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 ABSTRACT 

High efficiency and flexible inverted organic solar cells have been fabricated 

using solution-processed silver nanowire/zinc oxide composite transparent

electrodes. The transparent electrodes showed a low sheet resistance of ~13 Ω·sq–1

and high transmittance of ~93% as well as superior mechanical flexibility. Power

conversion efficiencies of ~7.57% and ~7.21% were achieved for devices fabricated

on glass and plastic substrate, respectively. Moreover, the flexible devices did not

show any degradation in their performance even after being folded with a radius

of ~480 μm. 

 
 

1 Introduction 

Organic solar cells (OSCs) have attracted significant 

interest because of their great potential to become 

green energy source with large-area, light-weight, 

superior mechanical flexibility, and low cost processes 

by roll–to–roll manufacturing [1–4]. Recently, there 

have been extensive investigations of inverted organic 

solar cells (IOSCs) with a reverse geometry, using 

modified indium tin oxide (ITO) as the cathode (the 

ITO is modified by an n-type metal oxide, conjugated 

polyelectrolyte, and self-assembled monolayer) [5–9]. 

Compared with conventional OSCs (COSCs), the IOSCs 

demonstrate better long-term air stability by avoiding  
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the need for the corrosive and hygroscopic hole 

transport layer of poly(3,4-ethylenedioxythiophene): 

poly(styrenesulfonate) (PEDOT:PSS), and a low work 

function metal cathode, both of which are detrimental 

to device lifetime [5, 6]. Furthermore, IOSCs can also 

offer vertical phase separation and a concentration 

gradient in the photoactive layer, which is naturally 

self-encapsulated because air-stable metals are used 

as the top electrode [2, 7–9]. ITO, which is commonly 

used as a material for transparent conductive electrodes 

(TCEs), is not suitable as transparent electrodes for 

flexible devices because it is brittle and cracks easily 

under mechanical stress [10]. Moreover, the production 

of ITO is costly and complex because of the high 

vacuum required in the sputtering process [11, 12]. 

This, in turn, is significantly hindering the realization 

of low-cost and easy-to-fabricate flexible organic 

devices. There are several emerging materials that 

have shown promise for the replacement of ITO such 

as carbon nanotubes (CNTs) [13, 14], graphene [15–17], 

metal nanowires [18–33], and conducting polymers 

[34]. Percolative networks with randomly distributed 

CNTs have been extensively investigated because of 

solution processibility, durability, and the potential for 

the production at low cost [35]. However, due to the 

large tube–to–tube contact resistance, CNTs-based 

transparent electrodes typically exhibit a high sheet 

resistance (Rsheet), of ~110 Ω·sq–1, and low transmittance 

of ~90% at a wavelength of 550 nm (T550nm) [13, 35].  

In the past few years, graphene-based transparent 

electrodes prepared using a chemical vapor deposition 

process have been reported to have low Rsheet of 

~30 Ω·sq–1 at T550nm ≈ 90% [36]. In contrast, solution- 

processed graphene films exhibit very poor electrical 

(Rsheet ≈ 300 Ω·sq–1) and optical properties (T550nm ≈ 80%) 

[37]. Recently, several research groups have used 

nanowires of metals such as silver [18–30], gold [31] 

and copper [32, 33] to fabricate TCEs that show 

performances comparable to those of ITO electrodes. 

In particular, percolative networks of silver nanowires 

(Ag NWs) have been suggested as a promising 

alternative transparent electrode to ITO films in 

OSCs [21–27] and organic light emitting diodes [28]. 

However, due to the relatively rough surface topology 

of Ag NW electrodes, it remains a significant challenge 

to replace ITO with an Ag NW electrode as the tran-

sparent conducting electrode for OSCs. For example,  

the Ag NW networks can easily penetrate the very 

thin layer (~100 nm) of new high performance polymer- 

coated Ag NW electrode, resulting in increased 

possibility of device short failure and poor performance. 

