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 ABSTRACT 

Transparent electrodes based on copper nanowires (Cu NWs) have attracted

significant attention owing to their advantages including high optical

transmittance, good conductivity, and excellent mechanical flexibility. However, 

low-cost, high-performance, and environmental friendly solar cells with all-Cu 

NW electrodes have not been realized until now. Herein, top and bottom

transparent electrodes based on Cu NWs with low surface roughness and

homogeneous conductivity are fabricated. Then, semi-transparent polymer 

solar cells (PSCs) with the inverted structure of polyacrylate/Cu NWs/poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (PH1000)/Y-TiO2/ 

poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid 3,4,5-tris(octyloxy)benzyl/ 

PEDOT:PSS (4083)/Cu NWs/polyimide/polydimethylsiloxane are constructed; 

these could absorb light from both sides with a power conversion efficiency 

reaching 1.97% and 1.85%. Furthermore, the PSCs show an average transmittance

of 42% in the visible region, which renders them suitable for some specialized

applications such as power-generating windows and building-integrated

photovoltaics. The indium tin oxide (ITO)- and noble metal-free PSCs could 

pave new pathways for fabricating cost-effective semi-transparent PSCs. 

 
 

1 Introduction 

Polymer solar cells (PSCs) have attracted significant 

attention in the past decade owing to their convenient 

fabrication, mechanical flexibility, and low cost [1–5]. 

In recent years, dramatic progress has been made 

with respect to the efficiency and versatile applications 

of PSCs, especially in the niche areas not applicable 

to Si-based solar cells [6–8]. Apart from the organic– 

bulk–heterojunction active layers, the electrodes, 

especially transparent electrodes which can significantly 

influence the device efficiency, cost, stability, and 
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mechanical flexibility are critical to the device perfor-

mance. Indium tin oxide (ITO) is a popularly used 

transparent electrode material for PSCs. However, 

ITO electrodes have some drawbacks including the 

limited supply of indium, high cost, and fragility. 

Moreover, metal-based top electrodes used in PSCs 

also present some disadvantages such as the high cost 

of noble metals (e.g., Au and Ag) and poor chemical 

stability of Al. Therefore, low-cost electrode materials 

with excellent performance are in great demand for 

use in PSCs.  

Recently, metal nanowires have been shown to 

demonstrate many advantages over conventional 

electrode materials used in solar cells, in terms of 

transparency, cost, mechanical flexibility, and encap-

sulation ability [9–13]. Many research groups have 

attempted to use metal nanowires as transparent 

anodes in organic solar cells. In 2010, Lee et al. [14] 

reported the application of silver nanowire (Ag NW) 

mesh as the top electrode of semi-transparent PSCs 

using the dry lamination method and demonstrated a 

power conversion efficiency of 0.63% with an average 

transmission of 26%. Krantz et al. [15] prepared semi- 

transparent PSCs using spray-coated Ag NWs as the 

top electrode and demonstrated their power conversion 

efficiency of 2.0%. Lu et al. [16] reported modified 

lamination of a Ag NW top electrode and its power 

conversion efficiency of 2.1%. Song et al. [17] prepared 

PSCs using solution-processed Ag NWs electrodes and 

obtained power conversion efficiencies comparable 

to those of the ITO-based devices. These studies 

presented the potential applications of Ag NWs as 

top and bottom electrodes. Compared to silver, copper 

presents a comparative conductivity but much lower 

cost and more abundant storage. Thus, replacing Ag 

NWs with copper nanowires (Cu NWs) should lead to 

comparable performance at a lower cost. However, the 

power conversion efficiencies of cells using Cu NWs 

electrodes are not as good as those using Ag NWs, so 

far. Chen et al. [18] prepared PSCs using solution- 

processed Cu NW electrodes and obtained a power 

conversion efficiency of 1.4%. Moreover, Cu NW-based 

top electrodes have not been reported. Although  

the optical and electrical performance of Cu NW 

electrodes are excellent, they present some inherent 

shortcomings such as the complicated post-treatment 

techniques required to obtain good electrical con-

ductivity, inferior anti-corrosion stability, and high 

surface roughness. Many post-treatment methods 

have been developed [19–23], among which the most 

commonly used one is thermal annealing under  

the protection of H2 or an inert gas, which however 

is not suitable for flexible substrates. The in situ 

polymerization method can effectively decrease the 

surface roughness of nanowire-based electrodes, 

because of the partial embedding of the nanowires in 

the polymer substrate. Unfortunately, conducting paths 

exposed on the surface are reduced because of the 

embedding, which is deleterious to charge collection 

and transfer. 

