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ABSTRACT: We report on a new approach for measuring
the chemical composition of the 20 nanometers at the top or
bottom of a polymer film. This approach is based on a
variation of the surface enhanced Raman scattering effect with
laser illumination through a thin gold layer (∼4 nm). We show
that the introduction of the thin gold layer has little or no
effect on the morphology of the film that is spin coated on top
of it. We demonstrate that this technique has better than 20
nanometer vertical resolution by studying bilayers of polyfluorines with varying thicknesses and by showing the existence of top
and bottom wetting layers in a polymer blend of the same polymers. We also show that the top wetting layer is thinner than the
bottom one. The difference in thicknesses explains how a solar cell with an electron blocking layer at the cathode works.

■ INTRODUCTION
In recent years, organic optoelectronic devices based on
polymers and small molecules are becoming more and more
popular, ranging from organic light emitting diodes (OLED)1−7

through organic solar cells,8−11 organic thin film transistors
(OTFT)12,13 and more. The attractive properties of these
devices that make them so popular are large versatility of the
optoelectronic properties of the materials, ease of manufactur-
ing, excellent mechanical properties and ultrathin thickness. A
commonly used architecture in many devices, such as OLED
and organic photovoltaic (OPV), is vertical and hence, their
functionality is largely determined by the chemical structure
and composition in the vertical direction. For the study of the
influence of the chemical structure and composition on the
optoelectronic properties, characterization techniques with
better than 50 nm vertical resolution need to be developed,
because the common thicknesses of these devices is around a
hundred nanometer
Analysis of the vertical structure is usually performed by

using either environmental scanning electron microscopy
(ESEM) on a cleaved sample14 or X-ray photoelectron
spectroscopy (XPS).15 The drawbacks of these two techniques
are that they are destructive in nature and therefore, cannot be
applied in situ to a working device and they both lack spatial
resolution in the horizontal direction. A method that has high
spatial resolution in all three directions is nanotomography.16

This technique gives three-dimensional images with high spatial
resolution of the topography of the films. However, this
technique cannot give an indication on the chemical
composition, unless a specific topography feature can be
associated with a specific chemical structure. Moreover, because
it is based on transmission electron microscope (TEM) it
cannot be applied to working devices. A different approach that
is short-range and sensitive to the chemical composition is the

surface enhanced Raman scattering technique (SERS). The
SERS effect17−23 is a variant of the Raman effect where the
Raman cross-section is considerably enhanced in the presence
of plasmons in metals. The SERS effect is used to detect low
quantities of materials, to study materials that have low Raman
cross-section or to study the interaction between a substrate
and a thin layer of metal that is gradually deposited on it.
Traditionally, there are two commonly used configurations for
studying materials with low Raman cross-section. In the first, a
periodic structure of gold (Au) or silver (Ag) is evaporated on
an opaque sample. In the second, nanoparticles (∼15−20 nm
in size) of the same metals are deposited on a similar substrate.
In both cases, the plasmons in the metal enhance the Raman
cross section by up to 7 orders of magnitude.17−19 However,
the size of the nanoparticles and the characteristics length of
the periodic structure are large compared to the typical
thickness of the films we aim to study and can therefore, affect
their morphology. Therefore, these configurations are unsuit-
able for studying the morphology of thin films.
A different SERS technique is used when the aim of the study

is to investigate the interaction between organic materials and
metals that are evaporated on top of them as reported by Paez
et al.24,25 and by Davis and Pemberton.26,27 In these studies, a
thin layer of metal was evaporated on top of the organic layer
while monitoring changes in the Raman spectra as a function of
the evaporated material and its thickness. One of the findings of
these studies is that when the evaporated metal is gold or silver
(noble metals) and they do not chemically interact with the
material the only observed effect is the enhance the Raman
signal. Moreover, due to the short-range of the SERS effect, the
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enhanced Raman signal will only come from the material that is
close to the evaporated metal. This combination, of no
chemical reaction and short-range interaction, is the motivation
behind our idea to study the vertical chemical composition of
organic structures using thermally evaporated thin layer of gold
(thickness ≤4 nm) on a transparent substrate and illuminate
through it using SERS technique.

