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Optical absorption and photoluminescence studies on CdS quantum dots
in Nafion
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Excitonic effects are observed in the optical absorption and photoluminescence of strongly confined
CdS quantum dots embedded in the polymer Nafion. The three bands identified in the optical
absorption spectra could be attributed tg.-ILs,, 1pe-1p,, and X.-2s, transitions of the
noninteracting particle model. Photoluminescence spectra show a strong emission band
corresponding to electron—hole recombination and a weak band due to emission from defect states.
The strength of electron—phonon coupling is small in the regime of strong confinement and
decreases with decreasing particle size.2@2 American Institute of Physics.
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|. INTRODUCTION of thickness 0.18 mm cut into suitable sizes are first cleaned

. T 0 i -
Physics of quasi-zero-dimensional semiconductor clus!” boiling 70% HNQ, for about half an hour to remove in

ters (quantum dotshas attracted considerable interest since_Organlc impurities. This step is followed by repeated washing

the first experimental results of Ekimov and Onuschénko M Piling water until thepH of the bath is neutral. The films
and the theoretical model by Efros and Effd@uantum size are then so-a.ked in aqueous cadmlum-acetate solution over-
effects associated with the low dimensionality lead to severdlight to facilitate C_a+ ion exchange with protons as con-
remarkable modifications in the physical properties offirmed by our electrical transport measureménshe films
materials®~8 These effects are pronounced and lead to a dis@'® then vacuum-dried for about 1 h. Dried films are exposed
crete and size-dependent energy level structure when tH@ @mmonia gas for half an hour. This treatment helps in
cluster radius is typically less than the radius of the Bohmassivating the surface of the quantum dots. The films are
orbital of the Mott—Wannier excitoh® Optical spectroscopic dried under vacuum fol h and then treated with /3 gas
methods play an important role in the study of the quantizedbtained from a Kipps apparatus for 20 min. The films con-
energy levels involved.! There are several aspects of the taining CdS quantum dots are thoroughly dried in vacuum
electronic states in the regime of strong quantum confinefor 1 h.

ment that warrant further scrutiny in spite of the considerable  The size of the quantum dots formed depends on the
amount of theoretical and experimental results available imumber of cadmium ions exchanged and hence on the con-
this area. In view of this, we have taken up a systematicentration of the cadmium acetate solution. We have varied
study of the optical properties of CdS quantum dots in thehe concentration of cadmium acetate solution between 0.5
polymer host Nafion in the regime of strong confinement.and 0.01 M so as to have quantum dots of sizes 6—1.4 nm.
The technique of photoacoustic spectroscopy was used to X-ray powder diffractogram$XRD) of the samples are
resolve the excitonic transitions in these materfalStudies  taken on a Shimadzu horizontal diffractometer.kCGu radia-

on the quantum size effects on the optical nonlinearitytion was used with the divergence slit, scatter slit, and receiv-
showed that very large nonlinear susceptibility, predomi-ing slit set, respectively, to 1°, 0.1 mm, and 1°. The genera-
nantly of a nonthermal origin, can be obtained in the stronglytor tension was around 40 kV and the current was 30 mA.
confined regimé.The present work reports new experimen- The diffractograms of the quantum dot samples are recorded
tal findings on the quantized energy states of CdS quantunm the step-scanning geometry, with a step width of 0.02° and
dots as probed by optical absorption and photoluminescence) s count time so as to improve the signal-to-noise ratio.

spectroscopy. XRD of undoped Nafion is taken in the continuous scan
mode for the purpose of comparison.
Il. EXPERIMENTAL DETAILS Optical absorption spectra of the samples are recorded

Qon a Hitachi U-3400 recording spectrophotometer in the
range 600—200 nm, at a wavelength resolution of 0.1 nm.
The spectra are corrected for the base line. Photolumines-
cence spectra are recorded on a Hitachi F-4500 fluorescence
spectrometer. The emission spectra are recorded for different
excitation energies greater than the band gap of the samples.
dElectronic mail: cvijayan@iitm.ac.in Excitation spectra corresponding to the two emission bands

