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polymer solar cells employing an
aqueous processing RbF cathode interfacial layer

Fengyuan Lin,ab Xiaoyang Guo,*a Yongsheng Hu,a Yantao Lia and Xingyuan Liu*a

In this work, for the first time, thermal evaporated rubidium fluoride (RbF) and water-soluble RbF have been

employed as the cathode interfacial layers (CILs) in inverted polymer solar cells (PSCs), respectively. The

device with thermal evaporated RbF CIL exhibited a power conversion efficiency (PCE) of 6.41% when

the thickness of RbF was 14 Å. A higher PCE of 6.82% was obtained in the aqueous RbF-based device,

which is higher than that of a typical ZnO-CIL-based device (6.73%). More importantly, aqueous RbF

opens a route to less poisonous, convenient, and low-cost processing CIL in inverted PSCs.
1. Introduction

Bulk heterojunction polymer solar cells (PSCs) based on blends
of conjugated polymers and fullerene derivatives have been
widely studied over the past few years because of their low cost,
exibility, renewability, and large-area processing. In recent
years, power conversion efficiency (PCE) of single-junction
PSCs has reached over 10%.1–3 In traditional PSC devices,
indium-tin oxide (ITO) appears as a transparent anode gener-
ally, and poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate)
(PEDOT:PSS) is oen used as an anode interfacial layer to
modify the morphology of ITO, promote the work function of
the anode and ensure ohmic contact.4–6 However, the acidic
PEDOT:PSS may corrode the surface of the ITO anode and cause
the diffusion of indium into the active layer and the degradation
of PSC performance.7–9 Additionally, the optical losses in
PEDOT:PSS in conventional devices decreased the light irradi-
ating on the active layers. Therefore, an inverted architecture,
reversing the charge collection nature, has been proposed,
which can avoid the negative inuence of PEDOT:PSS at the ITO
interface and increase the light absorption and stability of the
PSC devices.10–12

In the inverted PSCs, low work function and transparent
cathode interfacial layer (CIL) coated ITO is required to serve as
the cathode, and some high work function transition metal
oxides, such as MoO3,13,14 WO3,15 NiO,16 and V2O5

17,18 to be
used as hole extraction layers at anode. For the CIL materials,
low work function and transparent metal oxides such as
ZnOx

19 and TiOx
20 have been used to facilitate efficient elec-

tron extraction from the active layer to the ITO electrode.
However, these CILs oen introduce the “light-soaking”
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problem, which is generally considered to be caused by the
interface problem due to the metal oxide. Usually, performance
of the device is poor in the immediate test aer preparation,
the current density–voltage (J–V) characteristic curve presents
abnormal “S” type. The situation would be ameliorated when
device is irradiated under continuous light.21,22

In conventional PSC devices, ultrathin metal uorides, such
as LiF,23 CsF,24 and BaF2,25 have usually been introduced as CILs
at metal electrodes, which can be thermal evaporated together
with the metal electrode in succession. But metal uorides have
seldom been used at the ITO electrodes, which is mainly due to
its inconvenient processing with the solution processed active
layers and difficult control of its ultrathin thickness under
thermal evaporation. Herein, a water-soluble metal uoride–
rubidium uoride (RbF) has been employed as the CIL at the
ITO electrode in the inverted PSC devices for the rst time. The
devices with thermal evaporated RbF as the CIL have also been
prepared. The device with thermal evaporated RbF CIL exhibi-
ted a PCE of 6.41%, while a higher PCE of 6.82% was obtained
in the device with aqueous prepared RbF CIL, equivalent to that
of ZnO CIL-based devices. The compatible solution processing
technique suggests that aqueous RbF can be used as a less
poisonous and low-cost CIL for inverted PSC devices.
2. Experimental
2.1 Preparation of CIL solution