In this study, semi-transparent PSCs with all-Cu NW 

electrodes (both an anode and cathode) are developed 

for the first time; these can absorb light from each side. 

H2 plasma treatment was used to achieve excellent 

conductivity of the Cu NW network; this enables 

effective removal of the organic residues and surface 

oxides in few minutes at room temperature and induces 

plasmonic nanowelding at the inter-wire junctions 

at the same time. An in situ polymerization method 

was used to decrease the surface roughness of the Cu 

NW-based electrodes. Subsequently, a thin layer of 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) was spin-coated to further smoothen the 

surface, as well as obtain homogeneous conducting 

paths. A lamination method was used to prepare the 

transparent Cu NW top electrode. In order to achieve 

excellent adhesion between the top electrode and 

active layer, a super-thin Cu NW/polyimide (PI)/ 

polydimethylsiloxane (PDMS) top electrode (~80 μm) 

was prepared and an electronic glue was added to 

the PEDOT:PSS (4083) buffer layer. Eventually, semi- 

transparent PSCs based on poly(3- hexylthiophene) 

(P3HT) and [6,6]-phenyl-C61-butyric acid 3,4,5-tris 

(octyloxy) benzyl (PC61BM) with the inverted structure 

of polyacrylate (PA)/Cu NWs/PEDOT:PSS (PH1000)/ 

Y-TiO2/P3HT:PC61BM/PEDOT:PSS (4083)/Cu NWs/PI/ 

PDMS were successfully prepared and demonstrated 

to provide power convention efficiencies (PCE) up   

to 1.97% and 1.85% from each side, with an average 

transmittance of 42%. The low-cost semi- transparent 

device is promising for many emerging applications 

such as power-generating windows and roofs [24]. 
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2 Experimental 

2.1 Preparation of Cu NWs 

For the synthesis of Cu NWs, we used a modified 

self-catalytic method which has been reported in our 

previous work [19, 25, 26]. In a typical process, 10 mL 

oleylamine (OA) and 0.5 g cetyl trimethyl ammonium 

bromide (CTAB) were dissolved in a glass vial at 180 °C. 

Then, 200 mg of copper acetylacetonate (Cu(acac)2) was 

added and mixed to obtain a homogeneous mixture. 

After that, 5–7 μL of a Pt nanoparticle suspension 

was added as the catalyst. The Pt nanoparticles were 

synthesized as follows: 2 mg of platinum chloride was 

dispersed in 1.2 mL ethylene glycol, and the mixture 

was added to 2.3 mL ethylene glycol preheated to 

160 °C and maintained at this temperature for 90 s. 

The mixture was then heated up to 180 °C and allowed 

to react for 12 h, to yield reddish cotton-like sheets 

settled at the bottom. After rinsing several times with 

toluene, the nanowires were stored in toluene. 

2.2 Preparation of Cu NWs transparent electrode 

Typically, Cu NWs were dispersed in toluene via 

bath sonication for 1–2 min, and then filtered onto   

a nitrocellulose filter membrane. After filtration, the 

filter membrane was transferred to a glass slide, dried 

under vacuum at 80 °C for 2 h, and then dipped in 

acetone for 30 min to dissolve the filter membrane, 

leaving a Cu NW-based thin film on the glass slide. 

Finally, the films were treated by H2 plasma to remove 

the oxide layers and the organic residues on the surface 

of the Cu NWs [27]. A liquid monomer of acrylate 

(SR601), which was fully mixed with a photo initiator, 

was dropped onto the surface of the Cu NW film 

and cured under ultraviolet (UV) irradiation [28]. 

Subsequently, the polyacrylate substrate electrode 

was peeled off from the glass slide. The thickness of 

the Cu NWs/PA composite electrode was controlled 

by a self-made mode. For the Cu NW-based anode (top 

electrode), a polyamic acid solution was spin-coated 

onto the Cu NW film and then baked to 360 °C to 

thermally imidize the polyamic acid. After baking, 

the transparent polyimide was peeled off, leaving a 

freestanding Cu NWs/PI electrode [29]. The thickness 

of the electrode depended on the velocity of rotation. 

