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The work function of polyaniline, measured by X-ray photoelectron spectroscopy (XPS),
was tuned from 4.42 +£0.14 eV to 4.78 £0.13 eV by varying the concentration of the

camphorsulfonic acid dopant.
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www.rsc.org] by controlling the concentration level of camphorsulfonic acid as a protonic acid dopant and
m-cresol as a solvent. Optical, thermal, structural, and electronic properties, along with surface
topography and elemental analysis of protonated polyaniline, were studied in detail to
investigate the effect of camphorsulfonic acid on the work function of polyaniline. Results
showed that an increase in camphorsulfonic acid content induces a gradual transformation in
polyaniline structure from an emeraldine base to an emeraldine salt phase, which is associated
with an increase in electrical conductivity and an improvement in crystallinity. X-ray
photoelectron spectroscopy was used to evaluate the work function and to determine the
elemental composition of the surface and several atomic layers beneath the surface. Results
showed that raising camphorsulfonic acid content from quarter protonated to fully protonated
leads to an increase in the work function of polyaniline from 4.42 £0.14 eV to 4.78 £0.13 eV,

respectively.

Introduction

Recently, a significant amount of effort has been directed
toward the development of conjugated polymer systems in
order to establish the basis of third- generation of photovoltaics,
i.e., organic solar cells (OSCs).'? OSCs are economical,
flexible, lightweight, and easy to fabricate especially on a large
scale.* However, there are critical barriers to the commercial
production of OSCs: non-static performance as a function of
time, environmental stability, and low efficiency compared to
the first and second generations of solar cells." A considerable
amount of research has been performed to overcome the
difficulties associated with OSCs, e.g., finding an alternative to
the most widely used hole transport layer (HTL): poly(3.4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).’
PEDOT:PSS thin film is used in OSCs to boost the hole
injection to the anode, as well as to smooth the ITO surface in
the standard (or non-inverted) OSCs. Despite the fact that
PEDOT:PSS solar cells have been fine-tuned, several problems
with PEDOT:PSS have been reported to be a critical barrier.
PEDOT:PSS is a hygroscopic material and can be degraded
easily when exposed to water or water vapor, and it can also act
as a reservoir for water that in turn allows water to disperse in
the device and react with other components.® Researchers have
found that PEDOT:PSS solar cells degrade rapidly even when
the cells are encapsulated.” This is primarily due to the
hygroscopic nature and acidity of PEDOT:PSS film, but also is
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a result of the migration of PSS to the adjacent layers, which
can lead to the deterioration of solar cell performance.® Several
alternatives for PEDOT:PSS have been suggested in the
literature: polyaniline,” nickel oxide,® and graphene oxide.” In
order for OSCs to perform efficiently, they require proper
energy band alignment between ITO, HTL, and HOMO
(highest occupied molecular orbital) of the polymer (electron
donor) to accomplish a low voltage drop for injection of
holes.'™ ' ITO work function is reported to have values from
3.8 eV to 5.1 eV depending on the surface cleaning and
treatment method.'? In addition, the HOMO level varies based
on the electron donating polymer composition.13’ 14 Considering
all of these variables, it is essential to find a HTL with a work
function that can be tuned easily to achieve a proper alignment
with the adjacent layers.

Recent studies have focused on a more complicated
architecture called tandem cells, a stack of two or more
subcells, in order to boost the performance of OSCs. The
tandem architecture is designed to absorb over a wider spectral
range, since it has two or more subcells—each of which is
made of a different polymer that has an optical band gap in a
different region of the solar spectrum. This system is reported
to achieve a power conversion efficiency of up to 10%."> One
of the major challenges in the fabrication of tandem organic
solar cells is the design of the recombination interlayer (the
buffer layer that interconnects the front subcell to the back
subcell). Similar to energy level alignment of HTL (or ETL) in
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single junction OSCs, in order to obtain optimum power
conversion efficiency, the recombination layer must have a
properly aligned work function so that electrons from the front
cell and holes from the back cell can flow into the layer then
recombine. Commonly, two different materials are used as
recombination interlayers, usually by modifying one interface
to be the high work function side and the other to be the low
work function side.'® PEDOT:PSS has been used frequently as
a recombination interlayer by modifying one side to be the low
work function value side for electron collection.'® '” One of the
disadvantages of using PEDOT:PSS in tandem geometry is that
it is applied from an aqueous solution that can lead to
degradation of the front subcell. Other researchers have used
evaporation methods to deposit metals such as gold or silver.'®
However, this technique can be hampered by the high
deposition temperature that can degrade the front subcell and is
not economical due to its high fabrication costs. Solution-
processed interlayers that dissolve the layer beneath (i.e., the
front subcell) must be avoided.'” Therefore, interlayers should
be made in such a way that—in addition to matching the work
function with the upper and bottom subcells—they are
processed from a solvent that is not aqueous and does not cause
the active layer underneath to dissolve.

