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A highly efficient light-scattering layer, composed of quasi-periodic discrete silica nanoparticles 

directly deposited onto polymer substrates to produce bendable organic solar cells (OSCs) with 

enhanced light absorption, is reported. A silica nanoparticle layer (SNL) underwent self-assembly 

on a highly flexible and heat-sensitive polymer at room temperature during fabrication, which 

employed a unique plasma-enhanced chemical vapour deposition technique. Such efficient light-

scattering SNLs have not been realizable by conventional solution-based coating techniques. 

SNLs were optimized by precisely controlling dimensional parameters, specifically, nanoparticle 

layer thickness and interparticle distance. The optimized SNL exhibited an improved 

transmission haze of 16.8% in the spectral range of 350−700 nm, where reduction of the total 

transmission was suppressed to 2%. Coating light-scattering SNLs onto polymer substrates is a 

promising method for improving the light harvesting abilities of OSCs by enhancing the light 

absorption of photoactive polymer layers. This SNL-based flexible OSC exhibited a record power 

conversion efficiency (PCE) of 7.4%, representing a 13% improvement, while reducing the 

thickness of the photoactive polymer layer by 30%.  

Broader context 

Organic solar cells with thin photoactive polymer layers have attracted significant interest as 

inexpensive photovoltaic devices. Recent advances in technologies that utilize flexible polymer 

substrates for organic solar cells have enhanced the merits of low-cost, continuous roll-to-roll 

processes. However, flexible organic solar cells are still inefficient compared to their 

conventional inorganic counterparts. This is mainly because of their low power conversion 

efficiencies and long-term stabilities. The main reason for their low power conversion efficiencies 

is the low light harvesting efficiencies of semiconducting photoactive polymers used in organic 

solar cells. One solution is to enhance the photon absorption efficiencies of very thin photoactive 

polymer layers. Here, we propose a unique technique for fabricating silica nanoparticle-based 

light-scattering layers for use in highly efficient organic solar cells built on flexible polymer 

substrates. The direct and simple process used to deposit the silica nanoparticle arrays at room 

temperature is a cost-effective and high-throughput method for fabricating highly efficient light-

scattering materials for use in flexible organic solar cells based on polymer substrates. 

 

Introduction 

Organic solar cells (OSCs) have received considerable 

attention because of their low weights, facile processing 

methods, strong low-light performances, and cost 

effectivenesses.1 Combining OSCs with mechanically flexible 

polymer substrates further increases their technical appeal by 

facilitating high-throughput fabrication using large-area roll-

to-roll processes.2−4 OSCs exhibit relatively short energy 

payback times (0.79−2.02 years),5−7 which represent the times 

required for modules to generate amounts of energy 

equivalent to those consumed during their manufacturing 
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phases.8 Since they still have much lower power conversion 

efficiencies (PCEs) than any of their inorganic competitors, 

the energy payback time of OSCs can be further reduced by 

improving their PCEs. The PCEs of OSCs can be increased by 

incorporating low-bandgap photoactive polymers into them to 

extend their absorptions to longer wavelengths, namely to the 

edge of the visible range, up to 750 nm.9−11 The PCEs of 

OSCs are significantly limited by the large discrepancies that 

exist between the light harvesting and charge collection 

efficiencies of photoactive polymers.1,12−22 Nevertheless, 

photon absorptions can be improved by increasing the 

thickness of photoactive polymer layers; however, polymers 

with low charge carrier mobilities23,24 and short exciton 

diffusion lengths24 require layers to be as thin as possible to 

improve charge extraction efficiencies and suppress charge 

recombination.  

 The low PCEs of thin photoactive polymer layers with 

poor photon absorption efficiencies can be improved by 

enhancing their light-trapping properties. Increasing optical 

path lengths by extending oblique-angle scattering across 

photoactive polymers represents an effective light-trapping 

method.1,17,22,25,26 When the dimensions of optically 

transparent nanostructures are comparable to the wavelengths 

of incident light, strong light scattering occurs as a result of 

morphology-dependent interference. This is known as Mie 

scattering.1,25,27,28 Nanoscopic oxide nanoparticle arrays are 

considered excellent candidates for such applications because 

although they generate intensive forward scattering, they 

absorb and reflect very little of the incident light. Towards this 

end, the emergence of flexible OSCs has prompted the simple 

and inexpensive fabrication of light-scattering oxide 

nanoparticle arrays (ONAs) on polymer substrates.  