The obtained Cu NWs/PI electrode was attached to  

a polydimethylsiloxane film (0.1 mm), washed four 

times with ethanol, and then treated with plasma   

for 60 s. After that, PEDOT:PSS (4083) mixed with 

D-sorbitol (0–250 mg/mL) was spin-coated on the 

Cu NW electrode, as a buffer layer. D-sorbitol acted 

as an electronic glue to improve the contact between 

PEDOT:PSS and the active layer [16]. 

2.3 Preparation of TiO2 and Y-TiO2 

Titanium dioxide (TiO2) and yttrium-doped titanium 

dioxide (Y-TiO2) nanocrystals were prepared according 

to the method developed by Zhou et al. [30] In a 

typical synthesis, 0.5 mL TiCl4 was slowly added to 

2 mL ethanol with stirring, followed by the addition 

of 10 mL benzyl alcohol, resulting in a yellow solution. 

The solution was heated at 80 °C for 5 h, to obtain a 

slightly milky suspension. The suspension was mixed 

with 200 mL diethyl ether and centrifuged to collect the 

precipitate. The as-obtained product was re-dissolved 

in 30 mL absolute ethanol and precipitated via the 

addition of 200 mL diethyl ether. This procedure was 

repeated twice. The final TiO2 nanoparticles were 

collected and dispersed in ethanol to obtain a suspension 

with a concentration of 3–6 mg/mL. The Y-TiO2 nano-

crystals were obtained following a similar approach 

except that YCl3 was first dissolved in 2 mL ethanol. To 

stabilize the as-obtained TiO2 and Y-TiO2 suspensions, 

titanium oxide acetylacetonate TiO(acac)2 was added 

to a final concentration of 15 μL/mL. 

2.4 Fabrication of solar cells 

An aqueous solution of PEDOT:PSS (Heraeus, Clevios 

PH1000) was spin-coated onto the Cu NWs/PA com-

posite electrode at the speed of 1,000 rotations/min 

(r/min) for 60 s and annealed at 130 °C for 10 min. The 

thickness of the PEDOT:PSS layer after drying was 

~150 nm. A thin layer of the TiO2 (or Y-TiO2) nano-

particles was spin-coated as the electron transfer layer. 

The substrate was then transferred to the glove-box, 

and a 70–200 nm thick photoactive layer was cast 

from 2.5 wt.% poly(3-hexylthiophene) (Rieke Metals): 

[6,6]-phenyl-C61-butyric acid 3,4,5-tris(octyloxy)benzyl 

(American Dye Source) at a ratio of 1:0.8 in 1,2- 

dichlorobenzene [31]. After drying in a covered Petri  
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dish for ~120 min, the active layer was further annealed 

at 130 °C for 10 min to remove the solvent completely. 

Then, the device fabrication was completed by thermal 

evaporation of MoO3 (10 nm) and Ag (100 nm) as 

the anode, under vacuum (2 × 10−3 Pa). For the semi- 

transparent polymer solar cells with all-Cu NW 

electrodes, the Cu NW-based anodes were laminated 

onto the active layer instead of the thermal evaporation 

of MoO3 and Ag. 

2.5 Characterization of samples 

The TiO2 and Y-TiO2 nanocrystals were investigated 

by X-ray diffraction (XRD, D/max2550V, Rigaku Tokyo, 

Japan) and transmission electron microscopy (TEM, 

JEM-2100F, Japan), respectively. The morphology  

of the Cu NW-based electrode and the structure of   

the solar cells were characterized by field emission 

scanning electron microscopy (FESEM, Magellan  

400, FEI, USA). Surface-resistivity was measured by a 

standard four-point probe method using a Loresta- 

EP MCP-T 360 instrument. The topological structures 

of the surface of the Cu NW-based electrode were 

obtained using an atomic force microscope (Dimension 

FastScan, Bruker, Germany). The transmittance of the 

electrodes and the semi-transparent cells was measured 

using the Lambda-950 UV-Vis spectrophotometer 

(PerkinElmer, Waltham, MA). Current density-voltage 

(J–V) characteristics of the solar cells were measured 

using an electrochemical work station (ModelCHI660C, 

CH) under AM 1.5G illumination (100 mW/cm2, Model 

YSS-80A, Yamashita). The light source was Xe lamp 

equipped with an AM 1.5G filter. The intensity of 

the incident light was 100 mW/cm2 calibrated with a 

standard Si solar cell. J–V curves were recorded by a 

Keithley Series 2400 System Source Meter Instrument 

in the stability test. A solar simulator (Newport) was 

used as the irradiation source to provide AM 1.5G 

illumination for the solar cells. 