CdS quantum dots are synthesized in the polymer matri
Nafion by an ion exchange reactibh'* The detailed prepa-
ration procedure is as follows. Nafion 117@quivalent
weight of 1100 commercially available in the form of films
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FIG. 1. X-ray diffractrogran( . ..) of CdS quantum dots of diameter 2 nm gSO 450 550
(sampleS2) in Nafion along with pseudo-\oigt fit—). Deconvoluted peaks Wavelength (nm)

corresponding to individual reflections are indicated by dashed lines.
FIG. 2. Optical absorption spectra of CdS quantum dots in Nafion. Mean
diameters are 6 nm1), 2 nm 82), 1.8 nm 83), 1.6 nm &4), and 1.4
observed in photoluminescence emission are also recordeah (S5).
All the spectra are corrected for the instrumental spectral

response.
of the quantum dot decreases. In sam@&sS2, S3, andsS4

IIl. RESULTS AND DISCUSSION the absorption increases sharply beyond the absorption edge
. . (taken to be 2.44, 2.54, 2.58, and 2.64 eV, respectivaiyl

A. X-ray powder diffraction no feature could be seen at higher photon energies. The ab-

The XRD of undoped Nafion has an amorphous-like patsorption spectrum of samplg5 clearly indicates the pres-
tern with two wide diffuse maxima located at 15° and 38° ence of a broadband located around 2.85 eV. The data on the
(20), respectively(Fig. 1). XRD of all the samples reveal long wavelength side of this band are fitted to two Gaussian
diffraction peaks corresponding to the culiiinc blend¢  bands by the method of least squafielg). 3). Thus the broad
structural form of CdS, superimposed on the diffuse amorshoulder in the absorption spectra in these samples arises out
phous background of Nafion. SampB contains a small of more than one optical transition. The inset of Fig. 3 shows
amount of the hexagonéurzite) phase of CdS. Compared the spectrum of sampl85 recorded at liquid nitrogen tem-
to the XRD of bulk CdS, the present diffraction lines are peraturg77 K) along with that at room temperatu(@00 K).
generally broad. Among the factors contributing to theOn cooling to 77 K the peakl) in sampleS5 shifts from
broadening are the finite size of the crystallites, strain, an@.88 eV(at room temperatuigo 2.94 eV while the peak?)
instrumental effects. In order to identify the different contri- shifts from 3.09 to 3.18 eV. However, the FWHM of these
butions to the line broadening and to determine the full widthbands remains practically unchanged. Hence the broadening
at half maximum(FWHM) of the individual peaks, we have of the absorption band is not of thermal origin and is prob-
carried out a detailed analysis and decomposition of thably due to size distribution.

XRD profiles using a profile fitting prograrrRo-FIT. Figure Optical absorption spectra of samp@&s—S4 do not re-

1 shows the XRD of sampl&2 along with the fit and de- veal any spectral features beyond the cutoff wavelength.
composed peaks. The detailed methodology and the resulhree-peak structures have been observed in the photoacous-
of profile analysis usingPRO-FIT are reported elsewhet2. tic spectraPAS) of these samples in our earlier workThe

The mean diameter of the quantum dots are determined usirgbsorption bands were also found to show a blueshift with
the Scherrer formuld decreasing quantum dot diameter. The positions of the ab-
sorption maxima A;,A,,A3) and FWHM A;,A5,A3) of

0.5\ (1)  these bands are listed in Table I.

Bsize™ D cosd’

where\ is the wavelength of the x rays used gBg,.is the
FWHM of the XRD peak corresponding to the Bragg angle
26. The analysis shows that the samples studied, denoted as
S1, S2, S3, $4, andS5 contain quantum dots of mean diam-
eters 6, 2, 1.8, 1.6, and 1.4 nm, respectively.

B. Optical absorption

Optical absorption spectra of five samples at room tem- 0 [t sotmmgilosonnd "~
perature are shown in Fig. 2. Undoped Nafion films do not 24 26 28 30 32 34
absorb in the visible range of wavelengths. Bulk CdS crys- Photon energy (eV)

