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The first hyperpolarizability of aqueous suspensions of polyphosphate stabilized CdS nanocrystals of different
mean sizes and of Gdn,;—,S nanocrystalsx(= 0, 0.25, 0.75, 1) was determined by the hyper-Rayleigh
scattering technique. We report the first experimental observation that the first hyperpolarizability decreases
as the band gap energy increases. This is ascribed to the decrease of the resonance enhancement. The surface
modification of 9 nm CdS nanocrystals with Otihcreases the first hyperpolarizability by a factor 1.7. This

is explained in terms of the higher polarizability of the surface terminating groups after thenO#ification.

Finally, we have also established the size dependence of the first hyperpolarizability for CdS nanocrystals.
Although it increases with the particle size, its values normalized per CdS pair increase with decreasing of
size, leading to an enhancement by 1 order of magnitude for 2 nm particles in comparison with bulk. This is
explained by assuming the enhancement of both the bulk contribution from the noncentrosymmetric nanocrystal
core and the surface contribution. The enhancement of the bulk contribution is ascribed to quantum confinement
effects on the normalized oscillator strengths. The surface contribution becomes more relevant as the size
decreases and may be enhanced by several effects, especially surface polarization. A two-level model can
explain both the band-gap and the size dependences.

1. Introduction topographic localization of probes in biological systeinsThe

. . . association of near-field scanning optical microscopy (NSOM)
Low dimensional structures and nanostructured materials haveigchniques and the nonlinear (upconversion luminescence and

attracted great i_nterest in recent years because th_eir propertie$acond harmonic generatidy linear (fluorescencé)? optical
are markedly different from those of bulk materials. These ,ronerties of nanocrystals has created the exciting possibility
differences arise from several phenomena (viz. quantum con-of reqjizing multicolor single excitation labelif§and dynamic
finement of electrons and holes, surface effects, and geometricaky,ee-dimensional nanoscale optical imagingurthermore,
confinement of phonons), which play different roles depending compared with conventional fluorophores, nanocrystalline semi-
on the investigated property® Therefore, one can use materials  ¢ondyctor particles have a brighter and narrower emission and
with alrgady deswgblg pulk properties an_d improve or tailor these g1 more stable against photobleactfifigdowever, a better
properties by a judicious control of size and surfaceA understanding of the nonlinear and linear optical processes in
semiconductor nanoparticle is an example of a low-dimensional semiconductor nanocrystals, as well as adequate preparation
structure. The nanoparticle has a rather large number of atdMSmethods, are still needed in order to realize these potential
but its size is comparable with characteristic dimensions applicationg~7
fjescribin_g the be_havior of electrons and holes, thus creating an ~ Tpe spatial confinement of the charge carriers (electrons and
intermediate regime between molecules and bulk cry&téls. holes) in low-dimensional systems changes both linear and
Semiconductor nanostructures are considered as promisingnhonlinear optical propertiés3 because it affects the polarization
materials for several applicatiotis’ The availability of large  response of the material to an inducing optical field. The
nonlinear optical coefficients in these materials may lead to polarization responsk is given by
photonics applications, such as ultrafast optoelectronic switches.
Moreover, nonlinear optical processes may provide valuable P=oE+ BE2+ yE + ... (1)
information for proper understanding of quantum confinement
and surface effects in low-dimensional structures. For this wherea is the linear polarizabilitys is the first hyperpolariz-
reason, the optical properties of semiconductor nanocrystalsability, y is the second hyperpolarizability, aids the inducing
suspended or embedded in many different media have beenoptical field strength.
extensively investigated in the past decade. The investigations on the nonlinear optical properties of
Another possible application which has received increasing semiconductor nanocrystals have focused mainly into the third-
attention in recent years is in biological labeling and nanoscale order optical nonlinearity (or second hyperpolarizabijijy-2°1°
A large enhancement of this optical nonlinearity because of size
*To whom correspondence should be addressed. E-mail: dvp@ duantization of the exciton motion has been predicted by
npd.ufpe.br. Phone:+55-081-3271-8440. Fax:+55-081-3271-8442. Nakamura et al. and by Banyai et al® Although some
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experiments have supported this predicidhl3an unambigu- energy level and the lowest unoccupied energy level. We have
ous picture describing the size dependence of the third-orderalso reinvestigated thgvalues for CdS nanocrystals of different
nonlinear optical susceptibility has yet to emerge. mean diameters in order to confirm the size dependengk of

The second-order optical nonlinearity (or the first hyperpo- previously reported by u8.Furthermore, to evaluate the relative
larizability 5) of semiconductor nanoparticles has been more contribution of surface effects, we measuredfhealues for 9
sparsely investigate® 2’ The size dependence of second Nhm polyphosphate stabilized CdS nanocrystals prior to and after
harmonic generation from the surface of a composite material their surface modification with OH
consisting of CdSe nanoparticles embedded in a glass matrix
has been studied by Aktsipetrov et2&f! It was shown that 2. Experimental Section
the effective first hyperpolarizability of a single particle
averaged over the ensemble increaseB%&with decreasing
of the average particle diametBrwithin the range 5 nnx D
< 100 nm. This effect was explained by fluctuations of the
particle shape giving rise to quantum chaotic electron dynamics.

