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A nanocomposite of polyacrylamide, a water soluble polymer, and nanocrystalline CdS has been prepared
using a chemical route. Transmission electron microscope observation shows that the particles are attached via
the polymer coils. The reduction of viscosity for the composite, despite the increase in concentration, indicates
a reduction of interchain entanglement between the composite coils. Ultrathin films were prepared from the
nanocomposite and pure polyacrylamide using spin coating on a Si(100) substrate in the speed range of
500 to 5000 rpm. X-ray reflectivity studies of the pure polymer and composite films were carried out in
vacuum. The thickness of the composite films varies nonmonotonically with spinning speed and is found to lie
in discrete “bands” of thickness separated by “forbidden regions.” The power law behavior of the thickness
with the spinning speed was also found to be different for the composite films in comparison to the polymer
ones. A model has been proposed in terms of discrete numbers of layers composed of CdS-attached polymer
coils to explain the phenomena.
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I. INTRODUCTION

Studies of the structure and dynamics of ultrathin polymer
and polymer nanocomposite films on a substrate are of fun-
damental as well as applied interest. In polymer films, the
large number of molecules that are in intimate contact with
the substrate surface and the confinement of the chains in
one dimension lead to many interesting properties[1–5]. In
the case of polymer nanocomposite systems, which are ho-
mogeneous dispersions of a nanocrystalline phase in a poly-
mer medium, the presence of nanocrystalline particles further
modifies the properties due to the introduction of a second
phase and the large amount of interfacial region in these
systems[6–10]. Nanometer sized CdS particles dispersed in
a continuous polymer matrix have attracted much attention
owing to their unique optical and electronic properties and
their potential application in solar energy conversion
[11–14]. The spin coating technique has been used to prepare
ultrathin polymer and nanocomposite films in our study. This
technique is widely used for applying thin uniform photore-
sist films to flat silicon substrates in the microelectronics
industry. It is used for coating of color television screens,
optical devices, and magnetic storage disks. There is a rich
literature on the theoretical and experimental studies of spin
coated photoresist and polymer films[15–22]. It is generally
possible to obtain highly uniform films of any viscous fluids
and the final film thickness depends mainly on two
parameters—the concentration of the solution and the final
spinning speed. Other parameters like the acceleration of the
rotating disk and the initial volume of the solution dispensed
onto the rotating disk have negligible or no effect. The final
thickness of the films shows a power law dependence on the
angular speed of the rotating disk. However, systematic stud-
ies of the structure of spin coated ultrathin polymer nano-
composite films, particularly with water soluble polymers,
are not available in the literature. In the present study we
have prepared a CdS-polyacrylamide nanocomposite through
a chemical route and used it to prepare thin films in a range
of thicknesses using the spin coating technique. The thick-

ness and the internal structure of the pure polymer as well as
nanocomposite films were studied using x-ray reflectivity
technique. In the present article we report the following ob-
servations for the composite films unlike the polymer ones:
(a) discontinuous film thickness as a function of the spinning
speed of coating,(b) layering in the electron density profile
as a function of depth, and(c) a different power law depen-
dence of the thickness on the spinning speed. An attempt has
been made here to explain the phenomena with a model in
terms of single or multiple layers of composite polymer
coils.

II. EXPERIMENTAL DETAILS

A. Sample preparation

To prepare the nanocomposite material with a CdS
concentration of 5% by volume, a measured amount of cad-
mium acetate was dissolved in 0.2 mg/ml of polyacrylamide
(Mw.53106, BDH Chemicals, U.K.) solution in water.
500 ml of the above solution was kept boiling at 100 °C and
H2S gas was passes through the solution following Mukher-
jee et al. [7]. As the gas was passed, the solution started
becoming yellow and within five minutes the whole solution
turned yellow, ensuring that all cadmium acetate had reacted
completely with H2S to form CdS. After stopping the gas
flow the solution was kept boiling for 10 min to ensure com-
plete removal of excess H2S from the sol. A small amount of
yellow flakes was observed at the bottom of the container.
The composite sol was subsequently filtered using a clean
cotton cloth washed with Millipore water. During filtration
some material stuck to the filter cloth that could not be re-
covered, resulting in some material loss. To eliminate acetic
acid from the sol it was boiled for several hours. The con-
centration of the final sol was measured by weighing the
dried mass of a measured volume of the sol and was found to
be 5.6 mg/ml.

