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ABSTRACT: Conjugated polymers have been the sub-
ject of many studies because of their widespread
applications in electronic and optoelectronic devices.
Poly(p-phenylene vinylene) is a leading semiconducting
polymer in optical applications. This work is focused
on the development of thin films of poly(p-phenylene
vinylene) by spin coating and their characterization
with Fourier transform infrared spectroscopy, X-ray dif-

fraction, and scanning electron microscopy to under-
stand their changes. An empirical model has been
developed to show the effect of the variables—the spin
speed, polymer concentration, and spin time—on the
film thickness. VVC 2008 Wiley Periodicals, Inc. J Appl Polym
Sci 111: 1917–1922, 2009
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INTRODUCTION

Conjugated polymers, being electroluminescent,
have received a great deal of attention because of
their applications in electronic and optoelectronic
devices such as light-emitting diodes,1 thin-film tran-
sistors,2 photovoltaic cells,3 chemical, physical, and
biological sensors, nonlinear optical and molecular
devices,4,5 and electrochemical cells.6 Conjugated
polymers have the advantages of versatile multicolor
emission and easy fabrication of small- and large-
area active layers.1 These semiconducting polymers
consist of at least one backbone chain of alternating
double and single bonds. Poly(p-phenylene vinylene)
(PPV), because of its high yield emission, is popular
among semiconducting polymers, especially for opti-
cal applications.1,7 The conjugated p-electron system
of PPV is responsible for its outstanding nonlinear
optical and electrical properties.8,9 The electrical and
optical properties of light-emitting diodes on flexible
substrates determine their lifetime, turn-on voltage,
and operating voltage.

Thin films of PPV can be formed either by wet-
processing methods such as the Langmuir–Blodgett
film method, spin coating, dip coating, and solution
casting or by dry-processing methods such as physi-
cal and chemical vapor deposition.10,11 Spin coating
is a widely accepted method for coating a thin (0.5–
2-lm), uniform, adherent, and homogeneous film
over the surface of a silicon wafer.12 Optical and
electrical properties of film-coated optoelectronic

devices are controlled by the polymer morphology,
which in turn is affected by treatment conditions
such as a variety of solvents, differing concentrations
of polymer solutions, and various spin-coating con-
ditions.13,14 It becomes essential to study the effects
of such process variables on the nature of the film
deposited by spin coating and optimize them. The
statistical design of experiments allows us to estab-
lish the relationship between process variables and
response. Factorial design requires the execution of a
relatively small number of different experiments and
is more efficient than one-factor-at-a-time experi-
ments.15 Cecchi et al.16 applied an experimental
methodology design to optimize polymer light-emit-
ting diode film coatings and reported that the
polymer film thickness and film nonuniformity
depended on the polymer concentration and spin
speed and were not influenced by ramp
acceleration.16

This work focuses on the preparation of spin-
coated PPV thin films on glass substrates having a
thin layer of indium tin oxide (ITO). The films were
characterized with X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, and scan-
ning electron microscopy (SEM). A mathematical
model was also developed to quantify the effects of
process variables such as the spin speed, concentra-
tion, and spin time on the film thickness.

EXPERIMENTAL

ITO film preparation

Before the polymer was applied, an ITO film was
deposited on a glass substrate (100 � 100) with a com-
mercial sputtering system. To deposit the ITO film,
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an indium–tin (90 : 10) alloy target with a purity of
99.99% was loaded at the holder provided in the
sputtering system at a fixed distance of 40 mm from
the substrate. The vacuum chamber was evacuated
to a pressure of 2 � 10�5 mbar before deposition.
Then, argon gas was introduced until the preset
pressure reached 8 � 10�4 mbar. The film was
deposited with 50-W power for 30 min.

