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A transparent poly (vinyl alcohol) (PVA) nanocomposite thin film (30–50 nm) reinforced with core/shell
cadmium selenide (CdSe)/zinc sulfide (ZnS) quantum dots (QDs) was fabricated by a drop-casting method.
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A narrow peak at ∼556 nm observed in the UV–vis spectrum indicates the uniformly dispersed QDs in
the PVA matrix. FT-IR analysis indicates the interaction between the QDs and the polymer matrix. Both
PVA and PVA-QDs nanocomposite thin films show polarized light dependent absorption properties with
several different absorption peaks. As compared to the only fluorescent emission peak at 574 nm of
QDs, the pure PVA and PVA-DDs nanocomposites show an excitation wavelength dependent fluorescent
emission property.
ptical properties

uantum dots

. Introduction

Fluorescent organic and inorganic materials are promising
n studying the complexity and dynamics of biological process
1,2]. The physicochemical properties will change radically as the

aterials evolve from the bulk level to the atomic or molecular
ounterparts [3]. Compared to the traditional dyes (fluorescent
rganic molecules), semiconductive nanocrystals have broader
xcitation wavelength range, narrower and tunable emission spec-
ra [1], more resistant to chemicals and metabolic degradation,
nd higher photobleaching threshold [4–6]. Nanocrystals with
ontrollable solubility and shape can be accurately synthesized
y judiciously controlling the reaction conditions [7–9]. These
anocrystals have attracted much interest due to their wide
otential engineering applications such as biology and medica-
ion, biological fluorescence labeling and imaging [2,10,11]. The
rominent focus has been the optical properties, showing a strong
ize-dependent quantum confinement effect [2,7,12,13]. The quan-
um confinement effect takes place when the quantum well
hickness becomes comparable to the de Broglie wavelength of
he carriers (generally electrons and holes), leading to energy lev-

ls called “energy subbands”. In other words, the wavelength is
nversely proportional to the momentum of a particle and the fre-
uency is directly proportional to the particle’s kinetic energy. The
lectrons and holes in a semiconductor are confined by a poten-
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tial well when at least one dimension approaches the size of an
electron in bulk crystal [14]. Moreover, the emission pattern can be
narrow and independent of the excitation frequency, even though
the absorption spectrum is a continuum from infrared to UV [2].

Colloidal nanocrystals or nanoparticles tend to aggregate in
solution due to their large surface energy. To stabilize nano-
materials, various stabilizers (surfactants, polymers or coupling
agents) have been employed to modify the surface functionalities
for obtaining stable nanocrystals [11]. Cadmium selenide (CdSe)
quantum dots (QDs) have attracted considerable attention arising
from their unique optical properties, including extended optical
absorption in the ultra-violet region, bright photoluminescence
(PL), narrow emission band, size tunable PL and photostability
[13,15–18], and their potential promising PL materials for optical
electronic device applications [19–21].

CdSe quantum dot growth includes a two-dimensional (2d)
wetting layer and a given critical thickness of a few layers of three-
dimensional (3d) islands shape, which is called the self-organized
Stranski-Krastanov growth (SK growth) mode. These processes
are probably accelerated by a nonuniform strain distribution and
nonequilibrium growth conditions, which produce anomalously
high density of cation vacancies [22,23]. In the PL, these defects
act as a trap for the excited electrons and holes [24]. The energy
required for adding additional charges to a semiconductor particle

varies inversely with the increase of the particle size. One of the
most striking properties is the massive optical properties change
as a function of size. As the particle size decreases, the electronic
excitations shift to higher energy. For a free particle, both energy
and crystal momentum can be precisely defined, whereas the posi-

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:zhanhu.guo@lamar.edu
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ion cannot. However, in a localized particle, the energy rather than
osition and momentum may be well defined. The discrete energy
uctuation can be viewed as superpositions of particle momentum
tates [16]. The shifts of absorption in CdSe colloidal aqueous solu-
ion can be a large fraction of the bulk band gap and can result
n tuning across a major portion of the visible spectrum. The band
ap in CdSe can be tuned from deep red (1.7 eV) to green (2.4 eV) by
educing the cluster diameter from 20 nm to 2 nm [17]. All of these
roperties make CdSe attractive for biological application. Because
f the toxicity of heavy metal cadmium, the CdSe QDs are coated
ith a biocompatible zinc sulfide (ZnS) layer, with a matching crys-

al lattice constant to minimize the defects. For the solubility in
ater, the surface of the QDs is coated with carboxyl groups.