 However, light-scattering ONAs fabricated by 

conventional solution-based coating methods, which are 

usually considered to be cost-effective and scalable, are 

primarily being used on small glass substrates but not 

mechanically flexible, heat-sensitive polymer substrates.25 

Solution-based coatings of ONAs that exhibit efficient light-

scattering capabilities, high light scattering, high transparency, 

and negligible reflection, have not yet been reported for use in 

flexible OSCs. The solution-based coating of ONAs onto 

polymer substrates calls for the precise control of various 

operating parameters, including the wettabilities of 

nanoparticle inks, evaporation rates of solvents, and 

distributions of nanoparticle stacks on polymer substrates. 

Optimal processing conditions differ greatly depending on the 

surface properties of the polymer substrate and working 

conditions. Any deviation from the optimal processing 

conditions results in irregularly distributed ONAs, which lack 

the desirable light-scattering properties. Such problems can 

result in poor reproducibility between batches, inconsistent 

ONA distributions on large-area polymer substrates, and poor 

light-scattering properties. Furthermore, because ONAs 

prepared by conventional solution methods are physically 

attached to chemically deactivated polymer surfaces, poor 

structural durability, which hinders the stable light scattering 

capabilities in flexible OSCs, is another concern. Although a 

unique solution-based wire-wound rod coating method25 was 

recently reported to have solved these problems, the study did 

not provide experimental evidence that the flexible OSCs with 

light-scattering ONAs had improved PCEs. To conclude, 

solution-based coating methods used to obtain efficient light-

scattering ONA layers on mechanically flexible, large-scale 

polymer substrates still possess significant challenges.  

 Therefore, a cost-effective and scalable alternative coating 

technology is required to produce highly efficient light-

scattering ONAs on highly flexible, large-area polymer 

substrates. From the perspective of life-cycle energy 

consumption, which reflects the overall energy demand of 

producing solar cell modules, this alternative technology must 

be a simple, fast, and low-energy coating process. The 

successful candidate must be a high throughput, roll-to-roll 

compatible coating technique that utilizes the mechanical 

flexibilities of polymer substrates.  

 In this study, we report on a highly efficient light-

scattering layer, composed of silica nanoparticles, that offers 

enhanced light absorption and, thus, photocurrent generation 

in flexible OSCs. Importantly, light-scattering silica 

nanoparticles with precisely controlled dimensions were found 

to simultaneously form and self-assemble on highly flexible 

and heat-sensitive poly(ethylene terephthalate) (PET) surfaces. 

Production was achieved using a room-temperature vacuum 

coating process that utilizes conventional plasma-enhanced 

chemical vapour deposition (PECVD). PECVD, which is 

highly compatible with continuous roll-to-roll processing, is 

already a mature fabrication technique that is used for coating 

inorganic layers onto large-area polymer substrates. This 

unique method, which utilizes PECVD, can resolve the 

abovementioned technical challenges that arise from the 

currently available solution-based coating techniques and 

facilitate cost-effective and high-throughput fabrication of 

light-scattering ONA coatings on large-area polymer 

substrates. Remarkably, a flexible OSC with light-scattering 

silica nanoparticles, fabricated using the room-temperature 

PECVD process proposed in this study, exhibited a PCE of 

7.4%. The OSC had a 65 nm-thick photoactive polymer layer 

and demonstrated a PCE improvement of 13% and a 

photoactive polymer layer thickness reduction of more than 

30%. 

Experimental  

Preparation of silica nanoparticle arrays 

The light-scattering layer of the silica nanoparticle array was 

fabricated on 75 µm-thick PET (Panac, Co.) substrates 

composed of light incident surfaces. First, the PET surface 

was subjected to an Ar plasma-induced polymer pretreatment 

in a home-built PECVD system using a capacitively coupled 

radio frequency of 13.56 MHz.29,30 The initiation was carried 

out with different durations of Ar plasma ignition, with a radio 

frequency power of 200 W (1.1 W cm−2) and a working 

Page 2 of 11Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

pressure of 22.7 Pa. Next, the SNL was deposited on the 

plasma-treated PET surfaces.29 The plasma power and 

pressure were kept constant during the subsequent silica 

coating process. Silica nanoparticles were grown with an O:Si 

atomic ratio of 1.9−2.0 at a deposition rate of 30 nm min−1 via 

the plasma polymerization of hexamethyldisiloxane (HMDSO, 

Sigma-Aldrich, 98% purity), which was thermally vaporized 

from a liquid HMDSO source in an evaporator (Bronkhorst 

High-Tech) at 130 °C, obtained from a gas mixture of 

HMDSO/O2/Ar = 1.8:10:100 sccm. The surface temperature 

was no higher than 50 °C following the plasma pretreatment 

and silica deposition.      