The first hyperpolarizability of CdS nanocrystals in colloidal syringe into the gas phase of a septum closed 250 mL flask
suspensions was studied by Lu etk using a hyper-Rayleigh  c,ntaining 100 mL of an aqueous solution of 56103 M
scattering (HRS) technique. T_he reporfgdalues are among  ¢yq4ium polyphosphate ((NaRAldrich, 98%) and a variable
the largest observed for solution samples. The measurements,qcentration ofCd(CIOy)»6H,0 and (1— X)Zn(C:H405),
were carried out on samples with two.different mean particle (both Aldrich, 99%), at pH= 8.5 and room temperature. The
diameters (3 and 4 nm), although the size dependengevals flasks were then vigorously shaken for 10 min and kept closed
not discussed: Moreover, differences on thfevalues depending  ¢or 24 1, The particle sizes were controlled by the Cd/S ratio.
on the surface of the CdS particles were repofted For the C¢Zn_S suspensions, this ratio was kept at 1

Brysch et aP® investigated the second harmonic generation ([CdZni,] = 2.50 x 10°“M). For suspensions of CdS
(SHG) by colloidal aqueous suspensions of CdS nanocrystalsnanocrystals of different sizes, the Cd/S ratios were set at 1.0,
with different surface stabilizers and mean diameters ranging 1.6, and 4.0. The size distributions of the nanoparticles prepared
from 6 to 12 nm. However only the relative magnitudes of the py this method are expected to have a standard deviation of
SHG signals were reported, with no attempt being made to ~ 15042832
derive the values of the first hyperpolarizabiljy*> The SHG The surface modification of the CdS nanocrystals withOH
signal was observed to increase by 2 orders of magnitude with (a process better known as passiva¥éd was carried out on
the decreasing of size and to be enhanced by up to a factor Ofsamples with Cd/S= 1, following the method reported in the
10 depending on the stabilizer. The SHG signal was assumed”teraturegg,sz which consists on rising the pH of the CdS
to be totally due to the surface and to deviations from spherical suspension to 10.5 by dropwise addition of NaOH 0.1 M,
shape? followed by the dropwise addition of ca. 6 mL of a Cd (G)©

Recently, we reported HRS measurements for aqueousQ.01 M solution. The passivation process was monitored by
colloidal suspensions of polyphosphate stabilized CdS nanoc-luminescence spectroscopy in the 45®0 nm region, because
rystals (mean diameters:—® nm) that also revealed large  the end point of the Gd addition corresponds to that at which
values?® Our results showed that, although the first hyperpo- the intensity of the near band gap emission reaches a maxi-
larizability 3 increases with the particle size, the values3of ~ mum?28:32 For the scattering measurements some suspensions
normalized per CdS pair increase with decreasing particle size.were concentrated under vacuum without flocculation.

This size dependence was ascribed to quantum confinement The suspensions were characterized by UV-visible absorption
effects on the volume normalized exciton oscillator strengfths. spectroscopy (Perkin-Elmer Lambda 6 spectrophotometer) and

A similar size dependence has been recently reported by by transmission electron microscopy (Carl Zeiss TEM-96Q
Jacobsohn and Barfiffor the first hyperpolarizability of TOPO  keV). Sample preparation for the TEM measurements was done
(trioctylphosphineoxide) stabilized CdSe nanocrystals (mean by placing a drop of the suspension onto a carbon/parlodium
diameters: 2.610.0 nm). They observed that the valuegfof  film supported on Cu grids and allowing it to dry under air at
per nanocrystal decrease with size for diameters down to 2.6room temperature. Image processing (Scion Image) was per-
nm but increase with further size reduction. Moreover, the unit formed in order to enhance the morphological information on
cell normalizedf increases with decreasing of particle size, with  the nanoparticles. The luminescence spectra of the CdS suspen-
a substantial enhancement (by a fact®) in diameters smaller  sions were obtained on a Jobin-Yvon Ramanor U-1000 spec-
than 4.0 nn?? The authors explained the observed size trometer (Im monochromator, 150 W Xe lamp) at room
dependence by assuming that the HRS signal has both a bulklikeeemperature.
contribution from the noncentrosymmetric nanocrystal core and 2.2, Hyper-Rayleigh Scattering MeasurementsThe values
a surface contribution. Quantum size effects were assumed toof the first hyperpolarizability3 were determined from HRS
play no role in the enhancement of the unit cell normaliged  measurements. The HRS method provides an unique technique
which was totally ascribed to surface effegts. for f measurements of nondipolar samples, which are out of

The manifestation of quantum size effects in nonlinear optical reach of the standard electric-field-induced second harmonic
processes depends on the electronic properties of the semiconEFISH) generation technique. As knowithe HRS arises from
ductor, in particular, its band gap. In this work, we measured an instantaneous anisotropy that breaks the centrosymmetry
the values by the HRS technique for four agueous suspensionspresent in an otherwise homogeneous solution. The second
of CdiZn1—xS nanocrystals with the same diameter (9 nm) but harmonic signal in our experiments was created inside a glass
with different values ofx and, therefore, different band gap cell with samples using the 10 ns, up to 30 mJ pulses at 1064
energies. We thus report the first experimental observation of nm generated by a Q-switched Nd:YAG laser. After filtering
the dependence of the first hyperpolarizability of semiconductor out any residual flash lamp light with a high-pass filter, the
nanocrystals on the energy gap between the highest occupiedundamental light was collimated by two lenses to form a

2.1. Synthesis and CharacterizationAqueous suspensions
of polyphosphate stabilized nanocrystallingZd S particles
(x=0, 0.25, 0.75, 1) were prepared by slightly modifying the
well-established polyphosphate meti8d! A volume of 700
uL of H2S (White-Martins, 99.5%) was injected with an airtight

i
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parallel beam into the glass cell. The use of the collimated beam
with a beam radius of 1.0 mm avoided solution dielectric
breakdown and ensured an improved signal/noise ratio. The light
scattered at a right angle to the incident beam was collected by
a system of lenses and was measured by a photomultiplier tube
with a low pass filter to suppress the fundamental light. In the
high optical power densities used in HRS experiments, a
fluorescence signal because of multiphoton excitation may also
be present together with the HRS signal at the second harmonic
wavelengtr?4-36 To verify the presence of fluorescence, we used
a monochromator. A gated detection electronic was used for
data acquisition. Each data point is the average of 1000 laser
shots. Data were gathered for about 20 MWI@ulse energy.

