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  1   .  Introduction 

 Organic photovoltaic (OPV) cells based on small molecule and 
polymer donor and acceptor materials have spurred much 
interest in research and development in the last two decades, 
because of their potential for large-area-scalable and fl exible 
applications. Although signifi cant progress has been recently 
reported for a 12% power conversion effi ciency (PCE) in evap-
orated small molecule cells [  1  ]  and a 10.6% PCE in polymer 
multi-junction cells, [  2  ]  further performance enhancement and 
device stability are required in order to open a path toward 
commercialization. [  1,3,4  ]  Blends of polymers and small mol-
ecules have been identifi ed as versatile systems for the reali-
zation of inexpensive and high performance solar cells. [  5–7  ]  
Yet, improvements to device characteristics have been made 
primarily by the development of improved absorber materials 
in the active layer. The open circuit voltage ( V  OC ) is maxi-
mized by employing acceptor molecules with low electron 
affi nity (EA) and hole-conducting donor polymers with high 
ionization energy (IE). [  6–10  ]  However, the latter brings the 
challenge of the choice of anode, as the deep-lying highest 
occupied molecular orbital (HOMO) of the polymer requires 
a similarly high work function contact in order to allow 

effi cient harvesting of holes. Recently, 
solution-processed devices were dem-
onstrated with either high work func-
tion metal oxides, such as molybdenum 
oxide (MoO 3 ) or the conducting polymer 
poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS). [  3,11–13  ]  
However, the hygroscopic and acidic 
nature of PEDOT:PSS raises some issues 
concerning lower overall performance 
and stability. [  14–17  ]  An additional impor-
tant requirement for the hole-collecting 
contact is to block the electrons from 

the acceptor material in order to avoid undesirable recom-
bination at the interface. Metal oxides with low electron 
affi nity, such as nickel oxide (NiO  x  ), have been identifi ed 
as prospective candidates. [  18,19  ]  Yet, the work function and 
ionization energy of as-deposited NiO  x   is often too low for 
the newest generation of hole-conducting donor polymers 
such as poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thio-
phenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] 
(PCDTBT) and small molecules such as 5,5′-bis{7-(4-(5-
hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadia zolo[3,4-c]
pyridine}-3,3′-di-2-ethylhexylsilylene-2,2′ bithiophene (d-DTS-
(PTTh 2 ) 2 ), thereby leading to an energy loss in the hole 
extraction process. [  14  ]  It was previously shown that surface 
treatment with an O 2  plasma can reduce this barrier, resulting 
in dramatic increases in device performance. [  18–20  ]  Here, we 
present an alternate approach, where the electron blocking 
properties of NiO  x   are combined with the hole extracting 
capabilities of MoO 3  to enhance the effi ciency of hole har-
vesting at the anode. The electronic structure of these oxide 
fi lms was previously investigated, and MoO 3  [  21–24  ]  was found 
to be a very high work function n-type oxide, doped by oxygen 
vacancies, while NiO  x   is one of the few p-type oxides, with Ni 
vacancies acting as p-type dopants. [  25  ]  Energy level alignment 
and charge recombination mechanisms at this, and other, 
oxide/oxide interfaces remain somewhat unclear in spite of 
several previous investigations of the energy levels and elec-
tronic parameters of these individual materials. [  19,23  ]  Further-
more, MoO 3  by itself has recently been shown not to be an 
electron blocking layer due to its very deep conduction band 
minimum (very large electron affi nity of ≈6.7 eV for vacuum 
deposited fi lms). [  26  ]  One of the issues addressed in this work 
is therefore whether a very thin layer of MoO 3  can improve 
the NiO x  contact by increasing its work function without pro-
viding a detrimental pathway for electron recombination.  
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becomes apparent with an onset at a binding energy of ≈3 eV. 
The fi nal position of the MoO 3  VBM is 2.7 eV below  E  F  for the 
100 Å thick fi lm. Given the 6.6 eV work function, the IE of the 
fi lm is 9.3 eV. The combination of UPS and inverse photoemis-
sion spectroscopy has previously shown an energy gap of 3.0 eV 
for MoO 3 . [  21–23  ]  Using this value, we obtain an EA of 6.3 eV and 
a conduction band minimum positioned at 0.3 eV above  E  F , in 
good agreement with previous measurements. [  21,22,26  ]  In addi-
tion, a signifi cant density of states is seen in the direct vicinity 
of the Fermi level on the 100 Å thick MoO 3  fi lm. These gap 
states have been reported earlier for clean evaporated MoO 3  
surfaces. [  13  ]  The existence of these gap states for the MoO 3  
fi lms with lower thickness cannot be excluded. However, the 
features in this spectral region would be screened in the UPS 
spectra by the Ni 3d level.  