 

Fabrication of the organic solar cells 

The OSCs consisted of a buffered layer of PEDOT-PSS 

(CleviosTM P) and a photoactive layer of PTB7 (1-Material 

Chemscitech):PC71BM (Solemme BV), fabricated on the 

underside of the PET substrates coated with Ag nanowires 

(NWs) as the transparent conducting electrode. Briefly, the Ag 

NW (Cambrios ClearOhm Ink) electrode (~66 nm thick) was 

prepared on the PET surface by spin coating at 800 rpm for 40 

s. Then, 45 nm-thick PEDOT-PSS diluted in isopropyl alcohol 

(IPA) at a volume ratio of 1:2 was deposited on the Ag NW 

electrode by spin coating at 5000 rpm for 40 s. The active 

layer was spin coated at 1000 rpm using a mixture of 

PTB7:PC71BM (8 mg:12 mg), a heterojunction coating of an 

electron donor material: poly[[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b’] dithiophene-2,6-diyl][3-

fluoro-2-[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]] 

(PTB7) and an electron acceptor material: [6,6]-phenyl-C71-

butyric acid methyl ester (PC71BM), dissolved in 1 mL of 

chlorobenzene. The solution was further mixed with 1,8-

diiodooctane in a 3% volume ratio prior to spin coating. The 

substrates were baked in a glove box at 100 °C for 5 min after 

each layer was spin coated. Finally, 0.7 nm-thick LiF and 100 

nm-thick Al layers were deposited on the active layers by 

thermal evaporation in a vacuum of ~3 × 10−6 Torr. The 

device area, defined through a shadow mask of Al metal, was 

approximately 0.38 cm2.  

 

Characterization 

The plane and cross-sectional morphologies of the polymer 

protrusions, SNLs, and Ag NWs were observed using field 

emission scanning electron microscopy (FE-SEM, Hitachi, S-

5500) at the Korea Basic Science Institute (Jeonju, South 

Korea). The diameters of the silica nanoparticles were 

determined from the average values of three different surface 

domains (3 × 3 µm2), analyzed by atomic force microscopy 

(AFM, Park System, XE-100) using the tapping mode at 

Changwon National University. The actual thicknesses of the 

SNLs were approximated from their cross-sectional FE-SEM 

images, and the nominal thicknesses of the silica planar layers, 

coated on Si wafers, were measured using a surface profiler 

(KLA-Tencor, P-11). The sheet resistance of the Ag NW 

electrode was measured at three different domains (2.0 × 2.0 

cm2) using a four-point probe system (Mitsubishi Chemical 

Co., MCP-T600) and was subsequently averaged. The 

specular and total transmission spectra of the SNLs and the 

Ag NWs, including the total reflection spectra of the SNLs, 

were measured in the wavelength range of 320−800 nm using 

ultraviolet-visible (UV) spectrophotometry (Varian, Cary 

5000). The diffusive transmission was determined by 

subtracting the specular transmission from the total 

transmission. The transmission haze (H) was determined using 

the equation H (%) = TD/TT × 100, where TD and TT were the 

diffusive and total transmissions, respectively. The absorbance 

of the incident light in the photoactive layers was determined 

by ascertaining the total transmission and reflection. The 

mechanical bending test was performed to determine the 

variation in OSC performance. Using a custom-built two-point 

bending system, compressive stresses were induced by 

mechanical bending of the polymer substrates. The changes in 

the PCEs were measured as a function of the bending radii of 

the substrate. Three bending samples were examined and 

averaged for each OSC. The photovoltaic performances of the 

OSCs were determined using an air mass 1.5 global (AM 1.5 

G) solar simulator (Oriel 300 W) with an irradiation of 100 

mW cm−2. This was adjusted with a reference monocrystalline 

Si solar cell (2 × 2 cm2) calibrated at the National Renewable 

Energy Laboratory (NREL) (Colorado, USA). J−V curves 

were measured using a Keithley 2400 SourceMeter unit. The 

incident photon-to-current efficiency spectra were attained 

using a quantum efficiency measurement system (Oriel IQE-

200), equipped with a 240 W quartz tungsten halogen lamp as 

the light source, a monochromator, an optical chopper, a lock-

in amplifier, and a calibrated Si photodetector.  

