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High-Performance Inverted Polymer Solar Cells: Device 
Characterization, Optical Modeling, and Hole-Transporting 
Modifi cations
 Although high power conversion effi ciencies (PCE) have already been 
demonstrated in conventional structure polymer solar cells (PSCs), the 
development of high performance inverted structure polymer solar cells is 
still lagging behind despite their demonstrated superior stability and feasi-
bility for roll-to-roll processing. To address this challenge, a detailed study 
of solution-processed, inverted-structure PSCs based on the blends of a low 
bandgap polymer, poly(indacenodithiophene- co -phananthrene-quinoxaline) 
(PIDT-PhanQ) and [6,6]-phenyl-C 71 -butyric acid methyl ester (PC 71 BM) as the 
bulk heterojunction (BHJ) layer is carried out. Comprehensive characteriza-
tion and optical modeling of the resulting devices is performed to understand 
the effect of device geometry on photovoltaic performance. Excellent device 
performance can be achieved by optimizing the optical fi eld distribution 
and spatial profi les of excitons generation within the active layer in different 
device confi gurations. In the inverted structure, because the peak of the exci-
tons generation is located farther away from the electron-collecting electrode, 
a higher blending ratio of fullerene is required to provide higher electron 
mobility in the BHJ for achieving good device performance. 
  1. Introduction 

 Polymer solar cells (PSCs) have gained signifi cant interest 
as a promising technology for renewable energy due to their 
potential for low-cost, light-weight, and roll-to-roll processing 
on fl exible substrates. [  1–5  ]  In most cases, PSCs based on the 
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conventional device structure are fab-
ricated by sandwiching an active layer 
between a low work-function metal 
cathode (e.g., Ca/Al) and a transparent 
indium tin oxide (ITO) anode with a 
conducting polymer, poly(3,4-ethylened
ioxylenethiophene):poly(styrenesulfoni
c acid) (PEDOT:PSS) usually used as an 
anode buffer layer. A bulk-heterojunction 
(BHJ) active layer often consists of a blend 
of an electron-rich conjugated polymer 
donor and an electron-defi cient fullerene 
acceptor to form a bicontinuous inter-
penetrating network. Recently, the newly 
developed low bandgap polymers [  6–12  ]  and 
fullerene derivatives [  13  ]  have enabled the 
fabrication of very high power conversion 
effi ciencies (PCEs) of  > 7% in the conven-
tional structure PSCs. 

 However, long-term stability of these 
devices in ambient conditions is a major 
concern. The commonly used low work 
function cathode, such as calcium or 
aluminum, is easily oxidized under ambient conditions. In 
addition, ITO can be etched easily by very acidic PEDOT:PSS 
to cause device degradation. [  14  ]  One way to circumvent these 
problems is to use an inverted structure PSC. By reversing the 
polarity of charge collection in the conventional structure, the 
inverted structure allows more air stable, higher work func-
tion metals (e.g., Ag, Cu) [  15  ]  to be used in combination with an 
appropriate interfacial layer (e.g., PEDOT:PSS, MoO 3 , V 2 O 5 , 
graphene oxide (GO)) to collect holes, [  16–20  ]  while a transparent 
electrode in combination with a metal oxide (e.g., TiO  x  , ZnO, 
Cs 2 CO 3 ) could be used to collect electrons. [  19  ,  21–24  ]  

 Previously, we have demonstrated that high effi ciency inverted 
devices with good ambient stability could be achieved in the BHJ 
layer made of poly(3-hexylthiophene) (P3HT) and [6,6] phenyl-
C 61 -butyric acid methyl ester (PC 61 BM). [  16  ]  Since then, numerous 
studies have been conducted on the same active material system 
trying to develop a deeper understanding of the effect of the 
interface, [  16  ,  25–28  ]  optical fi eld distribution, [  29–31  ]  and vertical phase 
separation in the BHJ active layer on device performance. [  32  ]  
Because of the intrinsic limitation of light harvesting in the 
P3HT/PC 61 BM system, the PCE of most of the inverted structure 
PSCs studied so far are in the range of 3–4%, which are lower 
than those obtained from conventional PSCs. [  33  ,  34  ]  
im Adv. Funct. Mater. 2012, 22, 2804–2811
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     Figure  1 .     a) The molecular structure of PIDT-PhanQ. b) Energy level diagrams for PIDT-PhanQ 
and PC 71 BM. c) The device structure of conventional and inverted structure PSCs.  
 Recently, there are several reports showed inverted devices 
with  > 6% PCE could be achieved by incorporating newly devel-
oped donors. [  35–37  ]  With the rapid development of new polymer 
donors, there is a substantial room for further improvement of 
inverted devices. Here, we report the comprehensive study of 
a series of conventional and inverted structure devices using 
poly(indacenodithiophene- co -phananthrenequinoxaline) (PIDT-
PhanQ) and [6,6]-phenyl-C 71 -butyric acid methyl ester (PC 71 BM) 
as the active material with different polymer:fullerene blending 
ratios. 