(1) Butanol solution of ZnO: rst of all, dissolve 1.23 g
Zn(Ac)2$2H2O (Sigma-Aldrich) in 55 mL methanol at room
temperature. Then, a 25 mL methanol solution containing
0.48 g KOH was added dropwise at 60 �C with magnetic stirring.
The reaction mixture was maintained at 60 �C under N2 atmo-
sphere for 2 h. Collect the white precipitate product by centri-
fugation and then wash with methanol. Finally, the precipitate
was redispersed in butanol by 20 mg mL�1 for further experi-
ment. (2) Aqueous solution of RbF: RbF (Alfa Aesar) dissolved in
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) The production process and architecture of the inverted PSC device. (b) The energy level diagram of the inverted PSC.
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deionized water according to the ratio of 1.5 wt&, 2.0 wt&, 2.5
wt&, 3.0 wt&, 3.5 wt&, 4.0 wt&, 4.5 wt&, and then ultrasonic
treated until dissolved fully.
2.2 Device fabrication

The architecture of the inverted PSC including production
process and the energy level alignment of the materials used in
this work are shown in Fig. 1. The widely used transparent ITO
was utilized as the bottom cathode, which was cleaned with
acetone, alcohol, and deionized water in an ultrasonic bath and
then placed in a vacuum drying oven to remove moisture. Next,
the ITO substrates were coated with evaporation deposited RbF
(1 Å s�1), spin-coated RbF (2500 rpm) or ZnO (2000 rpm). And
then, the samples with spin-coated RbF or ZnO were heated on
a hot plate at 120 �C for 10 min to eliminate residual water or
solvent. Subsequently, the samples were transferred into a N2

glove box. A blend of a low-band gap conjugated polymer, poly
[4,8-bis-substituted-benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-
4-substituted-thieno[3,4-b]thiophene-2,6-diyl] (PBDTTT-C-T,
Solarmer Materials Inc.), and [6,6]-phenyl C71-butyric acid
methyl ester (PC71BM, American Dye Source Inc.) in a 1 : 1.5
ratio by weight was spin-coated onto the samples from 1,2-
dichlorobenzene (Sigma-Aldrich) for use as the active layer (800
rpm, ca. 100 nm). A small amount (3 vol%) of a high-boiling
point additive, 1,8-diiodooctane (DIO, Sigma-Aldrich), was
used to optimize the morphology of the active layer. Finally,
MoO3 (20 nm) and Al (100 nm) were thermally deposited in
vacuum at a pressure of 2.5 � 10�4 Pa. The active area of the
inverted PSC devices was 0.12 cm2. All measurements were
carried out in air without encapsulation.
2.3 Characterization

Film thicknesses were measured with an Ambios XP-1 surface
proler. The J–V characteristics of PSCs were measured using
a computer-controlled Keithley 2611 source meter under AM
1.5G illumination from a calibrated solar simulator with an
irradiation intensity of 100 mW cm�2 and in the dark. External
This journal is © The Royal Society of Chemistry 2016
quantum efficiency (EQE) measurements were performed with
a lock-in amplier at a chopping frequency of 20 Hz under
illumination with monochromatic light from a xenon lamp.
Ultraviolet photoelectron spectroscopy (UPS) were obtained
using a Thermo Fisher Scientic Ultra Spectrometer ESCALAB
250 surface analysis system equipped with a helium discharge
lamp (hn ¼ 21.22 eV) and a bias of �8.0 V was applied to the
samples. Atomic force microscope (AFM) measurements were
performed on a Shimadzu SPM-9700 (Shimadzu Corp., Japan)
in tapping mode.
3. Results and discussion

Firstly, the feasibility of evaporated RbF layers as the CIL was
experimentally validated in the inverted PSCs. The J–V charac-
teristics of these PSCs under AM 1.5G irradiation at 100 mW
cm�2 are shown in Fig. 2a, and the device parameters are listed
in Table 1. When the RbF thickness is 14 Å, device exhibited the
highest PCE of 6.41% with an open circuit voltage (VOC) of
0.75 V, a short circuit current density (JSC) of 14.96 mA cm�2,
and a ll factor (FF) of 57.12%. For comparing, devices without
CIL and with ZnO as the CIL were also fabricated and shown in
Fig. 2a and Table 1, respectively. The device without CIL shows
a PCE of 1.37% together with a VOC of 0.33 V, a JSC of 14.70 mA
cm�2 and a FF of 28.20%. The device with ZnO as the CIL
exhibits a PCE of 6.73% with a VOC of 0.76 V, a JSC of 14.99 mA
cm�2 and a FF of 59.08%. The series resistance (Rs) and sheet
resistance (Rsh) of the devices with different CILs were calcu-
lated from the J–V characteristics and listed in Table 1. The
device with 14 Å RbF as the CIL shows a small Rs of 7.50 U cm2