Polyaniline (PANI) is one of the most frequently
investigated conducting polymers for many reasons: it is
environmentally stable, inexpensive, and its electrical
conductivity can be easily tuned.'"” PANI is a conjugated
polymer that can serve as an insulator, semiconductor, or
conductor, depending on the degree of protonation.'' Generally
speaking, emeraldine base is the insulating phase of PANI with
two amine groups (-N-) and two imine groups (=N-), per repeat
unit. The doping (protonation) of PANI with a protonic acid
converts some or all of the imine groups into amine groups via
internal redox reaction resulting in another phase of PANI,
emeraldine salt, which is conductive. PANI can be dissolved
using solvents such as chloroform, xylene, and/or m-cresol.>*-*?
Each solvent can have a certain degree of effect on the film
morphology and surface topography of PANI thin films after
processing from such solvents.?’ For example, PANI cast out of
chloroform exhibits localized polarons in short conjugated
lengths owing to the compact coil conformation. In contrast,
PANI cast from m-cresol exhibits a transition between energy
bands within the half-filled delocalized polaron band that can
be observed in the UV-Vis-NIR measurements as a free carrier
tail, a feature of planar or expanded coil conformation.?
MacDiarmid and Epstein have defined this phenomenon as a
“secondary doping”.**> Various dopants have been used to
protonate PANI, such as hydrochloric acid (HCI) or
camphorsulfonic acid (CSA).'” % Tt has been demonstrated that
the dopant type’* and dopant concentration'' can play a
significant role in determining the structural properties of PANI
films. In our previous study, we found that increasing the CSA
protonation level results in an improvement in PANI structure
by increasing the interchain stacking of PANI chains,'' while
further protonation (such as overprotonation) could result in a
decrease in the crystallinity of PANI because excessive CSA
may induce a crosslinking effect. It has been postulated by
MacDiarmid and Epstein that CSA together with m-cresol has a
great effect on the chain stacking because m-cresol promotes
more dissolution or solvation of the positive and negative
charges on the polymer chain and the negative charges of CSA
anions. This will inhibit the interaction between positive and
negative charges at the same chain prompting more expanded
coil conformation.*
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Work function (WF), the minimum work required to
remove an electron from the surface of a solid, is an inherent
property of solid surfaces. The work function for a certain
material can differ depending on the electronic structure, and
also on the surface orientation.”’ Furthermore, work function is
affected by surface contamination and roughness.”* > WF can
be determined by using techniques such as ultraviolet
photoemission spectroscopy (UPS) and X-ray photoelectron
spectroscopy (XPS).?® In the XPS technique, the extreme ends
of the spectra are acquired so that cutoffs at both low and high
binding energies can be displayed. To avoid the interference
between instrument and sample work functions, the sample
should be biased before collecting data. Next, the whole
spectrum must be shifted so that the Fermi level is aligned with
zero eV Dbinding energy. Unlike some other common
techniques, such as the Kelvin probe method that only gives a
relative value of work function, XPS and UPS techniques can
provide an absolute work function value.