The average size of the CdS particles formed in the reac-
tion was estimated to be 4.2 nm from the blueshift of the
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absorption band edge measured by uv-visible(uv-vis) spec-
troscopy(Cintra 10e, GBC) [23]. The relative viscosity of the
composite sol and a 2 mg/ml polyacrylamide solution,
which was used to prepare the polymer films, were estimated
by measuring the efflux time through a capillary. We ob-
served about 16 times reduction of the relative viscosity of
the composite sol compared to the polymer solution. The
hydrodynamic radiiRH of the polymer and the composite
coils in solutions of the above mentioned concentrations
were measured using dynamic light scattering(DLS-7000,
Otsuka Electronics) and were found to be 1170 and 270 nm,
respectively. The lowerRH value and the reduction of rela-
tive viscosity despite the increase in concentration of the
composite suggest that the intercoil entanglement of the
polymer chains was reduced when they were loaded with
CdS particles. This is possibly due to the reduction of the
amount of hydrogen bonds between the polymer chains and
the surrounding water molecules. No separation of the poly-
mer phase and the CdS nanoparticles was observed even af-
ter centrifuging the composite sol at 20 000 rpm for 20 min,
which indicates that the nanosized CdS particles were steri-
cally stabilized[24] by the polymer molecules.

The composite sol was used to prepare thin films on a
Si(100) substrate using the spin coating technique with a
range of rotation speeds from 500 to 5000 rpm. To make
the surface suitably hydrophilic for coating of water soluble
polymers, the silicon wafers were chemically treated with a
mixture of ammonia solution and hydrogen peroxide
sNH4OH:H2O2:H2O=1:1:2d at boiling temperature for
5 min before spin coating on them. During the spinning,
clean and warm airs60 °Cd was flowed gently over the sol
using a homemade arrangement to facilitate a faster evapo-
ration of water. Using a similar technique, films of pure poly-
mer were also prepared for comparative studies. For prepar-
ing these films a 2 mg/ml polyacrylamide solution was used.
It is to be noted that for this concentration we obtained films
of similar thickness to those of the composite ones for simi-
lar spinning speeds(see Fig. 2). It is generally observed that
the spin coated films, especially the ones rotated at high
speed, may remain in a nonequilibrium structure. The films
were kept for 30 min in a closed container with an open pot
of water inside. Since the polymer was water soluble, the
films absorbed water vapor and swelled and as a result re-
leased the strain to attain equilibrium structures. The films
were then stored in a desiccator for drying.

B. Transmission electron microscopy

Transmission electron microscopy(TEM) (Hitachi H600
operated at 100 kV) was used to study the internal structure
of the nanocomposite material in the as-prepared and the thin
film forms. A drop of dilutes1 mg/mld sol was poured on a
carbon coated copper grid and was allowed to dry for obser-
vation of the as-prepared sample. The micrograph in Fig.
1(a) corresponding to this sample clearly shows a few flake-
like objects with dark dots in them. The lateral dimension of
the individual flakes is close to theRg of the polymer, which
suggests that the composite material is composed of CdS
particles that are attached to the individual polymer coils.

One of these flakes has been shown in the inset of the figure
with higher magnification, where dispersed nanocrystalline
CdS particles are clearly observed in the polymer matrix. To
get a true picture of the internal structure of a thin film con-
structed from the nanocomposite material we prepared a sec-
ond grid by spin coating the composite material directly on
it. An uncoated grid was mounted by a tiny drop of resin on
a silicon substrate and the substrate was spin coated at
5000 rpm, following identical procedures as for the
5000 rpm film used for x-ray reflectivity experiments. In Fig.
1(b), we have shown the TEM micrograph corresponding to
the spin coated grid, which is a true representation of the
internal structure of a composite film coated at 5000 rpm.
The figure shows dispersed CdS particles only; the polymer
part is not visible here. We believe that the thin films are
constructed of the interconnected flakelike objects shown in
Fig. 1(a). The average interparticle separation of the CdS
particles for both the micrographs was calculated for com-
parison with the numbers obtained from the analysis of the
x-ray data(discussed later). The average separation for the
first grid was 120±8 Å whereas for the second grid the sepa-
ration was higher due to stretching during spin coating and
was observed to be 175±10 Å. The particle size distributions
are shown in the insets of the corresponding figures. The
average particle size observed from TEM was found to be in
close agreement with that observed from uv-vis measure-
ments.

C. X-ray reflectivity

X-ray reflectivity is one of the powerful techniques to
characterize thin films and interfaces. An x-ray beam falls on
the film at glancing angles and is reflected at the interfaces.
For x rays, the interface is defined as the separation of two
media with different electron densities. A polymeric material
with sufficient electron density contrast with that of the sub-
strate(silicon) can be characterized using x-ray reflectivity.