3 Results and discussion 

To realize PSCs with all-Cu NW electrodes, Cu NW 

films with high conductivity and transparency are 

required. Cu NWs with a diameter of 60–80 nm and 

length over 50 μm were synthesized by a modified 

self-catalytic method which has been previously 

reported by our research team [19, 25]. Cu NW films 

were prepared by a vacuum filtration method and 

transferred onto PA substrates by in situ polymerization 

to decrease the surface roughness. In our experiments, 

to achieve an excellent conductivity of the Cu NW 

electrode, H2 plasma treatment was used before the 

in situ polymerization [27]. The synthesis and transfer 

details can be found in the experimental section. 

Although the sheet resistance (Rs) of the Cu NWs 

decreases with an increase in the Cu NW density, a 

larger density of the Cu NWs leads to low transmittance 

and high surface roughness, which will influence the 

light absorbance and charge transfer in PSCs [32, 33]. 

Therefore, the sheet resistance of the Cu NW electrodes 

used in the following experiments was ~15 Ω/sq,  

and the average transmittance was about 85% at λ = 

550 nm. To further improve the surface smoothness 

of the electrodes, a layer of PEDOT:PSS (thickness 

150 nm) was spin-coated. Figures 1(a) and 1(b) show 

the SEM images of the Cu NWs/PA electrode before 

and after spin-coating PEDOT:PSS. Some tilted Cu 

NWs can be observed on the surface of the electrode 

(marked in red circles), while a smooth surface was 

obtained after coating with PEDOT:PSS. The topological 

structures of the surface of the Cu NWs/PA electrode 

before and after spin-coating PEDOT:PSS are shown 

in Figs. 1(c) and 1(d). After coating PEDOT:PSS, the 

surface of the electrode became smoother and the 

surface roughness decreased from 4.82 to 3.28 nm. 

The conductivity distribution of the electrodes was 

measured by applying a voltage bias between the probe 

and sample. Figures 1(e) and 1(f) show the peak current 

of the electrode before and after coating PEDOT:PSS. 

The conductivity of the Cu NWs/PA electrode is 

inhomogeneous, which can be attributed to two aspects. 

First, the conducting paths of the nanowire-based 

electrodes are not as homogeneous as in film-based 

ones like ITO. Second, many nanowires were embedded 

in the polymer substrate after the in situ polymerization 

and transfer, which induced the inhomogeneity of 

the electrode. The conductance homogeneity was 

considerably improved after coating PEDOT:PSS. The 

smoother surface and more homogeneous con-

ductivity of the composite electrode resulted in better 

performance of the solar cells than those reported in 

our previous work [27]. 
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After spin-coating a thin layer (thickness: ~35 nm) of 

TiO2 (or Y-TiO2) nanoparticles as the electron transfer 

layer (ETL), the Cu NW-based electrode could be 

used as a transparent cathode in PSCs. Figure 1(g) 

shows the XRD patterns of the TiO2 and Y-TiO2 nano-

particles. All the diffraction peaks correlate with those 

of the pure anatase phase without the presence of any 

other polymorphs. The average crystallite sizes of the 

 

Figure 1 SEM images of Cu NWs/PA electrode before (a) and after (b) spin-coating of PEDOT:PSS. AFM images of the Cu NWs/PA 
electrode before (c), (e) and after (d), (f) spin-coating of PEDOT:PSS under height sensor (c), (d) and peak current (e), (f) modes. (g) X-ray
diffraction patterns of the TiO2 and Y-TiO2 nanoparticles. (h) J–V curves of PSCs with different ETLs and bottom electrodes. 
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powder samples were analyzed from the diffraction 

peaks, using the Scherrer formula [34] 

0.9 / cosd                 (1) 

where d is the crystallite size, λ = 0.154 nm is the X-ray 

wavelength, ω is full width at half-maximum of the 

diffraction peak, and θ is the diffraction angle. The 

calculated results indicate that the particle sizes of the 

TiO2 and Y-TiO2 are 3.7 and 4.6 nm respectively, which 

are in good agreement with those observed in the 

TEM images (Fig. S1 in the Electronic Supplementary 

Material (ESM)).  

