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Abstract: In this study, an acidic (A) and pH-neutral (pHN) solution using poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) as the hole-transport layer (HTL) was modified using a 1-butyl-3-
methylimidazolium chloride (BMIM+Cl−) ionic liquid (IL). The effects of this ionic liquid on the conductivity
and morphological properties of the PEDOT:PSS films were investigated. The conductivity and morpho-
logical properties of the PEDOT: PSS films before and after adding IL were measured using a UV–vis
spectrophotometer and atomic force microscope (AFM), respectively. The conductivity of the A-PEDOT:PSS-
film-based ionic liquid was decreased, while the conductivity of the pHN-PEDOT:PSS-film-based ionic
liquid was increased. The surface morphology of the A-PEDOT:PSS-film-based ionic liquid was slightly de-
creased, while the conductivity of the pHN-PEDOT:PSS-film-based ionic liquid was slightly increased. The
vacuum-free planar hybrid solar cells (VFPHSCs) using the pHN-PEDOT:PSS-film-based ionic liquid show
a higher power conversion efficiency (PCE) than the VFPHSCs using the A-PEDOT:PSS-film-based ionic
liquid. We also report that a solar cell with a structure of ITO/pHN-PEDOT:PSS/PTB7:PCBM/PEO/EGaIn
has a maximum PCE of about ~5%.

Keywords: vacuum free; conductivity; hybrid; surface roughness; ionic liquid

1. Introduction

The energy from photovoltaic cell (or solar cells) is the most appealing solution to
solve the fossil fuel shortage problem. In comparison to their conventional inorganic
counterparts, organic polymer solar cells (OSCs) have gained a lot of attention, since they
have several advantages such as a low cost, solution-based processing, and the ability to
fabricate devices on flexible substrates [1]. Until now, the most successful organic solar cells
have been based on a hybrid architecture [2]. In a hybrid structure, the conjugated polymer
donor and fullerene acceptor are mixed together, forming an interpenetrating network
of nanodomains phase-separated by both a donor and an acceptor in the active thin film
layer. More efficient exciton dissociation was achieved due to the large interfacial area of
these interpenetrating networks, leading to higher efficiency device performance [3]. With
significant efforts toward a better understanding of the basic operating mechanisms and
performance optimization, a power conversion efficiency (PCE) of up to 12% for hybrid
conjugated polymer-based solar cells has been reported recently [1,4].

The power conversion efficiency of polymer bulk heterojunction solar cells can be
further improved by several approaches, which include developing new materials [5]; opti-
mizing the loading amount and weight ratio of the polymer donor–fullerene acceptor [6];
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controlling the morphology of the blended active layer by using thermal annealing [7–9],
solvent annealing [10,11], or additives [12,13]; enhancing the electronic and electrical prop-
erties by the insertion of an proper interfacial layer between the metal cathode and active
layer as an electron-transporting layer (ETL) or between the ITO anode and active layer
as a hole-transporting layer (HTL) [14–16]; and so on. Among them, the engineering and
optimization of the interfacial layer has proven to be a very effective approach toward
enhancing the performance of hybrid solar cells devices.

PEDOT:PSS has been widely applied as a hole-transporting interfacial layer in organic
solar cells due to its high transparency in the visible range, high thermal and mechanical
stability, strong hole affinity, and high work function close to that of ITO. It can be dispersed
in water and some organic solvents, and PEDOT:PSS films can be readily fabricated through
the solution spin-coating process [17]. A thin PEDOT:PSS HTL helps reduce the roughness
and alternate the work function of the ITO surface, allowing for easier transportation of
the free charge carriers to the electrode. However, PEDOT:PSS is known to suffer from
several reported problems including low conductivity and high acidity, which is believed
to corrode the surface of indium tin oxide (ITO) electrodes [18].