The samples were filtered through a 048 Teflon filter prior

to the measurements in order to remove most microscopic
particles which could otherwise induce breakdowns in the
presence of the laser beam. The measurement error is expected
to be about 5%.

To correctly analyze the experimental data, we should include
three effects (viz. luminescence induced by multiphoton excita-
tion, absorption at the fundamental frequency, and absorption
at its first harmonic) in the formula describing the intensity of (b)
the light scattered at Fhe second harmonic \_Navelt-?-rigy) by Figure 1. (a) TEM image of CdS nanoparticles from an aqueous
an ensemble of species (molecules or particles) in a solvent: gygpension (Cd/S ratie 1.0), (b) HRTEM image for a single CdS

nanoparticle, and (c) selected area electron diffraction pattern from a

|2w — B{ NQB2D+ CdS nanopatrticle.
) L1 — exp[-20(w)L4] of para-nitrc_)aniline in methanol as a ref_erence sample./i’l’he_
NeolBsol CH ND}H exp[— a(2w)L,] values obtained by the two methods are in good agreement with
20() each other.
2) In the external method, the intensity, scattered from the

) ) ) studied sample is compared with the intensity of the second-
whereB is a constant depending on the experiment's geometry pnarmonic light scattered from a reference saniplg,:
and local-field factorsiN and[2Care the concentration and the

orientation averaged first hyperpolarizability of the studied | Nwzﬁlz + N (B 2142
speciesNso and [BsoP0are the corresponding values for the 20 _ soltsol (3)
solvent,® is the luminescence quantum yield (we assume that lef2o NigfBrer T+ Nigt solBrersol L

the luminescence intensity depends linearly on the concentra-

tion®"), 1, is the intensity of incident light with fundamental  where the term&B.e~L) [Bso?) andBrer sofare the average first
frequency,o(w) and a(2w) are the absorption coefficients at  hyperpolarizabilities of the reference material, the solvent of

the fundamental frequency and at the double frequebgys the investigated sample (water), and the solvent of the reference
the length of the scattered volume along the fundamental beamsubstance (methanol), respectively, &g, Nso, andNef soiare
direction which is used by our collection systel ¢ 1 cm), the corresponding concentrations. The reference substance was
andL is the propagation length for scattered light & 0.2 para-nitroaniline dissolved into methanol at a concentration of

cm). The term [1— exp[—2a(w)L1]/2a(w)] in (2) describes the  10?° molecules cm3. We assumed that despite the different
effective scattered volume which is due to the absorption of point symmetries of the species probed by measurements, the
the fundamental wave. In our case, the absorption at the main contribution intd2Clis due to the componezz, and
fundamental frequency is negligible, as it can be easily deducedf,z; = (35/6)2 (2424041 The 8,77 values were taken to be
from the absorption spectra (besides, the absorption coefficient0.69 x 10-3° esu for methand? and 34.5x 103 esu forpara-
for CdS bulk at 1060 nm, including nonlinear effects, is only nitroaniline3® The local field factors were assumed identical
0.035 cm/MW®). Therefore, we corrected our results only for between the different solvents.
the absorption of the double frequency wave. The absorption
coefficientsa(2w) were determined from the linear absorption 3. Results and Discussion
spectra of the samples. To determine the role of up-conversion 3 1 Band-Gap Dependence of the First Hyperpolarizabil-
luminescence we measured the emission spectra near doublqy_ A TEM image of the CdS nanoparticles obtained from
frequency upon excitation at 1064 nm. sample 3 (Cd/S ratie 1.0) is shown in Figure 1a. The mean
The values ofp[¥2 were determined from the intensity of  particle diameter is estimated to be 9.0 nm. Figure 1b presents
the doubled frequency lighta, by the internal reference  the HRTEM image of a single CdS nanoparticle, as a repre-
method3®~#! In this method, thg8 value was determined from  sentative example. It can be observed that the nanoparticles are
(2) using the intensity,, measured for suspensions containing well crystallized, with interplanar distances of 2.6 A, which is
different concentrationd\N of CdS nanocrystals. Thgs23/2 in good agreement with the €& bond length in both the zinc
values were taken to be 0.5610-3%su for water moleculeS. blende and the wurtzite CdS crystal structures (2.52 and 2.53
For comparison, the values @#2for some samples were also A, respectively®). The selected area electron diffraction pattern
determined by the external reference mefAdtusing solutions (Figure 1c) is also inconclusive with respect to the crystal
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L e e —— TABLE 1: Composition of the CdyZn;—S Nanocrystals and

the Values Obtained for the First Hyperpolarizability [B23/2

w (B2, energy Ey), (B2, energy Ey),
e X 10 %esu eV X 10 %esu eV
<
2 0.5 1 63.4 2.57 0.75 9.7 3.31
S | 0.25 14.9 2.86 0 6.6 3.79

|
= 2 The mean particle diamet&r is 9 nm, and the concentratidwhis

1.8 x 10%“cm=3 for all samples.