Thus far, very few studies have investigated the work
function of PANI.?" 23! The majority of these studies have
made use of relative methods by measuring the difference
between the potential of the sample and a reference electrode.
Relative methods can provide the relative WF variation without
identifying an absolute value, which is essential when
designing organic solar cells. Jinsung et al. found that, by
increasing the HCl concentration in PANI nanoparticles, the
WEF decreases by a value up to 027 eV.>° Polk er al.
investigated the effect of some strong protonic acids, such as
triflic acid, on the WF of PANI, and showed that the relative
WF decreases with increasing acid concentration. The
phenomenon was attributed to the formation of localized states
after protonation that could cause the WF to decrease.”’ Ahmed
et al. investigated temperature-sensing polyaniline films doped
with three ratios of CSA and used m-cresol as the solvent, with
no significant effect on the WF of PANL>! Chinn ef al. studied
the change in the relative WF of doped and undoped PANI
when exposed to moisture. They observed that the WF of PANI
increased rapidly after exposure to 100% relative humidity
using nitrogen as a carrier gas. They also reported that the WF
rapidly recovered after the humidity was turned off.?® Posdorfer
et al. demonstrated that the WF of PANI:PSS cast from a
water-based solution increases from 4.75 to 5.06 eV after
increasing the PSS dopant (polystyrene sulfonate), and with
heavy doping the WF of PANI lowers from 5.06 to 4.88 eV.*!
By studying the WF using different solvents, they found a
linear relationship between the WF of PANI and the dielectric
constant of the solvent. Overall, however, based upon previous
studies in which different researchers present varying results, it
is not clear how doping affects the WF of polyaniline.
Therefore, it is worth performing a comprehensive study to
assess the absolute value of the work function of polyaniline
and its relationship with various protonation levels using CSA
as a dopant and m-cresol as a solvent. Such a study is very
important to find the criteria for tuning the WF of non-aqueous
PANI for further use as a HTL and/or a recombination layer in
organic tandem solar cells. The choice of CSA and m-cresol
with PANI is important with respect to specific applications
such as HTL in organic solar cells or organic light-emitting
diodes because, in such applications, it is preferable to cast
HTL from non-aqueous solutions. It is also preferable for PANI
to be in the expanded coil conformation rather than in the
compact coil conformation. The expanded conformation
introduces higher conductivity and can provide better pathways
for holes to transport through the HTL to the anode.

This journal is © The Royal Society of Chemistry 2012
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Our previous results on PANI:CSA as a HTL in organic solar
cells have been published earlier.'' In the present article, we report
an approach for determining the work function of polyaniline using
XPS technique. The main thrust of this work is to tune the work
function of polyaniline via protonation with various doping levels of
camphorsulfonic acid. The findings have potential for further use in
organic tandem solar cells in which the work function of hole
transport, electron transport, and recombination layers is crucial. The
bedrock of utilizing XPS for work function measurements of metals
and alloys have been previously established.*> Accordingly, we
embraced this technique to determine the work function of
polyaniline. This detailed study includes optical, electrical,
structural, elemental, and electronic properties of PANI:CSA. The
investigation is designed to obtain a better understanding of the
material and the reasons behind the change in the WF of PANI with
various CSA doping contents.

Experimental Procedure

Polyaniline was synthesized by using oxidative polymerization
of aniline in acidic solution as described by MacDiarmid."
Details of the synthesis can be found elsewhere.!' In brief; 2
mL of double-distilled aniline were added to 50 mL of 1 M
methane sulfonic acid and cooled to ~0 °C. Next, 5.24 g of
sodium persulfate were added to the solution and kept in
constant stirring for 6 hours. The resulting precipitate (dark
green) of doped polyaniline was vacuum-filtered and washed
with deionized water then partially de-doped by washing with
15 mL of 1 M ammonium hydroxide. A thorough de-doping
was carried out by overnight stirring in a 0.1 M aqueous
ammonium hydroxide. The final step was vacuum-filtering the
product and washing with acetone to remove any oligomers and
intermediate impurities.
Following the synthesis, four different solutions were prepared
with varied molar ratios of CSA. Quarter-protonated PANI
solution (denoted as QP-PANI) was prepared by mixing 72.4
mg of PANI with 23.2 mg of CSA very well using mortar and
pestle, adding to a vial, and finally adding 4.78 g of m-cresol.
(Improper mixing of PANI with CSA in the mortar and pestle
could result in a jelled solution.) The mixture was then
homogenized immediately at 20,000 rpm for 30 min using a
high speed mixer (T 18b ULTRA-TURRAX S1 with S 18N-
10G attachment). Any delay in transferring the mixture to the
homogenizer could cause the powder to accumulate as
undissolved chunks in the solution. After homogenizing, the
solution was magnetically stirred for at least 24 hours then
centrifuged at 3500 rpm for 30 min to remove any insoluble
components. In the final stage, the supernatant is decanted and
kept under constant stirring until use. Similarly, half-protonated
PANI (HP-PANI), three quarters-protonated PANI (3QP-
PANI), and fully-protonated PANI (FP-PANI) were prepared
by dissolving 72.4 mg of PANI and 46.5 mg of CSA in 5.95 g
of m-cresol, 72.4 mg of PANI and 69.2 mg of CSA in 7.1 g of
m-cresol, and 72.4 mg of PANI and 93 mg of CSA in 8.27 g of
m-cresol, respectively. The above PANI and CSA masses were
chosen to attain the required molar ratios, i.e., QP-PANI
consists of one CSA molecule alongside two PANI units; HP-
PANI is one CSA molecule alongside one PANI unit; 3QP-
PANI is three CSA molecules alongside two PANI units; and
FP-PANI is two CSA molecules alongside one PANT unit. The
mass of the solvent was calculated to produce a solution of 2%
w/w of PANI:CSA in m-cresol.

