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The success of semiconductor technology over the last few decades has clearly established the importance
of photoresists in manufacture of these devices. While the fundamental focus of the development in the
photoresists area has often been in obtaining smaller feature size(s) at reduced cost, the toxicity and the
environmental impact of these photoresists are not always factored into the design of these resists. Here
we report a new family of water-soluble photopolymers that can potentially be useful as environmentally
benign “negative working” photoresists. This water-soluble polystyrene copolymer, vinylbenzylthymine-
vinylphenylsulfonate (VBT-VPS) can be easily coated on a variety of substrates including flexible plastics
such as polyethylterephthalate (PET). The chemistry of the cross-linking and immobilization of these
“bio-inspired” photoresists has been derived from a simple photochemical transformation that occurs in
nature (2π + 2π photodimerization of thymine). In this study we report the irradiation-dose dependence
of cross-linking/immobilization of VBT-VPS films on PET substrates. Noncontact atomic force
microscopy has been used to measure the thickness of films formed at various exposure times. In addition,
attenuated total reflectance Fourier transform infrared spectroscopy has been used to estimate the dose-
dependent progression of film thickness and qualitatively observe the change in composition of the films
upon irradiation. It has been demonstrated that these techniques can provide complementary information
on photoinduced immobilization of VBT-VPS films that are crucial for developing this new class of
environmentally benign materials for photoresist applications.

Introduction

The selective degradation or immobilization of polymers
by photo-cross-linking on various nonreactive substrates to
create thin three-dimensional relief images provides the
technological basis for the electronics industry. Photoresists
are currently being extensively used for a wide variety of
applications that include fabrication of electronic components
and circuits, printed illustrations, and printing plates and for
photoengraving and screen printing.1 The substrates may
include inorganic semiconductors, fabric, glass, and metal
depending on the desired applications. The resolution achiev-
able depends on the fundamental chemical composition of
the photoresist and the nature of the transformation that
occurs during exposure of the resist. While a variety of
“negative” resists based on diazo salts and oxides, diazo-
formaldehyde resins, cinnamate polyesters, and chalcone
polymers have been used extensively, these resists are not
inherently benign and often contain toxic starting materials,

intermediates, and products. On the other hand, the perfor-
mance requirements of microelectronic components are
becoming increasingly challenging as the industry struggles
to keep up with society’s demand for increased speed and
capacity while insisting on reduced costs and size. While
improving resolution will continue to drive the majority of
technological advances, there is a growing realization that
significant manufacturing costs lie hidden within a corpo-
ration’s materials management infrastructure. Specifically,
the use of environmentally hazardous or toxic materials is
being found to have tangible impact on profits. These costs
come from the added expenses of dealing with the trans-
portation, storage, treatment, and disposal of hazardous
materials. Green chemistry is a philosophical approach to
research, development, and manufacturing that seeks to put
pollution prevention and hazardous materials avoidances as
far “upstream” as possible.2 Photoresist materials which can
be cast from and developed in pure water would prevent
pollution by reducing the use of organic solvents typically
used for casting photoresist films and of strong bases
typically used for photoresist development. It would improve
the environmental footprint of microelectronics manufactur-
ing as well as decrease the cost of the final product. Although
water-soluble and developable photoresists entered com-
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mercial use in electronics applications a few decades ago,
such as in the use of fish-glue-based photoresists in the
production of color picture tubes,3 they did not achieve wide
popularity. Moreover, traditionally aqueous solubility was
considered not an advantage but an undesirable quality in
photoresists.4 The drawbacks of using water for both casting
and developing result from the swelling behavior of the
developed photoresist films, responsible for typically low
resolution of aqueous photoresists. Nevertheless, aqueous-
processable photoresists with resolution as high as 0.2µm
have been reported recently.5

An example of a water-castable and water-developable
photoresist system includes a photoacid generator, cross-
linker, and a polymer, all three of which are water-soluble.6

Upon irradiation the acid generated serves as a catalyst for
the cross-linking, rendering the polymer water-insoluble. In
a later work the three-component system was replaced by a
two-component system, where the need for a separate photo-
cross-linker was eliminated by using a polymer with cross-
linkable pendant groups.5,7 Use of photoacid generators
allows for high sensitivity, chemically amplified photoresist
systems, which provide excellent resolution and have been
used in manufacturing since the 1980s.8 Nevertheless, water-
castable and water-developable one-component photoresist
systems deserve investigation since they may be more
environmentally benign than the chemically amplified pho-
toresists. Photoacid generators are low molecular weight,
possibly toxic compounds, which even though used in small
amounts, of about 5 wt %,5 might eventually pollute the
environment. One-component systems, where the photoactive
groups are attached to a polymer backbone, provide the
environmental benefit of avoiding the use of low molecular
weight compounds.