Commercial PEDOT:PSS films usually have conductivity below 1 S/cm. Much research
has been conducted to enhance the conductivity of PEDOT:PSS. The first method employs
a high boiling-point polar organic compound, such as ethylene glycol, isopropanol, or
dimethyl sulfoxide (DMSO), to dilute the PEDOT:PSS dispersion. This method can enhance
the conductivity of PEDOT:PSS up to 102 S/cm and reduce the surface potential, therefore
improving the adhesion properties of PEDOT:PSS toward the ITO surface [19–21]. Later,
the conductivity of PEDOT:PSS films could be significantly enhanced by introducing ionic
liquids, inorganic salt, or anionic surfactants into the PEDOT:PSS aqueous solution [22,23].
Especially with ionic liquids’ doping, the conductivity of the PEDOT:PSS film can increase
up to 2084 S/cm, which is the highest reported conductivity value of PEDOT:PSS [24].
Increasing the conductivity of the PEDOT:PSS film was attributed to the inducing ability
of the ionic liquid or other additive to the phase separation between the PEDOT and PSS
chains, leading to the ordering of the conductive PEDOT segments in the film, which leads
to a pathway of higher conductivity [22,24].

In this work, the effects of ionic liquid on the conductivity and morphological prop-
erties of the hole-transport layer, such as acidic and pH-neutral PEDOT:PSS films, were
investigated. Optical properties such as the absorption and transmittance of a HTL without
and with ionic liquid were analyzed using a UV–vis machine. The morphological properties
of the HTL without and with ionic liquid were analyzed using the AFM technique. The
effect of ionic-liquid incorporation on the device’s performance was also investigated by
measuring the active layer’s surface morphology and device’s efficiency.

2. Materials and Methods
2.1. Materials

PTB7 (poly({4,8-bis[(2-ethylhexyl)oxy]benzo [1,2-b:4,5-b′]dithiophene-2,6-diyl} {3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}), average Mw 80,000–200,000), PCBM
([6,6]-phenyl C71 butyric acid methyl ester, 99%), ionic liquid BMIM+Cl−, acidic PEDOT:PSS
(Aldrich No. 739332), pH-neutral PEDOT:PSS (Aldrich No. 739324), PEO (polyethylene oxide),
n-propanol, chlorobenzene (CB), and other chemicals were purchased from Aldrich (Burling-
ton, MA, USA) and used as received. The active layers of OSC devices were prepared using
PTB7 and PCBM as the organic electron donor and electron acceptor material, respectively.
Figure 1 shows the molecular structure of PTB7, PCBM, and BMIM+Cl−.
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Figure 1. Molecular structure of PTB7, PCBM, and BMIM+Cl−.

2.2. Device Fabrication

Modified acidic and pH-neutral PEDOT:PSS solutions were prepared as follows: ionic
liquid BMIM+Cl was dissolved in DI water at concentration of 100 mg/mL, and after that
certain volume of BMIM+Cl/DI water was added to 1ml acidic or neutral PEDOT:PSS solu-
tion to obtain a 0.75, 0.5, 0.3, and 0.15 wt% BMIM+Cl-modified PEDOT:PSS solution. Solar
cells with structure of glass/ITO/PEDOT:PSS/PTB7:PCBM/PEO/EGaIn were fabricated
using a solution process. First, patterned indium tin oxide (ITO)-coated glass substrates
with a sheet resistance of 7.5 Ω/square were cleaned with detergent, consequently being
ultra-sonicated in isopropyl alcohol, methanol, and acetone for 15 min each. Solution
of BMIM+Cl−-modified PEDOT:PSS was spin-coated on top of the ITO surface to form
a buffer layer (40–60 nm), before drying the substrates at 120 ◦C in an oven for 20 min.
PTB7:PCBM blend solution was prepared by dissolve PTB7, PCBM (weight ratio 1:1.5),
and 1,8-octanedithiol additive (2.5% vol) in chlorobenzene. The blend solution was ultra-
sonicated for 2 h and then stirred at 50 ◦C for more than 24 h before spin casting at 1500
rpm for 60 s to form the blending layer. Thickness of active layer was about 90–100 nm,
as confirm by a profilometer. The samples were dried for 2 h at room temperature in
glove box before the deposition of a PEO interfacial layer from a mixed solvent of 1 mg
polyethylene oxide in 10 mL H2O/n-propanol (50:50, vol/vol). After the deposition of
PEO layer, samples were transferred to a hot plate and dried at 140 ◦C for 5 min. Finally,
the EGaIn cathode was deposited on top of the PEO layer by doctor blading through a
customized mask [25]. The active area of the device was 0.09 cm2. The structure of the OSC
devices is shown in Figure 2.
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DOT:PSS as the hole-transport layer and liquid EGaIn anode. Device structure of ITO/pHN-
PEDOT:PSS/PTB7:PCBM/PEO/EGaIn was fabricated.
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2.3. Characterization