■ EXPERIMENTAL SECTION
In all the experiments reported here we used two polyfluorenes
polymers, a hole conductor Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(N,N′-diphenyl)-N,N′-di(p-butylphenyl)-1,4-diaminobenzene)] (PFB)
and an electron conductor poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-
(1,4-benzo{2,1′,3}thiadiazole)] (F8BT) (American Dye Company).
We chose these polymers because they have large Raman cross-section
and because bilayer and blend structures made from these materials
are extensively reported in the literature.28,29,14,15 The polymers were
spin-casted from a 1.5% (by weight) p-xylene solution. PEDOT:PSS
(Clevios) was purchased from H. C. Starrck and was filtered using 0.45
μm PVDF filter. We used quartz slides that were precleaned in an ultra
sonic bath using acetone, methanol and iso-propanol as substrates.
The cleaning process was followed by exposure to oxygen plasma for 5
min. The cleaned substrates were then partially covered with 4 nm of
gold, evaporated at 10−7 Torr and at a rate of 0.1 nm/s through a
shadow mask. The bilayer structures were fabricated using water-
floating technique to float the F8BT films that were separately
prepared on a glass substrate as outlined by Xia.30 All the Raman and
topographic measurements were done on a unique set up the
combines the NANOWIZARD 2 atomic force microscope (JPK
GMBH) for thickness and topography measurements and iHR550
spectrograph (Horiba Jobin Yvon) for Raman measurements with
laser source at 660 nm. This unique setup allows separate
measurements of AFM and Raman. It also allows micro-Raman
measurements using the AFM to accurately position the Raman laser
at specific points across the sample. This unique combination enables

us to correlate topography and Raman measurements with around 1
μm spatial resolution (defined by the numerical aperture of the lens).
We used Jasco V-750 spectrophometer for UV−vis measurements.

■ RESULTS AND DISCUSSION

The proposed technique is based on the evaporation of a thin
layer of gold (thickness ≤4 nm) on a transparent substrate and
illuminates through it for SERS measurements. To this end we
studied two thicknesses of gold layer, 2 and 4 nm. The SEM
images of these layers along with their absorption curves are
shown in Figure 1. We could not measure the film thickness
directly because as seen in Figure 1, parts a and b, the film is
discontinuous and therefore the reported thickness is the one
measured using the evaporator thickness monitor.
We can see in Figure 1c that at the thickness of 4 nm the

absorption of the gold is maximized around 660 nm (the
Raman laser wavelength). This implies that the enhancement
due to SERS is maximized at a thickness of 4 nm. It is also
shown that upon annealing, the plasmons resonance and hence
the maximum absorbance is red-shifted to 700 nm. This implies
that the coupling to the surface plasmons of the gold and
therefore the resulting SERS effect decrease upon annealing.
For practical and future use of this technique for the study of

working organic optoelectronic devices, it is important that the
thin gold layer will have minimum effect on device perform-
ance. As shown in Figure 1, parts b and c, because the gold
layer is discontinuous, it has a transparency larger than 60% for
wavelengths smaller than 500 nm, the wavelength region where
optoelctronic devices made from these polymers absorb and
emit light.28,31 In addition, the work function of gold ∼5.0 eV32

is similar to the work function of ITO after oxygen plasma
treatment,28 and thus it should have small effect on the

Figure 1. SEM images of 2 nm (a) and 4 nm (b) of thermally evaporated gold on silicon. UV−vis measurements of these layers on quartz substrates.

Macromolecules Article

dx.doi.org/10.1021/ma201867e | Macromolecules 2012, 45, 1476−14821477



electrical properties of the contacts when measuring working
optoelectronic devices.
We can also control the layer surface tension by varying the

time between the evaporation and film deposition and therefore
control the wetting properties of the gold. Through evaporation
and up to 5 min the gold surface remains hydrophilic while over
longer periods it becomes hydrophobic.33

The first step was studying the Raman spectra of the
homopolymers and understands the effect of the interfacial thin
gold layer. Raman spectra of 80 nm F8BT and PFB films in the
region between 1000 and 2000 cm−1, the region where the
highest Raman peaks appear are shown in Figure 2, parts a and
b, respectively.
Parts a and b of Figure 2 show three Raman spectra taken on

bare quartz (dotted line), on overnight annealed (in a vacuum
oven at 120 °C) polymer film on 4 nm gold layer (dashed line)
and on as evaporated 4 nm gold layer (solid line). We also
measured the Raman spectra of the polymer films after casting
them on an annealed gold layer but without annealing the
polymer film and found the results very similar to those of the
annealed films (dashed line). For both homopolymers, the
Raman spectra taken over the gold (with and without
annealing) is enhanced in respect to the one taken on the
bare quartz. As can be seen the Raman signal is smaller for the
annealed samples. We assume that this change probably occurs
due to the reduction in the laser-plasmon coupling as seen by
the red shift in the plasmons resonance in Figure 1c. We cannot
test whether or not the gold diffuses into the polymer layer but
we assume that this diffusion (if exists) does not affect the
chemical properties of the structure. Because the spectra of the
films that were annealed with the thin gold layer and those that
were casted on an annealed gold layer but were not annealed
were the same. We present the measurement of the annealed
sample as a basis for the next measurements in which we study
the Raman spectra of a bilayer structure and the baking
procedure is an inherent part of the fabrication procedure.