Several attempts have been made to overcome this 

problem and fabricate efficient OSCs with buffer layers 

such as PEDOT:PSS and metal oxides [21–26, 38]. Jin 

et al. have reported a transfer method that can be used 

to embed Ag NW networks into synthesized hybrid 

films [27]. Yu et al. transferred smooth Ag NW film 

from a glass substrate to a transparent cross-linked 

polymer overcoat [28]. Morgenstern et al. have reported 

solution processible zinc oxide (ZnO) nanoparticle 

coated Ag NW films as the TCEs in IOSCs fabricated 

on glass substrates [38]. Sputtered ZnO thin films have 

also been demonstrated as the ZnO/Ag NW/ZnO 

composite electrode for Cu(In,Ga)(S,Se)2 thin film 

solar cells [39]. Recently, we reported flexible OSCs 

with poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’] 

dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)car-bonyl] 

thieno[3,4-b]thiophenediyl]-F20 (PTB7-F20)/[6,6]-phenyl- 

C61-butyric acid methyl ester (PC61BM) using Ag NW 

films formed on glass and a polyethylene terephth-

alate (PET) substrate, resulting in power conversion 

efficiencies (PCE) of ~5.80% and ~5.02%, respectively 

[28]. However, these devices with a configuration   

of conventional structure, substrate/TCEs/PEDOT: 

PSS/photoactive layer/LiF/Al, showed very poor 

stability in air. Although Ag NW electrodes reportedly 

have good optical, electrical, and mechanical properties, 

a detailed study of the device performance (such as 

efficiency and stability) of low-band gap polymers 

prepared on flexible substrates has rarely been 

reported. Therefore, in this work, we demonstrate the 

fabrication of highly efficient, bendable and air-stable 

IOSCs by using solution-processed Ag NW/ZnO 

transparent electrodes with very smooth surfaces 

that were fabricated using low-band gap polymers— 

a blend of poly[4,8-bis-alkyloxybenzo[1,2-b:4,5-b′] 

dithiophene-2,6-diyl-alt-4-(alkyl-1-one)thieno[3,4-b] 

thiophene-2,6-diyl] (PBDTTT-C)/PC61BM, PBDTTT- 

C/[6,6]-phenyl-C71-butyric acid ester (PC71BM) [12], 

and poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′] 

dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)car-

bonyl]thieno[3,4-b]thiophenediyl] (PTB7)/PC71BM [40]. 

We found that the solution-processed Ag NW electrodes  
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showed a low Rsheet of ~13 Ω·sq–1 and an outstanding 

optical transmittance of T550nm ≈ 93%. The device 

performance of the IOSCs that used these Ag NW 

electrodes, which were fabricated on a glass substrate, 

was found to be ~96% of that of devices with ITO 

electrodes (the PCEs of the IOSCs using the Ag NW 

electrodes and those using ITO electrodes were ~7.57% 

and ~7.88%, respectively). Moreover, the flexible IOSCs 

fabricated using the Ag NW electrodes coated on 

plastic substrate showed a PCE of ~7.21% with small 

reduction of in their PCE (to ~98% of the initial value) 

even after being bent 1,000 times with a bending 

strain (ε) of ~2.0%. These Ag NW electrodes were used 

to fabricate flexible IOSCs that exhibited similar PCE 

and superior flexibility to that of devices fabricated 

on ITO electrodes.  

2 Experimental 

2.1 Fabrication of silver nanowire and ITO films 

The Ag NW films were fabricated using the spin- 

coating method and were formed on pre-cleaned 

glass or polyethersulfone (PES) substrates that were 

attached to a supporting glass substrate using carbon 

tape. An as-received dispersion containing Ag NW 

(Cambrios ClearOhm Ink) was spin coated for 40 s at 

speeds ranging from 600 to 3,000 rpm. The dispersion 

was sonicated for 300 s and shaken well before being 

the spin-coating process. The resulting Ag NW films 

were annealed at ~120 °C for 5 min in a glove box 

filled with nitrogen. The ITO/PES films were vacuum 

sputtered in our laboratory and the ITO/glass film 

was obtained commercially (Shinhan SNP Co. Ltd). 

The ITO/PES films were formed by depositing a layer 

of ITO on a 188 μm-thick PES substrate (i-Components 

Co. Ltd.) by radio-frequency (RF) superimposed DC 

magnetron sputtering. The ITO sputtering was carried 

out at room temperature using an Ar gas flow rate of 

30 sccm, an O2 gas flow rate of 0.3 sccm, and a working 

pressure of ~1.0 × 10–3 torr. The DC power was con-

trolled by keeping the current constant (~0.5 A), and 

~50 W of RF power was imposed simultaneously. The 

growth rate of the film was ~0.316 nm·s–1, and an ITO 

film with a final thickness of ~100 nm was deposited. 