 The chemical structure and energy diagram of PIDT-PhanQ 
and PC 71 BM are shown in  Figure    1  a,b. Previously, we have 
shown that the PCE of conventional structure PSCs based on 
the blend of PIDT-PhanQ and PC 71 BM can reach over 6% at 
an optimized 1:3 polymer:fullerene blending ratio. [  38  ]  However, 
a higher fullerene content of 1:4 is needed in the BHJ fi lms 
of inverted cells in order to achieve higher device effi ciency. 
To better understand the effect of the blend compositions on 
photovoltaic performance of these device architectures, we 
have correlated their current–voltage ( J – V ) characteristics and 
external quantum effi ciency (EQE) results in conjunction with 
optical modeling.  

 The active layers showed similar UV-vis absorption spectra 
when they were deposited on top of either PEDOT:PSS, as in 
the conventional structure, or ZnO, as in the inverted structure. 
However, the results from optical modeling reveal that signifi -
cant differences in optical distribution and exciton generation 
profi les between these two device architectures after the com-
plete devices were fabricated by putting on the top electrodes. 
For the best device in the conventional structure, the peak of 
the exciton generation profi le within the BHJ is located in the 
middle of the vertical direction of the fi lm. In the inverted 
structure, the peak of the exciton generation profi le is located 
closer to the top anode. As a result, the majority of electrons 
in the inverted cell need to travel a longer distance to reach 
the bottom cathode. Therefore, improvement of the electron 
mobility in the BHJ is required to achieve optimized perform-
ance for inverted cells. This can be achieved by increasing the 
fullerene to polymer blend ratio from 3:1 to 4:1, which resulted 
in a factor of 3 increase in electron mobility measured by elec-
tron-only devices. 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheAdv. Funct. Mater. 2012, 22, 2804–2811
 To further improve the effi ciency of the 
inverted cells, we have modifi ed the interface 
between the PEDOT:PSS hole-transporting 
layer and the Ag anode with a thin layer of 
graphene oxide (GO). The use of a GO modi-
fi er improves the electron-blocking proper-
ties of the anode, which is supported by the 
decreased dark current under reverse bias. 
A high PCE of 6.38% was achieved, which is 
even higher than that of the optimal conven-
tional device. 

   2. Results and Discussion 

 Figure  1 c depicts the schematics of both the 
conventional and inverted structure devices. 
The conventional structure devices use the 
PEDOT:PSS-coated ITO to collect holes and calcium/aluminum 
cathode to collect electrons, while the inverted devices use ZnO 
nanoparticles (ZnO NP) fi lm as the electron-transporting or 
selecting layer and PEDOT:PSS as the hole-transporting layer. 
The distribution of optical density in the active layer showed 
marked differences between these two device architectures. 
This causes exciton dissociation profi le to shift and strongly 
affects the device performance. 

  2.1. Devices Characteristics 

 Composition change of the polymer/PC 71 BM blend affects the 
effi ciency of light harvesting as well as the balance of charge 
transfer in the devices. To achieve optimal performance of 
PIDT-PhanQ/PC 71 BM based PSCs, a series of conventional and 
inverted structure devices with different blending ratios were 
fabricated. Thickness of the active layer was optimized based 
on the result of the best performance devices derived from pre-
vious round of study. The  J – V  characteristics of these devices 
are shown in  Figure    2  a,b and their performance are listed in 
 Table    1  . The detailed fabrication procedures are described in 
the Experimental Section.    