 

Optical simulation 

The morphological effects of the SNL on the absorption of 

incident light in the photoactive layer were numerically 

predicted by ray-trace simulations using the Silvaco TCAD 

software package with a LUMINOUS 3D algorithm of the 

Atlas module. Complex optical properties including 

transmission, refraction, and absorbance of incident light 

along its propagation path were calculated using the refractive 

indices (n) and extinction coefficients (k) of the material 

layers through which the incident light penetrated.31 The n and 

k values were determined experimentally for the PET and 

photoactive materials using spectroscopic ellipsometry 

(Ellipso Technology, Elli-SEU-am12) with the Lorentz 

oscillator dispersion model, while the n and k values of silica 

were adopted from the SOPRA database. The domain 

structure for optical simulation was designed so that the silica 

nanoparticles were superimposed on a thin silica layer 

continuously covering the surface of the PET substrate. The 

structural geometry of the silica nanoparticles was simplified 

as an elongated columnar structure with a semi-spherical top. 

The dimensions were approximated based on the data 

measured from cross-sectional FE-SEM images. The relative 

scale of diameter, height, and interparticle distance was 4:6:7 

in 570 nm thick silica nanoparticles. The thickness of the 

continuous silica layer was fixed at 50 nm. The area of the 
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calculation domain was 1 µm × 1 µm. Air mass 1.5 global was 

used as the incident light for the visible wavelength range 

between 350−800 nm. 

Results and Discussion 

The aim of the present study was to fabricate a highly efficient 

light-scattering SNL for bendable OSCs, using a simple 

vacuum deposition approach without the need for artificial 

nanopatterning or cumbersome solution-based techniques. The 

SNL fabrication on the PET substrate was accomplished by 

two sequential processes: (i) the formation of nanoscopic 

polymer protrusions by Ar plasma-induced pretreatment and 

(ii) the subsequent PECVD deposition of silica nanoparticles 

(Fig. 1a). A closely packed arrangement of nanoscopic 

polymer protrusions was formed on the top surface of the PET 

substrates, according to a well-known phenomenon associated 

with morphological modifications of surfaces during plasma 

treatment.32−36 The formation of the protrusions was a result of 

the complex surface kinetics of low molecular-weight polymer 

chains, including chain scission and recombination, etching, 

migration, redeposition, and agglomeration under plasma-ion 

irradiation.35−39 The ion energy and fluence applied in the 

polymer pretreatment were approximately 102 eV and 3.1 × 

1017 cm2 min−1, respectively. We found that the dimensions 

and surface number density of the polymer protrusions 

changed progressively as the pretreatment time increased, 

owing to ion fluence. Furthermore, the protrusion evolution 

with increasing pretreatment time was accompanied by a 

reduction in the surface number density (Fig. S1). Here, 

jagged peak-like protrusions with dimensions of a few 

hundred nanometers evolved following plasma irradiation for 

15−32 min. Hence, the mutual interdependence of the size and 

surface number density of the polymer protrusions was 

presumed to be a result of the continuous coalescence of 

neighboring protrusions with the highly volatile polymer 

surface. This effect has previously been associated with 

reduced interface free energy differences between the 

modified top surface and the underlying bulk.29,40,41 Further 

details regarding the development of protrusions and their 

effects on chemical and morphological changes are described 

elsewhere.35,36  

 A unique morphological feature of the SNL growth was 

the self-assembly of a nearly quasi-periodic array of discrete 

silica nanoparticles on the plasma-treated PET surface (Fig. 

1a and 1b). In this case, silica nanoparticles preferentially 

formed and evolved on the uppermost surface of the polymer 

protrusions with relatively large fluxes of gaseous 

organosilicon compounds arriving at the elevated polymer 

surface during the silica deposition. However, owing to the 

shadowed effects of the more rapidly growing silica 

nanoparticles on the neighboring polymer protrusions, 

severely reduced fluxes reached the recessed polymer between 

protrusions and thus suppressed the development of silica 

nanoparticles at the surface domains. We found that the silica 

 
Fig. 1 (a) Schematic illustration of globular silica nanoparticles coated on PET substrates using a PECVD process. (b) Cross-sectional and plane FE-

SEM images of SNLs at different nominal coating thicknesses, fabricated on PET surfaces that were plasma-treated for different time periods. 