We have been working with a family of water-soluble
photopolymers that can potentially be useful as environmen-
tally benign “negative working” photoresists for applications
in the electronics industry. The chemistry that we have
developed derives its inspiration from a simple photochemi-
cal transformation that occurs in nature.

The specific process is that of the 2π + 2π photodimer-
ization of thymine base units within DNA.9,10 This process
involves the formation of a cyclobutane ring junction
between the 5 and 6 carbon positions on two adjacent
thymine units in response to the short-wave ultra violet
component of sunlight. In the spirit of bio-inspiration, we

have incorporated thymine units into water-soluble polysty-
rene copolymers.11-23 The synthetic monomer 1-(4-vinyl-
benzyl)thymine (VBT) can be used to form copolymers that
undergo the same 2π + 2π reaction as in DNA as presented
in Scheme 1.

A homopolymer of VBT, however, due to its strong
intermolecular interactions (mostly hydrogen bonding), is
insoluble in water. When it is copolymerized with a
minimum of 50% loading of charged monomer, water-
soluble copolymers can be prepared. This approach also
provides considerable versatility because either cationic or
anionic monomers can be incorporated into the polymer
backbone, thus providing the desired functionality. These
polymers have already been demonstrated to have potential
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Scheme 1. UV-induced VBT-Polymer Photo-cross-linking
via 2π + 2π Photodimerization of Thymine Pendant Groups
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applications in electrically conductive coatings,21 antibacterial
coatings,20 hair-styling products,19 removable large area
photolithographic coatings,13-16,18,22,23and recyclable plas-
tics.18,22For the present study, vinylphenylsulfonate sodium
salt (VPS) was used as the solubilizing monomer and the
copolymer synthesized was (VBT)1(VPS)14. This copolymer
presented in Scheme 2 was recently demonstrated to be a
viable template for the enzymatic surface synthesis of
electrically conducting polyaniline.21

Here we report the study of irradiation dose-dependent
VBT-VPS film formation on PET substrates using atomic
force microscopy [AFM] and attenuated total reflectance
Fourier transform infrared spectroscopy [ATR FTIR]. Non-
contact AFM [NC-AFM] was used to measure the dose-
dependent progression of film thickness, while ATR FTIR
was used to obtain complementary information on film
thickness as well as the change in chemical composition of
the films.

Experimental Section

Materials and Methods.Vinylphenyl sulfonate (VPS) and 2,2′-
azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich
in its purest available form and used as received. Vinylbenzyl
thymine (VBT) was synthesized from thymine and vinylbenzyl
chloride as described previously.12 NMR spectroscopy was per-
formed on a Bruker 250 MHz spectrometer. Elemental analysis
was performed on an Exeter Analytical 240 analyzer. The hydro-
philic treated side of PET-X4C1 film base (Dupont) was used
without preparation. Wire-wound milled coating rods were obtained
from R. D. Specialties Inc., Webster, NY. UV irradiations atλ ∼
254 nm were performed with a FisherBiotech Electrophoresis UV
Hand Lamp, FBUVLS-80 (Spectronics). The intensity of UV light
at a distance of 15 cm is 0.5 mW/cm2. UV-opaque mask (US
Airforce 1951 resolution test target) was obtained from Applied
Image, Inc. FTIR measurements were performed on a Nicolet
Avatar FTIR spectrometer. For measurements in attenuated total
reflection (ATR) mode a single-bounce Ge crystal was used and
the incidence angle was 45°. Atomic force microscopy imaging
was performed on the Autoprobe CP Atomic Force Microscope
(Veeco) in noncontact mode with a silicon ultralever cantilever
(spring constant 3.2 N/m). The typical image size was 60µm ×
60 µm, imaged at 1 line/s across the PET-VBT photoresist
interface.

Synthesis of VBT-VPS Copolymer.VBT (1.0 g, 4.13 mmol)
and VPS (13.6 g, 66.9 mmol) were added to 165 mL of a 20%
(v/v) aqueous solution of 2-propanol. The solution was heated while
stirring to 65°C, and then AIBN (0.3 g, 1.8 mmol) was added.

