photons KE
=1320 eV). In order to estimate the various intensities

of the photoionized electron and is proportional to , Lo o
from a nanocrystal, schematically shown in Fig. 7, it is cov-
enient to express the total intensitiefrom each region in
- ~ terms of the spherical polar coordinates with the center of the
nanocrystal as the origin. This is given by

_ (7 (2 —f(n) :
» Core I=|0J J f exp| ——|r2drsingdode, (2)
R Jo Jo A

—>  Surface layer

/ where,f(r)=(R?—r?sir? §)?—r cos6 and ther integration
is over the suitable limits. It is obvious that the integration of
) . ¢ is trivial because of the symmetry, giving a factor af th
Capping layer every case. Since we have intensity ratios from different
shells of the nanocrystals, this factor ofrZcan be elimi-
FIG. 7. Schematic model of a CdS nanocrystallite based on th@ated. Noting thaR, is the radius of the cord’; the radius
photoemission core-level analysi, is the radius of the cord,; is including the surface layer, ari®,, the radius including the
the radius of the surface layer, aRy is the radius of the capping capping layer; the intensity ratios of the surface to the core
layer. and the capping to the core can be expressed as

N =, =
"~
~L L




PRB 59 PHOTOELECTRON SPECTROSCOPIC STUDY OF CdS ... 7479

TABLE II. Sizes of the various regions in the nanocrystals, CdS-I and -Il, obtained from an analysis of
the photoelectron intensity given in Table I. The symiR}s R; andR, are defined in Fig. 7. The values of
an average nanocrystal siz@*) obtained from Ref. 12 are also shown for comparison. All values are in A.

Type Core radius Surface layer radius Capping layer radius Radius from expt.
Ro(in A) Ry(in A) R,(in A) R*(in A)
Cds-l 10 11.5 135 13
Cds-li 20.5 22.0 24.5 22
casRa (™ —f(n) ,. . should only be compared with the values Rf estimated
| lo J; fo exp| ——|r-drsin6de here from the XPS analysis. Table Il shows that the sizes
sur 0

= . (3 estimated from XPS analysis agree well with the TEM re-

lcore |CdSJR0j7T exp( - f(f)) r2dr singdo sults given in Ref. 12 and also with the size versus band gap
° Jo Jo A relationship from the optical absorption spectra of both

CdS-I and CdS-Il nanocrystallites as discussed earlier, estab-

(Ry [ —f(r) _ lishing the efficacy of estimating nanocrystal sizes by this

Ighmf f ex% X )rzdr singdé approach of analyzing the core-level photoelectron spectra.

lcap _ Ry /O (4) In conclusion, we have shown that core-level photoemis-
lcore casRo (™ —fr)) . ' sion spectra yield important information about the bonding
o jo JO &Pl drsingde and surface electronic structure of CdS nanocrystalline sys-

tems. Since the mean escape depth of the photoelectrons are

The above integrals cannot be evaluated analytically, an@n the same order of magnitude as the size of these nano-
thus were computed numerically for different choices ofcrystals, it is possible to obtain detailed information about
Ro, R;, andR,. From this, the sizes of various regions in the size of the nanocrystals from the core-level analysis; us-
nanocrystals were estimated in the following way. The valing the chemically shifted binding energies of the | &re
ues ofR,, R;, andR, were varied so that the calculated levels related to different sulfur species in the system, it has
intensity ratios given in Eqg3) and (4) matched the ratios been possible for the first time to estimate the sizes of the
obtained by fitting the experimental spectrum and tabulatefarious regions in the nanocrystallites. It is found that these
in Table I. In this way it was possible to obtain a consistenthanocrystals are indeed stabilized by the presence of a sur-
set of values forR,, R;, andRR, for both CdS-I and II face capping layer which provides a distinctly separated core
nanocrystals; these estimates of the various radii of the coréevel photoemission signal.
shell structure are given in Table Il along with estimated
sizes obtained from UV-vis absorption and transmission
electron microscopyTEM) for the sake of comparison. It
should, however, be noted that the estimates from TEM and We thank Professor C. N. R. Rao for continued support.
UV-vis absorption spectra do not take into account the thick-This project was funded by the Department of Science and
ness of the organic capping layer, and thus these estimatd®chnology, Government of India.
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