 All photoactive layers in the fabricated devices were  ≈ 90–
100 nm in thickness. Similar open-circuit voltages ( V  oc ’s) were 
observed for all the conventional structure devices, even when 
the polymer/fullerene ratio was varied from 1:2 to 1:5 in the 
BHJ layer. However, both the short-circuit current density 
( J  sc ) and the fi ll factor (FF) of the devices increase when the 
blending ratio was changed from 1:2 to 1:3. When it was fur-
ther increased to 1:5, the  J  sc  and FF of the devices started to 
decrease. The devices with the 1:3 blending ratio exhibit the 
best performance, with  J  sc  of 11.2 mA cm  − 2  and a FF of 64%. [  38  ]  
When similar processing conditions and blending ratios of the 
BHJ fi lms were used in the inverted structure devices, a rela-
tively large decrease of PCE from 6.24% to 4.91% was observed. 
Both  J  sc  and FF in the inverted devices are lower; in particular 
the FF dropped from 64% to 55%. To achieve better PCE, a 
systematic tuning of the blending ratio in the BHJ fi lm was 
performed. The best device performance was obtained when 
the fullerene content was increased to 80%, which resulted in 
2805wileyonlinelibrary.comim
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     Figure  3 .     EQE of devices based on conventional and inverted structure 
with PIDT-PhanQ: PC 71 BM blending ratios of 1:3 and 1:4.  
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     Figure  2 .     J– V  characteristics of a) conventional structure and b) inverted struc-
ture PSCs based on PIDT-PhanQ:PC 71 BM with different blending ratios.  
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devices with  J  sc  of 11.0 mA cm  − 2 , FF of 64%, and PCE of up 
to 5.97%. Further increase of the fullerene ratio gave negative 
effect on both  J  sc  and FF, which led toward a decreased PCE. 
806 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

   Table  1.     Performance of conventional and inverted structure devices 
with different PIDT-PhanQ/PC 71 BM blending ratios. 

Conventional 
Structure

Ratio  V  oc  
[V]

 J  sc  
[mA cm  − 2 ]

FF PCE 
[%]

 J  max  
[mA cm  − 2 ]

 J  sc / J  max  

1:2 0.87 9.81 0.58 4.98

1:2.5 0.87 10.2 0.62 5.50

1:3 0.87 11.2 0.64 6.24 13.0 86%

1:4 0.84 10.4 0.61 5.41 12.6 83%

1:5 0.84 9.01 0.59 4.46

Inverted 
Structure

Ratio  V  oc  
[V]

 J  sc  
[mA cm  − 2 ]

FF PCE 
(%)

 J  max  
[mA cm  − 2 ]

 J  sc / J  max 

1:3 0.87 10.4 0.55 4.91 16.5 63%

1:4 0.86 11.0 0.63 5.97 15.6 71%

1:5 0.86 10.9 0.58 5.44
 To compare the device characteristics of PSCs prepared under 
the same processing condition of the BHJ fi lms in different 
structures, external quantum effi ciencies (EQE) of devices with 
1:3 and 1:4 polymer/fullerene blending ratios in both conven-
tional and inverted structures were measured ( Figure    3  ). The 
data showed that for inverted device with a 1:3 blending ratio, 
the EQE was lower than that of the conventional cell over most 
of the absorption spectrum, which resulted in lower  J  sc  values. 
For the one with the 1:4 blending ratio, the EQE was similar 
to,or slightly higher than that of the conventional cells.  

 Compared to the EQE spectra of the BHJ fi lms with 1:3 and 
1:4 polymer/fullerene blending ratios, the fi lms with 1:3 ratio 
showed higher EQE in the range between 600 and 700 nm, 
while the fi lms with a 1:4 ratio gained higher EQE in the ranges 
of 500–600 nm and 350–400 nm.  Figure    4  a shows the absorp-
tion spectra of PIDT-PhanQ:PC 71 BM BHJ fi lms with different 
blend compositions on top of the PEDOT or ZnO-coated glass 
substrates and Figure  4 b shows the extinction coeffi cient ( k ) of 
both pure PIDT-PhanQ and PC 71 BM fi lms obtained from spec-
troscopic ellipsometry. According to Figure  4 , it can be easily 
explained that fi lms with higher polymer content exhibit higher 
EQE in the range between 600 and 700 nm due to enhanced 
contribution from the polymer absorption, while higher 
PC 71 BM content in the 1:4 ratio fi lm provides stronger absorp-
tion in the ranges between 500–600 nm and 350–400 nm.  