Stirring was continued for 15 h while the temperature was
maintained at 65°C. The reaction mixture was cooled to room
temperature and concentrated to 50 mLin Vacuo. The polymer was
precipitated by adding the aqueous solution to 400 mL of acetone
while stirring. The supernatant was decanted and the solid residue
was redissolved in 30 mL of water. Precipitation into 400 mL of
acetone, followed by filtration, provided 11.7 g (80% yield) of
polymer. H1 NMR spectroscopy confirmed the absence of unreacted
monomer. Elemental analysis revealed a C/N mass ratio of 54.6
and S/N mass ratio of 16, which are consistent with a VBT:VPS
ratio of 1:14. [C, 40.39%; N, 0.74%; S, 11.89%]. SEC/MALLS
analysis compared against polystyrene sulfonate standards was
consistent with an average molecular weight of 260 kDa.

Preparation of VBT-VPS Films.A 6.8 µm thick layer of 10%
aqueous solution of VBT-VPS was coated onto either PET film
or silicon wafer using a #03 wire-wound coating rod. The film was
dried under ambient conditions for 1 h and then at 80°C for 1 h.
After drying, the thickness of VBT-VPS film is expected to be
about 680 nm. The FTIR spectra of the resulting film were obtained.
Then the VBT-VPS film coated on PET substrate was irradiated
with a short-wave UV lamp (254 nm) through a patterned UV-
opaque mask from a distance of 1 cm. The film was then rinsed
with hot water and Softsoap Antibacterial Liquid Hand Soap and
then cold water in order to remove the non-cross-linked polymer.
The dried UV-exposed films were measured by NC-AFM and FTIR.

Results and Discussion

UV-induced photo-cross-linking of VBT-VPS films
coated on substrates causes the immobilization of the
polymer on the substrate. The areas of the polymer that have
not been exposed to the UV radiation can be easily washed
away, much like conventional negative photoresists. The
polymer investigated here provides the added benefit of being
nontoxic as well as water-soluble, therefore precluding the
necessity for the use of organic solvents. To explore the
possibility of using this material for photoresist applications,
it is important to understand the film formation process and
the UV-irradiation dose-dependent immobilization of the
resist due to cross-linking. ATR FTIR is a convenient method
to monitor the film formation process. Since a flexible PET
substrate was used for this study, the thickness of the
photoresist film formed on UV exposure could only be
monitored by a noncontact technique such as NC-AFM. The
combination of these techniques has been useful in obtaining
complementary information on the cross-linked photoresist
film.

Characterization of VBT-VPS Film Using FTIR
Spectroscopy.The FTIR spectra of bare PET film and of
VBT-VPS film coated on silicon wafer are shown in Figure
1. VBT-VPS film was neither irradiated nor rinsed. It can
be clearly seen that PET absorption bands are overlapping
with the VBT-VPS absorption bands. The strong PET
absorption bands around 3000 cm-1, corresponding to both
aromatic and aliphatic C-H stretching, around 1700 cm-1,
corresponding to CdO stretching and around 1250 and 1120
cm-1, corresponding to C-O stretching, make it complicated
to extract information about VBT-VPS coatings on PET
from FTIR spectra.24 Therefore, we decided to concentrate

(24) Bellamy, L. J.The Infrared Spectra of Complex Molecules; John Wiley
and Sons: New York, 1958.

Scheme 2. (VBT)1(VPS)14 Photo-cross-linkable
Water-Soluble Anionic Copolymer
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on the 980-1070 cm-1 region, which is presented on the
insert. Two weak absorption bands at 1045 and 1020 cm-1

can be attributed to the C-H in-plane deformation modes
of para-substituted aromatic compounds,24 while two strong
absorption bands at 1040 and 1010 cm-1 correspond to
asymmetric and symmetric SdO stretching bands in VPS,
respectively.25 Since the bands at 1045 and 1040 cm-1 are
situated too close to each other to be resolved satisfactorily,
we concentrated on the 1010 cm-1 band.

The thickness of VBT-VPS film coated on PET substrate
is expected to be about 680 nm (prior to irradiation and
rinse). To verify this, an ATR spectrum was obtained. The
SdO stretching region of the ATR spectrum of VBT-VPS
film coated on a PET substrate is presented in Figure 2. The
VBT-VPS film thickness was estimated using bulk ap-
proximation26 using the following assumptions. Since the
typical refractive index of polymers is around 1.5, this value
was used for both VBT-VPS and PET. Further, the VBT-
VPS film was assumed to be uniform. Absorbance of the
symmetric SdO stretching band at 1010 cm-1 was defined
as the area under the peak and was determined to be 0.49
cm-1. The [εc] from FTIR transmission measurements was
found to be 9254 cm-2, whereε is the molar absorptivity
andc is the concentration of SdO groups in the VBT-VPS.
From the above considerations the VBT-VPS film thickness
was found to be about 650 nm, which is close to the expected
value of 680 nm within experimental uncertainty. We
conclude that the parameters used for the calculation allow
accurate estimation of the VBT-VPS film thickness from
its ATR spectrum. It should be pointed out that both the

expected and the calculated value are rough estimates only,
the expected one due to the uncertainty inherent to the
coating with the wire-wound metering rod27 and the calcu-
lated one due to the distortion of the FTIR ATR absorption
bands in thick films.26