Devices with the inverted structure of PA/Cu NWs/ 

PEDOT:PSS/buffer layer/P3HT:PC61BM/MoO3/Ag were 

fabricated under optimized conditions. The current 

density–voltage (J–V) characteristics of the PSCs with 

different ETLs are shown in Fig. 1(h). The device 

based on Y-TiO2 as the ETL showed a higher power 

conversion efficiency (PCE = 4.23%, open-circuit voltage 

(VOC) = 0.61 V, short-circuit current density (JSC) = 

11.12 mA/cm2, and fill factor (FF) = 62%) than the 

devices with TiO2 (PCE = 4.10%) as the ETL, which 

can be mainly attributed to the enhanced electron 

extraction and transport performance of Y-TiO2. For 

the cells based on PA/Cu NWs electrodes, a PCE of  

3.17%, with VOC = 0.62 V, JSC = 9.27 mA/cm2, and FF = 

55%, was obtained when Y-TiO2 was used as the ETL. 

This performance is superior to that of the device 

with TiO2 as the ETL, which exhibited a PCE of 3.09%. 

Compared with ITO-based cells, the JSC and FF of Cu 

NW-based cells are inferior, because of the relatively 

poor transmittance and higher surface roughness. 

With an improved technique and appropriate ETL, 

the PCE of our cells was more than doubled compared 

to that of the previously reported study (PCE = 1.4%, 

VOC = 0.58 V, JSC = 6.05 mA/cm2, and FF = 40%) [13]. 

The thickness of active layer has a significant effect 

on the transmittance and PCE of the semi-transparent 

PSCs. It can be controlled easily by varying the spin- 

coating speed. Figures 2(a)–2(c) show the cross-sectional 

SEM images of the PSCs based on Cu NWs/PA 

electrodes with the rotational velocity used for spin- 

coating the active layer ranging from 600 to 1,200 r/min. 

The thickness of the PEDOT:PSS layer was about 

150 nm, and the thickness of the Y-TiO2 layer was 

about 35 nm. The thicknesses of the active layers 

with rotational velocities of 600, 900, and 1,200 r/min 

were about 200, 130, and 70 nm, respectively. The 

corresponding J-V curves of the devices with different 

thicknesses of the active layers are shown in Fig. 2(d). 

 

Figure 2 Cross-sectional SEM images of PSCs based on Cu NWs/PA electrodes with the spin-coating speed of the active layer of 600 
(a), 900 (b), and 1,200 r/min (c). (d) J–V curve of PSCs based on ITO and Cu NW- electrodes with different thicknesses of active layers.
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The photovoltaic parameters of the devices are 

summarized in Table 1. It is reasonable to observe 

that the JSC and PCE values of the devices decreased 

with decreasing thickness of the active layer, because 

a thicker active layer can absorb and convert more 

luminous energy. The VOC and PCE values decreased 

significantly when the thickness of the active layer 

was reduced to 70 nm. This is most likely due to the 

partial short-circuit of the device. 

Furthermore, we prepared transparent Cu NW-based 

anodes and laminated them on inverted PSCs as top 

transparent electrodes. In order to ensure good contact 

between the top electrode and active layer, the substrate  

Table 1 Photovoltaic parameters of PSCs based on ITO and Cu 
NWs electrodes with different thicknesses of the active layers 

Velocity of rotation 
(r/min)/thickness 

TEs 
VOC 

(V) 
JSC 

(mA/cm2) 
FF
(%)

PCE
(%)

ITO 0.61 11.12 0.62 4.23
600/200 nm 

Cu NWs 0.62 9.27 0.55 3.17

ITO  0.62 8.98 0.62 3.44
900/130 nm 

Cu NWs 0.62 7.45 0.61 2.81

ITO 0.58 8.73 0.53 2.66
1,200/70 nm 

Cu NWs 0.59 7.03 0.47 1.91
 

of the top electrode should be as thin and as flexible 

as possible. Herein, a polyamic acid solution was 

spin-coated onto the Cu NW film and baked to obtain 

highly flexible PI/Cu NWs transparent electrodes with 

a thickness of several tens of micrometers. Figures 3(a) 

and 3(b) present the SEM images of the Cu NWs/PI 

electrode before and after coating PEDOT:PSS (4083). 