PANI thin films with different doping concentrations were
prepared by spin coating the four solutions on ITO glass

This journal is © The Royal Society of Chemistry 2012

(NaOH-water-IPA treated/cleaned) at 2000 rpm, followed by
drying in the ambient atmosphere at 60-70 °C for 1-2 hours
before storing them in a vacuum desiccator. ITO cleaning is a
vital step in obtaining uniform PANI films. The detailed
procedure for treating and cleaning ITO substrates has been
described in our previous report.'!

A Fourier transform infrared (FTIR) spectrometer (Thermo
Scientific Nicolet 6700 equipped with Smart iTR™ Attenuated
Total Reflectance Accessory) was used to record the infrared
spectra of the product. Thickness of the films was determined
by using a Horiba Jobin Yvon UVISEL ellipsometer by fitting
¥ (amplitude ratio) and A (change in phase) ellipsometric data
with the aid of DeltaPsi2 software environment. The thickness
of all of the samples was determined to be between 30-50 nm.
A 100 nm thick layer of silver was vacuum-evaporated on part
of the surface for each film using a shadow mask. Absorption
spectra of the films in the range of 300-900 nm were collected
by a UV-Vis-NIR double beam spectrophotometer (Shimadzu
UV-3600). The Hall Effect measurements were performed on
PANI:CSA films using an Ecopia HMS-5000 Hall Effect
system at room temperature. In Hall measurements, thicker
films of PANI:CSA (ca. 100 nm) were cut into 1 cm x 1 cm,
and silver paste was applied to the corners in a Van der Pauw
configuration. The Hall terminals were placed at the silver
contact, and Hall voltages were directly measured at a magnetic
flux density of 0.55 T and six different current flows ranging
from 0.1 mA to 1.0 mA. The thermal properties of freestanding
PANI:CSA films were obtained by thermogravimetric analysis
(TGA) wusing METTLER TOLEDO instrument type
TGA/SDTAS851. TGA was carried out from 25 to 850 °C at the
rate of 5 °C/min under air atmosphere. X-ray diffraction (XRD)
was performed on the samples using an XRD spectrometer type
Bruker D8 Discovery. Surface topography and roughness were
measured in tapping mode using a Veeco Dimensions 3100
Atomic Force Microscope (AFM) at a 10 pm % 10 pm scale.
The AFM tip was brought downona 1 um X 1 pm scan at 1 Hz
and 256 lines to focus the integral gain, proportional gain, and
amplitude setpoint parameters. Once a good image was
achieved, the scan was set to 10 um x 10 pm at 0.1 Hz and 512
lines. Every image was flattened initially. Roughness analysis
and surface area were performed for each scan. Each film was
scanned in three different locations, and the roughness values
were averaged to represent the surface morphological
properties of the film. Elemental analyses were carried out by
dint of a survey scan using X-ray photoelectron spectroscopy
type  Thermo  Scientific = K-Alpha instrument  with
monochromated Al Ko excitation source with photon energy
1486.6 eV (36 W maximum power). The X-ray spot size was
set to 400 um and pass energy of 200 eV. The same instrument
was used to estimate the work function of PANI:CSA films by
using a work function stage which is capable of biasing the
sample (Thermo Scientific K-Alpha Work Function Module).
The stage also includes a mounted gold foil standard for WF
value calibration purposes. In the after-etching measurements
of work function, the ion beam energy was set to 1000 eV, the
etching time to 10 s, and the current was set at low. The spectra
at both high and low binding energy ends were acquired so that
cutoffs at both ends of the binding energies could be
introduced. Samples were biased at -30 V in order to avoid the
effect of the instrument work function. The sample spectra were
then shifted so that the Fermi level (onset of electron emission)
was aligned with zero eV binding energy. The difference
between the photon energy of Al Ka (1486.6 eV) and the high
binding energy cutoff (i.e., the cutoff of the kinetic energy of
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the photoelectron) yields the work function of the sample.
Figure 1 is an example of data obtained from a gold foil
standard; the WF was found to be 5.1 0.1 eV. The XPS
measurements mentioned above were averaged from a total of
20 scans for each single measurement to ensure the accuracy of
the results.
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Figure 1. The two parts of the survey spectrum, i.e., low and high
binding energy regions (Fermi and cutoff scan) acquired from XPS
with a monochromatic radiation from Al Ko for gold foil standard
reference as an example to calculate the work function.