Spin coating

In this experiment, PPV with a molecular weight of
5234 (its basic structure is shown in Fig. 1), procured
from Sigma–Aldrich (St. Louis, MO, USA), was
used. PPV was coated onto the ITO substrate
through the spin-coating process. Because we were
aiming to optimize the spin-coating process parame-
ters to obtain a desired PPV film thickness, ranges of
spin speeds, solution concentrations, and spin times
were chosen for experimentation (Table I). These
conditions were chosen on the basis of previous
studies and limitations of the spin coater.16

Initially, PPV was dissolved in toluene at three
different concentrations (1, 3, and 5 mg/mL) and
stirred for 3 h. The filtered solutions were then spin-
coated onto the ITO substrate in a nitrogen atmos-
phere with an SCU 2005 spin coater made by Apex
Instruments (Kolkata, India). The whole coating pro-
cess was performed in three stages. During the first
stage of static dispensing, a small puddle of the PPV
solution (ca. 1 cc) was dropped at the center of the
substrate loaded in the spin coater. Then, the coating
was accelerated to 1000, 3000, and 5000 rpm to get a
solution of the desired thickness. During the last
stage, the coated film was dried in a vacuum oven
at 40–45�C for 1 h for complete removal of the
solvents.

Characterization

The PPV film thickness was measured with a Tay-
lor/Hobson precision (Leicester, England) NCS pro-
filometer. The XRD pattern was obtained for the ITO
substrate before and after the coating of PPV with a
Philips X’Pert-PRO X-ray diffractometer (Eindhoven,
Netherlands). The FTIR spectra of PPV thin film
samples were recorded with a ThermoNicolet Nexus
870 FTIR spectrophotometer (Madison, WI). Topo-
graphical imaging of thin films was obtained with a
JEOL JSM-5800 (Tokyo, Japan) scanning electron
microscope.

Process optimization

Optimizing device performance entails determining
the effects of several process parameters. In this
experiment, ranges of spin speeds, solution concen-
trations, and spin times were chosen at two levels
for optimization (Table I). A three-factor, two-level,
full factorial experiment was run to estimate the fac-
tor effects. The experimental design matrix was gen-
erated (Table II) and responses were analyzed with
MINITAB (version 13.1) statistical software from
Minitab, Inc. (PA, United States). The individual
combinations in the design matrix were run in a ran-
dom order to avoid the influence of the experimental
setup. Subsequently, the response data were fitted
into a factorial model, and main and interaction
effects were analyzed through analysis of variance
and factorial plots.

RESULTS

Characterization

XRD analysis

XRD studies were carried out on the ITO substrate
and PPV by high-resolution XRD at a low angle
(<2�) with a Cd X-ray source to study the nature of
the phase. The XRD pattern of the ITO film [pre-
sented in Fig. 2(a)] showed a very strong diffraction
peak at 35�, which confirmed the crystalline nature
of the ITO film. No sharp diffraction peak was
observed from the XRD patterns of PPV films coated
at room temperature, as shown in Figure 2(b), which
depicts the amorphous nature of the PPV polymer.
A similar XRD pattern for the amorphous nature of

Figure 1 Basic structure of PPV.

TABLE I
Range of Coating Parameters for the Design of the Experiments

Sample Parameter Unit Minimum Center Maximum

1 Spin speed rpm 1000 3000 5000
2 Concentration mg/mL 1 3 5
3 Spin time s 20 30 40
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pure poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyl-
ene vinylene] was reported by Kazim et al.17

FTIR spectroscopy

FTIR was used to study the structural behavior of
the spin-coated polymer under various conditions.
The chemical structure of PPV is explained by the
absorption bands of the IR active vibration in the
spectral range of 4000–500 cm�1 in Figure 3. The
absorption bands appearing at approximately 951
and 3016 cm�1 were assigned to the trans-vinylene
CAH out-of-plane bending and trans-vinylene CAH
stretching vibration, respectively.18 The band at 2949
cm�1 was due to CAH stretching from remnant
saturated aliphatic groups, as reported by Saramas
et al.19 The peaks corresponding to the aromatic

in-plane CAH deformation vibration (at 1273, 1250,
1192, 1041, and 1019 cm�1) were observed in the
range of 1290–1000 cm�1. The band at 837 cm�1 was
due to phenylene ring CAH out-of-plane bending.
Ring carbon–carbon stretching vibrations occurring
in the region of 1625–1430 cm�1 were observed at
1572, 1484, and 1424 cm�1. The conjugated aromatic
C¼¼C stretching vibration was confirmed by the
absorption band appearing at 1580 cm�1.20 Further-
more, these studies indicated no structural difference
present in thin film samples at various spin speeds.

SEM

The effect of the spin speed on the surface morphol-
ogy was studied at a constant solution concentration
and a constant spin time of 5 mg/L and 40 min,

Figure 2 XRD patterns of (a) the ITO film and (b) the PPV film.