0.0 T — r T |
200 300 400 500 600 700

. ; 43,44
WAVELENGTH (nm) nanocrystals yields the zinc blende structti#&?344 The

. . . . thermodynamically favored wurtzite crystal structure is typical
Figure 2. Absorption spectra of two of the investigated samples of f talli cds di btained | h hiah
colloidal suspensions of CdS nanocrystals (sample 1, dots; sample 2,/07 macrocrystalline and Is obtained only when hig

solid line). The arrows indicate the wavelength where the first derivative ‘temperatures are used during the_ preparafidhThis ShOW_S _
is zero and second derivative is positive. that at room temperature the particles are grown under kinetic

control#3 Under these conditions, the particle sizes will be solely
determined by the physicathemical variables during the
growth (i.e., pH, temperature, metal ion ardd $oncentrations,
and metal/sulfur rati#§-2%-31434 |t has previously been sho@h

that the simultaneous precipitation of ZnS and CdS leads to a
co-colloid, whose absorption onset is continuously blue shifted
with increasing Zn content, implying that ¢zh; S particles

are formed, because a mixture of pure CdS and ZnS particles
could not give rise to band-gaps intermediate to those of ZnS
and CdS. Considering that ZnS and CdS are isostructural and
have a small lattice mismatch (7%)jt can be expected that
the crystal structure and particle sizes of the,Zd S
nanocrystals will be independent of the ZC&n’" ratios,
provided that the total K™ concentration (M= Cd and/or Zn)

and all other variables (viz. pH, M/S ratio, temperature, etc.)
are kept constant. This is specially reinforced at pH 8.5, which
leads to fast seed formati#¥'and thus stricter kinetic control.

structure, because it yields only one lattice plane distance (viz
2.0 A), which can be ascribed either to the (220) planes of cubic
zinc blende CdSd = 2.06 A) or to the (110) planes of
hexagonal wurtzite CdSd(= 2.07 A). However, the powder
X-ray diffraction patterns of the dried suspensions can be
unambiguously indexed to the zinc blende crystal structure of
CdS. The diffraction peaks are broadened because of the finite
size of the patrticles, allowing the average nanocrystal size to
be estimated by using the well-known Scherrer’s formula. The
sizes estimated from the X-ray diffraction peaks are in good
agreement (i.e.£10%) with those derived from the TEM
measurements.

The mean sizes of nanocrystalline CdS particles can also be
estimated from the U¥visible absorption spectrd,by using
the well-established relationship between the nanoparticle size
and the excitonic transition energy (i.e., the wavelength where
the first absorption maximum occurs), provided that the particles ) )
are in the quantum size confinement regiml0.1343Consider- '_I'o e.s.tabhsh the band-gap dependence of the first hyperpo-
ing the aim of this work, UV-visible absorption spectroscopy ~'@rizability 5, we performed HRS measurements for four
is a much more convenient technique to estimate the mean size§0!l0idal suspensions of polyphosphate stabilizedZad.,S
of CdS nanocrystals in colloidal suspensions, provided the Nanocrystals of the same mean diameter (9 nm) but with
particles are within the quantum size confinement regime. different composition. Figure 3 presents TEM images and size
Furthermore, it has the important advantages of probing the histograms for three of the investigated,Zih—S samplesx
whole sample used for the HRS measurements and allowing= 1, 0-25, and 0). The histograms were obtained from the

the analysis of the samples as-prepared and after the measureanalysis of 506-600 nanoparticles. It can be concluded that
ments. the mean particle size is 9 nm for all of the Zd;—S

Figure 2 shows the U¥vis absorption spectra for two of suspensions in_v_estigateo! in this work, as _expected considering
the aqueous colloidal suspensions of polyphosphate stabilizecthat the conditions during the synthesis were thoroughly
CdS nanocrystals investigated (sample 1 with Cd/S +atld conf[ro_lled and were th_e same |n_aII preparations. The standard
and sample 2 with Cd/S1.6). The wavelengths corresponding deviation of th_e size d_lstrlbuthn is comparable for all sa_mples
to the absorption maxima were found from the second derivative (~20%) and is consistent with the values reported in the
of the spectra. The mean particle diameters are thus estimatedterature for similar synthetic methods {59¢°~%). The results
to be 2.0 nm for sample 1 and 5.6 nm for sample 2. The particle from powder X-ray diffraction confirm that the particle sizes
diameter for sample 3 (Cd/S 1.0) was determined to be 9 and the crystal structure are not a function of the Zn/Cd ratio.
nm, in very good agreement with the sizes determined by TEM  Figure 4a shows the UWvis absorption spectra of the
and powder X-ray diffraction (8.% 1.6 and 9.9 nm, respec- investigated samples. A blue shift of the absorption edge with
tively). These results show that the mean particle size decreasesncreasing ZA" concentration is easily observed. From the first
if the Cd/S ratio increases, while keeping all other variables absorption maxima in the spectra, we obtained the band-gap
constant. The formation of CdS particles in aqueous solution energiess for all four compositions. The observed shift in the
involves two step8?t (a) seed formation by reaction between band-gap energy with the (Zn, Cd)S nanoparticle composition
free Cd+ and S~ ions and (b) growth of the seeds, either by agrees well with the trend expected based on the literature data
Ostwald ripening or by reaction betweendand S~ ions for bulk (Zn, Cd)S alloy®® (Figure 4b). This provides strong
released from chemical equilibria. The average particle size will evidence that the Cd:Zn ratio in the solution is indeed maintained
thus be determined by the pH before3injection and the in the (Zn, Cd)S nanoparticles, as expected considering that the
duration of ripening after the precipitatiéfr.3143In the present ~ coprecipitation is quantitative and very fast (Kps values are 1
case, the precipitation at pH 8.5 leads to rapid seed formation x 10728 and 4 x 10724 for CdS and ZnS respectively). The
and slow Ostwald ripeningf:31 The excess of Cd will hinder powder X-ray diffraction patterns of the dried suspensions are
further seed growth by both mechanisfhs. also consistent with the expected composition of the (Zn, Cd)S

The results presented above are consistent with the well- nanoparticles. The results above show that the main effect of
established observation that room-temperature synthesis of CdShe alloy composition change is the band-gap shift (i.e., sizes,
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Figure 3. TEM images and size distribution histograms (5800 particles) for C&Zn;—xS nanocrystals fox = 1 (a), 0.25 (b), and 0 (c).

crystal structure, and surfaces of the nanoparticles are notexcited states:
observably affected).

