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a b s t r a c t
Thin PMMA ﬁlms with and without gold nanoparticles were subjected to ±10 V d.c. and a.c. (square
wave) excitations in various frequencies while recording their XPS spectra, and the resulting differences
due to charging were examined. Both pure PMMA ﬁlms and ﬁlms containing gold nanoparticles showed
charging shifts, but those of pure PMMA were more extensive than of PMMA containing gold nanoparticles, suggesting enhanced conductivity, induced by the incorporated gold nanoparticles. Non-charging
behavior for these ﬁlms was also observed with the increase of gold nanoparticle concentration. Gold
nanoparticles were in situ synthesized and photo-patterned within the polymer ﬁlms by UV irradiation.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Polymer–nanoparticle composites are important candidates for
new age technological devices and ongoing research by many different groups is performed for production and characterization
of these systems [1–8]. Nanoparticles (NPs) may be synthesized
before integration to polymeric matrix or within them (in situ).
Both methods may have their advantages and disadvantages
depending on the usage and many examples for both are available
in literature [9–12]. An efﬁcient approach, used for the production
of nanoparticles within the polymer matrix is employment of irradiation. Energetic light is widely employed for reduction of metal
salts as it can be used in solution phase as well as for solid state
synthesis [13,14]. Korchev et al. proposed that silver nanoparticles can be produced in SPEEK/PVA ﬁlms by direct irradiation with
350 nm UV light [15]. Alexandrov et al. used UV light to initiate gold
nanoparticle growth in PMMA ﬁlms and ﬁnalized the synthesis by
annealing the samples at a higher temperature [16]. A recent study
has reported on a model for the growth kinetics of the nanoparticles within polymeric matrices [17]. In our method of synthesis of
gold NPs in PMMA matrices, we also employ UV radiation to reduce
gold ions to gold atoms and consequently gold atoms aggregate and
form gold NPs within the polymer matrix at room temperature [18].
UV–vis spectrometry is a commonly used technique to
detect/follow formation and/or presence of nanoparticles, since,
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noble metal NPs like gold and silver, have distinct absorption peaks
of their surface plasmon resonance in the visible region. X-ray
photoelectron spectrometry (XPS) is another instrument widely
utilized to obtain information about NPs and their composites with
polymer ﬁlms, while special care has to be exercised to overcome
charging problems. In XPS measurements, a current is generated
by the photoelectrons and secondary electrons from the sample
and these cause charging for non-conducting samples, since they
can not easily neutralize the generated positive charges. In early
years of XPS experiments, the charging of the organic polymer
ﬁlms had been considered as a nuisance and many successful techniques were developed to overcome this problem. Indeed charging
causes shifts in the binding energies of the peaks, and inconsistent
results might be produced. But it is also proved to be true that when
used correctly, additional information about the samples can be
harvested using charging as a tool [19,20]. Furthermore, applying
an external voltage bias to the sample during XPS measurements
causes shifts in the positions depending on the polarity, as well as
the nature of the sample. For conducting samples the peak positions
shift as much as the applied bias, but for non-conducting samples
the shift is observed to be less and nonlinear due to charging, which
has been successfully used to differentiate between the ﬁber and
the matrix signals of a carbon composite material, and/or other
surface heterostructures [21–23]. This nonlinear behavior contains
additional molecular and structural information, as was recently
reviewed by Sezen et al. [24] through impedance-like XPS measurements on PMMA, PS (polystyrene), and their blended composite
ﬁlms. The main aim of the present study is to report similar XPS
measurements performed on PMMA and Au NP/PMMA ﬁlms while
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Fig. 1. UV spectra of PMMA ﬁlm showing Au3+ reduction and Au NP formation during irradiation. Inset (a) shows the TEM image and (b) shows the SEM images of the
photopatterned PMMA ﬁlm with Au NPs. (Left side: secondary electron image of the
ﬁlm, right side: backscattered electron image of the ﬁlm.)