2.2 Preparation of the ZnO precursor 

The ZnO precursor was prepared by dissolving zinc 

acetate dihydrate (Zn(CH3COO)22H2O, Aldrich, 99.9%, 

1.64 g) and ethanolamine (NH2CH2CH2OH, Aldrich, 

99.5%, 0.5 g) in 2-methoxyethanol (CH3OCH2CH2OH, 

Aldrich, 99.8%, 10 g) under vigorous stirring at 60 °C 

for 30 min to the hydrolysis reaction in air.  

2.3 Fabrication of the inverted organic solar cells 

The IOSCs were fabricated using Ag NW film coated 

glass and PES substrates with Rsheet values of ~10 and 

~13 Ω·sq–1, respectively. The ZnO precursor solution 

was spin-cast on top of the Ag NW film coated glass 

and PES substrate. The films were annealed at 150 °C 

for 10 min in air. The ZnO film thickness was app-

roximately 50 nm. The ZnO-coated substrates were 

transferred into a nitrogen-filled glove box. A solution 

containing a mixture of PBDTTT-C:PC61BM (10 mg: 

20 mg) was dissolved in 1,2-dichlorobenzene (1 mL), 

and PTB7-F20:PC71BM (8 mg:12 mg) [26, 40] and 

PTB7:PC71BM (8 mg:12 mg) [41] were dissolved in 

chlorobenzene (1 mL). The mixed solutions were 

stirred at 50 °C for 12 h. 1,8-Diiodooctane (DIO) (Sigma 

Aldrich) was then added in a volume ratio of 3% to 

the solutions containing PTB7-F20:PC71BM or PTB7: 

PC71BM before the spin-coating process. The active 

layer was then deposited onto the ZnO-coated Ag NW 

electrodes using spin-coating at 1,000 rpm for 40 s 

after passing through a 0.20 μm PTFE syringe filter. 

The thickness of the active layer was ca. 100 nm. The 

PEDOT-PSS (Clevios P VP AI 4083) diluted using 

isopropyl alcohol (IPA), with the ratio of PEDOT-PSS: 

IPA being 1:10, were deposited onto the active layer 

at 5,000 rpm 60 s in a glove box. These substrates 

were then baked in a glove box at 150 °C for 1 min. 

Finally, the Ag metal as top electrode was deposited 

through a shadow mask by thermal evaporation in a 

vacuum of about 3 × 10–6 torr. The device area, defined 

through a shadow mask, was 0.38 cm2.  

2.4 Bending test 

To test for mechanical stability, a bending test system 

was designed in house. It was used to measure the 

critical radii of the Ag NW/PES and ITO/PES films.  



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

1373 Nano Res. 2014, 7(9): 1370–1379 

The system consisted of the two contact points: One 

of the points was fixed and the other could be moved 

laterally. Figure S1 (in the Electronic Supplementary 

Material (ESM)) shows the procedure followed in  

the bending tests of flexible IOSCs. The bending tests 

resulted in compressive stresses and were performed 

on un-encapsulated devices in a nitrogen atmosphere. 

2.5 Characterization 

The performances of the IOSCs were measured under 

simulated AM 1.5 illumination with an irradiance of 

100 mW·cm–2 (PEC-L11, Pecell Technologies Inc.). The 

irradiance of the sunlight-simulating illumination was 

calibrated using a standard Si photodiode detector 

fitted with a KG5 filter. The current density–voltage 

(J–V) curves were measured automatically using a 

Keithley 2,400 SourceMeter source measurement  

unit. The series resistance (Rs) and shunt resistance 

(Rsh) were obtained from the slope of the dark current 

curves. The quantum efficiency measurement system 

used to determine the incident photon to current 

conversion efficiency (IPCE) spectra (Oriel IQE-200) 

used a 250 W quartz tungsten halogen (QTH) lamp as 

the light source and had a monochromator, an optical 

chopper, a lock-in amplifier, and a calibrated silicon 

photodetector. The film thicknesses, sheet resistances, 

and optical transmittances were measured using a 

surface profiler (Alpha Step P-11, Tencor Instruments), 

a four-point probe system (Mitsubishi Chemical 

Corporation), and a UV–vis spectrophotometer (Cary 

5,000, Varian), respectively. The scanning electron 

microscopy (SEM) micrographs were obtained using 

a JSM-6700F field emission scanning electron 

microscope. Atomic force microscopy (AFM) images 

were acquired with a Digital Instrument NanoscopeTM 

3D ADC5, Mutimode (Veeco Instruments Inc, CA) in 

tapping mode. The work function of electrodes was 

investigated via ultraviolet photoelectron spectroscopy 

(UPS) using a gas discharge UV source housed at 

ESCALAB MKII, He I radiation (h = 21.22 eV). 