The concentration of G&n;-,S nanocrystals in the suspen- SeZhZng Au
sions was estimated from the known,Zd; S concentration p= > PN > 4)
and mean particle sizes, assuming that the precipitation is 2m(Ey” — Ey)IE” — (2Ey)]

guantitative and that the nanocrystals developed the zinc blend
crystal structure (unit cell parameter&:= 4; ap = 0.5410 nm Herem ande are the electron’s mass and charge, respectively,
for ZnS and 0.5825 nm for Cd®8,and a linear variation for Eo is the energy of incident photorfds the transition oscillator
CdZn;—S depending o), as argued abov@:*344The [B2[4/2 strength, and\u is the change in the dipole moment between
values determined for the four samples are presented in the Tablghe ground and excited states. The curve in Figure 5 was fitted
1. Figure 5 shows the experimental valuesg#¥2 versus the assuming thatandAu do not depend on the alloy composition.
band-gap energ¥y (points), as well as a best fitting curve  Although this is a rough assumption because it can be expected
obtained using (4), which will be discussed below. It is important that Au andf will be different for CdS and ZnS because of the
to notice that the absorption spectra remains unchanged aftedifferent M—S bond polarizabilities, the good correspondence
the HRS measurements, showing that the particle concentrationbetween the experimental data points and the fitting curve shows
and particle sizes were not affected by photoetching, dielectric that the band-gap energy; [ the most relevant variable in the
breakdown, or clustering and destabilization of the colloidal present case. The decrease /bfwith decreasingx in the
suspension. Cd«Zn S nanocrystals can thus be ascribed to the decrease of
Considering that ZnS and CdS are direct band gap semicon-the relative resonance enhancement, because the energy differ-
ductors and that the valence and conduction bands are formedgnce betweekg andEg increases. As will become clear below,
respectively, from the 3 3p states and the 5s (or 4s) states of this implies that quantum size effects do not play an important
C* (or Zr),38 the band gap optical transition in ;S role for 9 nm CgZn;—S nanocrystals.
can be seen in first approximation as a ligand to metal charge- As the size of a semiconductor cluster increases, it is possible
transfer excitation. Therefore, a two-level model proposed in to distinguish several size regimes in the development of its
ref 46 can be applied to explain the observed dependenge of properties, which progressively change until the bulk values are
on the energy gajky between the fundamental and the first reached:1°Very small clusters (up to a few tens of atoms) have
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Therefore, for a given size, the magnitude of the quantum size
effects for Cgzn; S particles can be expected to increase with
X. However, this is not observed in our experiments because
for 9 nm CdZn;—S particles the weak confinement regime is
realized throughout the composition range investigated, thus
allowing the band gap dependence to be clearly evidenced.

3.2. Surface EffectsConsidering that a large percentage of
the atoms in a nanopatrticle is on or near the surfaces (e.g., for
L a 5 nm CdS particle;15% of the atoms are on the surface),
2.0 25 30 one could expect a profound effect of the surface and its

ENERGY (eV) surroundings on the particle propertiésiowever, these surface
— - ‘ effects have been shown to be restricted to some properties,
a0l - E"f’e’:me”ta' ® such as charge carrier dynamfég8 photodarkening? photo-
aloulated chemical activity?®3148 and photoluminescence quantum
yields329:31.3248yhereas the band gap, the absorption oscillator
strengths, and the spectral hole width were found to be
unaffected by the particle surfat®e.

The nonlinear optical response of a particle will have both
bulk and surface contributiortd.For nanoparticles of noncen-
L , , ‘ ‘ il trosymmetric material (such as zinc blende CdS or ZnS, space

0002 04 06 08 10 group symmetry: F— 43m%) the bulk contribution can be
Figure 4. (a) Absorption spectra for the investigated samples of expected tq dominate over the surface .contrlbuﬁbw,hlch
colloidal suspensions of GZin,_S nanocrystals fok = 0 (A), 0.25 should be important for centrosymmetric matefia#$ and
(B), 0.75 (C), and 1 (D). The arrows indicate the energy where the Metallic particles’®>3 It must be realized that in a transparent
first derivative is zero and second derivative is positive. (b) Band-gap noncentrosymmetric material the nonlinear optical signal is
energy as a function of the alloy composition for,Zih-,S nanopar- generated in a layer abolii/ thick,>* so that for a nanoparticle,
ticles (circles; this work) and bulk (squares; ref 45b). The values of the SHG signal will not be surface specific, because the surface
for the nanoparticles refer to the nominal concentration in the solution ;4 the bulk contributions will be detected together and may
prior to the coprecipitation. The band-gap values for the bulk were tbh ble f h otfi@Eurther. the interfacial |
calculated from the empirical relation B Egzns)— 1.78 + 0.61x2.45> not beé separable irom each otherurther, the interfacial layer
may be as thick as several tens of monolayeidevertheless,
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80, - — — — the magnitude of the surface contribution can be effectively
- deduced by perturbing the surface and then evaluating the effects
60 ] 1 on the nonlinear optical respon%e.