   2.2. Optical Modeling Characteristics 

 Since EQE could be affected by several factors, such as rate of 
photon absorption in the active layer, exciton generation, and 
charge separation, transport, and collection, to understand the 
difference of EQE in various device structures with the same 
composition, one must compare photon absorption in the device 
active layers. Similar UV-vis absorption spectra were found 
when the same composition of the BHJ fi lms were deposited on 
PEDOT:PSS for the conventional structure and on ZnO for the 
inverted structure (Figure  4 a). 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2804–2811
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     Figure  4 .     a) Direct absorption spectra of PIDT-PhanQ:PC 71 BM BHJ fi lms 
with different content and substrates (reference on PEDOT/ITO and 
ZnO/ITO, respectively. b) Complex index of refraction imaginary part  k  
for PIDT-PhanQ and PC 71 BM.  
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     Figure  5 .     a) Optical constants and b) fraction of absorbed light intensity 
calculated by the transfer matrix optical model of PIDT-PhanQ:PC 71 BM 
fi lms with 1:3 and 1:4 blending ratio in conventional and inverted struc-
ture devices.  
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 However, the fraction of incident light intensity absorbed 
by the fi lms is infl uenced by all layers in the device due to 
the interference effect, therefore, the independently measured 
absorption of BHJ fi lms can not be counted on to represent 
the absorption of fi lms in devices. To determine the individual 
contribution of the active layer on optical absorption, proper 
optical modeling is needed. [  39  ]  In this work, a transfer matrix 
formalism is used to calculate the interference of refl ected and 
transmitted light waves at each interface in the stack based on 
the wavelength-dependent complex index of refraction ( n   +  
i k ) of each material. [  37  ,  40  ,  41  ]  The imaginary part of the complex 
index of refraction ( k ) could be measured directly by UV-vis 
spectrometry and the real part ( n ) could be measured by vari-
able angle spectroscopic ellipsometry for each layer ( Figure    5  a).  

 Based on the  n  and  k  values for each layer, the fraction of light 
absorbed by the BHJ fi lms in both conventional and inverted 
device structures are calculated and summarized in Figure  5 b. 
Due to the difference of layer sequence and the optical prop-
erties of ZnO NP, PEDOT:PSS, and metals, the BHJ fi lms 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2804–2811
showed dramatically different intensities of absorption fraction 
within the conventional and inverted device structures despite 
having the same content and similar extinction coeffi cients. 
In general, the fractions of absorbed light in BHJ fi lms of the 
inverted devices are greater when the active layer was kept with 
the same thickness. Although the optical constant is spatially 
dependent, the BHJ layer is treated as a homogenous fi lm and 
its diffuse scattering is ignored in this optical modeling. 

 To facilitate the calculation of the maximum attainable 
photocurrents ( J  max ), 100% internal quantum effi ciency (IQE) 
was assumed for all wavelengths. However, due to potential 
loss in charge recombination, transport, and collection, it is 
almost impossible to achieve 100% IQE, therefore, the experi-
mental value of  J  sc  is always lower than that of the  J  max . The cal-
culated  J  max  values and ratio between  J  sc  and  J  max  are summa-
rized in Table  1 . For the conventional structure device with the 
1:3 blending ratio, the calculated  J  max  value is 13.0 mA cm  − 2 , 
2807wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Measured  J–V  characteristics under dark for a) electron-only 
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while the experimental  J  sc  value is 11.0 mA cm  − 2 , which indi-
cates that  ≈ 86% of the generated excitons have been converted 
into charges and harvested by the electrodes. 

 However, in the same BHJ fi lm of the inverted devices, only 
63% of the generated excitons contributed to the photocurrents. 
By increasing the fullerene content to 80% in the conventional 
structure, the  J  sc / J  max  ratio decreased slightly from 86% to 83%, 
while it increased from 63% to 71% in the inverted structure. Gen-
erally, the same thickness fi lms with a 1:4 ratio generated fewer 
excitons than the 1:3 ratio fi lms. The increased  J  sc / J  max  ratio in 
the inverted structure demonstrates that higher fullerene content 
is favored for better charge separation, transport, and collection. 

 To understand the necessity for higher fullerene content in 
the inverted structure devices, the spatial distribution of exciton 
generation in BHJ fi lms was also calculated. As it shown in 
 Figure    6  , the generated excitons is broadly distributed within 
the BHJ fi lm of the conventional device with its peak approxi-
mately in the center, while the excitons is concentrated mainly 
in the region, which is 40–80 nm away from the electron-
transporting layer in the inverted device with its peak located 
near the top of the BHJ fi lm.  

 In the latter case, most of the generated excitons are closer 
to the anode. Therefore, most of the generated electrons need 
to travel longer distance in order to be collected by the cathode. 
This increases the probability of charge recombination during 
their transport. The result of this modeling is consistent with 
the lower FF observed for inverted devices with 1:3 blending 
ratio. It also provides the explanation for higher fullerene ratio 
required in the inverted devices because it may provide a better-
connected electron-transporting path in the device to decrease 
possible bimolecular recombination. 