TABLE II
Film Thicknesses for Different Combinations of the Spin Speed, Solution

Concentration, and Spin Time

Sample Design matrix
Spin speed

(rpm)
Concentration

(mg/mL)
Spin

time (s)
Film

thickness (Å)

1 þ þ þ 5000 5 40 560
2 þ þ — 5000 5 20 490
3 þ � þ 5000 1 40 110
4 þ � � 5000 1 20 100
5 � þ þ 1000 5 40 1175
6 � þ � 1000 5 20 1496
7 � � þ 1000 1 40 245
8 � � � 1000 1 20 310
9 0 0 0 3000 3 30 400

10 0 0 0 3000 3 30 420
11 0 0 0 3000 3 30 405
12 0 0 0 3000 3 30 397
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respectively. The SEM picture, as shown in Figure 4,
clearly indicates that as the spin speed increased, the
polymer spread more uniformly over the substrate.
The SEM analysis further indicates that the PPV
films coated at a high spin speed had a more uni-
form and smoother surface. This may be due to
shearing of the polymer by the greater force acting
on it at higher speed levels.

Process optimization

An empirical model for film thickness was derived
by multiple regression analysis based on an analysis
of variance considering the main and interaction
effects of the three factors:16

Y ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b4x1x2

þ b5x1x3 þ b6x2x3 þ b7x1x2x3 þ e ð1Þ

This model was used to determine the main effect of
each of the three factors [the speed (x1), concentra-
tion (x2), and time (x3)], the three two-way interac-
tions (x1x2, x1x3, x2x3), and the one three way
interaction (x1x2x3) on the response (Y). b1, b2, b3, b4,
b5, b6, and b7 are regression coefficients, whereas b0
and e are the intercept and error, respectively. The

analysis of variance results displayed in Table III
reveal that all three factors (the spin speed, solution
concentration, and spin time) had a significant influ-
ence on the film thickness (P < 0.01). The main
effect plot displayed in Figure 5 reveals that the film
thickness decreased with increasing spin speed and
spin time but increased with increasing solution con-
centration. Furthermore, the analysis of variance
indicated that all two-way and three-way interac-
tions among the selected factors were significant (P
< 0.01). The two-way interactions of the spin speed
and solution concentration and the spin speed and
spin time had a more significant influence on the
film thickness than the interaction of the solution
concentration and spin time, as shown in Figure 6 (P
< 0.01). The solution concentration showed the larg-
est effect among all the effects; it was extended the
farthest, as shown in the Pareto chart (Fig. 7),
whereas time showed the least effect. Although the
concentration more significantly influenced the
thickness, it had a smaller interaction effect when
combined with time, unlike the interaction effect of
the spin speed and spin time, which was larger.

Figure 3 FTIR spectra of PPV films coated at 5 mg/L for
40 s at speeds of 1000, 2000, 4000, and 5000 rpm.

Figure 4 SEM views of PPV thin films on ITO-coated
glass substrates at 5 mg/L for 40 s at speeds of (a) 1000,
(b) 2000, (c) 4000, and (d) 5000 rpm.

TABLE III
Analysis of Variance of the Film Thickness

Source
Degrees of
freedom

Sequential sum
of squares

Adjusted sum
of squares

Adjusted
mean square F P

Main effects 3 1,587,091 1,587,091 529,030 5,000 0.000
Two-way interactions 3 235,468 235,468 78,489 752.30 0.000
Three-way interactions 1 12,482 12,482 12,482 119.64 0.002
Curvature 1 64,274 64,274 64,274 616.04 0.000
Residual error 3 313 313 104 — —
Pure error 3 313 313 104
Total 11 1,899,628
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The empirical model was developed through lin-
ear multiple regression analysis based on main, two-
way interaction, and three-way interaction effects of
these factors. The empirical model of film thickness
in coded units was obtained as follows:

Ft ¼ 560:8� 245:7ðSsÞ þ 369:5ðCÞ � 38:2ðStÞ
� 159:5ðSs � CÞ � 24:5ðC� StÞ
þ 58:2ðSs � StÞ þ 39:5ðSs � C� StÞ ð2Þ

where Ft is the film thickness (Å), Ss is the spin
speed (rpm), C is the concentration (mg/mL), and St
is the spin time (s).