Results and Discussion

Figure 2 displays the FTIR spectrum of the synthesized PANI
powder to confirm the chemical structure. All peaks of PANI
recognized from the transmittance spectrum were typical of
emeraldine base polyaniline.***> The bands with peak
maximum at wavenumbers 825, 1159, 1214, 1300, 1499, 1590,
and 3382 cm™' were assigned to out-of-plane C-H bending, in-
plane C-H bending, C-N bending, amine C-N stretching, C=C
stretching of Benzenoid, C=C stretching of quinoid, and N-H
stretching, respectively. The weak peak of O-H stretching at
3270 cm’ was assigned to water which is due to adsorption of
moisture after polymerization.
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Figure 2. Chemical schematic and FTIR spectrum of emeraldine
base PANI synthesized by MacDiarmid method.

In order to precisely determine the protonation levels of the
films, elemental analysis was performed using XPS. The survey
scans of PANI:CSA thin films are plotted in Figure 3 (a). The
plots show peaks at binding energies 164.3 eV, 285.2 eV, 399.8
eV, and 532.4 eV, which correspond to S2p, Cls, Nls, and
Ols, respectively.’® Figure 3 (b) shows the enlarged peaks of
sulfur and nitrogen and the sulfur to nitrogen (S/N) atomic
ratios for an average of three different measurements are shown
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in Figure 3 (c¢). Comparing the desired protonation levels (i.e.,
QP-, HP-, 3QP-, and FP-PANI) that were massed out in the
experimental section with XPS data, we can see that the values
of the molar ratio (based on weight calculations) are not perfect
but are close to the atomic ratio (determined from XPS
measurements). Based on the molar ratio (from weighing
calculations), the S/N of QP-PANI is 0.25, HP-PANI is 0.50,
3QP-PANI is 0.75, and FP-PANI is 1.00, while the average of
the atomic ratios (from XPS measurements) is 0.30 for QP-
PANI, 0.48 for HP-PANI, 0.62 for 3QP-PANI, and 0.84 for FP-
PANI. The discrepancy between molar and atomic ratios is
partially due to any incomplete dissolution of the PANI or CSA
in m-cresol and/or due to weight loss of materials that stick to
the vial wall, weighing paper, homogenizer rod, centrifuging,
and mortar & pestle during grinding. Although the S/N ratios
extracted from XPS are more realistic, we will continue to use
the molar nomenclature while describing the experiment
throughout this article since the atomic ratio can vary slightly
during sample preparation.

(a) T1s
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Figure 3. (a) Survey scan for PANI protonated with four different
CSA ratios, (b) enlarged peaks of sulfur and nitrogen of PANI:CSA
films, and (c) variation of sulfur to nitrogen atomic ratio of
PANI:CSA films.

The TGA plots in Figure 4 (a) show that the thermal
stability of PANI has decreased with increasing CSA content
probably due to the differences in morphology and reactivity of
the polymer chain caused by the doping process. Similar results
for PANI:CSA on thermal stability have been reported in the
literature.”” All four polymers were observed to have a three-
stage mass loss as is illustrated in the derivative curves shown
in the inset of Figure 4 (a). The first mass loss is observed over
a temperature range ca. 100-200 °C and is attributed to the
evaporation of moisture, residual solvent, and the degradation
of low molecular weight oligomers.*® However, less weight loss
is observed when the protonation level increases. The second
weight loss is associated with the thermal de-doping process of
PANTI*® while the third weight loss in the range of ca. 508-
525°C is due to the degradation of polymer chains.®® The
midpoint of the combustion temperature of PANI:CSA films is
presented in Figure 4 (b) for a direct comparison. As we can
see, the PANI:CSA main chain degradation temperature
noticeably decreases with increasing CSA protonation levels,
which can be attributed to a more reactive polymer.