3 Results and discussion 

Figure 1(a) presents SEM images of an Ag NW 

electrode, with Rsheet ≈ 13 ·sq–1, fabricated on a PES  

 

Figure 1 (a) SEM image of an Ag NW electrode with Rsheet ≈ 
13 ·sq–1 (bottom) and ZnO buffer layer onto the Ag NW films 
(top). (b) Photograph of Ag NW/PES film-based flexible IOSCs 
and SEM image of the cross-section of a fabricated device having 
the following structure: PES/Ag NW/ZnO/photoactive layer/PEDOT: 
PSS/Ag. 

substrate by spin-coating a solution of NWs at a  

spin speed 800 rpm (bottom SEM figure). A high- 

magnification image in the inset shows that the Ag 

NWs appear to be squashed. The optical and electrical 

properties of the various Ag NW electrodes prepared 

using different spin speeds are summarized in Table 

S1 (in the ESM). The nature of the randomly dispersed 

Ag NWs lead to protrusions produced by overlapping 

wires which are as about two or three times high as 

the diameter of the NWs (approximately 25  5 nm). 

In this case, surface roughness of Ag NWs is not 

suitable for application of thin film OSCs which 

having the thickness of each layer is less than 100 nm. 

This rough surface could frequently induce device 

short failure [20, 26]. As shown in Fig. 1(a), a uniform 

ZnO buffer layer can be spin-coated onto the Ag NW 

films (top SEM figure). The subsequent deposition of 

the ZnO buffer layer reduces the surface roughness 

(root-mean-square roughness) of the Ag NWs from 

~16.2 to ~5.4 nm, due to the ZnO buffer layer partially 

filling the gaps between Ag NWs (see Fig. S2 in the 

ESM). Therefore, the reduced roughness of Ag NWs 

decreases the possibility of device short failure. To 

evaluate the performance of solution-processed Ag 

NW/ZnO transparent electrode in IOSCs, we fabricated 
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IOSCs with a configuration of substrate (glass or 

PES)/Ag NW/ZnO/photoactive layer/PEDOT:PSS/Ag 

(Fig. 1(b)). The photoactive layer is a bulk heterojunc-

tion blend consisting of PBDTTT-C, PTB7-F20, and 

PTB7 as electron donors, and PC61BM and PC71BM as 

electron acceptors. We determined the diffusive and 

specular transmittance spectra of Ag NW electrodes 

coated on glass and PES substrates over the visible 

light region. When evaluating transparent Ag NW 

electrodes for solar cell applications, the diffusive 

transmittance is a more important parameter than the 

specular transmittance. For all the electrodes tested, 

diffusive transmittance was greater than specular 

(Table S1, in the ESM), and this result was in 

accordance with those reported previously [34]. 

Figure 2(a) shows diffusive transmittance of Ag NW 

films coated onto glass and PES substrates at spin 

speeds of 800 rpm. A flexible film of Ag NWs on a PES 

substrate exhibited T550nm ≈ 93% at Rsheet ≈ 13 ·sq–1. 

This value was much better than that for an ITO film 

on PES substrate (T550nm ≈ 94% at Rsheet ≈ 50 ·sq–1) and 

similar to that for ITO/glass substrate (T550nm ≈ 96% at 

Rsheet ≈ 10 ·sq–1). These Ag NW networks exhibited 

much lower Rsheet and higher T550nm than in previously 

reported studies [23–25]. This suggests that the long 

Ag NWs (with an average length of a few tens of 

micrometers) used this work can make more sufficient 

electron percolation networks with lower Ag NW 

number density than short Ag NWs, resulting in 

enhanced transmittance and a decrease of the sheet 

resistance by virtue of the large inter-nanowire spacing 

and small inter-nanowire junctions.  