Transmittance spectra of PEDOT:PSS films were recorded over 200–1800 nm us-
ing a UV–vis spectrophotometer (Cary 5000, Varian, Palo Alto, CA, USA). The surface
roughness and morphology images were characterized using atomic force microscope
(AFM; NanoScope®IIIa, Digital Instruments, Veeco Metrology Group, Plainview, NY, USA)
equipped with an extender module box operating in tapping mode under ambient condi-
tion. Current density–voltage (J–V) characteristics of PSC devices were measured using a
Keithley 2400 source meter under simulated AM 1.5G radiation (100 mW/cm2). The power
conversion efficiency (PCE) was calculated from the J–V characteristics. The conductiv-
ity of the films was determined by the four-point probe technique. The thickness of the
PEDOT: PSS films was estimated with an Alpha D-120 stylus profilometer (KLA, Tencor,
Milpitas, CA, USA). The devices were tested in the air without encapsulation, and all the
measurements were performed at room temperature.

3. Results and Discussion
3.1. Effects of IL on the Optical Property of PEDOT:PSS Films

Figure 3a,b show the transmittance spectra of a BMIM+Cl−-doped acidic PEDOT:PSS
film and a pH-neutral PEDOT:PSS film. The maximum transmittance of both the pristine
acidic and pH-neutral PEDOT:PSS films was in the range of 96–97% within the wavelength
range of 400–600 nm. The PEDOT:PSS films with ionic liquid B BMIM+Cl− exhibited
slightly lower transmittance as compared to pristine PEDOT:PSS films. Doped PEDOT:PSS
films at 0.75 wt% show a big difference compared to the others because, at a doping
concentration of more than 0.5 wt%, the dispersion becomes viscous and is difficult to spin
coat. At 550 nm, the transmittance of 0.75 wt% BMIM+Cl−-doped acidic PEDOT:PSS films
decreases from 97.7% to 95.5%, while the transmittance of 0.75 wt% BMIM+Cl−-doped
neutral PEDOT:PSS films decreases from 97.5% to 93.8%. It is important to note that at
BMIM+Cl−-doping concentrations of lower than 0.5 wt%, the transmittance value still
remains higher than 95%, which satisfies the minimum optical requirements for transparent
electrodes (T > 90%) [17].
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PEDOT:PSS films at different concentrations.

3.2. Effects of IL on the Conductivity and Morphology Properties of PEDOT:PSS Films

For each type of sample, four films were prepared. Conductivity was measured using
the four-point probe technique at 10 different locations on each film, and an average of
the measured values was taken. The results are presented in Table 1. A comparison of the
conductivity values between the two pristine dispersions shows that the films based on
the acidic PEDOT:PSS dispersion have about 2.5–3.0 higher conductivity than the films
based on pH-neutral PEDOT:PSS dispersion. The reversed trends on how the ionic liquid
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affects the conductivity when doping BMIM+Cl− to acidic and pH-neutral PEDOT:PSS
dispersions was observed. In the case of BMIM+Cl−-doped acidic PEDOT:PSS, the sheet
resistance was increased slightly, consequently reducing the conductivity; when the doping
concentration increased from 0 to 0.5 wt%, the sheet resistance increased from 242.3 kΩ/sq
to 352.2 kΩ/sq, and the conductivity decreased from 1.03 to 0.47 S/cm, respectively. In
the case of BMIM+Cl−-doped pH-neutral PEDOT:PSS films, however, the sheet resistance
decreased dramatically; when the doping concentration increased from 0 to 0.5 wt%, the
sheet resistance decreased from 759.7 kΩ/sq to 7.6 kΩ/sq, leading to an increasing of
conductivity from 0.31 to 21.66 S/cm, which is an increase by a factor of 70 compared to
pristine neutral PEDOT:PSS films. These trends are illustrated in Table 1 and Figure 4.