Scale bar was 1 µm. (c) Optical image of a PET substrate overcoated with a light-scattering silica nanoparticle monolayer and plane-view FE-SEM 

images of the SNLs on four different spots. Scale bar was 2 µm. 
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nanoparticles developed into larger nanoparticles on the 

protrusions and outgrew the remaining silica nanoparticles on 

the recessed surfaces. Another observed morphological feature 

was the globular-shaped geometry of the silica nanoparticles 

that displayed small contact areas at the topmost surface of the 

protrusions. Poor silica-PET adhesion, which is typically 

weaker than silica-silica cohesion, further restrained the lateral 

expansion of the growing silica nanoparticles along the 

surfaces. Furthermore, the geometry of the silica nanoparticles 

was driven towards a globular shape, reducing the overall 

surface energy of these nanoparticles. Notably, the selective 

growth mechanism of nanoparticles on polymer protrusions 

was observed for various oxide depositions using different 

vacuum deposition methods.29,30,35,42  

 This unique growth mechanism provides an opportunity to 

manipulate the morphological features of the silica 

nanoparticle array, which can directly alter its optical features. 

Thus, by controlling the pretreatment time of the PET 

substrates and the deposition thickness of the silica 

nanoparticles (Fig. 1a and 1b), we obtained silica 

nanoparticles with average diameters, which consistently 

increased with increased pretreatment times and deposition 

thicknesses (Fig. S2). However, such size evolution was 

accompanied by a clear reduction in the number density. The 

growth mechanism and the precise controllability of the SNL 

was successfully reproduced on a large-area flexible PET 

substrate with an area larger than 10 × 10 cm2 (Fig. 1c). The 

surface of the PET substrate was fully covered by a uniform, 

close-packed SNL that exhibited highly efficient light-

scattering in the visible spectral range. The uniformity of the 

SNL was verified by comparing its morphology across the 

PET substrate. Notably, this method is also compatible with 

high-throughput roll-to-roll coating processes that employ 

large-area flexible polymer substrates.  

 The light-scattering characteristics of PET substrates 

coated with SNLs were investigated at different PET substrate 

pretreatment times and with varying SNL thicknesses (Fig. 2). 

The specular and total transmission spectra were compared for 

SNL thicknesses between 150 nm and 570 nm at a constant 

pretreatment time of 15 min (Fig. 2a). The total transmission, 

combining specular and diffusive transmissions, decreased 

with increasing SNL thickness due to enhancements in the 

total reflection (Fig. S3a). The increase in SNL thickness 

caused more noticeable reductions in the specular 

transmission than in the total transmission. These differences 

 
Fig. 2 Light-scattering characteristics of PET substrates overcoated by SNLs. Dependence of total transmission on (a) the nominal thickness of 

SNLs at a pretreatment time of 15 min and (b) the pretreatment time of the PET substrates coated with a 570-nm-thick SNL. (c) Transmission 

haze of the silica nanoparticle array for different layer thicknesses and pretreatment times. (d) Comparison of light-scattering between PET 

substrates overcoated with SNLs.   
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were a result of Mie scattering and corresponded to the 

increase in diffusive transmission (Fig. S4a).  

 The influence of pretreatment time on the transmissions 

was more significant than the change in SNL thickness. The 

total and specular transmissions decreased considerably with 

longer pretreatment times owing to increased reflection (Fig. 

2b and S3b). Notably, an enhanced diffusive transmission 

was observed with longer pretreatment times. Specifically, the 

diffusive transmission reached 74% when the pretreatment 

time was increased to 32 min (at a wavelength of 450 nm) as a 

result of a significant difference between the total and specular 

transmissions (Fig. S4b). The degree of light scattering was 

further evaluated by comparing transmission hazes, diffusive 

to total transmissions, for varying pretreatment times and SNL 

thicknesses where a high transmission haze indicated high 

scattering (Fig. 2c). The increase in the transmission haze was 

nearly saturated when the SNL thickness was > 360 nm, 

whereas the transmission haze increased continuously for the 

entire range of the examined pretreatment times and reached 

89.2% (at a wavelength of 450 nm; pretreatment time of 32 

min). Although the transmission haze decreased with 

increasing wavelengths, the value still reached 48.3% at 650 

nm. The enhancement of the light scattering in SNLs with 

increasing pretreatment time and SNL thickness was also 

clearly visualized upon comparison of the optical images (Fig. 