Figures 2(b) and 2(c) present a comparison of the 

J–V characteristics and IPCE spectra of the IOSCs with 

Ag NW and ITO electrodes under AM 1.5G illumination 

condition (see also Fig. S3 in the ESM). Device par-

ameters such as a short-circuit current density (Jsc), an 

open-circuit voltage (Voc), a fill factor (FF), and PCE 

deduced from the J–V characteristics are summarized 

in Table 1 (see also Tables S2 and S3 in the ESM). For 

example, as a shown in Fig. S4 and Table S2 (in the 

ESM), it is noteworthy that the IOSCs with bare Ag 

NWs (without a ZnO layer) using PTB7:PC71BM 

exhibited a PCE of ~1.75% (Jsc ≈ 12.97 mA·cm–2, Voc ≈  

Figure 2 (a) Diffusive transmittance of Ag NW films coated on glass (Rsheet ≈ 10 ·sq–1) and PES (Rsheet ≈ 13 ·sq–1) substrates at spin 
speed of 800 rpm. For comparison, the transmittances of ITO/glass and ITO/PES are also shown. (b) J–V curves of IOSCs fabricated on 
Ag NW and ITO electrodes with PTB7:PC71BM photoactive layers under AM 1.5G illumination (100 mW·cm–2). (c) The IPCE spectra 
of the IOSCs with PTB7:PC71BM layers. (d) UPS spectra for ZnO/ITO, ZnO/Ag NW, PC61BM, and PC71BM. (e) Schematic description 
of the electronic structure based on UPS spectra. 
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0.41 V, FF ≈ 33.10%). As expected, the IOSCs without 

ZnO interlayer show strongly s-shaped J–V charac-

teristics, and low FF and Voc due to the large Schottky 

barrier (non-ohmic contact) between the photoactive 

layer and Ag NW electrodes, and the characteristics 

of a short circuit. For comparison, as shown in Fig. 2(b), 

a control device using solution-processed ZnO interlayer 

was also fabricated under the same conditions. The 

IOSCs with Ag NW/ZnO exhibited a PCE value of 

~7.57% with a Jsc of 16.55 mA·cm–2, a Voc of 0.74 V, and 

a FF of 61.66%. The dramatic improvements in the 

performance of the IOSCs using the ZnO interlayer 

can be attributed to ohmic contact between the Ag 

NW/ZnO and the photoactive layer and enhanced 

electron transport to the Ag NW electrodes, and the 

reduced surface roughness of Ag NW film. Further-

more, the device performance of IOSCs exhibited 

slightly higher PCE than those of COSCs (Fig. S5 and 

Table S3, in the ESM). The COSCs with Ag NW/ 

PEDOT:PSS electrode using PTB7:PC71BM exhibited 

a PCE of ~7.31% (Jsc ≈ 16.11 mA·cm–2, Voc ≈ 0.75 V, FF ≈ 

60.70%). The reason for the slightly higher PCE values 

seen in the case of all the devices based on inverted 

structure device is the low work function of the Ag 

NW film (~4.0 eV) [26]. The lower workfunction of 

the Ag NW film makes the contact between Ag NWs 

and ZnO (~4.3 eV) more ohmic than the contact with 

PEDOT:PSS (~5.1 eV) [26], leading to the observed 

increase in the device performance. 

All of the flexible IOSCs using the Ag NW electrode 

exhibited very similar performances to those of the 

using the ITO film. For instance, as can be seen in 

Fig. 2(b), flexible IOSCs based ITO and Ag NW films 

using a PTB7:PC71BM photoactive layer exhibited 

PCE of ~7.35% (Jsc ≈ 16.05 mA·cm–2, Voc ≈ 0.74 V, FF ≈ 

61.80%) and ~7.21% (Jsc ≈ 16.04 mA·cm–2, Voc ≈ 0.74 V, 

FF ≈ 61.09%), respectively. Even though the low Rsheet 

of Ag NW/PES electrode is comparable with that of 

ITO/PES film, these Ag NW networks are not as 

continuous and smooth as the sputtered ITO films, 

resulting in slightly poorer charge collection efficiency 

and larger contact resistance in the IOSCs with Ag 

NW electrodes [24–26]. As shown in Fig. 2(c), the 

IPCE curves of the IOSCs with Ag NW/PES films in 

the range of 300–800 nm, where the active layer mostly 

absorbs, were very similar to those of the using the 

Table 1 Photovoltaic characteristics of the IOSCs under AM 1.5G illumination (100 mW·cm–2). The values obtained are the average 
of 10 samples. The shunt resistance (Rsh) and series resistance (Rs) of the IOSCs were estimated by fitting the dark J–V curves 

