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The performance of inverted polymer solar cells (PSCs) was investigated using ZnO layer as an electron selective
layer ranging from 15 nm to 60 nm thickness by magnetron sputtering deposition. The average power conver-
sion efficiency (PCE) of inverted poly(3-hexylthiophene) and phenyl-Cg;-butyric acid methylester (P3HT:
PCBM) based PSCs with 15 nm and 30 nm thickness ZnO layer respectively reaches 3.63% and 3.45%, which is
comparable to that of traditional PSCs with poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) anode
buffer layer. The deteriorated PCE 2.65% of PSCs with 60 nm ZnO layer is attributed to the intensive surface
roughness of ZnO layer by atomic force microscopy images. The increasing PCE 3.44% of PSCs with ionic liquid-
functionalized carbon nanoparticles (ILCNs) modified 60 nm ZnO layer suggested that the interface contact
at the interface of ZnO/P3HT:PCBM was significantly improved by ILCNs modification. The always positive
capacitive behavior of PSCs with 15 nm, 30 nm and ILCNs modified 60 nm ZnO layer further demonstrated
their superior interface contact at ZnO/P3HT:PCBM compared to PSCs with 60 nm ZnO layer due to its negative
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1. Introduction

Polymer solar cells (PSCs) have attracted considerable attention due
to their unique properties such as mechanical flexibility, light weight
and low cost. The main challenges are improving power conversion
efficiency (PCE) and lifetime of PSCs [1,2]. The PCE of PSCs has been
quickly increased from 3-4% based on poly(3-hexylthiophene) and
phenyl-Cg;-butyric acid methylester (P3HT:PCBM) blended film to 9-
10% using low band-gap polymer blended with phenyl-Co-butyric
acid methylester in the past several years [3,4]. In conventional PSCs,
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:
PSS) as a hole conducting layer is spin-coated on top of tin-doped indium
oxide (ITO) substrate to aid hole extraction. The active layer is
sandwiched between an ITO/PEDOT:PSS anode and a low work function
metal cathode, such as Al or Ca/Ag. However, PEDOT:PSS is detrimental
to ITO anode due to its acidic property, leading to reducing device life-
time [5,6]. The n-type and p-type transparent metal oxides have been
recently selected for cathode and anode contacts in PSCs, providing flex-
ibility of designing device structures including inverted PSCs [1,7,8]. The
inverted PSCs can effectively solve some disadvantages of traditional
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PSCs with PEDOT:PSS anode contact layer by using n-type and p-type
metal oxides as cathode and anode contacts, respectively.

An n-type metal oxide ZnO has been extensively demonstrated as a
good electron collection material due to its high electron mobility and
high transparency in the visible wavelength range. The ZnO layer
deposited by a sol-gel process was adopted by Kyaw et al. in inverted
P3HT:PCBM based PSCs and achieved a PCE of 3.09% [8]. Hau et al.
reported that PCE of inverted P3HT:PCBM based PSCs can reach 3.78%
and 3.58% through spin-coating ZnO nanoparticles on the glass and
plastic substrates, respectively [9]. However, the solution-processed
ZnO layer need be annealed under high temperature to increase the
carrier mobility, limiting its application in plastic substrates. The perfor-
mance of PSCs based on ZnO nanoparticles layer strongly depends on
the control of particle size and layer thickness is difficult. Recently,
Wang et al. reported highly efficient inverted PSCs using atomic layer
deposition grown ZnO as an electron selective layer. Atom layer deposi-
tion is a kind of chemical vapour deposition technique, easily controlling
film thickness and achieving superior film quality at low temperature
[10]. Magnetron sputtering method is also an excellent and mature
depositing film technology due to its unique advantages, such as easily
precisely controlling film composition and thickness, strong operability
and batch production. Moreover, directional deposition film can avoid
the pollution of the substrate back during roll-to-roll coating processes
[11]. Some groups reported the relatively low PCE of PSCs with ZnO
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deposited on P3HT:PCBM layer or inverted PSCs with ZnO deposited
on the ITO surface using magnetron sputtering method [12,13]. Consid-
ering present commercial ITO electrode, as well as more and more
universal emerging electrodes, such as aluminum-doped zinc oxide
and metal oxide/metal/metal oxide [14-16], fabricated with magnetron
sputtering technology, developing ZnO and other transparent metal
oxides as a buffer layer deposited with the same method in PSCs are
becoming more and more urgent and practical. The compatible proce-
dure of electrode and buffer layer is helpful to simplify procedure and
control cost of PSCs. In addition, magnetron sputtering method is also
a kind of encapsulation technology for organic solar cells and PSCs
with depositing AlOy, SiOy, Al,03/Ag/Al,05 layer against in-diffused
moisture and oxygen [17]. This method is easily compatible with
other vacuum encapsulation process such as ALD [18], and other chem-
ical vapour deposition process [19]. In this paper, P3HT:PCBM blends, as
previous typical photoactive layer, was still chosen to act as photoactive
layer in inverted PSCs, different thick ZnO film was deposited as an elec-
tron selective layer by magnetron sputtering technique without adding
substrate temperature. The average PCE of inverted PSCs based on
P3HT:PCBM blend was apparently decreased from 3.63% to 2.65% with
increasing ZnO thickness from 15 nm to 60 nm.