Table 1. Sheet resistance, film thickness, and conductivity of BMIM+Cl−-doped (a) acidic PEDOT:PSS
and (b) neutral PEDOT:PSS films prepared on glass substrates at spin speed of 4000 rpm in 60 s.

(a) Acidic PEDOT:PSS, 1.1 wt%, pH < 2.5

Concentration
of BMIM+Cl−

(wt%)

Sheet
Resistance

(kΩ/sq)

Film Thickness
(nm)

Resistivity
(Ω·cm)

Conductivity
(S/cm) pH

0.00 242.3 40 0.969 1.03 2.3
0.15 278.4 45 1.25 0.80 2.8
0.30 303.2 50 1.52 0.66 3.2
0.50 352.2 60 2.11 0.47 3.6

(b) pH-Neutral PEDOT:PSS, 1.1 wt%, pH = 5–7

Concentration
of BMIM+Cl−

(wt%)

Sheet
Resistance

(kΩ/sq)

Film Thickness
(nm)

Resistivity
(Ω·cm)

Conductivity
(S/cm) pH

0.00 795.7 40 3.18 0.31 5.8
0.15 71.4 45 0.321 3.11 6.0
0.30 18.1 50 0.09 11.10 6.5
0.50 7.6 60 0.0462 21.66 6.8
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The reversed changing trends for conductivity can be explained based on the change
of pH of the PEDOT:PSS dispersion when doping with BMIM+Cl−. The chemical structure
of PEDOT:PSS is shown in Figure 5a, in which positively charged conjugated PEDOT was
neutralized by a negatively charged saturated PSS agent. The shorter PEDOT chain will
be attached to the longer PSS chain by a weak dipole interaction between the SO3

− group
and thiophene ring [17]. Alternation of the pH will lead to a change in the way that the
PSS chains interact with the PEDOT chains, leading to different distributions of the PEDOT
grains and PSS grains on the surface of the PEDOT:PSS thin film.
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Figure 5. (a) Binding effect and (b) pushing effect when doping BMIM+Cl− into PEDOT:PSS dispersion.

Naturally, ionic liquid BMIM+Cl− is a weak base [26,27]; therefore, the addition
of BMIM+Cl− to an acidic PEDOT:PSS solution will increase the concentration of the -
SO3

− group (a pH change from 2 to 3–4, as confirmed by a pH indicator), resulting in
an enhancement of the ability of the PEDOT chain attached to the PSS chain (Figure 5a).
Our hypothesis was confirmed by the AFM results shown in Figure 6a: when the doping
concentrations of BMIM+Cl− increased from 0 to 0.5 wt%, the RMS value of the surface of
a BMIM+Cl−-doped acidic PEDOT:PSS thin film decreased slightly from 1.062 to 0.944 nm.
The smoother AFM surface indicated better mixing between the PEDOT chains and PSS
chains, which raises the sheet resistance of the thin film and reduces the conductivity.

It should be noted that the chloride ion pairs in BMIM+Cl− also have the ability to
separate PEDOT chains from PSS chains (the so-called “pushing effect”), as shown in
Figure 5b [28]. However, this effect is smaller than the “binding effect”, in the case of
BMIM+Cl−-doped acidic PEDOT:PSS.
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Figure 6. Surface morphology characterization, tapping mode AFM images of BMIM+Cl−-doped
(a) acidic PEDOT:PSS and (b) neutral PEDOT:PSS at different concentrations of ionic liquid (the size
of the scanned area was 2 × 2 µm).