applying external bias to these samples. This method enables us
to demonstrate the profound effect of gold NPs on the conductivity of PMMA ﬁlms, not easily measurable using standard electrical
measurement techniques.
2. Experimental
Tetrachloroauric (HAuCl4 ) and polymethylmethacrylate
(PMMA) were purchased from Aldrich and used without further
puriﬁcation. Solutions containing 1 mM HAuCl4 and 0.5% (w/v)
PMMA in acetone were used to prepare the ﬁlms by spin coating
on Si or quartz wafers. Si wafers were ﬁrst treated with HF to
remove the native oxide layer prior to use. Thicker ﬁlms were
also prepared for UV–vis measurements with more concentrated
PMMA solutions by room temperature evaporation in saturated
acetone atmosphere. The resulting ﬁlms were reduced with 254 nm
wavelength UV light for varying durations ranging from 1 to 24 h.
Reduction of Au3+ ions and formation of Au0 nanoparticles were
followed by a Cary 5E UV–vis-NIR spectrometer. SEM images were
taken by Carl-Zeiss EVO-60 SEM microscope, and an FEI-Tecnai
G2F30 was used for TEM images. A Kratos ES300 spectrometer with
a Mg K␣ (non-monochromatized) source at 1253.6 eV was used
to record the XPS spectra. Charging experiments were performed
by applying d.c. or square wave pulses of ±10 V amplitude with
different frequencies to the sample. XPS peaks were ﬁtted using
the XPSPEAK4.0 ﬁtting program [25]. The data were recorded at a
90◦ take-off angle.
3. Results and discussion
The synthesis of Au nanoparticles by the in situ UV irradiation
within the PMMA matrix and patterning can be easily monitored
by UV–vis spectrometer step by step as depicted in Fig. 1. At the
beginning, the ﬁlms contain gold ions represented by the peak
around 320 nm. After 30 min of irradiation of the ﬁlm this peak disappears, indicating that the reduction of gold ions to gold atoms
is completed. In the spectrum taken after 1 h of irradiation, the
gold NP’s plasmon resonance band starts to appear, and grows in
time. Formation of gold NPs is completed within 12–24 h depending on the concentration of gold. As can be gathered from the TEM
image shown in the inset (a), particles with varying shapes and sizes
(5–50 nm) are formed. One of the advantages of synthesizing gold
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NPs within polymer ﬁlms is the feasibility of easy photo-patterning.
Films having patterns made of regions with and without gold NPs
can be produced by using masks designed to cut off the UV radiation at desired places as shown in the inset (b) of Fig. 1, which
displays both the secondary and the backscattered electron SEM
images of the photo-patterned ﬁlm. The bright areas contain gold
nanoparticles and they were irradiated by UV light, whereas the
dark areas were under the mask so were not exposed to radiation.
The size of the mask can be varied according to the application and
satisfactory contrast can be gained in the micron range.
Characterization of PMMA ﬁlms containing gold NPs is the
main aspect of our present study for better understanding of the
polymer–nanoparticle interactions towards advanced applications
of these composite systems. Normally, PMMA is used as a dielectric
component in electronic applications due to its high resistance [26].
On the other hand, possibility to controllably change the conductivity of PMMA by addition of conducting species is also of concern
[27]. For this purpose Abyaneh et al. [28]. reported the decrease in
the resistance of PMMA ﬁlms with increasing gold NP content. Also
in an another recent study, the increased conductivity of PMMA by
gold ions was studied by Salvadori et al. [29] with a buried conducting layer of metal/polymer nanocomposite which was formed by
very low energy gold ion implementation, where they determined
a relatively high percolation dose of 1 × 1016 atoms/cm2 .
We present a new method to investigate the conductivity of
gold nanoparticle–PMMA composites using XPS, focusing on the
charging properties of PMMA and Au NPs/PMMA ﬁlms to understand the effect of Au NPs on the electrical properties of PMMA
ﬁlms. Using charging as a tool to investigate the resistance of PMMA
ﬁlms in XPS has its own advantages. The commonly used method
of measuring resistance of polymeric ﬁlms, the I–V measurement,
are problematic since the resistances are usually very high and good
electrical contacts are not easily obtained. On the other hand, use of
XPS for harvesting electrical properties is a non-contact technique
has been shown to be feasible and carried out down to sub-micron
sizes [30–32].
As discussed earlier, applying voltage to the sample during XPS
acquisition effects the position of the lines and additional information about samples can be derived from this property. For example,
when ±10 V is applied to the sample, if the sample is conductive
a direct shift of 10.0 eV of the line positions is observed. But if the
sample is nonconductive, shifts smaller than 10.0 eV are observed
[21–24]. Our experimental setup for our XPS measurements is given
in the inset of Fig. 2. In the same ﬁgure, C 1s spectra of the PMMA
and Au NP/PMMA ﬁlms, grounded and subjected to ±10 V potentials are given. Both ﬁlms were irradiated for 12 h to have identical
conditions except for the presence of gold NPs. As can be seen from
the ﬁgure, the binding energy difference between C 1s peaks at
−10 and +10 V potentials is about 11.3 eV for PMMA ﬁlm while it
is 16.0 eV for Au NP/PMMA ﬁlms. This 4.7 eV difference of charging between these two samples suggests that the drastic charging
of the PMMA-only ﬁlm is signiﬁcantly reduced by the addition of
the Au NPs. As shown at the bottom of the same ﬁgure, in the ﬁlm
containing ca. 2 times (10% Au by weight) the charging behavior
is completely diminished as evidenced by the measured binding
energy difference between −10 V and +10 V potentials to be nearly
20.0 eV, compared to the less concentrated ﬁlm which has a charging difference of 16.0 eV under the same conditions.
Dynamics of the charging behavior can also be investigated by
applying square wave (SQW) potentials of different frequencies.
When the XPS spectra of O 1s and C 1s peaks of PMMA ﬁlms are
measured by applying ±10 V square wave voltage with different
frequencies, it is observed that at high frequencies, since the applied
voltage changes in between −10 V and +10 V quickly, the ﬁlm does
not have enough time to charge and discharge, and the difference
between the separated peaks is 20.0 eV. But at low frequencies,
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Fig. 2. C 1s spectra of PMMA, Au/PMMA and more concentrated Au/PMMA ﬁlms
grounded and subjected to ±10 V potentials.