2d). The high levels of light scattering could enable the 

production of high levels of photocurrent by enhancing the 

light trapping of the photoactive layers. However, the 

efficiency of the SNLs as light-scattering layers was 

constrained by a deleterious trade-off between the total 

transmission and the transmission haze, as an increase in the 

transmission haze was accompanied by a reduction in the total 

transmission.    

 The enhancement of the light scattering from the incident 

light in the SNL and its absorption in the photoactive layers 

was assessed experimentally and numerically. Here, 65 nm-

thick PTB7:PC71BM was used as the photoactive layer. A 

clear improvement in the absorbance was observed in the 

photoactive layer with a 570 nm-thick SNL, coated on the 

light incident surface of the PET that had been plasma-treated 

for 15 min (Fig. 3a). To ascertain the contribution of the SNL 

to the light absorption, absorbance spectra were predicted 

theoretically for the photoactive layer in the presence and 

absence of the SNL (Fig. 3b). Computational simulations 

were carried out by applying the well-known ray-trace 

simulation method using the refractive indices and extinction 

coefficients of the SNL, PTB7:PC71BM, and PET. The SNL 

geometry was simplified for the simulations by employing 

distinct silica nanoparticles with elongated columnar 

structures shown in the inset of Fig. 3b. The prediction of the 

change in the absorbance owing to the SNL was in good 

agreement with the experimental observation. The high 

absorbance in the photoactive layer was a result of the 

effective scattering enhancement in the SNL. The scattered 

lights crossed the photoactive layer at highly tilted angles. The 

large-angle propagation of the scattered lights elongated the 

path for the lights in the photoactive layer and thus enhanced 

their absorbance in the absorber when compared to the case 

without SNL (Fig. 3c and 3d). This indicated that the SNL 

positively contributed to the change in absorbance with 

enhanced light scattering, despite a non-negligible reduction 

in the optical transmission. 

 The improvement in the light absorption in the 

PTB7:PC71BM photoactive layer through nearly the entire 

visible spectra assured a high photocurrent generation from 

the OSCs using the photoactive layer. OSCs were fabricated 

on the underside of PET substrates with the architecture 

PET/Ag nanowires (Ag NWs)/poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS)/PTB7:PC71BM/LiF/Al (Fig. 4a). The 

transparent conducting electrode, composed of Ag NWs with 

an average diameter of 25 nm and an average length of a few 

tens of micrometers, was spin-coated on the PET surface at a 

thickness of approximately 66 nm.43 The AgNW electrode 

exhibited a sheet resistance and specular transmission of 12.7 

Ω/sq−1 and 91.5% (at a wavelength of 550 nm), respectively. 

The light scattering owing to the Ag NW electrode was almost 

negligible as compared to that of the SNL, since its total 

transmission was measured as 93.5% at 550 nm.  

 
Fig. 3 (a) Experimental observation and (b) computational prediction 

for the improvement of optical absorption of incident light in a 65-nm-

thick PTB7:PC71BM polymer layer, using 570 nm thick silica 

nanoparticles on the opposing side of PET substrates with a 

pretreatment time of 15 min. (inset) Schematic illustration of the 

computational simulations carried out by applying a simplified 

geometry, which consisted of elongated, hemispherical columns for 

the silica nanoparticle array. Schematics illustrate mechanisms for light 

propagation and absorption in the photoactive layer (c) with and (d) 

without SNL. 
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 The light absorbances, external quantum efficiency (EQE) 