tal; are transpgrent to phOton energies below 2'43‘?\/ and “EG. 3. Optical absorption bands at 300 K in sam@e fitted to two
optical ?bsorpnor! spe_ctrum Sh_OWS a CUtO_ﬁ beha I(TI‘_IG Gaussian bands. The peaks of the two bands are at 2.88 and 3.09 eV. The
absorption onset is shifted to higher energies as the diametewet shows the spectra at 77 K along with that at 300 K.
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TABLE I. Optical absorption bands of CdS quantum dots. TABLE IlIl. Transition energies.
D A Aq A, A, As Aj SE in units of
(nm) (ev) (ev) (ev) (ev) (ev) (ev) h?
6 2.54 0.17 2.70 0.29 3 0.64  Energy label Transition &nl 8 RM
2 2.66 0.19 2.83 0.35 3.16 0.74 T s 1s, 31416 (3.1416)
1.8 2.69 0.19 2.86 0.36 3.19 0.74
T, 1p.—1py 4.4934 (4.4938
1.6 2.75 0.22 2.94 0.50 3.34 0.58
14 577 025 308 0.63 T, 1d.—1d, 5.7635 (5.763%)
: : : ) : T, 25— 28y, 6.2832 (6.2832%)
The photon energies of the optical transitions obtained N 0.0382 ,
from the optical absorption spectra may be compared with  Eni=— nRE &l (4)
those of the bands observed in the photoacoustics spectra.
Optical absorption spectra reveal two absorption bands ignd
sampleS5 located at 2.88 and 3.09 eV. Corresponding to . 0.0382 ,
these bands, PAS disclosed bands at 2.77 and 3.08 eV. Con- E, =E4+ anJ. (5)
e

sidering the large FWHM of the bands, the transition ener- _
gies obtained from both the methods are in good agreemetthere u, and u. represent the effective masses of the hole
with each other. The absorption bands in samplesS4 are  and the electron, respectively, in units of the electron rest
inferred from PAS data as the optical absorption spectra remass. We tabulate the roogg, and the first few transitions
veal no features due to large optical densities. Effective masgredicted by this noninteracting particle model in Table II.
approximation(EMA) and tight binding(TB) models® lead A quantltatlye comparison W!th .the experimental results
to transition energies in good agreement with the experimenmay be made in a way which is independent of the bulk
tal values in the case of samp® (diameter 6 nmh How-  material parameters such as the effective masses and the
ever, both the models overestimate the confinement enerdjand gap by adopting the following analysis. We first con-
for the quantum dots of smaller diameters. Both EMA andsider the differences between successive transition energies
TB calculations use parameters relating to the bulk materiggorresponding to de-1s,, 1pe-1py, 1de-1d,, and &.-2s;,
as numerical inputs and this may be one of the reasons fddable Ill). _ o
the discrepancy between the experimental values and theo- These differences essentially eliminate the bulk band gap
retical predictions. Ey. Further we may eliminate the factor containing the ef-
fective masse$ém} andmy,) and the dot radiuR by taking
the ratios of these differences. The theoretical ratios are then
C. Noninteracting particle model  (NIP model) compared with the observed ratitEable IlI).

Assuming the EMA model to be valid and neglecting the There is good agreement petween the theoretical and the
Coulomb interaction, the electron and hole energy levels iPPServed values of these ratios for all the samples if we
quantum dots can be expresse@'ds assign the first three bands te1ls, (bandA;), 1pe-1pn
(bandA,), and X.-2s,, (bandAj3) transitions. We may note

ho ﬁ2§§,| that the observed differencé\{— A,) is nearly double the
Eni=— thR2 2) difference @,—A;). The simple noninteracting particle
q model gives a value of 1.9 for this ratio. On the basis of this
an assignment we may estimate the values of reduced effective
ﬁZgﬁl masses|fy;) and the band gapEg). These values are given
e __ ’ .
Eni=E¢t 5 R2 (3 in Table IV.
e

_ Since Coulomb interaction and valence band subtleties
wherem, andm;, denote the effective masses of the hole orare ignored in the above picture and the excitons in the nano-

the electron, respectively, is thenth zero of the spherical particles are highly confined, such large values for the effec-
Bessel function. We conveniently express these energy levetfe mass are physically acceptable. In the one electron—hole

in units of eV with the radiug in units of nm as follows:  pair picture where the Coulomb attraction between the elec-