 To complete the energy diagram of the interface, X-ray pho-
toemission spectroscopy (XPS) core level spectra of the Ni 2p 
and Mo 3d are measured in order to identify peak shifts asso-
ciated with band bending in either material. As expected, the 
intensity of the Ni 2p decreases and that of the Mo 3d peak 
increases with incremental MoO 3  deposition ( Figure    2  ). The Ni 
2p peak exhibits a 0.2–0.3 eV shift toward lower binding energy, 
suggesting a slight upward band bending. On the other side of 
the interface, the Mo 3d peak shows a shift of similar magni-
tude in the same direction, indicating that the interface Mo spe-
cies exhibit higher binding energy. Therefore downward band 
bending is assumed for the MoO 3  at the interface to the sNiO  x   
layer. In total this yields a classical picture of static charge 
transfer across the oxide junction, which can be described by 
the MoO 3  effectively doping the sNiO  x  . In a recombination pro-
cess, electrons from the MoO 3  conduction band drop into the 
valence band of the adjacent sNiO  x  . The resulting space charge 
zone leads to the 0.2–0.3 eV band bending on both sides of 

  2   .  Electronic Structure 

  Figure    1   shows ultra-violet photoemission spectra (UPS) of 
the solution processed nickel oxide (sNiO x ) fi lm with an incre-
mentally deposited top layer of MoO 3  (5 to 100 Å). The pho-
toemission cutoff is used here to determine the position of 
the vacuum level and the work function of the fi lm, using the 
pre-determined position of the Fermi level of the sample and 
following a well-established procedure. [  27  ]  The sNiO  x   fi lm has 
a work function of 4.7 eV and the Fermi level ( E  F ) at 0.5 eV 
above the valence band edge, in good agreement with previous 
measurements done in our group. These numbers indicate that 
sNiO  x   is p-doped, a result of the presence of nickel vacancies 
in the fi lm. In contrast, evaporated nickel oxide fi lms have a 
larger density of oxygen vacancies, which act as donors and 
tend to somewhat compensate the p-doping. [  18  ]  The deposition 
of MoO 3  leads to a large shift of the photoemission cutoff indic-
ative of an upward movement of the vacuum level and a corre-
sponding increase in work function. This is due to an electron 
transfer from sNiO  x   to MoO 3  with formation of an interface 
dipole between the two materials, consistent with the formation 
of a MoO 3  fi lm with a large work function of 6.8 eV. The right 
panel of Figure  1  displays the He II spectra of the density of 
states near the valence band maximum (VBM). The bare sNiO  x   
VBM is at ≈0.5 eV below  E  F  and the ionization energy (IE) of 
the material is 5.2 eV. The 3.2 eV band gap of sNiO  x   [  19  ]  places 
the conduction band minimum (CBM) at 2.6 eV above E F , cor-
responding to an electron affi nity (EA) of 2.1 eV, and justifying 
the role of this oxide as an electron-blocker. With the deposi-
tion of MoO 3 , the sNiO  x   valence band exhibits both energy 
shifts and intensity reduction but no signifi cant additional fea-
tures. The valence band onset remains determined by the Ni 
3d bands. At a MoO 3  thickness beyond 20 Å, the Mo 4d level 

      Figure 1.  UPS spectra of bare sNiO  x   and sNiO  x   with incrementally deposited MoO 3  layer (5, 10, 20, 50, and 100 Å) on top. Work functions measured 
from the photoemission cutoff in the He I spectra amount to 4.7, 4.9, 5.0, 5.4, 6.2 and 6.6 eV, respectively. The valence band spectra depicted on the 
right hand side are taken at He II excitation. The emergence of the MoO 3  surface state is clearly observed for a thickness of 100 Å. 

Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201302477



FU
LL P

A
P
ER

3

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

at the MoO 3 /sNiO  x   interface with holes 
injected from the anode to the valence band 
of sNiO  x  . At positive bias, electrons and holes 
are generated at the MoO 3 /sNiO  x   interface by 
electron injection from the sNiO  x   VBM to the 
MoO 3  CBM, drift in opposite directions and 
are collected at the electrodes. Both mecha-
nisms lead to relatively good conduction 
through the bi-layer system, as seen from 
net current densities on the order of 0.01 mA 
cm −2  at an electric fi eld of ≈0.5 MV cm −1 . The 
symmetry of the curve indicates that both 
processes, in forward and reverse bias, are 
equally effi cient.  

  3   .  OPV Device Performance 

 The  J – V  characteristics of PCDTBT/PC 71 BM 
BHJ solar cells under illumination with hole 
collecting interlayer/anode consisting of bare 

sNiO  x  , bare MoO 3 , or a sNiO  x  /MoO 3  bilayer, with varied evapo-
rated MoO 3  thickness, on ITO are given in  Figure    4  a. Figure  4 b 
shows the dark current corresponding to these different 
device architectures. Each  J – V  curve shown here is an average 
obtained from 2–4 devices per substrate. Under illumination, 
the short circuit current density ( J  SC ) is roughly similar for all 
devices, corresponding to similar photoabsorption in the BHJ 
active layer for the device series, with slightly varying extraction 
effi ciency.  

 EQE data and simulation via transfer matrix method, given 
in Supporting Information, Figure S6, demonstrate that the 
PCDTBT/PC 71 BM cells fulfi ll their intended functionality 
and all yield steady and reproducible device characteristics 

throughout the whole sample series. This 
includes the fact that the EQE profi les are 
in accordance to earlier measurements on 
PCDTBT/PC 71 BM cells with alternate anode 
materials such as PEDOT:PSS and ITO but 
also sNiO  x  . [  17  ]  The quasi-identity of all the 
EQE curves, in comparison to optically mod-
eled maximum absorption, means that any 
change in the device performance cannot be 
attributed to changes in the functionality of 
the bulk heterojunction itself, but must be 
related to optical and electrical phenomena 
occurring at the interface with the underlying 
hole extraction layer. 

 Indeed, it becomes apparent from the 
 J – V  characteristics under illumination that 
the device performance changes with the 
interlayer. As expected, the untreated sol-gel 
NiO  x   layer yields inferior results. The low 
device effi ciency of 2.5% is primarily due to 
the mediocre fi ll factor (FF = 44%) and low 
open circuit voltage ( V  OC  = 530 mV). Since 
the work function of the sNiO  x   layer is lower 
than the PCDTBT ionization energy, the 
built-in potential is reduced. The barrier for 

the interface. As a consequence, the small barrier for charge 
transfer from the nickel oxide valence band to the molybdenum 
oxide conduction band is further lowered. The complete band 
diagram is depicted in  Figure    3  a, underlining the close prox-
imity of the CBM of MoO 3  and VBM of sNiO  x  .   

 To test for electrical transport across the interface, current 
density versus voltage ( J – V ) characteristics were obtained on a 
structure consisting of 50 nm MoO3 deposited on 25 nm sNiO  x   
on indium tin oxide (ITO) (Figure  3 b). Two different charge 
transport mechanisms, depicted in Figure  3 c, can be suggested 
based on the band diagram derived from the photoemission 
experiments. At negative bias on the MoO 3  side, electrons are 
injected from the cathode to the CBM of MoO 3  and recombine 

      Figure 2.  XPS spectra of sNiO  x   with incrementally deposited MoO 3  layer (5, 10, 20, 50, and 
100 Å) on top. Ni 2p core level spectra show a 0.2–0.3 eV shift towards lower binding energy 
with increasing MoO 3  thickness indicating upwards band bending. Mo 3d core level spectra 
show an equally incisive shift in the same direction indicating that the Mo species at the inter-
face undergo downwards band bending. 