The accuracy of the model developed by factorial
runs was checked by a comparison of the experi-
mental and predicted film thickness values. A
graphical plot showing the predicted film thickness
versus the actual film thickness (Fig. 8) indicated
that the statistical model was adequate because these
values formed a straight line passing through the di-
agonal. The error percentage on average was about
9%, which was mainly due to the central runs.

CONCLUSIONS

A PPV thin film deposited by spin coating was char-
acterized with different analytical techniques. XRD

established that the coated polymer was amorphous
in nature, and the FTIR spectra showed no structural
difference in thin-film samples at selected spin
speeds. The SEM pictures showed that as the spin
speed increased, the polymer spread uniformly over
the substrate. The experimental methodology design
was applied to study the effects of the solution con-
centration, spin speed, and spin time. The spin
speed, solution concentration, and spin time had a
significant influence on the film thickness. An analy-
sis of variance revealed that all three main, two-way
interaction, and three-way interaction effects were
highly significant (P < 0.01).

The authors thank S. K. Ray (Department of Physics
and Meteorology, Indian Institute of Technology, Khar-
agpur, India) and S. K. Roychowdhury (Department of
Mechanical Engineering, Indian Institute of Technology,
Kharagpur, India) for extending their facilities for carry-
ing out this work.

Figure 7 Pareto chart of standardized effects.

Figure 8 Predicted thickness versus the actual thickness.

Figure 5 Main effect plot for thickness.

Figure 6 Interaction effect plot for thickness.

POLY(p-PHENYLENE VINYLENE) SEMICONDUCTING POLYMER 1921

Journal of Applied Polymer Science DOI 10.1002/app



References

1. Jung, S. J.; Cho, Y. R.; Jin, S. H.; Kim, S. C.; Shin, W. S.; Lee,
J. W.; Gal, Y. S. Curr Appl Phys 2007, 7, 375.

2. Babel, A.; Jenekhe, S. A. J Am Chem Soc 2003, 125, 13656.
3. Jenekhe, S. A.; Yi, S. Appl Phys Lett 2000, 77, 2635.
4. Frank, F. S. Surf Coat Technol 1996, 82, 1.
5. Haaland, P. D.; Clarson, S. J. Trends Polym Sci 1993, 1, 40.
6. Fungo, F.; Jenekhe, S. A.; Bard, A. J. ChemMater 2003, 15, 1264.
7. Lange, U.; Roznyatovskaya1, N. V.; Mirsky, V. M. Anal Chim

Acta 2008, 614, 1.
8. Kido, J. Phys World 1999, 12, 27.
9. Pang, Y.; Samoe, M.; Prasad, P. N. J. Chem Phys 1991, 94, 2582.
10. Kim, Y. K.; Kim, K. S.; Kang, W. H.; Yang, S. S.; Sohn, B. C.

Thin Solid Films 1998, 312, 291.

11. Kim, K.; Jung, M. Y.; Zhong, G. L.; Jin, J.; Kim, T. Y.; Ahn, D.
J. Synth Met 2004, 144, 7.

12. Weill, A.; Dechenaux, F. Polym Eng Sci 1988, 28, 945.
13. Shi, Y.; Liu, J.; Yang, Y. J Appl Phys 2000, 87, 4254.
14. Liu, J.; Shi, Y.; Ma, L.; Yang, Y. J Appl Phys 2000, 88, 605.
15. Montgomery, D. C. Design and Analysis of Experiments;

Wiley: New York, 1984.
16. Cecchi, M.; Smith, H.; Braun, D. Synth Met 2001, 121, 1715.
17. Kazim, S.; Ali, V.; Zulfequar, M.; Haq, M.; Husain, M. Phys B

2007, 393, 310.
18. Chang, W. P.; Whang, W. T. Polymer 1996, 37, 4229.
19. Saramas, D.; Martin, D. C.; Magaraphan, R. Rev Adv Mater

Sci 2003, 5, 199.
20. Socrates, G. Infrared Characteristic Group Frequencies; Wiley:

New York, 1980.

1922 GOMATHI, PRASAD, AND NEOGI

Journal of Applied Polymer Science DOI 10.1002/app