FIG. 1. (a) The micrograph obtained from as-prepared nano-
composite at 60 000 magnification. The higher magnified view of a
flakelike object is shown in the inset.(b) The micrograph obtained
from spin coated grid at 80 000 magnification. The black dots in the
micrograph are the CdS particles. The particle size distributions are
also shown in the insets of the corresponding micrographs.
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The details of the technique can be found in Refs.[26,27].
We performed specular reflectivity(the angle of incidence

equals the angle of reflection) to characterize the nanocom-
posite thin films. Polyacrylamide, being soluble in water, is
hygroscopic, and hence the structure of dry polymer films
could not be obtained in atmospheric conditions. For taking
x-ray data the samples were mounted in a vacuum chamber
and heatedin situ at 70 °C for 20 min in vacuums0.07 Torrd
for annealing and drying. The films were then cooled to
room temperatures26 °Cd without breaking the vacuum.

The x-ray specular reflectivity scans were taken at room
temperature in vacuum using CuKa1 monochromated radia-
tion from a rotating anode x-ray source(Enraf Nonius
FR591). The data for all the films with good statistics were
collected up to the incident angle of 3.5° and were analyzed
using the Parratt formalism[25] modified to include interfa-
cial roughness[26,27]. For the analysis of the data for nano-
composite films, the input electron density profiles were di-
vided into several boxes of equal thickness and interfacial
roughnesses of 2–5 Å were used to account for gradual
changes of electron density due to the presence of the dis-
persed phase. The top and the substrate roughness along with
the electron densities of all the layers corresponding to the
films were varied during the fitting process. For pure poly-
mers a single electron density for the entire film with a lower
density layer between the film and the substrate having suit-
able top and substrate roughness were sufficient to obtain
very good fits. The lower density values above the substrate
observed for both polymer and composite films indicate that
the density of the anchoring chains was lower than the bulk
density of the films, with similar values in both cases. The
observed thickness of all the films ranges between 60 and
370 Å, which is much less than the radius of gyrationRg of
the polymers,100 nmd.

III. RESULTS AND DISCUSSION

The analysis of the x-ray reflectivity data for the compos-
ite films shows that the film thickness does not change
monotonically as a function of spinning speed. Within the
limit of our experiments we have observed three discrete
“bands” of film thickness separated by two “forbidden re-
gions.” The thickness of the polymer films, on the other
hand, continuously changes with the speed as expected. In
Fig. 2 we have compared the thickness of the polymer films
with those of the composite ones. The thickness of the poly-
mer films shows a continuous change as a function of the
speed of preparation. On the other hand, the thickness of the
composite films was found to occur within discrete thickness
regions of 106–155 Å, 227–251 Å, and 310–362 Å. It can
be clearly seen from Fig. 2 that the thicknesses of the com-
posite films at most of the speeds were similar to or higher
than those of the polymer films, although the concentration
of the composite sol was about three times higher than the
pure polymer solution. The discreteness and the departure of
the predicted dependence of the film thickness on the initial
concentration of the solution for the spin coated films[20]
indicate that the internal structure of the composite films may
be different from that of the polymer films.

Another notable feature of the thickness values for the
composite films was the fluctuations of these values close to
the transition region between the “allowed bands,” as indi-
cated in the figure by the line connecting the data points.
This suggests that the thickness of the films may have a
strong dependence on minute fluctuations of parameters like
spinning speed, roughness of the substrate, or the tempera-
ture of the warm air that was circulated during their prepa-
ration. To test the influence of these factors on the film thick-
ness we prepared some of the samples on a second substrate
without changing any preparation parameter. The thickness
of some of these films was found to change significantly. At
least in two cases, for 1000 and 1500 rpm, the film thickness
jumped from one band to another as can be seen in the fig-
ure. This clearly indicates that the thickness of the composite
films was strongly influenced by the fluctuations of these
preparation parameters, although it was not possible to iden-
tify any systematic pattern. The sudden change of the film
thickness by about 100 Å at certain speeds indicates that the
films might be constructed by the stacking of layers of
around 100 Å thick and loss of such layers gives rise to a
discrete change in the film thickness. As the radial velocity
of the molecules during spin coating increases quadratically
with the height from the substrate[15], one can understand
that the topmost layer encounters the highest centrifugal
force and as a result snapping off of the layer occurs when
the centrifugal force exceeds the interlayer friction.

