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Sodium chloride methanol solution spin-coating process for
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The sodium chloride methanol solution process is conducted on the conventional poly(3-hexylthiophene) (P3HT)/
[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) polymer bulk heterojunction solar cells. The device exhibits a power
conversion efficiency of up to 3.36%, 18% higher than that of the device without the solution process. The measurements
of the active layer by x-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and ultraviolet photo-
electron spectroscopy (UPS) indicate a slight phase separation in the vertical direction and a sodium chloride distributed
island-like interface between the active layer and the cathode. The capacitance–voltage (C–V ) and impedance spectroscopy
measurements prove that the sodium chloride methanol process can reduce the electron injection barrier and improve the
interfacial contact of polymer solar cells. Therefore, this one-step solution process not only optimizes the phase separation
in the active layers but also forms a cathode buffer layer, which can enhance the generation, transport, and collection of
photogenerated charge carriers in the device simultaneously. This work indicates that the inexpensive and non-toxic sodium
chloride methanol solution process is an efficient one-step method for the low cost manufacturing of polymer solar cells.
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1. Introduction

Polymer solar cells (PSCs) are promising for low cost
roll-to-roll manufacturing of flexible large area photovoltaic
devices. To achieve high efficiency devices, the optimized
morphology of the active layer for the improved generation
and transport of charge carriers and the modified electrode
for the facilitated charge extraction are essential.[1–3] The bulk
heterojunction (BHJ) is more advantageous in the charge sep-
aration than the planar heterojunction due to the improved
charge carrier kinetics by forming a morphological idea het-
erojunction network.[4,5] Thermal/solvent annealing can also
enhance the phase separation of the active layer and help the
charge separation.[6–8] Some reports indicated that the solvent
additive can be used for morphological control in the poly-
mer BHJ solar cells, and thus facilitate the charge separation
and transport between the donor and acceptor in the active
layer.[9,10] Previous studies have shown that the nanoscale do-
mains of the active layer provide spatially isolated regions in
which the holes and electrons can transport.[11] In addition,
many groups have found that the device performance could
be considerably enhanced by polar solvent treatment, which is
thought to optimize the charge separation and transport in PSC
active layers.[12–14] On the other hand, the interface engineer-

ing is vital to improving the performance of PSCs. Many ex-
periments have reported that the performance of PSCs can be
improved by inserting a cathode interfacial layer between the
active layer and the cathode.[15] Various interfacial materials,
such as metal oxides (e.g., ZnO, TiOx),[16–19] self-assembled
monolayer,[20] lithium fluoride (LiF),[21,22] cesium carbonate
(Cs2CO3),[23,24] cesium fluoride (CsF),[25] and sodium chlo-
ride (NaCl)[26] have been successfully used to enhance the
performance of PSCs.

In this study, we demonstrate that the NaCl methanol so-
lution treatment can well improve the device performance of
PSCs due to the optimization of the phase separation in the
active layer and the formation of a low work function surface
in the cathode. The solution process is simpler than the tra-
ditional vacuum evaporation. The methanol solution process
has some advantages over the deionized water method[26] in
polymer solar cells. On one hand, the deionized water is be-
lieved to be a bad solvent for most organic materials and fa-
vors oxidation or reduction in the device under bias.[27] Es-
pecially, it has been reported that the deionized water has a
degradation effect on the P3HT:PC61BM solar cells;[28,29] on
the other hand, as a solvent, methanol can improve the mor-
phology of the active layer, which is beneficial to the elec-
tronic collection and, as a result, improve the performance of
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the solar cells.[12,30,31] Our work demonstrates that the NaCl
methanol solution process can help the charge separation and
the generation of mobile carriers, transport of photogenerated
electrons and holes, as well as the collection of electrons at
the cathode. More importantly, this process can be used in the
printing electronics manufacturing processes.