In Figure 2a of the Raman spectra of the F8BT, two
distinguished peaks appear at ∼1546 and ∼1609 cm−1.27,28,15

The enhancement due to the SERS effect is more pronounced
in the 1609 cm−1 peak in comparison with 1546 cm−1. The
ratio between these two peaks is about 0.9 when the
measurement is performed on the bare quartz while it increases
to about 1.5 on the gold covered area of the substrates. This is
due to the different coupling strengths of the gold plasmons to
the different Raman modes. Moreover, it can be seen that for
the F8BT there is an additional peak that appears (∼1520
cm−1) when the spectrum is taken on gold. The new peak is an
IR mode that becomes active in the presence of the metal.23,24

The second polymer, PFB, has only one peak in this region
∼1603 cm−1.15,27

After studying the fingerprints of the SERS effect on each
polymer we studied two structures that are common for organic
photovoltaic devices made from polymers, namely bilayer and
blend structure of F8BT and PFB. The bilayer structure
provides us with vertical control on the thickness of the two
homopolymer layers separately, and hence, enables us to test
the vertical resolution of our technique. The blend structure
cannot be controlled but previous studies by Kim et al. and us
show the existence of wetting layers of PFB both on the glass
and at the air interface and that the thickness of the wetting
layers is in the range of 10 to 15 nm.34,15 The existence of a
PFB layer at the anode interface is beneficial as PFB is a hole
conductor. The existence of the PFB at the cathode interface
can degrade the device performance as PFB blocks the
electrons from reaching the cathode. However, devices made
from these blends work as solar cells, therefore it is assumed
that the thickness of the PFB layer close to the cathode must be
small but this assumption has not been proven yet.
The bilayer structures we have studied have the following

architecture: thin film of constant thickness (85 ± 5 nm) of
F8BT on top of a thin film with varying thicknesses (60, 50, 20
± 5 nm) of PFB. The different thicknesses of the PFB films
were obtained by controlling the spin coater spinning velocity.

Figure 2. Raman spectra of F8BT (a) and PFB (b) under 660 nm laser. The dotted line is taken on the bare quartz, the dashed line is taken on 4 nm
of gold annealed overnight, and the solid line is taken on 4 nm gold without annealing.

Macromolecules Article

dx.doi.org/10.1021/ma201867e | Macromolecules 2012, 45, 1476−14821478



The thicknesses of the F8BT and PFB films were measured
using an atomic force microscope. We chose a constant
thickness for the F8BT as we wanted the Raman signal that
originates from to F8BT to be same for all samples.
Parts a and b of Figure 3 show Raman spectra measurements

of the bilayers with different thicknesses of PFB films over bare
quartz and over gold-coated quartz, respectively. Because the
F8BT thickness is the same we have normalized the results by
dividing the Raman spectrum by the height of the peak at 1546
cm−1 for both the bare and gold coated areas, Figure 3, parts b
and d, respectively.
By comparing the spectra taken outside the gold coated area

to the spectra taken on the gold area we can see that the for the
same film the height of the peak which is only associated with
the F8BT, i.e. the 1546 cm−1 peak, is smaller on the gold coated
substrate compare to the uncoated areas. This complies with
the fact that the intensity of the light reaching the F8BT layer
should be lower after passing through the absorbing gold layer
and hence should results in lower amplitude. The F8BT signal
is not affected by the SERS effect as it is rather far from the
gold layer. However, we do see a slight increase in the left-hand
side of the 1546 cm−1 peak for the 25 nm thick sample, which
might indicate the start of a shoulder as seen for pure F8BT