The influence of the surface capping agent [viz. AQTe.,
Ibis (2 — ethylhexyl) sulfosuccinate, pyridine, or SC(Mk] or
surface termination & rich or Cd* rich) on the first
hyperpolarizabilitys of CdS nanocrystals in organic solvents
or water was investigated by Lu et%t2* The 8 values were

| observed to be different for CdS nanocrystals with different

% 75 30 35 20 surfaces, but the differences were not very larg8(%). The
BAND-GAP ENERGY (8V) influence of the surface stabilizer (viz. PVP, poly(vinylpyrroli-
Figure 5. First hyperpolarizabilityi°(¥2 as a function of the band- ~ done); ME, imercaptoethanol; MPA, mercaptopropionic acid;
gap energy for the investigated samples of colloidal suspensions of or LC: L—cysteine) on the relative magnitude of the SHG signal
Cd.Zn-,S nanocrystals. The points are experimental data, whereas theby colloidal aqueous suspensions of CdS nanocrystals was also
solid line is the best-fitting curve following eq 4. investigated by Brysch et 8.The SHG signal was observed

an essentially molecular behavior. Larger clusters, but with a [0 increase by a factor 2 from PVP to ME, by a factor 3 from
radiusR smaller than both the electron and the hole Bohr radii PVP ©0 LC anoé by an order of magnitude from PVP to MPA as
(ae anday, respectively) are in the so-called strong confinement e stabilizers:

regime, in which both the electron and hole are confined, with It must be realized, however, that refs225 overlooked the
minor electror-hole correlatior?° In the weak confinement  fact that by changing the stabilizer one might also induce
regime,as, a, < R < ~2 — 4ag (a is the exciton Bohr radius) ~ changes in the particle sizes and size distribufibfior even

and only the hydrogenic exciton is confined. An intermediate in the crystal structur&’ Further, no attempt was made to take
regime (moderate confinement) can be recognized when onlyinto account the contribution of the stabilizer itself to the HRS
one of the charge carriers (viz. the electron, because the hole issignal. Because most stabilizers are organic molecules or

<5 (x107y (esu)
oy
(=)

heavier) is confined (i.ea, < R < ag). The values ofy, ae, polymeric chains their possible contribution is most likely not
anday, are determined by the high-frequency dielectric constant negligible.

€»- and the electron and hole effective masses &nd my, Therefore, to unambiguously evaluate the relative contribution
respectively) in the semiconductBrFor zinc blende ZnSHj of the surface, we measured th@alues for the same ensemble

= 3.7 eV;€w = 5.4; me = 0.34M9; andm, = 0.5mg%8) ag, ae, of 9 nm polyphosphate stabilized CdS nanocrystals, prior to
anda, are thus 1.5, 0.84, and 0.57 nm, respectively, whereas and after their surface modification with OHIn this way, the

for zinc blende CdSHy = 2.5 eV; e, = 5.3;me = 0.14m; and size and the stabilizer of the particles are kept unchanged, only
m, = 0.51m*8), these values are 2.6, 2.0, and 0.55 nm, the surface being modified. Figure 6a shows the absorption
respectively. For C&n;_,S particles, the values @b, a., and spectra of the investigated CdS suspension prior to and after
a, will vary from the ZnS to the CdS values as thancreases. the surface modification. The position of the minimum of the
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Figure 6. (a) Absorption spectra and (b) luminescence spectra excited Figure 7. Spectra (luminescence plus scattered light) of a colloidal
at 365 nm for the investigated sample of colloidal suspension of CdS suspension of CdS nanocrystals (sample #3) upon laser excitation at
nanocrystals prior to (dots) and after (solid line) surface passivation 1064 (a) and 355 nm (b), recorded by using the HRS setup.
by OH".

TABLE 2: Concentration of CdS Nanocrystals N and the

first derivative of the spectra is not affected by the modification, Mean Particle Diameter D for the Samples Investigated, the

, ” Values Obtained for the First Hyperpolarizability (22, and
what shows that the mean diameter of the CdS core remainsy, o it Hyperpolarizability Normalized Per CdS Pair

the same, as indeed expected. The increase observed in thegzNg,g
nanoparticles absorption after modification can be ascribed to

- : N D B2, ((B2H?Ncq9),

the absorp'uon by the Cd (OK)ayer. The for.mat|on of Cd sample em-3 nm  10%®esu  Negs 10 esu

(OH), particles and coalescence of CdS particles can be ruled o5

out because this would increase Mie scattering, thus increasing 1Lrx1 3 2 21 85 4.1
) 7.9x 10 6 21.4 1865 115

the spectral background. The HRS signal was observed to 3 18x 108 9 76.4 8002 9.5

increase by a factor 2.8 after the surface modification, what
means that the value ¢f was enhanced by a factor 1.7. A surface of the CdS nanocrystals consists of two steps. In the
possible explanation for this enhancement will be discussed first step, the high pH induces the precipitation of a Cd (9H)
below. layer on the surface and converts Stroups to $°.2° In the

The luminescence of OHpassivated CdS suspensions-20 second step, the added€dons bind to surface%2° and OH
times more intense than that of the original suspensions (Figureions, forming a predominantly Gd terminated surface, which
6b) and consists of a rather narrow and strong band around 480s required to keep the stabilization by the"PRnions. We
nm. The weak broad emission band of the CdS suspensionscan thus propose that the passivation by @Hanges the nature
prior to the OH passivation are ascribed to the radiative of the surface terminating groups frod S-Cd#t—PP—, ¢ —
recombination of photogenerated charge carriers in deep trapsC#"—S?-, and S —Cd#*"—SH 2% to  —Cd*™—OH2° and
of different energy depths (deep trap luminesceft@hese S —Cd"—OH —Cd?"—PP'~, thus removing deep trap states.
traps are associated with surface defects, such as sulfurFurther, because Cd (OHhas a much wider band gap than
vacancie® 3! or HS™ radicals?®3! The low quantum yield of  CdS, the charge carriers will be mostly confined into the bulk
this emission (viz=1%) is an indication that the radiationless of the particle where the defect concentration is lower. The
recombination is the dominating proc&8s1-32The blue-green luminescence results discussed above corroborate these assump-
luminescence observed after the Oblurface modification is tions. The enhancement of the first hyperpolarizabjfitsifter
attributed to electron trapping in very shallow traps0O(1 the surface modification can thus be ascribed to a larger surface
eV)2931 followed by radiative recombination of the charge electric dipole, because of the much more asymmetric structure
carriers either during the trapping (near band gap luminescence)of the surface terminating bonds after the passivation.
or after thermal detrapping (band edge luminesceffc&)This 3.3. Size Dependence of the First Hyperpolarizability.
mechanism is corroborated by the longer lifetimes observed afterFinally, we turn to the size dependence Bf The HRS
the passivatiod? The higher quantum yields observed after measurements were performed in three samples of colloidal
passivation (viz.=10-50%) can be ascribed to lower radia- suspensions of polyphosphate stabilized CdS nanocrystals with
tionless decay rates, because of a lower concentration of surfacealifferent mean sizes. The UWis absorption spectra for two
states associated with deep trdp% of these samples have been shown above (Figure 2). The results