2. Experimental details
The device configuration of the PSCs is shown in the

inset of Fig. 1(a). Poly(3,4-ethylenedioxythiophene): poly
(styrene sulfonate) (PEDOT: PSS; Clevios P Al4083) was pur-
chased from SCM Indus-trial Chemical Co., Ltd. Poly(3-
hexylthiophene) (P3HT, Mw = 60000∼80000 g/mol, regioreg-
ularity = 95%) was obtained from Rieke Metals Inc., and [6,6]-
phenyl-C61-butyric acid methyl ester (PC61BM) was pur-
chased from the Nano-C Company. The methanol and NaCl
were purchased from Aladdin. For device fabrication, ITO-
coated glass substrates were cleaned by ultra-sonication for
30 min in detergent, deionized water, acetone, and eth-anol
in sequence, and then dried with N2. Next ITO-coated glass
substrates were treated by ozone-ultraviolet for 15 min. Then
the well-cleaned ITO was spin-casted by PEDOT: PSS at
3000 rpm for 50 s, and then dried at 150 ◦C for 30 min in
the air. P3HT and PC61BM were dissolved in chlorobenzene
(Alfa Aesar, 95%) to make a 27-mg/ml solution with a weight
ratio of 1:0.8, then the blend was stirred for 24 h at 45 ◦C in the
glove box. The active layer was prepared by spin-coating the
blend on the PEDOT: PSS layer at 1500 rpm for 50 s, followed
with drying at 50 ◦C for 10 min. The NaCl was dissolved in
methanol to make solutions, which were directly spin-coated
at the top of the P3HT: PC61BM active layers at 1000 rpm. All
of the solution processes were carried out in an air atmosphere.
Subsequently, a 100-nm-thick Al layer was evaporated under
a pressure of 5×10−4 Pa through a shadow mask to determine
the active area of the devices (0.045 cm2).

The devices were tested under one sun, AM 1.5 xenon-
lamp-based solar simulator (San-Ei Electric) at 100 mW/cm2

intensity. Current density–voltage (J–V ) characteristics of the
devices were measured through a Keithley 6430 Source Mea-
sure Unit. The external quantum efficiency (EQE) measure-
ments were carried out by using a solar cell QE/IPCE measure-
ment system (Zolix solar cell scan100). The morphologies of
the blend films were investigated by the Shimadzu Corporation
SPM-9600 atomic force microscopy (AFM). X-ray photoelec-
tron spectroscopy (XPS) and ultraviolet photoelectron spec-
troscopy (UPS) were performed using an ESCALAB 250 anal-
ysis system. Capacitance–voltage (C–V ) measurements and
impedance spectroscopy measurements were conducted with
an impedance analyzer E4990A Agilent.

3. Results and discussion
The device performances are exhibited in Fig. 1 and the

results are summarized in Table 1. The device with the NaCl

methanol solution treatment shows a significant improvement
of PCE up to 3.36%, while the PCEs of the devices with
the methanol treatment and without treatment are 3.13% and
2.84%, respectively. The increasing trends of Jsc and FF from
the device with the methanol treatment agree well with pre-
vious results.[12,30,31] The EQE exhibits a maximum value of
61% near 470 nm and the EQE enhancement is in a wave-
length range from 350 nm to 600 nm with the NaCl methanol
solution process, which is in good agreement with the J–V
characteristics.
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Fig. 1. (color online) (a) J–V curves for P3HT:PC61BM-based PSCs
with or without (w/o) treatment under an illumination of 100 mW/cm2,
and the inset shows the configuration of the PSCs. (b) EQEs of the
PSCs with or without treatment.

Table 1. Photovoltaic parameters of the PSCs with or without treatment
based on over twenty devices.