samples (Figure 2a). In contrast, the ∼1609 cm−1 peak which is
common to both materials is largely enhanced on gold coated
areas as expected based the larger enhancement seen for the
PFB on gold sample (Figure 2b). We observe that in the
measured spectra there is no direct relation between the PFB
film thickness and the height of the Raman peaks. The reason is
that the height of the peaks do not only dependent on the
volume of the materials, i.e., the thickness of each polymer
layer, but also on the magnitude of the electric field at this layer.
This cannot be easily calculated as we have only a rough
estimate of the thicknesses of the layers and the interface
between them and we do not know the effect of gold diffusion
on the optical properties of the entire structure. We then
normalized the Raman spectra by the height of the 1546 cm−1

peak. The normalization is motivated by the constant thickness
of the F8BT film. The normalized spectra are shown in Figure
3, parts c and d, for the bare and gold coated areas, respectively.
In the normalized Raman measurements taken on bare

quartz, the relative height of the peak around ∼1609 cm−1 goes
down slightly with the reduction of the thickness of the PFB
layer and is always smaller than one (Figure 3c). This is because
the PFB Raman cross-section is twice as small as the F8BT, and
Raman signal is roughly proportional to the volume of the

Figure 3. Raman spectra of a bilayer with different thicknesses of PFB, 60 nm 50 and 25 nm for the straight, dashed and dotted line, respectively.
Spectra taken outside the gold coated area as measured (a) and normalized to by the 1546 cm−1 peak (c). Spectra taken on 4 nm of gold as measured
(b) and normalized by the 1546 cm−1 peak (d).
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layer.15,30 This changes when we look at the normalized Raman
spectra that were taken on the gold coated areas (Figure 3d). In
this case, the peak around 1605−1609 cm−1 is always higher
than the 1546 cm−1 peak (up to three times higher). A ratio
larger than one was also observed for the pure F8BT structure.
However, the ratio between the 1609 and 1546 cm−1 peaks or a
pure F8BT sample in Figure 2a is less than 1.5 for the annealed
sample while even for the 25 nm thick PFB sample this ratio is
1.65. This is clear evidence that the dominant part of the 1609
cm−1 signal comes from the PFB. This can only happen if the
PFB signal is enhanced by the SERS effect because as
mentioned above the Raman cross-section of PFB is smaller
than F8BT
A closer inspection of the positions of the ∼1609 cm−1 peaks

for the 4 nm gold coated sample Figure 3d, shows that it moves
from 1605 to 1607 cm−1 as the thickness of the PFB layer is
reduced from 60 to 25 nm. This is an additional indication to
the enhancement of the PFB signal as its peak is at 1603 cm−1

compared to the 1609 cm−1 of the F8BT. When an inverted
structure with PFB on top of F8BT was measured, the
measured spectrum resembled the dashed line of Figure 2a.
The larger ratio between the heights of the ∼1609 and 1546
cm−1 peaks and the lack of the shoulder at 1520 are direct
evidence that our technique vertical discrimination is better
than 25 nm, the smallest PFB thickness.
In the next step we have studied a 1:1 blend of F8BT and

PFB. Similar blends were studied before and it was verified that
the PFB wets the substrate and the air interface.15 However,
due to lack of vertical sensitivity, the thickness of the PFB has
only estimated to be around 15 nm based on the testing

instrument specification. We spin coated the blend on a 4 nm
gold coated quartz substrate and on a bare quartz substrate. We
measured the topography of the blends using atomic force
microscope (AFM) as can be seen in Figure 4 (a) and (b) for
the gold coated and bare areas of the substrate, respectively.
In parts a and b of Figure 4, the higher areas (the brighter

colors) are the F8BT-rich phases and the lower areas are the
PFB-rich phases. These two sub figures show that the thin gold
layer have little or no effect on the blend morphology as shown
by the similar topographic features. We used the system
described above that combines an AFM and Raman for the
scanning Raman measurements and took a hundred spectra
over the area scanned by the AFM. The measured Raman
spectra was normalized in the same manner as in the bilayer
measurements to show the ratio of the 1609 and 1546 cm−1

peaks on the bare quartz and on the gold coated quartz are
shown in Figure 4, parts c and d, respectively. Because the
measured film is a blend rather than a bilayer, the value of the
ratio of these peaks for the bare quartz sample indicates the
relative composition of the two blend components at the
measured point. The higher the ratio, the lower is the amount
of F8BT at the measured point. It can be seen that there are
few areas that are almost pure F8BT (ratio ∼ 0.9) and there are
other places when it is around 40% of F8BT (ratio ∼ 1.4).
However, the picture is different for similar spectra taken on
the gold-coated area of the substrate (Figure 4d). In Figure 4d,
we see that the minimum value of the ratio between the peaks
is over 2. As we show above, for a pure F8BT sample this ratio
is limited to 1.5. This is a first indication to the presence of PFB
wetting layer at the gold layer. This is further supported by