since ample time is allowed for the samples to charge/discharge, the
difference is signiﬁcantly lower than 20.0 eV, as shown in Fig. 3. Also
at high frequencies, although we do not observe less than 20.0 eV
separation between the twinned peaks, the charging manifests as
an off-set in the positions of the peaks. In charging samples this
off-set in the positions is always observed, which increases as for
example with the thickness of the ﬁlms [16,24]. In Fig. 4, we display
the response of three ﬁlms to the SQW excitation at 10 Hz, which
is considered to be a relatively high frequency, together with their
grounded spectra. In the conducting graphite ﬁlm and at 10 Hz,
the C 1s peak is twinned at exactly +10.0 and −10.0 eV, from its
grounded position, but both for PMMA only and Au(NP)/PMMA
ﬁlms the C 1s peaks are off-set by 1.3 and 0.3 eV, respectively, which
is another experimental evidence of the charging behavior of these
ﬁlms [16]. We must also note that, as depicted in Fig. 5, using conventional 4 probe electrical measurements we are not able to detect
any signiﬁcant change in the bulk conductivity of the ﬁlms after
incorporation of the Au NPs even in the case of the ones containing 10% Au by weight. Hence, the electrical property that we are
probing with our modiﬁed XPS measurements reﬂect truly surface
properties of these ﬁlms.

Fig. 4. The C 1s spectra of graphite, PMMA and Au NP/PMMA ﬁlms under ±10 Hz
SQW excitation.

Fig. 5. I–V curves of the AuNP/PMMA ﬁlm before and after irradiation.

4. Conclusions
In summary, in this work, the effect of gold NPs to the conductivity of PMMA ﬁlms was investigated with XPS measurements by
applying external bias to the ﬁlms. It was shown that the incorporation of gold NPs to PMMA ﬁlms increase the surface conductivity
of the ﬁlms, resulting in less charging on the surface. This simple
yet powerful method requires less effort for the sample preparation
and yields reliable results even in low concentrations of incorporated metallic NPs.
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