In the inset of Fig. 2 we have shown the logarithmic plot
of the same data shown in Fig. 2 along with the straight line
fits. It is well documented that spin coated films follow a
power law dependence between the film thicknessz and the
spinning speedv given by z~v−b. The majority of the ex-
perimental and theoretical investigations[15–22] report a
value of 0.5 forb. For the polymer films we obtained a value
of b=0.78; a similar value 0.8 was earlier observed for spin
coated high viscosity polyimide films[28]. Higher values of

FIG. 2. Thickness of the polyacrylamide(open symbols) and
nanocomposite films(solid symbols) as a function of the spinning
speed. Lines connecting the symbols are guides to the eyes. The
inset shows the logarithmic plot of the same data. The slope of the
straight line fits in the inset represents the power law behavior of
the data(parameterb). The uncertainties in the thickness values are
smaller than the size of the symbols.
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b were also predicted by Yonkoski and Soana[21] in terms
of shorter spinning times. In the case of the nanocomposite
films the data were discontinuous; hence the fitting was done
with the region of thickness lying between 106 and 155 Å
where the thickness change was continuous. We findb=0.2
which is much lower in magnitude compared to that of poly-
mer films. This indicates that these films were less compress-
ible than those made of pure polymers. Although lower val-
ues of b for spin coated films for lower initial polymer
concentrations were experimentally observed[17,18], no
theoretical prediction supports lowerb values so far. The
available theories for the spin coated films are developed for
continuous Newtonian or non-Newtonian fluids but the com-
posite sol behaves like a discontinuous system due to the
presence of discrete structures, as can be observed by TEM
[Fig. 1(a)]. In the present case the lowering of entanglement
(lower viscosity) as a result of structural modification of the
polymer coils due to the attached CdS particles makes these
systems behave like fluids with spatial variation of mechani-
cal properties, and the theoretical predictions for the continu-
ous fluids may not be valid here.

In Fig. 3 we have shown the x-ray reflectivity data for
three representative composite films from the three different
thickness bands mentioned above along with typical data for
a polymer film with corresponding fittings for comparison.
The inset of the figure shows the electron density profiles for
the films as observed from the analysis of the reflectivity
data. A comparison between the reflectivity data for the poly-
mer and composite films shows the smearing of the oscilla-
tion amplitudes for the composite films. This was also ob-
served earlier as a characteristic feature in similar systems
[11] due to internal density fluctuations in them. Comparison
of the results in the inset of Fig. 3 shows that the electron

density for the polymer film was uniform throughout the film
with a lowering of the same close to the substrate, whereas
the profiles show variation of electron density in the compos-
ite films as a function of depth. Single or multiple hump
structures in the density profiles were observed for the com-
posite films with the size of the humps larger than the aver-
age size of the CdS particles. To estimate the reasonableness
of the humps in the electron density profiles we have simu-
lated the reflectivity curves using a flat average electron den-
sity for the composite films. These profiles are also shown in
Fig. 3 for comparison. The difference of the simulated pro-
files from the experimental data indicates that the variations
in the electron density are real and suggests that the films
were constructed of single or multiple layers of higher den-
sity material separated by lower density interfaces. A single
hump can be clearly observed in the density profile for the
thinnest film (inset curveb). The hump at around halfway
between the top surface and the substrate with an electron
density value higher than the polymer indicates that the film
may be constructed by lateral placement of the entangled
composite coils. The lower electron density close to the sub-
strate and the top surface of the films suggests that the coils
are likely to be polymer molecules in which CdS nanopar-
ticles were encapsulated. In Fig. 4 we have shown the sche-
matic model of the nanocomposite films on the basis of the
observations described above. The schematic shows that the
single layer film is constructed by the lateral placement of
the CdS embedded coils and the higher thickness films are
formed by the addition of an integral number of such layers.

FIG. 3. X-ray reflectivity data(symbol) along with the fittings
(solid line) for (a) polyacrylamide film prepared at
700 rpms208 Åd and (b)–(d) nanocomposite films prepared with
the speeds(b) 5000 rpms106 Åd, (c) 1500 rpms224 Åd, (d)
500 rpms363 Åd. The inset shows the electron density profiles for
the corresponding films as obtained from the reflectivity data. All
the reflectivity and the electron density profiles for the composite
films (b)–(d) have been shifted suitably for clarity. The simulated
reflectivity curves(dashed lines) for the flat electron density profiles
(inset) are also shown for comparison.

FIG. 4. The schematic model for the nanocomposite films. The
thin curly lines and the black solid circles represent the polymer
chains and the CdS particles, respectively.(Top) the thinnest films
are shown to be formed by a layer of laterally entangled individual
coils. (Middle) the intermediate thickness(curve c in Fig. 3) and
(Bottom) high thickness(curved in Fig. 3) films are shown to be
constructed by stacking of additional similar layers of which the
thinnest film is formed. The dotted lines are drawn to represent
alternating low and high electron density regions observed from the
three representative electron density profiles discussed in the text.
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The alternate low and high density regions observed in the
electron density(inset curvesb–d) can be explained in terms
of interfaces between the layers and the interior of the layers,
respectively, as indicated by dotted lines in Fig. 4.