Device Jsc (mAcm–2) Voc (V) FF (%) Rsh (Ωcm2) Rs (Ωcm2) PCE (%) 

PBDTTT-C:PC61BM (ITO/glass) 11.84  0.02 0.75  0.01 49.72  0.01 1.75 × 104 6.14 4.43  0.09

(Ag NW/glass) 11.50  0.13 0.76  0.01 48.07  0.01 1.32 × 104 6.42 4.18  0.04

(ITO/PES) 11.31  0.05 0.75  0.01 48.60  0.01 1.10 × 104 6.43 4.15  0.09

(Ag NW/PES) 11.21  0.19 0.75  0.01 48.02  0.02 0.95 × 104 6.83 4.08  0.11

PBDTTT-C:PC71BM (ITO/glass) 14.50  0.02 0.72  0.01 53.25  0.01 5.84 × 104 3.74 5.56  0.04

(Ag NW/glass) 13.73  0.18 0.74  0.01 51.87  0.01 5.12 × 104 4.12 5.28  0.07

(ITO/PES) 13.72  0.24 0.73  0.01 52.64  0.01 4.82 × 104 4.56 5.07  0.12

(Ag NW/PES) 13.34  0.37 0.74  0.01 51.57  0.01 4.21 × 104 5.19 5.03  0.14

PTB7-F20:PC71BM (ITO/glass) 16.67  0.29 0.68  0.01 61.60  0.01 7.96 × 104 2.70 6.99  0.09

(Ag NW/glass) 16.59  0.06 0.69  0.01 58.80  0.01 7.36 × 104 3.22 6.71  0.10

(ITO/PES) 16.05  0.33 0.67  0.01 57.80  0.01 6.70 × 104 3.56 6.22  0.10

(Ag NW/PES) 15.93  0.06 0.67  0.01 57.49  0.01 6.41 × 104 3.71 6.18  0.06

PTB7:PC71BM (ITO/glass) 16.77  0.04 0.75  0.01 62.92  1.00 2.85 × 105 1.98 7.88  0.07

(Ag NW/glass) 16.55  0.27 0.74  0.01 61.66  0.33 2.01 × 105 2.23 7.57  0.09

(ITO/PES) 16.05  0.01 0.74  0.01 61.80  0.03 1.05 × 105 2.46 7.35  0.08

(Ag NW/PES) 16.04  0.03 0.74  0.01 61.09  1.08 8.96 × 104 2.60 7.21  0.19
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ITO/PES films, resulting in similar device performance. 

However, the reasons for the slightly lower PCE of 

PES substrate-based IOSCs than those of the glass 

substrate-based devices (the PCEs of the IOSCs using 

the ITO/glass and those using Ag NW/glass were 

~7.88% and ~7.57%, respectively) were the small 

reduction in their Jsc values, which resulted from the 

absorption of wavelengths smaller than ~400 nm by 

the PES substrate (Fig. S6 in the ESM).  

Moreover, as shown in Fig. 2(d), we performed 

ultraviolet photoelectron spectroscopy to measure the 

work function (m) of ZnO/Ag NW, ZnO/ITO, PC61BM, 

and PC71BM. The work functions of the samples were 

calculated by m = h – (EF – ESC) [42], where ESC and 

EF are the binding energies of the secondary electron 

cutoff and the Fermi level, and h is a known energy 

provided to the electrons (21.22 eV in our experiment). 

The work functions of the ZnO/Ag NW and ZnO/ITO, 

which were calculated with the equation shown 

above, were found to be ~4.1 and ~4.4 eV, respectively. 

The m of the ITO coated with ZnO film is ~0.3 eV 

higher than that of the Ag NW electrode. The higher 

m of the ZnO/ITO electrode can offer better energy 

level alignment with the lowest unoccupied molecular 

orbital (LUMO) level of PC61BM and PC71BM and 

thereby facilitate the electron transporting and 

collection (Fig. 2(e)).  