 To prove that higher fullerene ratio can aid in electron trans-
port and collection, both hole-only devices with the confi guration 
of ITO/PEDOT:PSS/BHJ/Pd and electron-only devices with 
the confi guration of ITO/Al/BHJ/Ca/Al were fabricated. 
 Figure    7   shows the log scale  J – V  characteristics in the dark for 
devices with the blending ratios of 1:3 and 1:4. Higher electron 
mobility was observed for the devices with 1:4 blending ratio, 
while hole mobility for the devices with 1:3 blending ratio was 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

and b) hole-only devices consisting of PIDT-PhanQ/PC 71 BM BHJ fi lms. 
The bias ( V ) is corrected for built-in voltage,  V  Bi , arising from difference in 
the work function of the contacts, and the voltage drop due to substrate’s 
series resistance ( V  RS ), such that  V   =   V  APPL  –  V  RS  –  V  Bi . ( V  APPL  is the applied 
voltage).The solid lines represent the fi tting curves.  

     Figure  6 .     Calculated distribution profi le of exciton generation rate in 
PIDT-PhanQ:PC 71 BM fi lm in PSCs with 1:3 and 1:4 blending ratio in con-
ventional and inverted structure devices.  
higher. The  J–V  curves were fi tted with the space-charge-limited-
current (SCLC) model to calculate both mobilities. The electron 
and hole mobility in the 1:3 ratio BHJ fi lm is 3.68  ×  10  − 5  cm 2  
V  − 1  s  − 1  and 2.17  ×  10  − 3  cm 2  V  − 1  s  − 1 , respectively. The electron 
mobility in the 1:4 ratio BHJ fi lms was 1.06  ×  10  − 4  cm 2  V  − 1  s  − 1 , 
which is about 3 times that of the 1:3 ratio BHJ fi lm; while the 
hole mobility decreased to 1.00  ×  10  − 3  cm 2  V  − 1  s  − 1 . Increasing 
the fullerene ratio signifi cantly improved the electron mobility. 
Although it also slightly decreased the hole mobility, it is still 
much higher than the electron mobility. Due to the exciton 
generation peak shifting to anode in inverted structure, the 
electron mobility is more critical to prevent recombination loss. 
The mobility data shows that electron transportation is more 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2804–2811
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     Figure  8 .      J–V  characteristics of devices under illumination (a,b) and in the dark (c). d) EQE of devices with different hole-transporting top layers.  
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effi cient in fi lms with higher fullerene content. Mobility meas-
urements based on the SCLC calculations are described in the 
Supporting Information. These data support the hypothesis that 
electrons are more effi ciently transported in fi lms with higher 
fullerene content.  

   2.3. Modifi cation of the Hole-Transporting Layer 

 When PEDOT:PSS was used as hole-transporting layer in the 
1:4 blending ratio inverted devices, PCE as high as 5.97% could 
be achieved. Recently, we have found that GO can function as 
a good anode interfacial layer to improve the performance of 
inverted cells. [  20  ,  42  ]  To evaluate whether GO can be used to fur-
ther improve the performance of inverted devices, hole-trans-
porting layers based on individual PEDOT:PSS, GO, or their 
bilayer combination were investigated. The  J–V  characteristics 
of inverted cells are composed of different interfacial layers 
under illumination and in the dark, and their EQE data are 
shown in  Figure    8  . Their performance, with the series resist-
ance ( R  s ) and the parallel resistance ( R  p , or shunt resistance) are 
listed in  Table 2 . The devices utilizing a combined PEDOT:PSS 
© 2012 WILEY-VCH Verlag Gm

   Table  2.     Device performance of inverted structure PSCs with different 
hole-transporting layers. 

Hole Transporting 
Layer

 V  oc  
[V]

 J  sc  
[mA cm  − 2 ]

FF  R  s  
[ Ω  cm 2 ]

 R  p  
[ Ω  cm 2 ]

PCE 
[%]

PEDOT:PSS 0.86 11.0 0.63 2.09 672 5.97

GO 0.86 10.9 0.62 2.87 672 5.88

PEDOT:PSS/GO 0.86 11.6 0.64 2.03 672 6.38
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( ≈ 10 nm)/GO ( ≈ 2–3 nm) as hole-transporting layer show the 
best performance with  J  sc  of 11.6 mA cm  − 2  and PCE of up to 
6.38%, which are comparable to those of the best conventional 
structure devices. The devices with GO as the interfacial layer 
show higher series resistance both under illumination and in 
the dark. However, they also give a lower leakage current in the 
dark under the reverse bias compared to PEDOT:PSS.  