The surface of the electrode became smoother after 

coating PEDOT:PSS. As shown in Fig. 3(c), the Cu 

NWs/PI film was stacked on a thin polydimethylsiloxane 

film (0.1 mm), making it convenient to be transferred 

and laminated on a conformal surface of a device. 

Then, the Cu NWs/PI/PDMS film was coated with   

a thin layer of PEDOT:PSS (4083). To improve the 

adhesion of the top electrode with the organic active 

layer during lamination, an effective electronic glue 

(D-sorbitol) used for organic optoelectronic devices was 

added in the PEDOT:PSS film at the concentration of 

0–250 mg/mL. Then, the PEDOT:PSS/Cu NWs/PI/PDMS 

film was laminated on a P3HT:PC61BM/Y-TiO2/ITO 

device. Eventually, the device was encapsulated with 

an epoxy resin on the top [35]. It was obvious that the 

device was semi-transparent and could absorb light 

from both ITO and Cu NWs sides. The corresponding 

J–V curves of the semi-transparent device illuminated 

 

Figure 3 SEM images of Cu NWs/PI electrode before (a) and after (b) spin-coating with a PEDOT:PSS (4083) layer. Schematic (c) of 
a Cu NW anode with PEDOT:PSS as well as D-sorbitol modification of the surface. J–V curves (d) of the PSCs with different concentrations
of D-sorbitol.  
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from the ITO or Cu NWs side are showed in Fig. 3(d). 

The photovoltaic parameters of the devices are 

summarized in Table 2. The best devices showed 

PCEs of 2.99% and 2.83% when illuminated from 

the ITO and Cu NWs side, respectively, with the 

D-sorbitol concentration of 150 mg/mL. These results 

are much better than the previously reported P3HT: 

PC61BM-based semi-transparent solar cells based on 

Ag NWs (the best result of P3HT:PC61BM-based cells 

with Ag NW top electrode ever reported: PCE = 2.1%, 

VOC = 0.66 V, JSC = 5.01 mA/cm2, and FF = 63.6%) and 

graphene (the best result of P3HT:PC61BM-based cells 

with graphene top electrode ever reported: PCE = 

1.98%, VOC = 0.58 V, JSC = 10.40 mA/cm2, and FF = 32.8%) 

electrodes [14–16, 36, 37]. For the cells without addition 

of D-sorbitol, PCE of 1.40% and 1.25% was obtained 

when illuminated from the ITO and Cu NWs sides, 

respectively. Compared with the best cells, the FF 

changed from 0.28 and 0.26 to 0.50 and 0.47 after 

adding an appropriate amount of D-sorbitol. This is 

due to the better adhesion of the top electrode on the 

organic active layer with the introduction of D-sorbitol. 

However, the performance of the cells was reduced 

with a higher concentration of D-sorbitol. It is interest-

ing to observe that the device shows higher FF and 

PCE from the ITO side than from the Cu NWs side, 

which is possibly due to the better transmittance of 

ITO/Y-TiO2 than Cu NWs/PEDOT:PSS. 

Based on the above Cu NW cathode and anode, 

semi-transparent PSCs with all-Cu NW electrodes  

Table 2 Photovoltaic parameters of the semi-transparent PSCs 
with different concentration of D-sorbitol 

 Illuminate from 
VOC 

(V) 
JSC 

(mA/cm2) 
FF
(%)

PCE
(%)