      Figure 3.  a) Schematic energy level alignment of the sNiO  x  /MoO 3  interface, showing a van-
ishing energetic barrier for charge transfer. b)  I – V  characteristic for a bi-layer of 25 nm sNiO  x   
and 50 nm MoO 3  exhibit a symmetric curve progression. c) Schematic view on the charge 
transport processes involved. Forward bias leads to a recombination at the interface, whereas 
reverse bias results in charge generation. Both scenarios yield similar net current densities. 
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layer, leading to an immediate increase in  V  OC . Second, the fur-
ther increase in the work function for thicker MoO 3  fi lms leads 
to a larger build-in electric fi eld at  V  OC  and hence a more ideal 
diode characteristic of the solar cell. Changes in the optical 
properties of the bulk heterojunction, which could impact  J  SC , 
can be ruled out from the EQE curves together with transfer 
matrix modeling (see supplement). Though these effects are 
already clearly visible for a bare MoO 3  hole extraction layer, the 
bi-layer structure increases the open circuit voltage by another 
50 mV due to a suppressed recombination at the interface. 
This fi nding is further supported by the dark current curves 
in Figure  4 b. The dark current in the bi-layer device (sNiO  x  /
MoO 3  (10 nm)) is about one order of magnitude lower than in 
the device with the 10 nm MoO 3  hole extraction layer. This indi-
cates that the sNiO  x   assists in blocking electrons at the anode 
of the device. Eventually, the transition to the bi-layer from the 
bare MoO 3  contact improves the device effi ciency to 5.60%. 

 Moreover, in Figure  4 b shunt resistance,  R  sh , which is 
inversely proportional to leakage current, is another indica-
tion for the electron blocking capabilities of the bi-layer. Diode 
leakage current arises from alternative current paths across the 
active layer. In a mixed BHJ, acceptor and donor materials are 
both in contact with both anode and cathode, providing many 
leakage pathways. 

  R  sh  is lowest in the two devices with thinnest hole extraction 
layer (HEL), and roughly increases with increasing HEL thick-
ness. As the MoO 3  thickness increases, the HEL contact WF 
increases and its Fermi level moves away from the PC 71 BM elec-
tron transport level, leading to a maximum effi ciency as a con-
tact when the WF matches best the PCDTBT ionization energy 
≈5.5 eV. This coincides with a signifi cant increase in shunt 
resistance (see Supporting Information, Table S3). Hence, we 
conclude that the leakage current observed in Figure  4  is very 
possibly related to the HEL WF, that is, to the relative positions 
of the HEL Fermi level and the transport levels of the active 
layer. 

hole transfer from the PCDTBT HOMO to the oxide VBM leads 
to an increase in recombination, thus diminishing the overall 
voltage gain in the heterojunction. In contrast, the bare MoO 3  
on ITO improves the device characteristics signifi cantly. With 
the increase of the work function and reduction of the barrier 
for hole extraction,  V  OC  increases by over 300 mV to 836 mV 
and the effi ciency is almost doubled to 4.75%, which is also 
improved with an 11% increase in FF to 55%. 

 However, two processes can be identifi ed for the transi-
tion to the bi-layer hole contact, which become apparent 
with increasing MoO 3  fi lm thickness. First, the open circuit 
voltage shows a dramatic initial jump to 871 mV with only 5 Å 
of MoO 3  and reaches 888 mV for the maximum MoO 3  fi lm 
thickness of 100 Å on sNiO  x  . We conclude that the increase 
in work function with the very fi rst layer of MoO 3  on sNiO  x   
and the concomitant doping of the sNiO  x   by MoO 3  result in 
an effective reduction of the extraction barrier for holes. This 
leads to a reduction in recombination at the interface. Second, 
the fi ll factor exhibits a gradual increase with MoO 3  thickness. 
We observe that this increment of the fi ll factor scales approxi-
mately with the work function increase of the bi-layer surface. 
This relation is in accordance to theoretical models on OPV 
functionality where the built-in fi eld of the solar cell is a func-
tion of the work function difference at the contacts. [  28  ]  Though 
further increases in  V  OC  with MoO 3  fi lm thickness are mar-
ginal, the resistance at  V  OC  is greatly reduced at the contact 
interfaces as the increased built-in fi eld enhances the collec-
tion of charge carriers from the bulk. This effect is strongest 
for voltages close to  V  OC , where for fi nite surface recombina-
tion velocities the impact of non-Ohmic contacts on the cur-
rent density is most pronounced. [  29  ]  Thereby the slope of the 
 J – V  curve at  V  OC  becomes steeper for a higher built-in fi eld 
and consequently the fi ll factor increases. 