In Fig. 5 we show the reflectivity data along with the
fitted profiles corresponding to the films prepared with the
three highest spinning speeds. The inset of the figure shows
the electron density profiles obtained from the analysis of the
reflectivity data. The thickness and the average electron den-
sity of the films were found to decrease with increasing spin-
ning speed, as expected. The quality of the reflectivity data
was found to improve for films prepared with higher speeds.
This was reflected by the larger amplitude of oscillations up
to larger incident angle for the films prepared at higher
speeds. In other words, the quality of the films has improved
due to reduction of the top roughness and internal electron
density fluctuation as a result of stretching of the composite
coils, ruling out any possibility of dewetting as a cause of
density reduction. Considering the assumption that the hump
regions in the electron density profiles appeared due to the
presence of CdS particles, we have estimated the interpar-
ticle separation of the CdS particles for these films. Using the
known values of the electron densitiesre

CdSandre
poly for CdS

and polymer and the observed electron density for the com-
positere

compone can calculate the electronic fractionf for the
CdS phase in a composite film usingre

CdSf +re
polys1− fd

=re
comp. Here the average value ofre

comp was calculated by
dividing the area under a particular density profile by its
thickness. For this purpose we have considered only that
portion of the thickness for which the electron density was
higher than that of the pure polymer(0.42 Å−3, shown in the
inset of the figure by a dotted line). Knowing the mass den-
sitiesrm

CdS andrm
poly for CdS and the polymer and the known

value of f, one can calculate the weighted mass density of
the compositerm

comp using srm
CdS/re

CdSdf +srm
poly/re

polyds1− fd
=rm

comp/re
comp. From this mass density of the composite, the

mass fraction of CdS particles was calculated. Considering
the volume under unit surface area of the film, we calculated
the mass contained in this volume. Dividing the total mass
corresponding to the CdS particles by the mass of a single
particle one can get the number of particles for the entire
volume considered. From the calculated number of CdS par-
ticles homogeneously distributed in a known volume we ob-
tained the interparticle separation of 115, 132, and 140 Å for
the films prepared at 2500, 4000, and 5000 rpm, respectively.
A similar trend for the change of interparticle separation was
also observed from TEM measurements. The range of inter-
particle separations obtained from TEM matches quite well
with the above numbers. For the as-prepared sample there
was no stretching; hence, the interparticle separation was
minimum, and for the thin film sample higher separation was
observed due to stretching. The increase of interparticle
separation with stretching of the films further reveals the fact
that the CdS particles are strongly attached to the polymer
coils.

IV. CONCLUSION

In conclusion, ultrathin films from a chemically synthe-
sized CdS-polyacrylamide nanocomposite sol were prepared
using spin coating at different speeds on a silicon wafer.
Polyacrylamide films of similar thickness were also prepared
for comparison. The x-ray reflectivity technique has been
used to study the structure of the films. The analysis of the
data shows that, unlike polymer films, the thickness of the
composite films does not change monotonically with spin-
ning speed of their preparation and their thickness lies within
some discrete “bands” separated by “forbidden regions.” The
power law behavior of the thickness of the composite films
with spinning speed was found to be widely different from
that of the pure polymer. We believe there is a change in the
hydrodynamic behavior of the composite sol compared to the
polymer solution due to the CdS particles attached to the
polymer chains. This is also reflected by the drastic reduction
of the relative viscosity despite the threefold increase in the
concentration. We have shown by TEM measurements that,
during the preparation of nanomaterials within the polymer
matrix through the chemical route, CdS particles were at-
tached to the individual polymer molecules and as a result
the interchain entanglement between the polymer molecules
was reduced. We propose that the ultrathin films that were
prepared form the composite sol were constructed in the
form of single or multiple stacks of these composite units.
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FIG. 5. X-ray reflectivity data(symbols) along with the fittings
(solid line) for the nanocomposite films prepared with three highest
spinning speeds(a) 2500 rpms115 Åd, (b) 4000 rpms113 Åd, and
(c) 5000 rpms106 Åd. The inset shows the electron density profiles
for the corresponding films as obtained from the reflectivity data
and the dashed line represents the bulk polymer density. The reflec-
tivity profiles (b) and (c) have been shifted suitably for clarity.
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