Polymer nanocomposites have attracted much interest due
o their unique physicochemical properties and wide potential
pplications [25–29]. In addition, the presence of quantum dots
r nanoparticles in the solid polymer matrix will prevent the
anoparticle agglomeration and make the nanoparticles storage
asier as compared to the colloidal counterparts. In this project,
oly (vinyl alcohol) (PVA) is chosen as hosting materials in the
omposite fabrication due to its polar and hydrophilic properties,
ood thermo-stability, chemical resistance, easy processability and
ransparency [30].

In this paper, a transparent poly (vinyl alcohol) (PVA) nanocom-
osites filled with semiconductive CdSe/ZnS quantum dots were
abricated by a drop-casting method. Transmission electron

icroscopy (TEM) and high-resolution TEM show uniform size
nd highly crystallized quantum dots. The interaction between
he quantum dots and polymer matrix was indicated by Fourier
ransform infrared (FT-IR) spectrophotometer analysis. The opti-
al absorption and fluorescent emission properties of the polymer
anocomposites were investigated by UV–vis spectrophotometer
nd fluorescence spectrophotometer, respectively, and compared
ith those of the pure PVA and QDs. Polarized lights were found

o have significant effect on the absorption performance. PVA-QDs
anocomposites excited by different wavelength show different
uorescent behaviors.

. Experimental

.1. Materials

Poly (vinyl alcohol) (PVA, MW = 88,000–96,800, degree of polymerization
000–2200) was purchased from Sigma–Aldrich Company. CdSe–ZnS quantum dots
oated with organic molecules containing carboxyl groups were supplied by Ocean
anotechnology Company. All the chemicals were used as-received without further

reatment.

.2. Thin film fabrication

.2.1. Pure PVA thin film fabrication
The PVA thin film was prepared as follows. White PVA powder (5 g, 0.11 mol) was

issolved in de-ionized water (95 g). After a 2-h magnetic stirring at 50 ◦C, 10 wt%
ransparent PVA aqueous solution was formed. The PVA thin film was formed by
ropping 3–5 ml PVA aqueous solution onto a 12-cm diameter Petri dish and drying

n an oven at 60 ◦C for 10 h.

.2.2. PVA-QDs nanocomposite thin film fabrication
2.5 ml QDs aqueous solution (3 g quantum dots per 100 g solution) was added

nto PVA aqueous solution. The PVA-QDs nanocomposite thin film was made fol-
owing the same procedures as those used for the pure PVA thin film fabrication.
he typical film thickness was measured to be 30–50 �m.

.3. Characterization

The morphology (size and shape) of CdSe–ZnS quantum dots was character-

zed in a JEOL 2010F transmission electron microscopy (TEM) with an accelerating
oltage of 200 keV. The samples were prepared by dropping aqueous quantum dots
olution onto a holey carbon coated copper grid and drying naturally in air.

Energy dispersive X-ray spectroscopy (EDAX) (attached to a Hitachi S-3400 scan-
ing electron microscopy) was used to characterize the elemental composition of
he quantum dots. The sample was prepared by dropping 1 ml quantum dots solu-
Fig. 1. Diagram of malus law, a normal light travelled from left to right, through a
polarizer and an analyzer.

tion on a piece of aluminum foil and drying at 50 ◦C for 10 h. The orange residue
was further tested by Fourier transform infrared spectroscopy (FT-IR, a Bruker Inc.
Tensor 27 FT-IR spectrometer with hyperion 1000 ATR microscopy accessory) to
characterize the surface chemistry of the quantum dots. Both PVA thin film and
PVA-QDs nanocomposite thin films were characterized by FT-IR to investigate the
interaction between the nanoparticles and the polymer matrix.