TABLE Il. Optical absorption bands of CdS quantum dots. TABLE IV. Experimental data.
D A Ay A, A, As Aj To=T, T4=Tp
mo @) V) eV @) @) (V) f‘ﬁz T T T
D (nm A,—A)) (e Az—A)) (e 2~ theor theor
5 254 0.17 270 0.29 3 0.64 (nm) (A, 1) (V) (A; 2) (eV) 1 ( Yy Y
2 2.66 0.19 2.83 0.35 3.16 0.74 6 0.16 0.30 1.88 1.26 1.87
1.8 2.69 0.19 2.86 0.36 3.19 0.74 2 0.17 0.33 1.94 1.26 1.87
1.6 2.75 0.22 2.94 0.50 3.34 0.58 1.8 0.17 0.33 1.94 1.26 1.87
1.4 2.77 0.25 3.08 0.63 1.6 0.19 0.40 2.10 1.26 1.87
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TABLE V. Parameters of the NIP model. TABLE VI. Correspondence between NIP and hybrid models.
D (nm) m, /mg Eq (eV) Hybrid model NIP model Band
6 0.27 2.39 1(S,D)3,— 15, 1s,—1s, A,
2 2.32 2.50 1(P,F)s—1pe 1pn—1pe A,
1.8 2.87 2.53 1(D,G)z,— 1d, 1dy—1d,
1.6 3.24 2.76 2(S,D)zp—1s, forbidden
2(S,D)3p—2s, 2s,—2s, As

trons and holes is taken into account, the optical transitions
take place between different excited states of the pair. Theot size. The peak positions and half widths, (A,) found
three absorption bands in the samples should then corrdy fitting these bands to Gaussian shape by the method of
spond to transitions from the ground state to thged,,  least squares are given Table VI. _
1p(eny. and By, respectively. However, there will be Photoluminescence emission is weak in the case of
two major changes if valence band structure is incorporatedsampleS1 (with quantum dots of 6 nin The two emission
Thes, p, andd orbitals are no longer pure, but acquire somebands are very close to each other so that they appear as a
characteristics of. +2 states. Thus ths, state of the sim- single broadband. The excitation spectra of the samples cor-
plified model will be characterized by hybrid hole orbitals responding to the two emission ban@ andE,) give gen-
(S,D); apy, state of the simplified model will now become a erally ill-resolved bandgFig. 5. However, the excitation
hybrid (P,F) state since the mixing is betwednand L  Spectra corresponding to tf§ band clearly show the pres-
+2 states. Second, the forbidden transition for0 will ence of multiple bands. These bands show a blueshift with
acquire a significant oscillator strength because of both théecreasing quantum dot diameter. The first excitation band
Coulomb potential and the confinement effects. Thus a cor(closest to the emission banshifts from 2.5 eV in sample
respondence may be made between the two models as showh t0 2.7 eV in samples2 as the diameter of the quantum
in Table V. dots decreases from 6 to 2 nm. The excitation spectra corre-
The correspondence between the two models is made ponding to theE, band also indicate multiple absorption.
considering the first statd_j to be dominant, i.e., 13,D)5,  The first peak in the spectra is located at 2.37 eV and does
taken to be predominantly of character, and J,F),, hot exhibit any significant size dependence.
dominantlyp character. The assignment we tentatively sug-
gested earlier in terms of the uncoupled particle model mayl. Defect emission

well be in order if the 1D,G)3,— 1d. is energetically far- Emission bands redshifted from the absorption edge are

ther off. observed in almost all of the semiconductor clusters studied
so far and are generally assigned to defect stdt@sThese

D. Photoluminescence spectra redshifted emissions are usually associated with trapped

Figure 4 shows the normalized photoluminescence emisstates such as vacancies, interstitials, impurities, and surface
sion spectra of sample&1—S5 corresponding to an excita- defects. The second lower energy baig)(seen in the lu-

tion at the wavelength 350 nm. The spectra for all Samp|e§ninescence spectra of our samples is very weak in intens.ity
contain two emission bands. The high energy bafg) ( when compared to the band edge luminescence. The excita-
which is close to the band edge is sharper and more welion spectrum corresponding to this emission shows a weak
defined than the second banB,j seen at lower energies. Pand peaking at about 2.37 eV and clear size dependence is
The E; band exhibits a blueshift with decreasing dot diam-0Pserved. This band is much lower in energy in comparison

eter. The long wavelength bangJ) is weak in intensity and with the absorption bands of CdS and could be arising from