In the case of BMIM+Cl−-doped neutral PEDOT:PSS, the pH of the neutral PEDOT:PSS
dispersion does not change much when the concentrations of BMIM+Cl− increased, so the
“pushing” effect is the dominant effect compared with the “binding” effect. As illustrated in
Figure 5b, BMIM+Cl− ion pairs were inserted between the PEDOT chain and the PSS chain,
pushing the PEDOT chain away from the PSS chain, resulting in the phase separation of
the PEDOT and PSS chains, which makes the surface of PEDOT:PSS films rougher and,
therefore, increases the conductivity [22–24]. Figure 6b is the AFM images of BMIM+Cl−-
doped neutral PEDOT:PSS; when increasing the concentration of BMIMCl doping, the RMS
value of the thin film increases. Note that at the highest doping concentration, the RMS
value of the film is 1.373 nm, which is nearly double the RMS value of pristine neutral
PEDOT:PSS films; however, these RMS values are still good enough for organic solar cell
application. When the BMIM+Cl− is doped into the PEDOT:PSS, pushing the PEDOT
chain away from the PSS chain leads to an increase in surface roughness. This increase in
surface roughness corresponds to the phase separation between the PEDOT chains and
PSS chains, leads to a reduction in the sheet resistance, an increase in the conductivity, and
an improvement in the adhesion of the active layer to the PEDOT:PSS layer.

To conclude, the most significant increase in conductivity is induced by the addition
of the ionic liquid BMIM+Cl− into the pH-neutral PEDOT:PSS solution, while the addition
of BMIM+Cl− into the acidic PEDOT:PSS solution gives a negative effect.

3.3. Effects of IL Doping on the Electrical Property of the VFPH Solar Cells

The photovoltaic properties of PEDOT:PSS/PTB7:PCBM/PEO/EGaIn VFPH SCs us-
ing acidic or neutral PEDOT:PSS layers doped by ionic liquid BMIM+Cl− were investigated.
Figures 7 and 8 shows the J–V curves of the VFPH SCs device with- BMIM+Cl−-doped
acidic PEDOT:PSS and with- BMIM+Cl−-doped neutral PEDOT:PSS. The photovoltaic
parameters (Voc, Jsc, fill factor, and PCE) of the devices are listed in Table 2. Devices
with a pristine acidic PEDOT:PSS layer exhibited PV performance with Voc = 0.71 V,
Jsc = 14.8 mA/cm2, FF = 38.8%, and PCE = 4.0%. Our Voc results were similar with those
reported for PTB7:PCBM OPV devices, but the fill factor and Jsc are much lower. One
possible reason for the low FF and Jsc is that the deposition step of the PEO layer from a
mixed solvent of alcohol + water and an EGaIn electrode was completed outside the glove
box. This step can cause a high probability of oxygen traps to appear in the PTB7:PCBM
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active layer and cause the formation of a space-charge-limited current (SCLC); as a result,
the fill factor and Jsc were reduced compared with the reported devices. Devices with ionic
liquid BMIM+Cl−-doped acidic PEDOT:PSS layers have demonstrated a slight decrease
in PV performance, as revealed in Figure 7, and the results are summarized in Table 2.
We concluded that the decrease in the conductivity and increase in the smoothness of the
PEDOT:PSS film due to the addition of ionic liquid BMIM+Cl− in the acidic PEDOT:PSS
dispersion has a deleterious effect on the performance of VFPH solar cells.
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Table 2. Photovoltaic parameters of PTB7:PCBM solar cells with BMIM+Cl−-doped acidic PEDOT:PSS
as hole-transport layers used with liquid EGaIn electrode.