Figure 3(a) shows a comparison of the changes in 

the resistances of the electrodes using the Ag NW/PES 

(Rsheet ≈ 13 ·sq–1) and ITO/PES (Rsheet ≈ 50 ·sq–1) films 

as a function of bending radius. The bending induced 

compressive stresses in the films, and the values 

shown are the averages of five samples. The percentage 

change in the resistance of the flexible TCEs can be 

expressed as ΔΩΩ0
–1, where ΔΩ is the actual change 

in the resistance after bending and Ω0 is the initial 

resistance. The Ag NW/PES film showed high mech-

anical flexibility with small ΔΩΩ0
–1 value (~3.91% ± 

0.26%), even after being bent with a bending radius 

R ≈ 430 μm, which corresponded to a bending strain  

(ε) of ~22%, with ε = hs /(2R), where hs is the substrate 

thickness [43]. On the other hand, ITO/PES electrodes 

dramatically increase in the ΔΩΩ0
–1 value (~80.2% ± 

1.4%). Moreover, the Ag NW/PES films showed 

excellent bending fatigue strength, as shown Fig. 3(b), 

where the bending radius was fixed at R ≈ 4.8 mm,  

 

Figure 3 (a) Measured changes in the resistances of the 
electrodes based on the flexible Ag NW/PES and ITO/PES films 
as a function of the bending radius. Inset figure: Optical image of 
the electrode based on the ITO/PES film after being bent with a 
radius of ~4.1 mm and (b) change in resistance as a function of the 
number of bending cycles with the bending radius R ≈ 4.8 mm. 

which corresponded to ε ≈ 2.0%. Even though after 

being bent 1000 times, the Ag NW/PES electrodes 

showed only a slight increase in the ΔΩΩ0
–1 value 

(~3.3%  1.5%), whereas that of the ITO/PES electrodes 

dramatically increased (~68.8%  8.6%). 

Figure 4(a) shows a comparison of the changes in 

the key parameters on IOSCs based on Ag NW/PES 

and ITO/PES electrode as a function of bending 

radius. The IOSCs based Ag NW/PES showed small 

reduction of PCE after being bent significantly (R ≈ 

430 μm). In contrast, the ITO/PES device almost 

showed device failure. The Ag NW/PES devices also 

had excellent durability under repeated bending as 

shown in Fig. 4(b), exhibiting almost no change (~98% 

of the initial value) in its J–V characteristics even after 

1,000 bending cycles with R ≈ 4.8 mm, whereas the 

ITO/PES devices displayed a significant decrease in 

its PCE value (~22% of the initial value). 
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Figure 5 shows the stability of the non-encapsulated 

flexible IOSCs and COSCs as a function of storage  

 

Figure 5 Stability comparison between the flexible IOSCs and 
COSCs with (a) PBDTTT-C:PC61BM, (b) PBDTTT-C:PC71BM, 
(c) PTB7-F20:PC71BM, and (d) PTB7:PC71BM photoactive 
materials stored in air under ambient conditions. 

time in air. The stability studies were performed in 

the dark with ambient conditions tested according to 

the ISOS-D-1(shelf) [2, 6]. The flexible IOSCs with Ag 

NW and ITO electrodes retained over ~85% of the 

original efficiency after 30 days, while the flexible 

COSCs lost their performance after 5 days. 

4 Conclusion 

We have successfully demonstrated highly bendable 

and air-stable IOSCs using solution-processed Ag 

NW electrodes. The Ag NW/PES film exhibited a low 

Rsheet value (of ~13 Ω·sq–1) and high T550nm value (of 

~93%). In addition, Ag NW/PES film showed excellent 

bending reliability and the electrical resistance did 

not nearly change until a bending radius of ~430 μm. 

The flexible IOSCs fabricated with Ag NW/PES films 

had a PCE of ~7.21% and their PCE (to ~98% of the 

initial value) retained even after the devices had been 

bent 1,000 times with a bending strain of ~2.0%. These 

Ag NW electrodes were used to fabricate flexible 

OSCs that exhibited similar PCE and superior flexibility 

to that of devices fabricated on ITO electrodes. We 

believe that solution-processed Ag NW electrodes 

can be successfully incorporated in highly efficient 

optoelectronic devices via cost effective and scalable 

roll–to–roll processes in the near future. 

 

Figure 4 (a) The measured PCE, Voc, Jsc, and FF values of the flexible IOSCs based on Ag NW/PES and ITO/PES electrode as a 
function of the bending radius during compressive bending, normalized to the initial value. (b) The J–V characteristics of the flexible 
IOSCs with a PTB7:PC71BM layer after 1,000 cycles of the bending test with the bending radius R ≈ 4.8 mm. 
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