Figure 4. AFM maps of 1:1 PFB and F8BT blend on bare quartz (a) and on 4 nm gold coated quartz (b). A map of the ratio between the ∼1609
cm−1 and the 1546 cm−1 peaks in the coated and bare samples (c and d), respectively.
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studying what is missing from the spectra. Figure 5b shows a
plot of all the normalized spectra taken at each point of the map
in Figure 4d. We see that the shoulder around 1520 cm−1,
which appears when the F8BT is in direct contact with the gold
layer (Figure 2a), is missing.
Because the effect of the Plasmon enhancement is not

directional, a thin gold layer can also be evaporated on top of
the structure with similar expected effects. We have repeated
the same procedure we have done for coating the quartz with
gold and evaporate thin gold layer on top of the films. The
results are shown in Figure 5a. It is known from previous works
that there are no changes in the film’s structure due to the
introduction of the film into vacuum.9,14,15,34 In Figure 5a, the
shoulder at 1520 cm−1 which is an indication of a F8BT top
layer, is again absent. This is in agreement with the results of
Kim et al.15 Because the vertical resolution of the XPS used by
Kim et al. was ∼15 nm, they estimated that the thicknesses of
the wetting layers at the top and bottom of the blend film are
similar.15 However, our results provide additional information.
The values of the normalized spectra at ∼1609 cm−1 are
smaller, for the top gold layer, which indicate that the top
wetting layer is thinner than bottom one. This explains why the
presence of a top PFB wetting layer does not affect the
performance of solar cells made from this blend. This result is
consistent with the model presented by Chiesa et al.34

In many optoelectronic devices based on polymers,
PEDOT:PSS is used as an electron blocking layer on the
anode.35 The thickness of this layer is around 40−50 nm, and
therefore, if the semitransparent gold layer is deposited directly
on the gold it cannot be used to probe the polymer layers above
the PEDOT:PSS due to the short distance of the SERS effect.
Therefore, we checked how we can use our technique to study
polymer films that were deposited on top of the PEDOT:PSS
layer. We studied the following architecture consisted of an
ITO coated quartz substrate with an additional layer of
PEDOT:PSS. On top of the PEDOT:PSS layer we have
deposited the 4 nm gold layer. Because PEDOT:PSS is
hygroscopic we did not fabricated a bilayer device but studied
the Raman spectrum of F8BT that was spin coated directly on
the thin gold layer. Figure 6 shows Raman spectra taken on and
off the gold coated areas. It is clearly seen that the two
normalized spectra are similar to the ones taken on and off the

gold on quartz as shown in Figure 2a with similar values for the
1609 cm−1 peak. This prove that our technique can by used to
probe different zones in the device as long as the electrical
characteristics of gold is consistent with those of the layers
underneath it.

■ CONCLUSIONS

In this paper, we proposed a new method based on SERS effect
for the analysis of the bottom and top 20 nm polymer films.
This method is based on the evaporation of a thin layer of gold
on quartz and ITO-coated quartz slides. We demonstrated the
capabilities of this technique by studying bilayer structures of
two polyfluorene polymers with varying bottom layer thickness.
We have observed that the dominant contribution to the
Raman peak around 1609 cm−1 comes from the SERS
enhancement of the PFB signal even when the thickness of
the PFB layer was only 25 nm. We also studied a 1:1 blend of
the same polymers using a combination of AFM and scanning
Raman and showed the existence of a wetting layer of PFB on
the top and bottom of the film. From previous works, we know
that the thickness of this wetting layer is around 15 nm. This
proves that the vertical resolution of the proposed technique is

Figure 5. Combined hundred Raman spectra of an F8BT:PFB blend taken over an a region of 5 μm × 5 μm with 4 nm gold coating on top (a) and
on for the same blend shown in Figure 4d.

Figure 6. . Raman spectra of an F8BT layer on top of PEDOT:PSS
layer with gold between the layers (solid line) and off the gold-coated
area (dashed line).
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around 20 nm. Our measurements indicate that the top layer is
thinner then the bottom layer. This discovery explains why
solar cells made from this blend work even when an electron
blocking layer is present on the interface to the cathode. Our
work can be extended to degradation studies due to the similar
work functions of gold and ITO and the high transparency of
the gold coated ITO (better than 65%). We are now in the
process of applying this technique to study in situ working
organic optoelectronic devices.
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