Standard 0.61 11.12 0.62 4.23

ITO side 0.57 8.74 0.28 1.40
0 mg/mL 

Cu NWs side 0.56 8.53 0.26 1.25

ITO side 0.60 8.83 0.41 2.20
50 mg/mL 

Cu NWs side 0.59 7.67 0.40 1.83

ITO side 0.62 10.24 0.50 2.99
150 mg/mL 

Cu NWs side 0.62 10.22 0.47 2.83

ITO side 0.61 8.80 0.42 2.23
250 mg/mL 

Cu NWs side 0.61 8.79 0.40 2.13

could be conveniently prepared using the procedure 

showed in Fig. 4. Inverted PSCs with both cathodes 

and anodes based on Cu NWs were prepared. Details 

of the fabrication are described in the experimental 

section. The transmittances of the semi-transparent 

PSCs with various active layer thicknesses were 

measured, and are shown in Fig. 5(a). The semi- 

transparent PSCs were dark red because the low- 

bandgap active layer can only absorb light with short 

wavelengths. The average transmittances of the semi- 

transparent PSCs with active layer thicknesses of 200, 

130, and 70 nm are ~42%, 46%, and 48%, respectively, 

in the visible region. The high average transmittance  

of the device is due to the high transparency of the 

Cu NW electrodes and the weak absorption of the 

P3HT:PC61BM in the long wavelength range, rendering 

it suitable for some special applications. Figure 5(b) 

shows the J–V characteristics of the PSCs with various 

thicknesses of the active layers illuminated from 

either side. The related photovoltaic parameters are 

presented in Table 3. For the semi-transparent PSCs 

based on all-Cu NW electrodes with an average 

transmittance of 42%, PCE of 1.97% (1.85%), with VOC = 

0.62 V (0.62 V), JSC = 7.08 mA/cm2 (6.97 mA/cm2), and 

FF = 0.45 (0.43) was obtained when illuminated from 

the top (bottom) Cu NWs electrode sides. Remarkably, 

the JSC and PCE of the devices decreased with a 

reduction in the active layer thickness because a 

thicker active layer can absorb and convert more 

luminous energy. However, the VOC and FF decreased  

 

Figure 4 Schematic of the preparation procedure of PSCs with 
all-Cu NW electrodes.  
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Table 3 Photovoltaic parameters of the semi-transparent PSCs 
based on all-Cu NW electrode with different thickness of the 
active layer 

Velocity of 
rotation(r/min)/ 

thickness/ 
transmittance 

Illuminate from VOC 

(V) 
JSC 

(mA/cm2)
FF
(%)

PCE
(%)

Top Cu NWs 0.62 7.08 0.45 1.97
600/200 nm/42% 

Bottom Cu NWs 0.62 6.97 0.43 1.85

Top Cu NWs 0.62 5.68 0.46 1.62
900/130 nm/46% 

Bottom Cu NWs 0.62 5.52 0.43 1.47

Top Cu NWs 0.58 5.36 0.39 1.21
1,200/70 nm/48% 

Bottom Cu NWs 0.58 5.12 0.37 1.10

 

significantly when the thickness of the active layer 

was reduced to 70 nm, which is similar to the case in 

Fig. 2(d). The semi-transparent PSCs based on all-Cu 

NW electrodes showed higher FF and PCE from the 

top Cu NW electrodes than from the bottom ones, 

which is presumably due to the better transmittance 

of the top Cu NW electrode (with 35 nm PEDOT:PSS) 

than the bottom one (with 150 nm PEDOT:PSS). 

4 Conclusions 

In this work, an in situ polymerization method was 

used to decrease the surface roughness of Cu NW- 

based electrodes. A thin layer of poly(3,4-ethylene 

dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 

was spin coated to further smoothen the surface as 

well as to obtain homogeneous conducting paths. A 

super thin Cu NWs/PI top electrode (~80 μm) was 

prepared and an electronic glue (150 mg/mL D-sorbitol) 

was added in the PEDOT:PSS (4083) buffer layer to 

obtain excellent adhesion between the top electrode 

and active layer for the lamination method. Semi- 

transparent PSCs with all-Cu NW electrodes were 

fabricated with an average transmittance of 42% in 

the visible region and PCEs up to 1.97% and 1.85% 

from each side; these may find many potential 

applications such as power-generating windows and 

building-integrated photovoltaics. The devices can be 

conveniently prepared through film transfer, spin- 

coating, and lamination processes, indicating that the 

technique is compatible with the fabrication processes 

of other types of solar cells. 
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(b) J–V curves of the semi-transparent PSCs based on all-Cu NW electrode with different thickness of the active layer. 
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