and a relative higher Rsh of 769.23 U cm2, indicating a modied
ohmic contact at the ITO/RbF interface, which are comparable
with those of ZnO-based device. But the lower FF results in
a lower PCE of the RbF-based device in comparison with the
ZnO-based device. Although the performance of RbF-based
device is slightly lower than the ZnO-based device, the evapo-
ration deposited RbF-based device shows a minimum Rs,
a higher Rsh, and obtains a PCE of 3.68 times higher than that of
RSC Adv., 2016, 6, 47454–47458 | 47455
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Fig. 2 (a) J–V characteristics of the PSCs with evaporation deposited
RbF CIL under AM 1.5G irradiation at 100 mW cm�2. (b) EQE spectra of
the PSCs with evaporation deposited RbF CIL. Devices without CIL and
with ZnO CIL are also shown as references.

Fig. 3 (a) J–V characteristics of the PSCs with RbF CIL prepared by
aqueous solutions with different concentrations under AM 1.5G irra-
diation at 100 mW cm�2. (b) EQE spectra of the PSCs with RbF CIL
prepared by aqueous solutions with different concentrations. (c) The
dependence of PCE, FF, VOC, and Rs of the PSCs on the concentration
of RbF aqueous solution.
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PSC without CIL, indicating that RbF is a useful CIL candidate
for inverted PSC devices. The EQE spectra of these PSCs are
shown in Fig. 2b, and the JSC calculated by EQE spectra are also
listed in Table 1, which are consistent with the values measured
by J–V test.

Furthermore, we found that RbF is easily soluble in water
indicating that very thin RbF CIL layer can be prepared by spin
coating. Inverted PSCs based on RbF CIL with different RbF
aqueous solution concentrations were fabricated. Fig. 3a shows
the J–V characteristics of the PSCs with aqueous RbF as the CILs
under AM 1.5G irradiation at 100 mW cm�2, and the device
parameters are listed in Table 2. With the change of aqueous
solution concentration of RbF from 1.5 to 4.5 wt&, all the
device performance parameters improve rstly and then dete-
riorate, the variation tendency has been shown in Fig. 3c. When
the aqueous solution concentration of RbF increases from 0 to
3.0 wt&, VOC increases from 0.33 V to 0.75 V, FF increases from
28.20% to 59.84%, Rs decreases from 21.04 U cm2 to 5.34 U cm2,
Table 1 Performance parameters of PSCs without CIL, with ZnO CIL, an

CIL
Thickness
[Å]

JSC calculated
by EQE [mA cm�2]

VOC
[V]

Without 0 14.04 0.33
ZnO 100 14.96 0.76
RbF 10 14.68 0.74
RbF 14 14.79 0.75
RbF 18 14.60 0.75

47456 | RSC Adv., 2016, 6, 47454–47458
Rsh increases from 35.74 U cm2 to 781.25 U cm2, and thus PCE
comes to a maximum of 6.82% with a VOC of 0.75 V, a JSC of
15.19 mA cm�2, and a FF of 59.84%. But as the RbF aqueous
concentration further increasing, the Rs begins to increase due
to the insulating nature of RbF, and resulting in a gradually
decreased PCE. The EQE spectra of these PSCs are shown in
Fig. 3b, and the JSC calculated by EQE spectra are also listed in
Table 2, which are consistent with the values measured by J–V
test. Compared with the thermal evaporated RbF-based device,
the aqueous RbF-based device shows a higher PCE, which is
even higher than that of the ZnO-based device. And both of the
thermal evaporated and aqueous RbF-based devices have no
“light-soaking” problem, which is generally found in ZnO-based
devices.
d evaporated RbF CIL

JSC
[mA cm�2]

FF
[%]

Rs
[U cm2]

Rsh
[U cm2]

PCE
[%]

14.70 28.20 21.04 35.74 1.37
14.99 59.08 5.42 448.43 6.73
14.98 52.79 19.69 625.00 5.85
14.96 57.12 7.50 769.23 6.41
14.95 55.43 9.03 793.65 6.22