 We fi nd that the sNiO  x  /MoO 3  bi-layer serves two comple-
mentary purposes. First, holes are effi ciently extracted due to 
the reduced barrier and recombination at the doped sNiO  x   

      Figure 4.  OPV device characteristics. a)  J – V  curves under illumination show a clear diode characteristic for all tested devices. The inset depicts a close-
up of the area relevant for device operation and reveals a signifi cant increase of  V  OC  for the transition from bare sNiO  x   to MoO 3  covered surfaces. 
b)  J – V  curves without illumination show smaller dark currents for the devices with the bi-layer anode indicating improved electron blocking. 
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  5   .  Experimental Section 
 We use a combination of ultraviolet and X-ray photoemission 
spectroscopy (UPS, XPS) as well as  J – V  measurements to determine the 
electronic structure and electrical behavior of interfaces of interest. We 
show that the combination of these materials in the bi-layer leads to a 
very intricate electronic structure, with a close alignment between the 
valence band of the electron blocking sNiO  x   and the conduction band 
of the high work function MoO 3 . As a consequence, the investigated 
devices based on PCDTBT:PC 71 BM show superior performance as 
compared to reference devices with either individual sNiO  x   or MoO 3  
hole extraction layers. 

 In this work, sNiO  x   was deposited on ITO from a nickel formate 
precursor, as previously described. [  20  ]  All sNiO  x   fi lms were deposited at 
NREL and shipped to Princeton under nitrogen atmosphere for analysis 
and for MoO 3  deposition for interface formation. The sNiO  x   fi lms were 
deposited onto ITO substrates after 30 min of ultrasonic cleaning in 
acetone followed by isopropyl alcohol. Substrates were UV ozone-
cleaned immediately prior to interlayer deposition for 60 min. Sol–gel 
nickel oxide fi lms were synthesized by spin-coating the diluted nickel 
precursor ink at 4000 rpm for 60 s followed by annealing on a hot plate 
in air at 300 °C for 1 h, resulting in approximately 6 nm thick fi lms as 
measured by ellipsometry and stylus profi lometry. [  17  ]  

 The samples made for UPS and XPS analysis were introduced in 
the MoO 3  growth chamber as-received from NREL. MoO 3  fi lms were 
vacuum deposited from a Knudsen cell (99.99% powder, Sigma-Aldrich) 
and incrementally grown on sNiO  x   at a rate of about 0.2 Å s −1 . The 
fi lms were then transferred to an analysis chamber under ultra-high 
vacuum UHV (≈10 −10  Torr). UPS was done with He I (21.22 eV) and He 
II (40.8 eV) radiation lines from a discharge lamp, with a resolution of 
0.15 eV. XPS was performed using the Al K  α   (1486.6 eV) photon line 
to measure the Ni 2p, Mo 3d, and O 1s core levels to evaluate any 
chemistry and assist in the determination of band bending at interfaces. 
Current density-voltage (J–V) measurements on the sNiO  x  /MoO 3  bilayer 
fi lms were done using a mercury-probe station placed in nitrogen, to 
establish a top contact, and a semiconductor parameter analyzer (HP 
4155 A). The voltage was swept from 0 V to ± 4 V with the bottom ITO 
anode grounded. 