 It is well known that PEDOT:PSS can not effi ciently block 
electrons and it sometimes can even function as a cathode in 
PSCs to collect electrons. [  43  ]  By inserting a layer of GO, the 
electron-blocking properties of the anode buffer layer can be 
enhanced. After combining PEDOT:PSS and GO, a better elec-
tron-blocking effect was achieved for the device under reverse 
bias without sacrifi cing its low series resistance. 

    3. Conclusions 

 In summary, high-performance inverted devices based on 
PIDT-PhanQ/PC 71 BM have been demonstrated. The effects of 
device geometry on exciton harvesting and overall performance 
were investigated by using BHJ fi lms processed under the same 
conditions. Higher fullerene blending ratios are needed in the 
inverted devices to achieve optimal PCEs. Optical modeling 
using a transfer matrix formalism has been utilized to explain 
the variations of performance in different device architectures. 
Different processing sequences and optical properties of buffer 
layers are shown to be responsible for the signifi cant difference 
observed in optical fi eld distribution and exciton generation 
profi le throughout the devices. The shifted exciton generation 
peak position in inverted devices necessitates the higher ratio 
2809wileyonlinelibrary.combH & Co. KGaA, Weinheim
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of fullerene in the BHJ fi lm to maintain adequate electron 
mobility. By utilizing a hole-transporting layer composed of 
PEDOT:PSS and GO, inverted structure PSCs with very high 
PCE of 6.38% has been demonstrated. 

   4. Experimental Section 
  Device Fabrication : PSCs were fabricated using ITO-coated glass 

substrates (15  Ω  sq  − 1 ), which were cleaned with detergent, deionized 
water, acetone, and isopropyl alcohol. In the conventional structure 
devices, a thin layer ( ≈ 35 nm) of PEDOT:PSS (Baytron P VP AI 4083, 
fi ltered at 0.45  μ m) was fi rst spin-coated on the pre-cleaned ITO-coated 
glass substrates at 5000 rpm and baked at 140  ° C for 10 min under 
ambient conditions. The substrates were then transferred into a nitrogen-
fi lled glovebox. Subsequently, the polymer:PC 71 BM active layer ( ≈ 90 nm) 
was spin-coated on the PEDOT:PSS layer from a homogeneous solution. 
The solution was prepared by dissolving the polymer and fullerene 
at different weight ratios in  o -dichlorobenzene overnight and fi ltered 
through a PTFE (polytetrafl uoroethylene)  fi lter (0.2  μ m). The substrates 
were annealed at 110  ° C for 10 min prior to electrode deposition. At the 
fi nal stage, the substrates were pumped down to high vacuum ( < 2  ×  
10  − 6  Torr), and calcium (30 nm) topped with aluminum (100 nm) was 
thermally evaporated onto the active layer. For inverted device fabrication, 
a thin layer of ZnO nanoparticles ( ≈ 30 nm) synthesized using the method 
described by Beek et al. [  44  ]  was spin-coated onto the pre-cleaned ITO-
coated glass substrates. The same process used for active layer in the 
conventional structure devices was also used for the inverted devices. 
After annealing, PEDOT:PSS (10 nm) was spin-coated on top of BHJ fi lm 
and annealed at 100  ° C for 10 min. An Ag electrode (100nm) was then 
deposited to complete the inverted devices structure. Shadow masks 
were used to defi ne the active area (10.08  ×  10  − 2  cm 2 ) of the devices. 

  Device Characterization : The current–voltage ( J – V ) characteristics of 
unencapsulated photovoltaic devices were measured under ambient 
conditions using a Keithley 2400 source-measurement unit. An Oriel 
xenon lamp (450 W) with an AM1.5 G fi lter was used as the solar 
simulator. The light intensity was set to 1 sun (100 mW cm  − 2 ) using a 
calibrated Hamamatsu silicon diode with a KG5 color fi lter, which can be 
traced to the National Renewable Energy Laboratory (NREL). The EQE 
system uses a lock-in amplifi er (Stanford Research Systems SR830) to 
record the short-circuit current under chopped monochromatic light. 
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 Supporting Information is available from the Wiley Online Library or 
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