This journal is © The Royal Society of Chemistry 2016
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Table 2 Performance parameters of PSCs with RbF CILs prepared with different aqueous solution concentrations (0 wt& means without CIL)

Concentration of RbF
aqueous solution [wt&]

JSC calculated
by EQE [mA cm�2]

VOC
[V]

JSC
[mA cm�2]

FF
[%]

Rs
[U cm2]

Rsh

[U cm2]
PCE
[%]

0 14.04 0.33 14.70 28.20 21.04 35.74 1.37
1.5 14.89 0.72 15.19 49.03 8.07 421.94 5.36
2.0 15.10 0.75 15.25 52.79 7.32 500.00 6.04
2.5 15.18 0.75 15.15 58.18 6.71 606.06 6.61
3.0 15.02 0.75 15.19 59.84 5.34 781.25 6.82
3.5 14.93 0.75 15.22 54.74 9.01 526.32 6.26
4.0 14.70 0.75 15.07 51.63 10.68 434.78 5.84
4.5 14.20 0.74 14.99 45.85 12.35 289.86 5.09
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In order to further study the effect of RbF CIL layer on the
device, UPS and AFM were carried out and the results are shown
in Fig. 4 and 5, respectively. From Fig. 4, effective work function
(4) of different cathodes can be calculated through the
following equations,26,27

4 ¼ 21.22 eV � Ecutoff + EFermi (1)

where, Ecutoff and EFermi were extracted in Fig. 4 (the detailed
method has been reported in ref. 26) and marked in the inset of
Fig. 4. Effective work functions of ITO and ITO/ZnO are 4.73 eV
and 4.33 eV, respectively, coincided with the previously reported
data.9,19,28 Meanwhile, effective work functions of ITO with
evaporated RbF and aqueous RbF coated ITO electrode are
3.20 eV and 3.03 eV, respectively. The work function of ZnO or
RbF modied ITO matches well with the lowest unoccupied
molecular orbital (LUMO) of the PC71BM (3.9 eV) as shown in
Fig. 1b, resulting in effective electron extraction at cathode, and
then enhanced VOC and PCE.

Fig. 5 shows the AFM images of ITO substrate, evaporation
deposited RbF (14 Å) and spin-coated RbF (3.0 wt&) on ITO
substrate. The root-mean-square (RMS) roughness of these
samples is 2.065 nm, 2.956 nm and 1.702 nm, respectively. The
RMS of ITO/evaporated RbF is higher than that of the pure ITO,
resulting from the island growth of the discontinuous RbF lm,
which results in a lower FF in the ITO/RbF (evaporated 14 Å)
based device (Table 1). But the ITO/spin-coated RbF shows
Fig. 4 Ecutoff and EFermi regions of ITO, ITO/ZnO, ITO/RbF (evaporated
14 Å), and ITO/RbF (3 wt& aqueous solution).

This journal is © The Royal Society of Chemistry 2016
a lower RMS, which indicates that the aqueous RbF can ll the
defect area of ITO surface and smooth ITO substrate. Therefore,
the aqueous RbF-based device shows a lower Rs than that of the
evaporated RbF-based device, leading to higher FF and PCE in
the aqueous RbF-based PSCs.
Fig. 5 AFM images of (a) ITO, (b) ITO/RbF (evaporated 14 Å), and (c)
ITO/RbF (spin-coated from 3 wt& aqueous solution).

RSC Adv., 2016, 6, 47454–47458 | 47457
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4. Conclusions

A metal uoride, RbF, has been introduced as a cathode inter-
face layer in the inverted PSC devices. It is found that RbF layer
can be deposited not only by thermal evaporation, but also spin
coating from aqueous solution. Comparing with conventional
ZnO-based PSC devices, devices based on thermal evaporated
RbF and aqueous RbF show similar PCEs of 6.41% and 6.82%,
respectively, but without “light-soaking” problem. The effective
function as cathode interface layer and the compatible room-
temperature solution processing technique with PSCs indi-
cates that aqueous RbF have promising application in low-cost
and large-area processing inverted PSC devices.
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