Device JSC/(mA/cm2) VOC/V FF/% PCE/%

w/o 7.0 ± 0.1 0.62 ± 0.01 64.9 ± 0.5 2.84 ± 0.06
w/MeOH 7.4 ± 0.1 0.62 ± 0.01 67.5 ± 0.4 3.13 ± 0.04

w/NaCl:MeOH 8.5 ± 0.2 0.62 ± 0.01 63.8 ± 0.9 3.36 ± 0.08

The surface morphologies of the P3HT:PC61BM films are
imaged by AFM, and the images of the control devices (with-
out treatment and with the methanol treatment) and the NaCl
methanol solution processed device are shown in Fig. 2. It im-
plies that the methanol treatment causes a little change in mor-
phology, and the film surface roughness has a slight increase,
from 0.99 nm to 1.15 nm while the surface roughness of the
NaCl methanol solution processed device is up to 2.49 nm,
forming an island-like distributed layer.
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Fig. 2. (color online) AFM (1 µm×1 µm) images of P3HT:PC61BM blend films without treatment (a), with methanol (b), with
methanol-processed NaCl (c). The root mean square roughness (Rq) is marked in each image.

The surface compositions of the films are tested by XPS,
and the results are shown in Table 2. It is known that car-
bon atoms exist in both P3HT and PC61BM, while sulfur and
sodium only exist in P3HT and NaCl respectively. There-
fore, the C (1s) peak represents the total content of P3HT and
PC61BM, S (2p) peak represents the content of P3HT, and the
S (2p)/C (1s) peak area ratio could be proportional to the per-
centage of P3HT in the composite. Similarly, the Na (1s) peak
represents the content of NaCl.

Table 2. Atomic fractions at the top surfaces of P3HT:PC61BM blend
films with or without treatment.

Device
Atomic/%

C (1s) S (2p) Na (1s) S (2p)/ C (1s)

w/o 98.77 1.23 – 1.23/98.77
w/MeOH 99.14 0.86 – 0.86/99.14

w/NaCl:MeOH 98.71 1.15 0.14 1.15/98.85

The atomic fractions of C (1s), S (2p), Na (1s), and S
(2p)/C (1s) atomic ratios at the top surfaces of the various films
show that the S (2p) atomic fraction declines from 1.23% to
0.86% after the methanol treatment, indicating that PC61BM
diffuses to the top surface. The methanol treatment can im-
prove the distribution of the active layer and slightly enhance
the vertical phase separation. Then, after the NaCl methanol
solution treatment, the decline of S (2p) atom occurs, while
the Na (1s) atom signal can also be detected with an atomic
fraction of 0.14%. The P3HT:PC61BM weight ratios at the
bottom and top surfaces can be evaluated by using S (2p)/C
(1s) atomic ratios. The S (2p)/C (1s) atomic ratios for the de-
vices with the methanol or NaCl methanol solution treatments
are lower than the one without treatment. It should be pointed
out that the device with methanol treatment has a little lower
S (2p)/C (1s) atomic ratio than the device with NaCl methanol
solution process, and it is possible that the NaCl crystal has
a slight blocking effect. Anyway, these results imply that the
methanol treatment is conductive to the vertical phase separa-
tion. And the crystal in Fig. 2 is NaCl.

The various Al surface properties are investigated by ul-
traviolet photoelectron spectroscopy (UPS). The 50-nm-thick

Al films are deposited on the ITO substrates and then modi-
fied with the methanol and NaCl methanol solution processes.
Figure 3(a) shows the UPS spectra of the Al with and with-
out solution treatment. There is a little shift of the electron
cut-off energy towards higher binding energies after the NaCl
methanol solution process. The energy level alignment of each
component of the PSCs based on P3HT:PC61BM is shown in
Fig. 3(b). The work function of the Al surface is lowered by
0.14 eV with the NaCl methanol solution treatment while the
binding energy of Al surface with the methanol treatment has
no obvious change compared with the device without solu-
tion treatment. Therefore, the decrease of the work function is
mainly due to the insertion of a NaCl layer, which reduces the
electron collection barrier and therefore enhances the collec-
tion of mobile carriers.
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Fig. 3. (color online) (a) UPS spectra of Al surface with and without
treatment. (b) The band alignment of the component of the PSCs based
on P3HT:PC61BM.
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Fig. 4. (color online) C–V characteristics under different photoexcitation intensities and impedance spectra of the PSCs based on
P3HT:PC61BM. (a) C–V characteristics of the device without treatment. (b) C–V characteristics of the device with methanol treatment.
(c) C–V characteristics of the device with NaCl methanol treatment. (d) Impedance spectra with or without treatment.