2. Experiments

The ZnO layer was deposited onto ITO coated glass substrate by
magnetron sputtering with RF power 50 W and working pressure
0.3 Pa under a base pressure of 3.0 x 10 ~> Pa, using a commercial
ZnO target of 99.99% purity. A total gas flow of 20 sccm with 1:7 of
0,/Ar ratio was kept in all sputtering samples. The ionic liquid-
functionalized carbon nanoparticles (ILCNs) were synthesized by the
electrochemical exfoliation of graphite electrode in 1-butyl-3-
methylimidazolium tetrafluoroborate ([C4min] + [BF4]—) and water
mixture (40:60). The below 4 nm size of ILCNs was observed by trans-
mission electron microscopy images [20]. The details of ILCNs synthesis
and its properties have been reported [20,21]. The ILCNs were spin-
coated on top of ZnO film to modify ZnO film surface. Solutions contain-
ing P3HT and PCBM with 1:0.8 wt. ratio were dissolved in 1, 2-
dichlorobenzene with 20 mg/ml of P3HT concentration. The 200 nm
thickness P3HT:PCBM film was spin-coated on top of the ZnO surface
at 800 rpm for 60 s, and then kept in a petri dish for slow growth.
After at least 5 h, P3HT:PCBM films were annealed at 120 °C for
10 min. Finally, the 14 nm thickness MoOs and 150 nm Al electrode
were thermally evaporated onto P3HT:PCBM blend to form an anode
under a background pressure of 4.0 x 10~ Pa. The active area of PSCs
is 0.1 cm™2. Current-voltage characteristics were measured under
AM1.5G illumination intensity of 100 mW/cm? using a Newport solar
simulator system. The surface morphologies of ZnO films were mea-
sured using atomic force microscopy (AFM, NanoWizard II) and scan-
ning electron microscopy (SEM, FEI; Quanta 200 FEG).

3. Results and discussion

Fig. 1 shows the optical transmittance spectra of different thickness
ZnO film on ITO coated glass substrate. The average optical transmit-
tance of ZnO/ITO coated glass ranging from 400 nm to 700 nm doesn't
significantly decrease compared with that of pure ITO coated glass. Its
transmittance curve trend of red-shift and relative lower transmittance
in the short wavelength compared with pure ITO is similar to that of
ZnO films coated with solution method [22]. The overall transparency
of ILCNs-modified ZnO surface also doesn't affect its transparency, as
previous report of ILCNs modified ITO glass [23]. This means that the
optical absorption of PSCs made from ZnO/ITO coated glass is almost
the same as that of PSCs with ILCNs modified ZnO/ITO coated glass.
Therefore, the various PCE of PSCs based on ZnO/ITO electrode isn't
attributed to their optical absorption difference.
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Fig. 1. Optical transmittance spectra of different thickness ZnO film on ITO coated glass
substrate. Reference ITO ([1), and depositing ZnO film with thickness 15 nm (O), 30 nm
(A) and 60 nm (V) onto the ITO surface.

To investigate the effect of ZnO buffer layer on PCE of inverted PSCs
based on P3HT:PCBM blend, we fabricated sets of six types of devices.
The current density-voltage (J-V) curves of devices with different thick-
ness ZnO buffer layer are shown in Fig. 2 (a). The PCE of PSCs gradually
decreased with ZnO buffer layer thickness increasing from 15 nm to
60 nm. After ILCNs modified ZnO film, PCE of PSCs significantly increases
for 60 nm thickness ZnO buffer layer, as illustrated in Fig. 2 (b). Table 1
shows average and scatter parameters for traditional and inverted PSC
structures. The open voltage (V,.), fill factor (FF) and PCE of PSCs with
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Fig. 2. The J-V characteristics of different types of representative PSCs. (a) traditional PSC
(1), and inverted PSCs with ZnO layer thickness of 15 nm (O), 30 nm (A), 60 nm (V);
(b) inverted PSCs based on 15 nm thickness ZnO layer modified without (A)/with (O)
ILCNs, and 60 nm thickness ZnO layer modified without (V)/with (<) ILCNs. The inset
of (a) is the structure of inverted PSC; the inset of (b) is dark J-V curves.
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Table 1

Average and scatter parameters of traditional PSCs and inverted PSCs based on ZnO layers modified with/without ILCNs. Data in parentheses presents the scatter value of PSCs. Rs and Rsp,

are derived from J-V curves at V,. and 0 V, respectively.