The CdSe–ZnS quantum dots aqueous solution was tested by a Cary 50 bio ultra-
violet–visible (UV–vis) spectrophotometer. Because of the strong UV absorption, the
QDs solution was diluted to 5–10% of its original concentration and put in a standard
10 mm path length cuvette for UV–vis test. Both PVA and PVA-QDs nanocompos-
ite thin films were tested by polarized beams at different directions and conducted
in a UV–vis spectrophotometer. A polarizer (Tiffen 49 mm) was placed between
the light source and the sample, parallel to the sample. A filter was rotated per
measurement with a fixed angle at ∼6◦ perpendicular to the direction of the beam.
Polarized light passed through pure PVA thin film and PVA-QDs nanocomposite thin
films and absorption spectra were obtained. Polarized beams vibrate perpendicu-
larly to the direction and travel with a beam pattern period of 180◦ . The beams have
been polarized before passing through the PVA thin film. Based on Malus’s law [31],
I(�) = I0 × cos2(�), where I0 is the initial intensity and I(�) is the intensity after passing
the polarizer. � is the angle of a polaroid analyzer, which is placed with respect to
the polarizer, as schematically shown in Fig. 1. According to Malus’s law, the period
of the polarized beams was reduced to 90◦ .

Photoluminescence (PL) spectra of all the samples were recorded at room tem-
perature and measured by a Varian CARY Eclipse fluorescence spectrophotometer.
The liquid sample was diluted to be 5–10% of its original concentration and contained
in a standard 10 mm path length cuvette for fluorescence test. The nanocompos-
ite thin films with a dimension of 10 mm × 40 mm were used for both UV–vis and
fluorescence tests.

3. Results and discussion

Fig. 2(a) shows the TEM microstructure of the as-received
CdSe–ZnS quantum dots. No obvious aggregation was observed in
the samples and the average particle size was 3.5 nm with a stan-
dard deviation of 0.7 nm. Fig. 2(b) shows the high-resolution TEM
microstructure of the CdSe–ZnS quantum dots. Well-resolved lat-
tice fringes were observed continuously throughout an entire single
particle, indicating a highly crystalline (nanocrystal) structure of
the quantum dots. The lattice spacing was calculated to be 0.37 nm,
0.25 nm and 0.31 nm, which corresponded to (1 0 0) and (1 0 2) CdSe
crystal planes and (1 0 2) ZnS crystal plane, respectively. No clear
interface between CdSe core and ZnS shell was observed in the ana-
lyzed quantum dots, indicating an epitaxial growth of the crystal
shell [32].

The composition of core–shell CdSe–ZnS quantum dots coated
with carboxyl groups was examined by an energy dispersive X-
ray spectroscopy (EDAX) and FT-IR. The EDAX analysis, Fig. 3(a),
showed elements of carbon, oxygen, sulfur, cadmium, zinc, and
selenium, consistent with the provided components of the quan-
tum dots. Carbon and oxygen could be from the used substrate
or the carboxyl groups. The surface functional groups are further
characterized by FT-IR spectrophotometer. Fig. 3(b) shows the FT-
IR spectra of the dried CdSe–ZnS QDs. The characteristic stretch

peaks of C–H (2914 and 2820 cm−1) [33] and –COOH (1697 and
1398 cm−1) [34] were observed. Peaks at 1050 cm−1 may represent
C–C group. This was consistent with the provided information that
quantum dots are coated with surfactant having carboxyl groups.
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Fig. 2. (a) TEM microstructure and (b) HRT