The C–V characteristics of the different devices shown in
Figs. 4(a)–4(c) are obtained at the various photo-excitation in-
tensities between 20 mW/cm2 and 100 mW/cm2. The particu-
lar C–V characteristic is used to directly explore the effects of
the dielectric interface on the surface accumulation and collec-
tion. The carriers accumulate at the inter-face before the peak
and begin to be injected into the active layer from the interface
at the peak.[32,33] Therefore, the Vpeak is the critical voltage re-
quired to initiate the charge injection from the electrode into
the active film in PSCs, which reflects the effective interfacial
barrier. When the bias is constant, with the increase of the
light intensity, the capacitance basically shows an increasing
trend, which can be explained by the fact that photo-generated
carriers lead to the increase of the total charge quantity at the
interface. When the light intensity is increased, the Vpeak in the
C–V characteristic shifts to a lower value. The reason why the
Vpeak shifts can be discussed as follows. Under the photoex-
citation, the charge carriers at the active layer/electrode inter-
faces lower the potential barrier. Therefore, the Vpeak shifts to
a lower value with increasing the light intensity, which can re-
veal the accumulation of photogenerated carriers at the active
layer/electrode interface. In other words, the photo-generated
charges accumulated at the interface lead to a reduced Vpeak

value. The observed Vpeak shifts are 0.062 V and 0.038 V for
the devices without treatment and with the methanol treatment
respectively, while the device with the NaCl methanol solution
process exhibits a much smaller Vpeak shift of 0.021 V. There-
fore, the comparison of the Vpeak shifts indicates that the solar
cell with the NaCl methanol solution treatment has a lesser
accumulation of the photo-generated charges at the interface.

The impedance spectrum is measured at a direct current
(DC) forward bias of 0.62 V under dark conditions. Fig-
ure 4(d) shows that the Nyquist plots of the impedance mea-
surement of the P3HT:PC61BM devices with methanol treat-
ment, with NaCl methanol solution treatment, and without
any treatment for the frequencies from 20 Hz to 2 MHz re-
spectively. These plots are the complex plane representations
of the imaginary part of the impedance response (reactance
or Z′′) and the real part of the impedance (resistance or Z′).
The devices each exhibit a single semicircle in the complex
plane whose diameter represents a negative capacitance and
its origin is attributed to the surface traps or the interfacial
barriers.[34,35] While the active layer conditions are the same,
the different diameters (resistance) clearly correspond to the
differences in contact resistance among these three devices. It
is interesting that there is a significant difference in impedance
spectrum among these three devices. The device without treat-
ment shows the largest diameter and the methanol treated de-
vice takes the second place, moreover, the NaCl methanol so-
lution treated device has the smallest diameter. The series re-
sistance (Rs) can be obtained from the fitting data by using
the equivalent circuit modelling. The series resistances are
2.50 Ω·cm2 and 2.33 Ω·cm2 for the devices without any treat-
ment and with the methanol treatment, respectively, while the
Rs is 1.76 Ω·cm2 with the NaCl methanol process. Most likely
the NaCl methanol solution process both improves the active
layer phase separation and forms a more efficient cathode con-
tact. Therefore, the impedance spectra have exactly the same
trend as those derived from J–V data and C–V characteristics
for the devices with or without the treatments.
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4. Conclusions
We investigate the effect of the sodium chloride methanol

process for bulk heterojunction organic solar cells. The XPS
analysis of the active layer reveals a slight phase separation in
the vertical direction and sodium chloride distributed island-
like interface between the active layer and the cathode on
the top surface. The C–V and impedance spectrum measure-
ments prove that the sodium chloride methanol process can re-
duce the electron injection barrier and improve the interfacial
contact of polymer solar cells. This work demonstrates that
the sodium chloride methanol solution treatment can facilitate
photoinduced charge separation, the generation of mobile car-
riers, and the collection of electrons.
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