spectra, and current density−voltage (J−V) characteristics of 

the OSCs using SNLs fabricated with different thicknesses 

were compared to estimate the effects of the SNL on the 

performances of the OSCs (Fig. 4b−−−−d). Furthermore, the 

short-circuit current density (Jsc), open-circuit voltage (Voc), 

fill factor (FF), and corresponding PCE were determined from 

the J−V characteristics (Table 1). The OSC using the SNL, 

optimized at a pretreatment time of 15 min with a silica 

thickness of 570 nm, exhibited the highest PCE of 7.42% at a 

PTB7:PC71BM thickness of about 95 nm, whereas the OSC 

without SNL exhibited a PCE of 6.54%. The 13.5% increase 

was predominantly due to a Jsc increase from 14.76 to 16.15 

mA cm−1, which was a result of the absorbance enhancement 

owing to light scattering in the SNL. When the absorbance of 

incident light, scattered by SNLs with different thicknesses, 

was determined for the photo-absorbable multilayer of 

PEDOT:PSS/PTB7:PC71BM/LiF, an increase in the SNL 

thickness contributed directly to the enhancement in the light 

absorbance in the multilayer, which led to a significant 

improvement in the EQE spectrum (Fig. 4b and 4c). The 

positive influence of the SNL on the light absorbance, and 

thus the EQE spectrum, could further improve in real OSC 

devices with an Al electrode owing to an optical resonant 

cavity occurring as a result of multiple round trips of incident 

light between the SNL and Al electrode. The EQE spectrum of 

 
Fig. 4 (a) Device architecture of flexible OSC fabricated on a PET substrate using SNL as the light-scattering layer and a layer of Ag nanowires as 

the front electrode. Dependences of the (b) light absorbances of 95 nm-thick PTB7:PC71BM photoactive layers, along with PEDOT-PSS and LiF 

layers, and (c) EQE spectra and (d) J-V curves of the OSCs using the photoactive layers on different SNL thicknesses with a constant PET 

pretreatment time of 15 min. 

Table 1. Photovoltaic performance parameters of OSCs using SNLs fabricated with different silica thicknesses and PET pretreatment times, averaged for 5 

specimens.  

Pretreatment 

time 

[min] 

SNL  

thickness 

[nm] 

PTB7:PC71BM  

thickness 

[nm] 

Jsc 

 

[mA cm−2] 

Voc 

 

[V] 

FF 

 

[%] 

Rsh 

 

[Ω cm2] 

Rs 

 

[Ω cm2] 

PCE 

 

[%] 

0 0 95 14.76 ± 0.29 0.74 ± 0.02 60.23 ± 0.85 6.2 × 104 5.23 6.54 ± 0.06 

15 150 95 14.99 ± 0.18 0.74 ± 0.01 62.39 ± 0.39 8.8 × 104 5.01 6.94 ± 0.13 

15 210 95 15.68 ± 0.03 0.74 ± 0.01 61.81 ± 0.46 1.0 × 105 3.87 7.17 ± 0.08 

15 360 95 15.97 ± 0.09 0.74 ± 0.01 61.32 ± 0.47 1.8 × 105 3.65 7.30 ± 0.09 

15 570 95 16.15 ± 0.17 0.74 ± 0.02 61.55 ± 0.23 2.7 × 105 3.11 7.42 ± 0.05 

19 570 95 16.07 ± 0.29  0.74 ± 0.01 60.96 ± 0.15 1.8 × 105 3.81 7.32 ± 0.12 

25 570 95 16.02 ± 0.05 0.74 ± 0.01 61.42 ± 0.41 1.1 × 105 3.91 7.25 ± 0.09 

32 570 95 16.02 ± 0.17 0.74 ± 0.01 61.23 ± 0.83 9.6 × 104 4.11 7.23 ± 0.09 
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the OSC utilizing the optimized SNL exhibited a good 

photoconversion efficiency in the range of 350−700 nm, with 

an increase of 4.24−6.18% in EQE values as compared to the 

OSC without SNL. Notably, no apparent change was observed 

in the PCE when the thickness of the photoactive layer was 

reduced from 95 to 65 nm for the OSC using the optimized 

SNL, whereas a significant reduction in PCE with a thinner 

photoactive layer was clearly detected for the OSC without 

SNL (Table 2). The corresponding Jsc and FF values were 

analogous between the two PTB7:PC71BM thicknesses, and 

was attributed to the saturation of the absorbance 

enhancement owing to light scattering in the SNL as the 

PTB7:PC71BM thickness reached 65 nm.  

 The excellent flexibilities of the SNL on PET substrates 

ensured the structural durability of the OSC, and thus the 

photoconversion efficiency of the OSC, as it exhibited 

stability following exposure to extreme mechanical bending 

(Fig. 5a). The structural failures of oxide films deposited on 

polymer substrates during polymer deformation are usually 

ascribed to microscopic cracking and subsequent catastrophic 

delamination caused by poor adhesion between the oxide 

films and polymers.44,45 However, no such failure was 

observed for the SNL even after repeatedly exposing the SNL 

to strain loading induced by bending the polymer substrate. 