PTB7:PCBM Solar Cells
with EGaIn Electrode

Voc
(V)

Jsc
(mA/cm2)

FF
(%)

PCE (η)
(%)

Rs
(Ω)

Pristine acidic PEDOT:PSS 0.71 ± 0.01
(0.71)

14.8 ± 0.2
(14.8)

38.8 ± 0.2
(39.1)

4.0 ± 0.2
(4.0)

455 ± 8
(462)

BMIM+Cl−-doped acidic PEDOT:PSS 0.72 ± 0.00
(0.72)

14.1 ± 0.1
(14.1)

34.7 ± 0.1
(34.8)

3.5 ± 0.2
(3.5)

622 ± 5
(628)

Table 3 lists the corresponding cell parameters Jsc, Voc, and FF and the resistance of PSC
devices in the case of ionic liquid BMIM+Cl−-doped pH-neutral PEDOT:PSS dispersion. It
can be observed that the utilization of a BMIM+Cl−-doped pH-neutral PEDOT:PSS dispersion
leads to a simultaneous improvement of Jsc, Voc, and FF, corresponding to a higher efficiency
of VFPH SCs devices. Devices with a pH-neutral PEDOT:PSS hole-transport layer only
achieve 2.8% efficiency, whereas solar cell devices using a BMIM+Cl−-doped pH-neutral
PEDOT:PSS as the hole-transport layer improve up to ~5.0%. The improvement of the
final device performance when using a BMIM+Cl−-doped pH-neutral PEDOT:PSS is mainly
ascribed to the increase in conductivity, which helps reduce the sheet resistance and leads
to the simultaneous improvement of Jsc, Voc and FF. When the conductivity increases from
0.31 S/cm to 21 S/cm, the sheet resistance reduces from 862 Ω to 90 Ω, which leads to a
significant increase in Voc, from 0.60 V to 0.72 V; an increase in Jsc, from 12.8 mA/cm2 to
14.3 mA/cm2; and also a decent enhancement of FF from 34.3% to 47.7%.

Table 3. Photovoltaic parameters of PTB7:PCBM solar cells with BMIM+Cl−-doped neutral PE-
DOT:PSS as hole-transport layers used with liquid EGaIn electrode.

PTB7:PCBM Solar Cells
with EGaIn Electrode

Voc
(V)

Jsc
(mA/cm2)

FF
(%)

PCE (η)
(%)

Rs
(Ω)

pristine neutral PEDOT:PSS 0.60 ± 0.01
(0.60)

12.7 ± 0.2
(12.8)

34.0 ± 0.2
(34.3)

2.6 ± 0.1
(2.8)

853 ± 7
(862)

BMIM+Cl−-doped neutral
PEDOT:PSS

0.72 ± 0.00
(0.72)

14.0 ± 0.3
(14.3)

47.7 ± 0.2
(47.9)

4.8 ± 0.2
(5.0)

85 ± 3
(90)

Compared with a vacuum-process–organic hybrid solar cell with a recorded efficiency
of about ~12%, the efficiency of this study is still low. However, we have reported a
new vacuum-free structure, which has a simple and inexpensive fabrication process. The
device’s performance might be enhanced by optimizing the device’s nanostructure and
light-absorption percentage and the charge carrier’s collection.

4. Conclusions

The effects of doping ionic liquid BMIM+Cl− on the conductivity and surface morphol-
ogy of acid and pH-neutral PEDOT:PSS films were investigated. The conductivity of the
acid and pH-neutral PEDOT:PSS films could be tuned through a treatment with BMIM+Cl−

ionic liquid. In the case of the acidic PEDOT:PSS, the conductivity decreased because the
ionic liquid can enhance the ability of the PEDOT chains to stick to the PSS chains. In the
case of the pH-neutral PEDOT:PSS, the ion pair of the ionic liquid effectively reduces the
coulombic attraction between the PEDOT and PSS chains, resulting in a good separation of
the PSS chains from the PEDOT chains, which, therefore, increases the conductivity and
leads to better performance by the OSC devices. The surface morphology of the acid and
pH-neutral PEDOT:PSS films were slightly increased due to pushing the PEDOT chain
away from the PSS chain. Maximum power conversion efficiency (~5.0%) was achieved
on PTB7:PCBM PSCs with ionic liquid BMIM+Cl−-treated pH-neutral PEDOT:PSS films
as the anode and liquid EGaIn as the cathode. Furthermore, the device’s efficiency can
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be improved by optimizing the active layer’s morphology and light absorption, by the
incorporation of metal plasmonic. This result will be reported soon in our future work.
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