Device type [ITO/(buffer layer)] Voc (V) Jsc (mAcm™—2) FF PCE (%) R (Q/cm?) Rqp (Q/cm?)
PEDOT 057 (+£0.01) 111 (£1.2) 055 (+0.02) 357 (+0.5) 101 266
Zn0 (15 nm) 056 (+0.01) 124 (+£0.7) 051 (+0.05) 3.63 (£04) 106 279
ZnO (30 nm) 055 (+0.01) 112 (+£0.2) 050 (+0.02) 345 (+02) 107 337
ZnO (60 nm) 0.50 (+£0.02) 143 (£12) 0.40 (+0.03) 265 (+02) 132 103
ZnO (15 nm)/ILCNs 0.57 (£0.02) 114 (£05) 0.54 (£0.02) 3.52 (+0.2) 10.7 431
Zn0 (60 nm)/ILCNs 056 (+0.02) 132 (+£04) 047 (+0.02) 344 (+03) 114 308

ILCNs-modified 60 nm thick ZnO buffer layer are obviously larger than
that of PSCs with only 60 nm ZnO layer. The average PCE of PSCs with
ILCNs-modified 60 nm ZnO layer is almost close to that of PSCs with
15 nm ZnO layer or traditional PSCs. However, the performance of
PSCs with 15 nm ZnO layer have no clearly effect after modified with
ILCNs. The PCE of PSCs with 15 nm ZnO layer modified with/without
ILCNs is almost comparable to that of traditional PSCs with PEDOT:PSS
buffer layer. The improving PCE of PSCs with ILCNs-modified 60 nm
ZnO layer is attributed to reducing the contact resistance [24] and obvi-
ously reverse saturation current, as shown in the inset of Fig. 2 (b). The
increasing leakage current and low shunt resistance of PSCs with 60 nm
ZnO layer results in deteriorated FF (~0.4) and V. (0.5 V). Its series
resistance (R;) was decreased from 13.2 Q/cm? to 11.4 Q/cm? after
modified with ILCNs, suggesting that the deteriorated FF and Voc are
not primarily ascribed to the bulk resistance of ZnO layer. The similar
serial resistance of PSCs with 15 nm ZnO layer modified with/without
ILCNs indicates that interface contact barrier of ZnO/P3HT:PCBM cannot
be further improved after modified ILCNs. This suggests that interface
properties of ZnO layer can be varied with increasing ZnO layer thick-
ness, resulting in different PCE of PSCs.

To analyze surface properties of ZnO layer, surface morphologies of
different thickness ZnO films were investigated by AFM and SEM,
respectively. The surface morphologies of ZnO films on ITO coated
glass substrates are shown in Fig. 3. The surface roughness and height
difference become larger with increasing thickness of ZnO film. The
root mean square surface roughness of 15 nm, 30 nm, 60 nm thickness
ZnO0 layer and ILCNs-modified 60 nm ZnO layer are 1.94 nm, 2.13 nm,
3.12 nm and 1.78 nm, respectively. This indicates that surface rough-
ness of ZnO layer was gradually increased with increasing ZnO layer
thickness. However, the intensive surface roughness of 60 nm ZnO
layer was inhibited after modified with ILCNs. The morphology variance
of ZnO films from SEM images cannot be clearly distinguished due to the
low resolution. However, we still can draw a conclusion that the surface
roughness of 60 nm ZnO film is greatly increased compared with 15 nm
and 30 nm ZnO layer. The increasing roughness of ZnO layer can easily
form the pinholes in the active layer [25]. The significantly reverse sat-
uration current and low shunt resistances (Rg) of PSCs with 60 nm
ZnO layer are consistent with this speculation, resulting in low FF and
Vo However, the increasing roughness of ZnO layer can increase light
scattering and improve light absorption of PSCs [26,27]. The obviously
increasing short photocurrent (Js.) of PSCs with 60 nm ZnO layer com-
pared to PSCs with 15 nm and 30 nm ZnO layer is possibly attributed
to improving light absorption.