This journal is © The Royal Society of Chemistry 2012
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Figure 4. (a) TGA curves of PANI films doped at various CSA
protonation levels, and (b) midpoint of the combustion temperature
of PANI films doped at various CSA protonation levels. The inset
shows the derivatives of the curves in graph (a).

The optical absorption spectra of PANI:CSA thin films are
illustrated in Figure 5 (a) and shows two distinctive peaks. The peak
at ca. 340 nm is related to the m-* transition of benzenoid rings
which becomes much weaker with increasing CSA protonation
levels due to the formation of new energy bands. The peak at ca. 450
nm is assigned for polaron-n* and becomes stronger with increasing
CSA protonation. The steady increase in the near-IR region of 3QP-
PANI and FP-PANI films is associated with the free-carrier tail
(delocalized polaron) that arises due to transformation from compact
coil to expanded coil conformation. ** These dramatic changes in
absorption spectra confirm that CSA has a significant influence on
the conformation of the chains, which improves the crystallinity and
increases the electrical conductivity by enhancing the interaction
between the adjacent chains and reducing the twist defects between
the aromatic rings.
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Figure 5. (a) UV-Vis absorption spectra of different PANI:CSA
protonation levels, and (b) XRD patterns of different PANI:CSA
protonation levels.

The XRD patterns of PANI films protonated with various
levels of CSA are presented in Figure 5 (b). These diffraction
patterns exhibit clear differences associated with increased
protonation levels. In order to show the evolution of
crystallinity from an undoped emeraldine base PANI (zero-
protonation, ZP-PANI) to FP-PANI, the XRD patterns are
shown in Figure 5 (b). Both ZP- and QP-PANI samples exhibit
an amorphous pattern with a broad peak at 20 ~17.5°, and this
is attributed to a compact coil conformation.*' Therefore, the
QP-PANI has poor crystallinity and can be said to be
structurally similar to that of the emeraldine base polyaniline,*!
obviously owing to the low level of protonation. The peak of
this sample corresponds to the (110) plane of the emeraldine
base PANI. In the higher protonated films (i.e., HP-PANI, 3QP-
PANI, and FP-PANI samples), the observed peaks at ~15.5°,
20°, and 25.5° correspond to the (010), (100), and (110) planes
of emeraldine salt PANI, respectively.*” The peak at ~17.5°

This journal is © The Royal Society of Chemistry 2012

(observed in QP-PANI) becomes nearly indistinguishable in the
higher protonated samples. Instead, three peaks become more
dominant in the higher protonated films, implying better face-
to-face interchain stacking between phenyl rings** and therefore
a more expanded coil conformation. These peaks are a result of
the induced crystallinity of PANI by CSA and show that PANI
chains in the PANI:CSA films have a more ordered structure
since CSA enhances short-range order by increasing the
interchain stacking of PANI chains.*" * In addition, the origin
of a small peak at 20 ~6.5° in higher protonated samples is
claimed by Khalid et al. to be assigned to the periodic distance
between the dopant and the N atom on adjacent main chains.*

To study the effect of PANI protonation level on the surface
topography, AFM was utilized to determine the rms surface
roughness. As seen in Figure 6, a higher roughness is observed
at lower protonation levels. The observed decrease in roughness
with protonation is likely due to the transition from compact
coil to expanded coil conformation. However, HP-PANI
exhibits greater roughness than QP-PANI. Therefore, the
surface area of these samples was also investigated to
complement the rms roughness findings in order to more fully
describe the surfaces. The mean value of the surface area
determined by AFM (on 3 separate spots) was as follows:
101.79 £1.17 ym?, 101.17 £0.17 pum?, 100.19 £0.10 um? and
100.11 £0.01 pum?® for QP-PANI, HP-PANI, 3QP-PANI, and
FP-PANI, respectively. Unlike rms roughness, the surface area
of QP-PANI is higher than that of HP-PANI. This suggests that
even though rms roughness of HP-PANI is higher than that of
QP-PANI, the number of spikes per unit area in the QP-PANI
image is greater than that of HP-PANI. This observation of a
much lower surface roughness with increasing protonation level
is a result of an expanded coil conformation where the polymer
chains lay flat instead of tangling. Any future work on using
PANI:CSA as a recombination layer in organic tandem solar
cells may require a smoothing of the surface for the lower
protonation levels of doped PANI to improve the performance
of the cells. Lodha et al.*® found that PANI films made out of
N,N"-diemthyl propylene urea solvent and doped by immersing
the films in HCl showed an increase in rms roughness up to
46% after doping. This may indicate that PANI roughness is
strongly dependent on solvent type and doping method.