does not show any systematic dependence on the quanuglﬁzfect levels. The fact that this band does not show any size
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FIG. 4. Normalized PL emission spectra of CdS quantum dots correspond-IG. 5. PL excitation spectra for sam@® corresponding t¢a) electron—
ing to 350 nm excitation. The spectra are shifted alongvtfais for clarity. hole recombination emission arfld) defect emission.
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TABLE VII. Photoluminescence bands of CdS quantum dots. Shianget al23 who reached the same conclusion indepen-
dently via Raman scattering studies, which are in fact ex-
DM EiV) A E @V A (V) y . g .
pected to provide better estimates of the coupling strengths.
6 2.32 0.17 2.17 0.11 However, the absolute values 8fwould scale upwards if

is 2-22 %22 z'ﬂ ggi there are other lower frequency modes<(w, o) coupled to
16 971 0.29 217 033 the e!ectronlc staFes. ' . o
14 2.77 0.22 2.10 0.31 Line broadening in the absorption and emission peaks

due to electron—phonon coupling was estimated from the
above data. The half-width due to phonon couplidg) is

o _ related toS by
dependence also indicates that this band cannot be due to

exciton absorption. Also, surface passivation by ammonia Ap=2hw o\S. (7)
vapor has resulted in reduced emission intensity of this band 114 calculated values of the FWHMV) are given in
indicating involvement of surface defects.

Table VII along with the observed half-width,, and S.
These values of half-widths are very small for all samples
2. Electron —phonon coupling except forS1. This indicates that the line broadening in these
A Comparison of the photon energies of emission andsamples is mainly due to size ef‘feCtS, in Conformity with the
excitation bands relative to the absorption transition energiednalysis of the optical absorption spectra, where we found
indicates that the high energy ban#,j in the emission that the half-widths of the absorption bands are unaffected by
spectrum has its origin in electron—hole recombination. Thigooling to 77 K and are due to the inhomogeneous broaden-
is also supported by the fact that tBe band shows a blue- ing arising from size dispersion.
shift similar to that observed for the excitonic absorption
bands. The peak positions of this band and the observeldd. SUMMARY
Stokes shifts £ 5) are given in Table VII.
The data given in Table VIl show that the Stokes shift
(Ay) is large (0.22 eV) for the sampleS1 and smaller for

We have synthesized strongly confined CdS quantum
dots in the size range 6—1.4 nm and examined their optical

h | Th lativelv | Stok hift indicat groperties. The absorption bands are analyzed in terms of the
other samples. The relalively farge Stokes shilt indicate ptical transitions predicted by different theoretical models.
strong coupling to the lattice phonons which may lead to

. . - ‘Quantitative comparison of the observed transition energies
thermal quenching of the luminescence emission. The lumi

b di is indeed K The Stok with available theoretical calculations indicates good agree-
nescence observed in samik is indeed weak. The Stokes ment at higher sizes with both EMA and TB models. How-

shift f_or all the_other SIz€s remains small, indicating a Wea.kever, the theoretical estimations deviate considerably from
coupling to lattice phonons in the case of smaller dots. Th'%he experimental observations at lower values of dot size.

IS again consistent with the re!atlvely Iargg Iumlnescencel-he observed absorption bands are attributed to specific tran-
emission obs_erved for Sn_"a”ef SIZEes. _Followmg t_he Star‘dargitions according to the noninteracting particle model. Pho-
theory of optical absorption an_d luminescence in the PreStoluminescence spectra of the samples contain two bands,
ence of elect_ron—phonon co_uplmg, the Huang—Rhys fegtor one corresponding to direct electron—hole recombination and
(or the coupling streng}his given by one attributed to defect-related states. The electron—phonon
Ag coupling efficiency is deduced as a function of quantum dot
= Zﬁ—wLo' (6) radius by measuring the Stokes shift in the band edge lumi-
) o . nescence. Analysis reveals that electron—phonon coupling is
Theoretical predictions of the size dependence of th§eak in quantum dots of smaller sizes. Bands in both optical
electron—phonon coupling are varied; the calculations showpsorption as well as emission spectra show inhomogeneous

constancy, increase, or decrease of the Huang—Rhys factorp gadening owing to the size dispersion of the semiconduc-
with increasing confinemeRt. The Huang—Rhys factd is o, nanoparticles.

deduced for the various dot sizes of our samples in the

framewo_rk of _the configuration-coordinate model, as;um_in CKNOWLEDGMENTS

the configuration coordinate corresponds to the longitudinal
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factor on the basis of photoluminescence data may not be
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