The surface of polyphosphate (PP) stabilized CdS nanocrys-obtained, the concentration of CdS particsand the mean
tals in colloidal water suspensions has been shown to be mostlyparticle diameteb for the samples studied are shown in Table
Cd?t terminated® The negatively charged PP chains are bound 2. The method employed to determine the mean diamé&ters
to the surface Cd cations through their oxygens, thus and the concentration of the particlés as well as aspects
preventing particle agglomeration and coalescence by bothconcerning the structure and preparation of the nanocrystals,
electrostatic and sterical repulsiofisThe modification of the have been discussed in section 3.1. We point out that the
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0.20 from ref 22 concerns AOT stabilized CdS nanocrystals in

‘ organic solvents, whereas our data was obtained from PP

’ stabilized CdS nanocrystals in water. The consistency observed
between data obtained for particles prepared by different

’ techniques, with different stabilizers and suspended in different

|

|

Sample #3

0.15

media, shows that the bulk contribution is indeed the dominating
one, as pointed out in the previous section.

: The bulk contribution is due to the noncentrosymmetric nature

i of the CdS zinc blende crystal structure and, therefore, arises
from the polarizability of the individual Cd- S bonds. The

f increase of3 with the diameter of the CdS nanocrystal (Figure

| 9a) is thus obviously due to the growing amount of the second

0.10

0.051 Sample #2

HRS signal I, (a.u.)

0.00

0.0 25 50 75 10;.0 harmonic generating material. To correct the data for this volume
] dependence, thg values were normalized per CdS pafi/ (
13 3
CONGENTRATION OF CdS PARTICLES (10 "em”) Ncds hereafter dubbeflcqs), whereNggsis the number of CdS

Figure 8. Intensity of the scattered second harmonic light for varying pairs per particleNcqscan be estimated from the known particle
concentration of CdS nanocrystals for samples 2 and 3. The solid linesyolume and the lattice parameters of zinc blende ¥dShis
are the best fitting curves. normalization procedure shows that, althoyincreases with
the particle size (Figure 9gjcqs increases with decreasing of
the particle size (Figure 9b). A similar size dependence has been
@] recently reported by Jacobsohn and Bahifor the first
. | hyperpolarizability of CdSe nanocrystals.
The observed size dependencefefis (and alsgBcqgsd can
be the result of the enhancement of both the bulk and the surface
v : contributions. As we argued befot&the bulk contribution can
. | be enhanced because of quantum confinement effects on the
E . ‘ . , | exciton oscillator strength. The volume normalized exciton
0 N;NOCRY;TAL DIA:AETER (:m) 10 oscillator strength and the exciton binding energy have been
predicted to increase with decreasing particle sizeRor ag
Y (a 1R dependence), because of the enhanced spatial overlap
. . | between the electron and hole wave functions and the coherent
; motion of the excitort*51 This size dependence of the normal-
204 ‘ ized exciton oscillator strength has been experimentally con-
firmed for CdS nanocrystals by two independent grot¥ss,
although not in complete agreement with the theoretical
= dependence. Van Dijken et&lreported an increase by a factor
51 ! of 3.5 for a radius reduction from 2.4 to 1.1 nm, whereas
0 , ‘ . , ; Vossmeyer et &f observed no clear effect from 4.8 to 2.8 nm,
0 2 4 6 8 0 an increase by a factor of4 from 2.8 to 1.2 nm and a good
NANOCRYSTAL DIAMETER (nm) agreement with theory (i.e., a 1268dependence) for smaller
Figure 9. First hyperpolarizabilityi$2(¥ (a) obtained by the internal  radii (1.2 to 0.64 nm). As can be readily observed in (4), an
method (circles), and its value normalized per single CdS AR/ increase in the oscillator strendtill increase. Furthermore,
Ncas) (b) as a function of the CdS nanocrystal diameter. Data from ref the change in the dipole moment between ground and excited
22 are also included (down triangles). . . N
statesAu is proportional tof, thus also contributing to the

difference between thg values for CdS nanocrystals of the €nhancement gf. The fact that the enhancement observed in
same mean size presented in Tables 1 and 2 provides a goodfcas (@ factor of 2.6 from 9 to 2 nm) is smaller than the increase

illustration of the overall experimental accuracy and reproduc- In f reported in refs 43 and 52 can be ascribed to the
ibility (i.e., measurement plus sample preparation). counteracting effect of the band-g&g, which increases with

To evaluate the possible contribution of multiphoton excited the decrease of size, thus reducjfigas demonstrated above
luminescence to the total signal at 532 nm, the scattered light (Section 3.1).
from the sample was dispersed through a monochromator. Because the surface-to-bulk ratio increases with the reduction
Representative spectra for sample 3 (9 nm), obtained underof size, surface effects could also contribute to the observed
excitation at 1064 and 355 nm, are shown in Figure 7. One canenhancement @fcqs In ref 27, surface effects (viz. the highly
easily conclude that the intensity of multiphoton excited noncentrosymmetric electron distribution around surface atoms
luminescence is negligible, and therefore, the signal measuredspecially in nonspherical shapes, the surface polarization
at 532 nm can be totally ascribed to the HRS process. instability of the electron and hole in the quantum didtand