QP-PANI

HP-PANI i
i Y !

rms = 434 nm

rms = 27£5 nm

3QP-PANI

rms = 135 nm rms = 7+3 nm

Figure 6. AFM images of PANI protonated with various CSA
levels.
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The electrical conductivity of various PANI:CSA films—
which increases up to two orders of magnitude when CSA
protonation is increased from quarter to fully protonated—is
displayed in Figure 7 (b). The further increase in conductivity is
attributed to the improvement in crystallinity [Figure 5 (b)] and
the phase change from compact to expanded coil conformation
which in turn increases the delocalized carriers. It is well-
known that there is a strong correlation between crystallinity
and conductivity of a conducting polymer.*® An expanded coil
conformation allows more interaction between adjacent chains
and also results in the polaron band having a wider dispersion
in energy leading to a higher electrical conductivity.** A
previous study suggested that PANI:CSA with a protonation
level of 30% lies at the metal-insulator boundary conduction
mechanism.*’ In our case, QP-PANI represents a protonation
level of 25% molar ratio (31% S/N atomic ratio) which is close
to that boundary, and this assumption is supported by the
behavior illustrated in Figure 6 (a), where a dramatic decrease
in the intensity of m-nt* transition peak for HP-, 3QP-, and FP-
PANI films is evident. This decrease is associated with an
increase in the polaron-t* transition peak because the band gap
between the © band and the polaron band is eliminated, and,
consequently, polarons become more delocalized.** These
changes in electronic structure can explain the noticeable
increase in conductivity (2 S/cm for QP-PANI to more than 200
S/em for FP-PANI). To support the assumption about the
increase in the delocalized carriers, the concentration of free
carriers as a function of protonation level is presented in Figure
7 (b). Free carriers’ concentration increases with the
protonation level from ~ 5.5 x 10" to 2.5 x 10> cm™ indicating
an increase in delocalized carriers. The figure also demonstrates
the sharp increase in the carriers’ concentration when
protonation increases from QP-PANI to HP-PANI which could
explain the metal-insulator boundary conduction transition.
Since PANI:CSA is a p-type semiconductor,*® the increase in
carriers’ concentration to two orders of magnitude (from ~10"
to 10*2 cm™ when PANI is protonated from QP to FP) suggests
that with protonation the Fermi level moves toward the valence
band, and this will result in an increase in the WF.

250 107
(a) £ (b)
» |s
20 s /
® g .
& 1504 £
2 £ A/
2 100 g
= 4 - 21
510
é o
§ 504 g
/ 10
04 © A

QP HP 3aP FP ap HP QP FP
Protonation Level Protonation Level

Figure 7. Effect of CSA protonation levels on the electrical
conductivity of PANI, and (b) carriers’ concentration of PANI:CSA
versus protonation levels.

The influence of CSA protonation levels on the WF of
PANI was studied using XPS as shown in Figure 8. In this
study, the kinetic energy cutoff was obtained by subtracting the
binding energy from the photon energy of Al Ka (1486.6 eV)
as shown in Figure 8 (a). The work function was then
determined from the intersection of the extrapolated tangent of
the cutoff curve with the x-axis at the point where the y-axis
equals zero. Figure 8 (b) shows the WF characterization results
for the PANL:CSA film surface before etching using three
different measurements for each protonation level (i.e., three
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points each on two films cast from the same solution, as well as
a third film cast from another solution prepared by the same
procedure) to ensure the repeatability and consistency of the
results. The figure shows a wide error bar indicating that the
WF of PANI fluctuates. However, the general trend shows an
increase in the WF of PANI with increasing CSA level. The
work function of PANI measured on the surface of the samples
increased from 4.42 +0.14 eV for QP-PANI to 4.78 £0.13 eV
for FP-PANIL.

5.0

—QP-PANI  (a) . b
—— HP-PANI ’ _ 49 ®)
— 3QP-PANI 248
— |—FP-PANI -
"-& + ‘Au Reference 5 a7 }
@ T 46 {
£
3 D45
o X a4
]
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.......... 2
41
30 35 40 45 50 55 60 aP HP  3QP FP
Kinetic Energy (eV) Protonation Level
5.0 5.0 3
4.9 (©) 4.9 (@
s
48 } { % 4.8 . ]
§ 47 : 4.7 H
G46 2 46 .
=] ] -
245 } § 4.5
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43 < 43
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4.1 41

FP FP

d Prot::ation Lse?/Pel Prot:r:’ation Li;?/il
Figure 8. (a) Kinetic energy cut-off of XPS measured on PANI:CSA
films, (b) work function of PANI surface before etching, (c) work
function of PANI surface after etching, and (d) average work
function of PANI before and after etching.