ILCNs as a good interfacial modification material have been demon-
strated greatly decreasing work function of ITO after modified with
ILCNs [23]. The serial resistance of PSCs with 60 nm ZnO layer was
decreased from 13.2 Q/cm? to 11.4 Q/cm? and its Ry, increasing from
103 Q/cm? to 308 Q/cm? after modified with ILCNs. The Ry of PSCs
with 15 nm ZnO layer after modified with ILCNs almost has no change
and its Ry, increasing from 279 Q/cm? to 431 Q/cm?. This means that
the inferior interface contact between ZnO and P3HT:PCBM due to
severely rough ZnO layer surface can be greatly improved after modified
with ILCNs. ILCNs have almost no effect to improve the interface barrier
for PSCs with 15 nm ZnO layer and can still improve shunt resistance. In
other words, a 15 nm thick ZnO layer deposited with magnetic

sputtering technique has superior surface property, sufficing to ensure
electrons of the active layer favorably transfer to ZnO layer.
Impedance spectroscopy is a powerful technique to derive insights
into the interfacial properties and the charge carrier dynamics of PSCs
[28]. The different interface barrier between ZnO layer and the active
layer is expected to affect carrier accumulation and transportation,
resulting in differences in the device capacitance. Fig. 4 shows the
impedance spectra of PSCs with different thickness ZnO layer modified
with/without ILCNs in the dark. The complex impedance plots of Fig. 4c
exhibits an arc in the fourth quadrant at the low frequency range at the
voltage from 0.4 V to 0.6 V, indicating the negative capacitance exists in
PSCs with 60 nm ZnO layer. After modified with ILCNs, the -Im(Z)
values are always positive at any voltages and frequencies, as shown
in Fig. 4d. However, the negative capacitive behavior never appears
at any voltages and frequencies for PSCs with 15 nm and 30 nm ZnO
buffer layer, as illustrated in Fig. 4a and b. Garcia-Belmonte et al.
reported that the negative capacitive behavior would be appeared due
to the Schottky contact at P3HT:PCBM/AI [28]. The massive electrons
were accumulated in the vicinity of cathode due to high interface barrier
under moderate forward bias, which can result in the negative capaci-
tive behavior. The negative capacitive behavior of P3HT:PCBM/AIl

Fig. 3. Surface morphology AFM and SEM images of 15-nm, 30-nm, and 60-nm thick ZnO
layers and AFM image of ILCNs modified 60 nm ZnO layer deposited on ITO substrate.
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Fig. 4. Bias dependence of cole-cole plots of inverted PSCs with ZnO layer thickness 15 nm (a), 30 nm (b), 60 nm (c) and ILCNs modified 60 nm ZnO layer (d).

disappeared after ILCNs modified with Al cathode was further reported
by Chen et al. [20], indicating low interface barrier or ohmic contacts at
the cathode. Similarly, the negative capacitive behavior in PSCs with
60 nm ZnO layer may be attributed to the electron accumulation at
the interface of ZnO/P3HT:PCBM due to high contact barrier. The obvi-
ously electron accumulation under moderate forward bias didn't appear
for 15 nm and 30 nm thick ZnO layers, indicating low rough ZnO
surface is helpful to decrease interface barrier at the interface of
ZnO/P3HT:PCBM.

4. Conclusion

In summary, the surface property and thickness of ZnO layer as an
electron selective layer significantly affects PCE of inverted P3HT:
PCBM based PSCs. The average PCE of PSCs with ZnO layer thickness
ranging from 15 nm to 30 nm is almost comparable to that of traditional
PSCs with PEDOT:PSS anode buffer layer. Average PCE of PSCs was
decreased to 2.65% for 60 nm ZnO layer and increased to 3.44% using
ILCNs modified 60 nm ZnO layer, approaching that of PSCs with
15 nm and 30 nm ZnO layers. The severe surface roughness of 60 nm
ZnO layer compared to 15 nm and 30 nm ZnO layers results in high
interface contact barrier at the interface of ZnO/P3HT:PCBM. The PCE
of inverted PSCs based on ZnO electron selective layer deposited with
magnetron sputtering method is more sensitive to the surface rough-
ness of ZnO films than ZnO layer thickness. The efficient inverted PSCs
based on P3HT:PCBM blend achieved with wide range of ZnO layer
thickness indicates that magnetron sputtering deposition is an easily
controlling method to fabricate ZnO layer as a good electron selective
layer. This strategy can be expected to apply to highest efficiency
polymer devices since solution-processable ZnO layer has been still

demonstrated a favorable electron selective layer for high efficiency
polymer material [3,4].
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