Figure 8 shows the intensity of HRS signal versus the the highly polarizable dangling bonds because of imperfect
concentration of CdS nanocrystals for samples 2 and 3. Thesurface passivation) were assumed to be the only plausible
[B2[¥2 values obtained for these samples using the internal explanation for the size dependence reported for CdSe nanoc-
reference method are given in Table 2. The obsepfrgdlues rystals. Quantum size effects were assumed to play no role.
are among the largest observed for solution samples. In FigureHowever, the fact that the enhancement observed for the CdSe
9a, we present thg82[¥2 values versus the mean diameter of nanocrystals is larger (a factor 25)than the enhancement
the CdS nanocrystals. Data from ref 22 are also included for reported here for CdS nanocrystals in same size range, provides
comparison (down triangles). It must be emphasized that datastrong evidence that neglecting the above-mentioned quantum

10 ]
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size effects is not justified. For wurtzite CdSgyE& 1.8 eV e confinement effects are weak for this size (see section 3.1), the
= 5.8;m. = 0.13mg; andm, = 0.45my%9), a, a, anday, are 3.5, difference can be ascribed to surface effects. However, one
2.4, and 0.7 nm, respectively, whereas for zinc blende CdS (seeshould bear in mind that the polyphosphate stabilized CdS
above),ay, a., anda, are 2.6, 2.0, and 0.55 nm, respectively. nanocrystals have the cubic zinc blende structdté¢3whereas
Therefore, the quantum size effects can be expected to be morenacrocrystalline CdS nearly always is hexagonal wurtiss
pronounced for CdSe than for CdS in the same size range. that their values off are not rigorously comparable. Neverthe-
Furthermore, when ascribing the observed enhancement inless the difference between the microscgpior the zinc blende
the volume normalized to the increase in the surface/bulk ratio, and the wurtzite structures cannot be expected to be as large as
one implicitly makes the assumption that eith®tracdN is a factor 2, because both structures are noncentrosymmetric
inherently larger thapui/N (N being the number of catien (space groupsF — 43m and P63mg, respectivel§®) and have
anion pairs), which is not necessarily true (see section 3.2), and/the same CéS bond distance (0.252 rifjL.
or that BsurracdN is also size dependent. The latter possibility
could be due to the surface polarization. Banyai &8 &lave 4. Conclusions
proposed that a semiconductor nanocrystal suspended in a The first hyperpolarizabilitys of 9 nm CdZn;—xS nanocrys-
dielectric medium experiences a surface polarization, which tals is observed to increase wii) what is attributed to the
affects the electronhole interaction, attracting them toward the increase of the resonance enhancement because of the decrease
surface, thus counteracting the effect of the quantum confine- of the band-gap energy. The modification of the surface of 9
ment potentiab® The heavier hole is much more sensitive to nm CdS nanocrystals with OHenhanceg by a factor of 1.7.
this interplay of opposite effects, leading to a size dependent This is ascribed to a larger surface electric dipole after the
scenario, where the hole may be either cushioned away frommodification. Finally, the values ¢f of CdS nanocrystals are
the surface and pushed toward the center of the particle (volumeobserved to increase with the particle size, varying fromx..4
exciton state) or trapped at the surface (surface exciton state), 10727 to 72.4x 10727 esu as the particles grow from 2 to 9 nm
with the latter becoming more and more significant as the size in diameter. These values gfare among the largest observed
of the quantum dot decreases, until a transition from volume to for solution samples. Moreover, the valuegsaiormalized per
surface dominated exciton states occurs. We notice that theunit volume (3/V) and per CdS pair are observed to increase
trapping of the hole at the surface while the electron is still with decreasing of size, leading to an enhancement of about 1
delocalized increases the charge separa&fidime surface field, order of magnitude i for 2 nm nanocrystals in comparison
if present, could induce additional nonlinearity. with bulk CdS. This observation can be explained by the
Crystal structure effects can be ruled out because it is known enhancement of both bulk and surface contributions. The
that the crystal structure of polyphosphate stabilized CdS enhancement of the bulk contribution is ascribed to quantum
nanocrystals is independent of s#¢3 The shape of the  confinement effects on the volume normalized oscillator strengths,
nanocrystals, however, might be important. Although it is which increase with decreasing particle size because of the
usually rather difficult to reliably determine the shape of enhanced spatial overlap between the electron and hole wave
nanoparticles, CdSe nanocrystals are known to be slightly functions. The surface contribution can be expected to become
prolate, with the aspect ratio being size dependémhere are more significant as the size decreases, because of the larger
a few cases where the shape of CdS nanocrystals has beegurface/bulk ratio, and can be enhanced by several effects,
reported®254344Some authors have observed the particles to particularly surface polarization. The bulk contribution seems
be faceted (truncated pyramids or tetrahedt@pr prolate to be the dominating one even for smaller sizes (i.e., 2 nm).
ellipsoids?344whereas others have claimed the particles to be
nearly spherica® In this work, we have observed that the shape ~ Acknowledgment. The authors are grateful to Dr. C.A.P.
of the nanoparticles varies from nearly spherical to slightly Leite and Prof. F. Galembeck (Unicamp- Brazil) for transmission
prolate within one single sample. The extent to which this €lectron microscopy measurements. Financial support from the
deviation from sphericity affects the HRS signal is not known Brazilian agencies CNPq and PADCT is gratefully acknowl-
and further work is required in order to clarify this matter. edged.
The 8 value for bulk CdS can be roughly estimated to be 5
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