The WF correlation with protonation level is due to the
effect of protonation on the internal electronic structure of the
PANI. The WF is lowered due to the generation of a large
number of free holes (radical cations in the form of bipolarons
and polarons) in the polymer chains as it is asserted in Figure 7
(b) presented earlier, resulting in a p-type polymer.*® # It is
well known that during the protonation of PANI, the electronic
structure undergoes an internal redox, which forms
bipolarons.?® Each bipolaron can then separate to form two
polarons, which are generally more stable, especially when they
are delocalized over several units of the polymer. These
electronic transformations are critical to the evolution of the
work function in the PANI:CSA (or other protonic acid-doped
PANI) system.

To obtain deeper insight into the effect of surface conditions
on the WF, the surface of the various PANI samples was etched
using an ion beam in order to remove a few layers from the
surface, and subsequently determine any fluctuation compared
to the initial WF measurements as shown in Figure 8 (c¢). WF
values after etching exhibit a slight decrease over the whole
range of protonation. However, the average values of WF
before and after ion beam etching presented in Figure 8 (d)
demonstrate a similar relationship between WF and protonation
level with insignificant change in values, especially at the
higher levels of protonation.

Previous publications regarding the work function of
polyaniline are limited, and the explanations regarding the
change in work function with doping are not explicit in many
cases. A summary of these reports is listed in Table I. The data
reported in the literature present various trends when PANI is
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protonated with various acids as shown in the table. In general,
in addition to protonation levels, the WF of PANI depends on
various parameters, such as the method used to prepare samples
and the procedure followed for protonation, and these factors
could account for variations in the WF values and trends
reported by various other researchers. However, the
investigators who determined absolute values of WF showed a
range from ~4.4 to 5 eV (similar to reported here), which is a
suitable range for the recombination layer in organic tandem
solar cells.
Table L. Literature survey on work function of polyaniline.

PANL:dop Conductivity IEIsos wivt| fettodiot
Dopant Type : Solvent WF (eV) increasing Determinin Ref.
ant Ratio (S/cm)
dopant gWF
I 3
Polystyrene 1:1to Water, xylene, | 8x107to 4.75105.06 :‘:rf:s:;e? Kelvin [21]
sulfonate 1:8 or alcohol 1x107 - g > probe
decreases
sulfuric, Formic acid
trifiioroscatic, Not then AWE(no No trend Kelvin
perchloric, and - o 0.03t00.2 absolute [28]
M specified | electrochemic presented probe
hydrochloric s value)
5 al deposition
acids
Decreases
Triflic acid or 1:0to No specific AWE {00 with Field-effect
. DMF e absolute ; d 3 [29]
tetrafluoroboric 11 conductivity value) increasing transistor
dopant
Decreases
Hydrochloric Not Not AWF (no with Kelvin
: " Water g absolute . . [30]
acid specified specified increasing probe
value) d
opant
No trend with .
Camghor: 1'“'? to m-cresol 7.5t010.5 4.7t04.8 increasing Kehin 31]
sulfonic acid 12 probe
dopant
Camphor- Increases with
F 1:0.25to 4.42 0.14 to < : Current
sulfonic acid 11 m-cresol 2to217 4781013 increasing XPS i 4
dopant
.
Conclusions

We have investigated the effect of camphorsulfonic acid
protonation levels on the work function of polyaniline films.
This study was performed to develop a method to tune the work
function of polyaniline for future use as a hole, electron, or
recombination interlayer in organic solar cells. Protonation with
CSA shows a significant effect on the work function of
polyaniline, offering an easy and reliable way to tune the work
function of PANI. The work function of PANI exhibits a linear
increase with increasing CSA protonation for the levels we
investigated. Protonation with CSA produces a p-type polymer
that will increase the absolute value of the work function. The
results suggest that high protonated polyaniline films are
suitable for use as hole transport layers in organic solar cells,
while low protonated polyaniline films are suitable for use as
electron transport layers in organic solar cells.
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