Fig. 4 shows the FT-IR spectra of the dried QDs, pure PVA
hin film, and PVA-QD nanocomposite thin film, respectively. All
he samples have characteristic C–H stretch peaks [33] at 670
nd 2914 cm−1, and –CH2 stretch peaks at 1320 cm−1. The peaks
howed stronger intensity in the dried QDs samples and weaker in
he polymer nanocomposites. The peak of 2820 cm−1 was exhib-
ted in the composites, which was absent in the pure PVA sample.
oth –OH stretch peaks [35,36] (3285 and 1650 cm−1), C–C stretch
eaks [37] (1413 cm−1) and C–O stretch peaks [37] (850, 1167 and
390 cm−1) were found stronger in both PVA and nanocompos-
tes, and weaker in the evaporated QDs sample. On the polymer
hain of PVA, hydroxyl groups were linked to the carbon chain. The
Ds sample has a weak response to –OH group through the hydro-
en bondage. A strong –COOH stretch peak [34] at 1735 cm−1 was

ig. 3. (a) EDAX image of evaporated QDs, and (b) FT-IR image of as-received QDs
fter complete drying.
icrostructure of as-received quantum dots.

observed in dried QDs sample, not seen in pure PVA. These dif-
ferences indicate an interaction between the quantum dots and
polymer matrix.

Fig. 5 shows the UV–vis absorption spectra of CdSe–ZnS quan-
tum dots aqueous solution, pure PVA thin film, and PVA-QDs
nanocomposite thin film, respectively. PVA thin film showed little
absorption. The quantum dots solution showed an onset at 556 nm,
corresponding to absorption energy of 2.24 eV (� = c/�, E = h × �,
� is light wave frequency, s−1; c is light speed, 3 × 108 m s−1; �
is wavelength, m; E is wave energy, eV; h is Planck’s constant,
4.135 × 10−15 eV s). The measured 2.24 eV showed a blue shift, rela-
tive to the band gap (Eg) of the bulk cubic CdSe (1.77 eV) [38], which
may be attributed to the small size or the effect of ZnS shell. The
estimated Eg of CdSe was based on the measured wavelength of
approximately one-third of the main absorption feature [39]. The
composite showed a peak at the same position of the quantum dots
aqueous solution. The absorption decreased with the increase of
the wavelengths in both composite and aqueous QDs solution. The
strong band-edge absorption indicates the potential applications
of these nanocomposites in optoelectronic device areas.
The energy band gap of PVA-QDs nanocomposite is deter-
mined by the reflection spectrum. According to Tauc relation,
˛h� = A × (h� − Eg)n, where ˛ is the absorption coefficient, h� is
the energy of a photon, A is a constant, varies according to ele-

Fig. 4. FT-IR spectra of PVA thin film, PVA-QDs thin film composite and evaporated
CdSe–ZnS QDs.
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film mainly lies between 0.45 and 0.90 from 400 nm to 700 nm. A
ig. 5. UV–vis absorption of QDs aqueous solution, pure PVA thin film and PVA-QDs
anocomposite.

ents, Eg is the energy gap of CdSe and n is an index depending
n the nature of the electronic transition responsible for the
eflection. Reflection, R, is obtained from R = 1/(10A), where A is
bsorbance value. Absorption coefficient ˛ has the following rela-
ion: 2˛t = ln[(Rmax − Rmin)/(R − Rmin)], where t is the thickness of
he sample. Rmax and Rmin are the maximum and minimum values
f reflection. Fig. 6 is to determine the index n using a graph of
n{h� × ln[(Rmax − Rmin)/(R − Rmin)]} vs ln(h� − Eg) [40]. The energy
ap for CdSe is 1.74 eV [41]. The slope of the line is 2.6. Fig. 6 is got by
sing {h� × ln[(Rmax − Rmin)/(R − Rmin)]}2.6 vs energy. The extrap-
lation of the straight line to h� × ln[(Rmax − Rmin)/(R − Rmin)] = 0
ives the value of band gap of PVA-QDs nanocomposite. According
o the graph, the band gap value is 2.80 eV for PVA-QDs nanocom-
osite. The change of band gap suggests the structural change
ccurring in the nanocomposite or the ZnS shell effect.