Effect of Irradiation Dosage on the Properties of the
Cross-linked VBT-VPS Film. The SdO stretching region
of the ATR spectra of VBT-VPS films coated on a PET
substrate, exposed to various doses of UV irradiation, and
washed is shown in Figure 3. The intensity of the SdO band
is in all cases significantly lower than that presented in Figure
2, which shows the spectrum taken prior to irradiation and
washing. It can clearly be seen that the spectrum of bare
PET film is similar to the spectrum of VBT-VPS coated
PET film that was washed without being exposed to the UV
radiation. It can be rationalized by pointing out that un-cross-
linked VBT-VPS is water-soluble and since in the absence
of UV irradiation no cross-linking was expected to occur,
there is no expectation that a significant amount of
VBT-VPS will be immobilized on the PET substrate.
Therefore, almost the entire VBT-VPS is removed from the
surface by the aqueous wash and no increase in absorbance
at 1010 cm-1 is observed. The minor increase of absorbance
at 1040 cm-1 and the decrease of absorbance at 1020 cm-1

relative to the bare PET spectra can be attributed to either
experimental error or trace amounts of VBT-VPS. In the
latter case we could suggest that the PET substrate orients
VBT-VPS in such a way that the SdO asymmetric
stretching band absorption is enhanced relative to that of the
SdO symmetric stretching band.

Only minor effect was observed for VBT-VPS irradiated
for 1 min; however, as irradiation time (and therefore dose)
increases, the cross-linking progresses further, and the VBT-
VPS gets immobilized on the PET substrate. This is clearly
seen by the increase in the intensity of SdO signal intensity.
It should be pointed out that the SdO absorption signal
reaches its maximum at 7 min irradiation, and at larger
irradiation times it starts declining. This effect can be
attributed either to a decrease in VBT-VPS layer thickness
due to possible UV-induced damage to the polymer backbone
or to destruction of photoactive sulfonate groups as the result
of prolonged exposure to short-wavelength UV irradiation.
In any event immobilization is achieved well before signifi-
cant photodegradation occurs.
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Soc.1999, 121, 71-78.
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(27) MacLeod, D. M. InCoating Technology Handbook; Satas, D., Ed.;
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Figure 1. FTIR spectra of bare PET film in ATR mode (---) and of VBT-
VPS film coated on silicon wafer in transmission mode (-).

Figure 2. SdO stretching region of the ATR spectrum of VBT-VPS film
coated on PET substrate (-); SdO symmetric stretching band (---).

Figure 3. SdO stretching region of the ATR spectra of (a) bare PET film
and (b-g) VBT-VPS films coated on PET substrate, exposed to short-
wavelength UV for (b) 0 min, (c) 1 min, (d) 2 min, (e) 3 min, (f) 5 min, (g)
7 min, and (h) 10 min, washed, and dried.
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To further investigate the effect of the dose of UV radiation
on the thickness of the film formed, NC-AFM was used to
measure film thickness.

Surface Topography and Film Thickness Measure-
ments Using NC-AFM. AFM imaging was carried out on
VBT-VPS films coated on a PET substrate, irradiated
through a UV-opaque mask for various exposure times,
washed, and dried. Figure 4A represents an image of VBT-
VPS film exposed for 20 min. The cross-linked and im-
mobilized VBT-VPS polymer is seen on the left side of
the image while the right side of the image reveals the
unexposed part where the polymer has been washed away,
leaving behind the bare PET substrate. Although the mor-
phology of the cross-linked polymer on PET appears to be
coarse and coverage is incomplete at some locations, the
interface is clearly visible. The width of the interface is of
the order of a few micrometers. But it should be noted that
these films were coated on PET manually with a coating
rod and washed by scrubbing by hand. The defects in the
polymer film are expected, given the method of preparation.
The quality of the cross-linked polymer films as well as the
interface can be significantly improved by employing more
reliable coating, irradiation, and washing techniques. Figure
4B provides the line-profiles measurement at an arbitrary
location on the image. The thickness of the polymer was
found to be around 90 nm as estimated by averaging the
thickness obtained from line-profile measurements from 10
different locations on the image.