The SNL consistently exhibited optical characteristics that 

were nearly independent of the strain loading. The total and 

regular transmission losses after 500 bending cycles at a 

minimum bending radius, R, of 1.1 mm were less than 1% and 

3.5%, respectively, in the visible wavelength range (Fig. 5b). 

The PCE changes in the OSC were measured as a function of 

bending radius when the SNL and Ag NW were exposed to 

high stress, induced by mechanical bending of the PET 

substrate. The PCE of the OSC using the SNL decreased from 

7.42 to 7.18%, which was comparable to the PCE reduction 

from 6.54 to 6.39% for the OSC without any SNL, even after 

exposure to R = 1.1 mm (Fig. 5c).  

 

Conclusion 

Light trapping using light-scattering nanostructures has 

emerged as a promising method to improve the photon 

absorption efficiencies in thin photoactive layers of OSCs. 

Here, we demonstrated the developement of a vacuum coating 

method that provided a simple, cost-effective, and high-

throughput approach towards the fabrication of light-

scattering layers on large substrates. The method permits the 

assembly of silica nanoparticle arrays on highly flexible and 

Table 2. Photovoltaic performance parameters of OSCs fabricated with different photoactive polymer thicknesses, averaged for 5 specimens.  

Pretreatment 

time 

[min] 

SNL  

thickness 

[nm] 

PTB7:PC71BM  

thickness 

[nm] 

Jsc 

 

[mA cm−2] 

Voc 

 

[V] 

FF 

 

[%] 

Rsh 

 

[Ω cm2] 

Rs 

 

[Ω cm2] 

PCE 

 

[%] 

0 0 65 14.25 ± 0.08 0.72 ± 0.01 58.53 ± 1.23 3.3 × 104 7.23 6.02 ± 0.13 

0 0 80 14.56 ± 0.14 0.73 ± 0.01 59.19 ± 0.45 5.2 × 104 5.93 6.27 ± 0.04 

0 0 95 14.76 ± 0.29 0.74 ± 0.02 60.23 ± 0.85 6.2 × 104 5.23 6.54 ± 0.06 

0 0 120 14.51 ± 0.18 0.72 ± 0.01 59.74 ± 0.04 4.2 × 104 6.33 6.22 ± 0.08 

15 570 65 16.14 ± 0.18 0.74 ± 0.01 61.54 ± 0.27 2.6 × 105 3.30 7.40 ± 0.06 

15 570 80 16.01 ± 0.11  0.74 ± 0.01 62.32 ± 0.70 2.7 × 105 3.21 7.42 ± 0.04 

15 570 95 16.15 ± 0.17 0.74 ± 0.01 61.55 ± 0.23 2.7 × 105 3.11 7.42 ± 0.05 

15 570 120 15.96 ± 0.02 0.73 ± 0.01 61.20 ± 0.77 2.2 × 105 3.52 7.17 ± 0.12 

 

 
Fig. 5 (a) Photographs of an irreversible bending test of OSCs as a function of bending radius. (b) Changes in total and regular transmission 

spectra of 570 nm-thick SNLs, fabricated on PET substrates pretreated for 15 min, before and after 500 cyclic bending tests with a minimum 

bending radius of 1.1 mm. (c) Comparison of the PCEs as a function of bending radius during irreversible compressive bending (normalized to 

their initial values). The inset shows the flexible OSC used in this study.       
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heat-sensitive polymers, forming closely packed, nearly quasi-

periodic silica nanoparticles through a unique self-assembly 

mechanism. By optimizing the nanoparticle size and 

interparticle distance with precisely controlled plasma 

pretreatment durations and silica deposition thicknesses, we 

obtained a silica nanoparticle array with an enhanced 

efficiency as the light-scattering layer. By employing the 

optimized pretreatment time of 15 min and deposition 

thickness of 570 nm, the resulting OSC exhibited a PCE of 

7.42%, a 13.5% increase from that of an OSC without the 

silica nanoparticle array. This was attributed to the absorbance 

enhancement owing to the light scattering of the array. 

Therefore, the silica nanoparticle deposition method provides 

a way to achieve highly efficient light trapping in flexible 

OSCs. 
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A highly efficient light-scattering layer based on silica nanoparticle array was fabricated on a flexible 

polymer substrate by employing a direct vacuum deposition process at room temperature, facilitating a 

power conversion efficiency of 7.42% from a flexible organic solar cell.        
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