Fig. 7 shows the UV–vis absorption spectra of pure PVA thin film
ith the polarizer rotated for one full cycle. Based on Malus’s law,

he period of the polarized beams was 90◦ as schematically shown

n the experiment. Five absorption peaks at around 380 nm, 470 nm,
25 nm, 695 nm and 785 nm were observed. A shift of absorption
eaks was detected with the change of polarized beams. Within the
bserved wavelength range of 350–700 nm, the absorption peak
n the top curve gradually increased as compared to the bottom

ig. 6. Using UV–vis absorption to determine the band gap of PVA-QDs nanocom-
osites.
Fig. 7. UV–vis absorption spectra of PVA thin film with polarizer 90◦-rotated.

curve. For example, a shoulder was observed in the bottom curve for
the wavelength range of 370–390 nm and a well-resolved absorp-
tion peak was observed in the top curves. At about 600 nm, there
was little absorption change with the change of polarized beams.
In the wavelength range of 720–770 nm, the absorption decreases
sharply for the curves at top and there is an absorption plateau in
the bottom curves. In addition, an absorption peak was observed
the bottom curves. These indicate that the optical absorption was
influenced by the polarized lights passing through the transparent
PVA. The absorbance of PVA thin film was observed 0.3–0.7 in the
range of 350–700 nm. A shoulder at about 770 nm and the overall
sharp absorption decreased were observed.

Fig. 8 shows the UV–vis absorption spectrum of nanocompos-
ite thin film measured by the same procedures as in Fig. 7. The
spectra can be approximated by the superposition of the spectra
of PVA thin film and QDs solution. Additional features and vari-
ations were observed. The absorbance of the nanocomposite thin
new peak at 563 nm was observed in the nanocomposite thin film
[38], which resembles the peak of CdSe–ZnS QDs. The nanocom-
posites showed the absorption peaks at 470 nm, 520 nm, 700 nm

Fig. 8. UV–vis absorption spectra of composite thin film with polarizer 90◦-rotated.
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ig. 9. Fluorescence spectra of QDs aqueous solution, PVA thin film and PVA-QDs
omposite.

nd 770 nm, similar to those of the pure PVA. The peak at 600 nm
ecame weaker compared to that of the pure PVA. The spectrum dif-
erence indicates the influence of QDs and an interaction between
he QDs and the PVA polymer matrix, consistent with the FT-IR
nalysis.

Fig. 9 shows the fluorescence spectra of QDs aqueous solu-
ion, pure PVA thin film and PVA-QD nanocomposite thin film,
espectively. The excitation wavelength was 350 nm. A peak at
74 nm was observed in both QDs aqueous solution and PVA-QD
anocomposite thin film, which was characteristic of CdSe quan-
um dots [42]. No fluorescence phenomenon was observed in pure
VA thin film in the observed wavelength ranging from 400 nm to
50 nm.

Fig. 10 shows the fluorescence spectra of QDs, excited by beams
f selected wavelengths from 260 nm to 288 nm. A significant
ncrease in fluorescent emission intensity was observed. The huge

ncrease was found by a small change of the excitation wavelength
less than 30 nm). The fluorescent peaks of QDs and the correspond-
ng polymer nanocomposites were observed to be located at the

avelength of 574 nm.

ig. 10. Fluorescence spectra of QDs aqueous solution excited by different wave-
ength.
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4. Conclusion

Uniform CdSe–ZnS quantum dots functionalized with carboxyl
groups on the surface were used to prepare PVA-QDs nanocom-
posite thin film by drop-casting method. FT-IR spectra of the
nanocomposite indicate the interaction between the QDs and the
polymer matrix. With the aid of UV–vis spectrophotometer, the
polymer composites showed absorption at 563 nm, similar to the
pure QDs solution. The nanocomposites showed a compromised
absorption of the polymer and the nanosized fillers. The composites
have also shown special optical absorption property when sub-
jected to polarized beams in UV–vis test. During fluorescence test,
a stable emission peak for QDs and a shifting peak for PVA were
observed. With transparent biodegradable PVA as base material,
nanocomposites reinforced with QDs have great potential opti-
cal electronic applications. With the fluorescent quantum dots as
nanofillers, these nanocomposites have great potential applications
in the biomedical area.
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