Similar measurements were performed for VBT-VPS
films irradiated for lower exposure times. The results are
presented in Figure 5. It can clearly be seen that the thickness
of the VBT-VPS films reaches its maximum value after

about 3 min of irradiation and does not decrease with longer
duration of irradiation. Therefore, one can conclude that the
decrease in the sulfonate absorption at prolonged exposure
time is due to the UV-induced damage to the pendant
sulfonate groups rather then due to reversal of the cross-
linking or any damage to the polymer backbone.

Comparison of FTIR ATR and NC-AFM Results. To
correlate the results of film thickness measured using NC-
AFM with the FTIR ATR results, the VBT-VPS film
thickness was estimated from the spectra presented in Figure
3 using the same assumptions as those for interpreting the
spectrum in Figure 2. The calculated film thickness for
various exposure times is shown in Figure 6. The spectra
(d)-(h) presented in Figure 3 correspond to films with
thicknessg10% of the ATR light penetration depth (about
660 nm at 1000 cm-1 for the ATR crystal used). Films of
thickness comparable to the ATR light penetration depth are
expected to have distorted spectra, which could explain the
discrepancy between the NC-AFM and ATR results, giving
an overestimated film thickness in the latter case (for
irradiation times of 2-7 min). It should be pointed out that
the decrease in calculated film thickness at 10 min exposure
is most likely caused by UV-induced damage to sulfonates
in VPS. The photodegradation of sulfonates has been reported
to be effective only in the presence of catalysts, for instance,
metal oxides such as TiO2 or ZnO28 or potassium peroxy-
disulfate,29 as indicated by chromatographic studies. How-
ever, we observe the photodegradation in the absence of

(28) Hidaka, H.; Nohara, K.; Ooishi, K.; Zhao, J.; Serpone, N.; Pelizzetti,
E. Chemosphere1994, 29, 2619-2624.

(29) Zerbinati, O.; Pittavino, S.EnViron. Sci., Pollut. Res.2003, 10, 395-
398.

Figure 4. (A) NC-AFM image of VBT-VPS film on PET substrate. (B) Line-profile measurements of the VBT-VPS film image. The measured thickness
of VBT-VPS film was around 90 nm (Height Profile [A] 94.3 nm and Height Profile [B] 90.7 nm).

Figure 5. VBT-VPS film thickness versus irradiation time measured using
NC-AFM.

Figure 6. VBT-VPS film thickness at various exposure times estimated
from FTIR ATR spectra.
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photocatalysts. We attribute this to the enhanced surface
sensitivity of the FTIR ATR technique used to monitor the
sulfonate groups.

From Figures 5 and 6 it is clear that the AFM and FTIR
ATR results correlate very well in the thickness measured.
Both techniques agree in general on the points such as there
is no quantifiable VBT-VPS immobilization in the absence
of irradiation, the amount of immobilized VBT-VPS reaches
saturation after about 3 min of irradiation under the specified
conditions, and the thickness of immobilized VBT-VPS film
is around 100 nm. However, while FTIR ATR was used to
monitor the absorption signal of sulfonate functional groups
in the immobilized polymer film, which depends on both
the thickness of the film and on the amount of sulfonate
groups in the film, NC-AFM provided information on film
thickness, supporting the estimate of film thickness obtained
from FTIR ATR measurements as well as helping in
interpreting qualitative information on the changes in VBT-
VPS composition, namely, attributing the decrease of the
sulfonate signal as a result of extremely prolonged exposure
to photodecomposition of the pendant groups only rather than
to actual reduction of film thickness.

Conclusions

A novel class of environmentally benign negative photo-
resists based on water-soluble polymer (VBT-VPS) has been
developed. The selective photoinduced immobilization of
VBT-VPS was studied by coating the aqueous solution of
the polymer on PET substrates and exposing the polymer to

UV light at 254 nm through a standard mask. FTIR ATR
and NC-AFM have been used to study the thickness and
composition of VBT-VPS polymer films formed upon
photoirradiation. Our preliminary investigations reveal that
the thickness of the immobilized films saturate at around
100 nm after 3 min of exposure under specified conditions.
These results clearly demonstrate that VBT-VPS polymer
can potentially be used as a negative photoresist in a variety
of applications. Efforts are underway to adopt a more reliable
coating and development techniques to significantly improve
the film quality as well as the ultimate resolution of the
photoresist.
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