 For devices, the sNiO  x   fi lms were deposited onto commercially 
patterned ITO (≈10  Ω  sq −1 , Thin Film Devices, Inc.) according to the 
sequence of fabrication given above. After annealing, sNiO  x   interlayers 
were loaded into a thermal evaporator for MoO 3  deposition. MoO 3  was 
vacuum deposited (powder, Molybdenum(VI) oxide, Sigma Aldrich, 
99.98%) at 1 × 10 −7  Torr and a rate of 0.1–0.2 Å s −1 . MoO 3  thickness 
was confi rmed for thicker fi lms via stylus profi lometry. PCDTBT 
(Konarka) and PC 71 BM (Nano-C) were used as received for the active 
layer. Anhydrous 1,2-dichlorobenzene and chlorobenzene (Aldrich) were 
used as received in an inert N 2  environment. Films of PCDTBT:PC 71 BM 

 As a further fi gure of merit for evaluating the bilayer 
sNiO  x  /MoO 3  HEL contacted organic solar cells, established 
procedures [  30  ]  are used to fi t the diode ideality factor. Ideality 
factor values are enumerated in  Table   1 . Dark ideality factor 
for the bare sNiO  x   substrate ( n  = 1.93) is signifi cantly higher 
than for the bare MoO 3  ( n  = 1.42), correlating to a signifi cantly 
lower power conversion effi ciency with the sNiO  x   contact 
when compared to the MoO 3 -only HEL. Dark ideality factor 
further corresponds to the barrier for hole transfer from the 
PCDTBT HOMO to the oxide VBM, as it is a measure of the 
effi ciency of charge extraction and injection at voltages near 
the open circuit voltage. Near the open circuit voltage, energy 
offsets at the diode interfaces can reduce extraction potential 
and cause signifi cant space–charge effects and recombina-
tion due to the low extraction fi eld. With increasing thick-
ness of MoO 3  at the sNiO  x  –BHJ interface, the dark ideality 
factor and recombination at the contact interface decrease in 
functioning devices. Hence, improvement in device perfor-
mance can be attributed to reduced recombination as contact 
work function increases and the barrier for hole extraction 
decreases.   

  4   .  Conclusion 

 In summary, the energy level alignment of the interface 
between evaporated MoO 3  and solution-processed sNiO  x   is 
determined. The bi-layer is characterized by a small energy bar-
rier between the MoO 3  CBM and the sNiO  x   VBM, which allows 
for effi cient charge transfer at the interface. This new bi-layer 
anode combines the hole extraction and electron blocking capa-
bilities of both constituents. OPV devices built on this bi-layer 
show superior performance compared to devices built on single 
layers of these two oxides. This performance enhancement can 
be explained by the combination of a high built-in fi eld due to 
the work function of the MoO 3 , reduced recombination due to 
the doping of sNiO  x   by MoO 3  and effective electron blocking 
due to the sNiO  x  . Further studies will evaluate and test the per-
formance of other metal oxide bilayer interfaces, in particular 
all-solution processed bilayers, with a goal of scalability and 
cost-effectiveness for organic devices.  

  Table 1.   Specifi c characteristics of device performance extracted from  J – V  and EQE measurements presented in Figure  4 . Ionization energies (I.E.) 
and work functions (WF) taken from photoemission spectroscopy data (PES) presented in Figure  1       

Hole extraction layer  PES data    Device data    

   I.E. 
[eV]  

WF 
[eV]  

 J  SC  
[mA cm −2 ]  

 V  OC  
[V]  

PCE 
[%]  

FF 
[%]  

 R  S  
[ Ω  cm −2 ]  

 n   

sNiO  x   (6 nm)  5.2  4.7  10.50  0.528  2.45  44.2  4.0  1.93  

sNiO  x  /MoO 3  (0.5 nm)  5.4  4.9  11.04  0.871  4.52  47.1  6.9  1.67  

sNiO  x  /MoO 3  (1.0 nm)  5.6  5.0  11.13  0.867  4.86  50.4  3.6  1.43  

sNiO  x  /MoO 3  (2.0 nm)  6.0  5.4  11.20  0.878  5.60  57.0  2.5  1.45  

sNiO  x  /MoO 3  (5.0 nm)  6.7  6.2  11.07  0.886  5.44  55.5  5.6  1.49  

sNiO  x  /MoO 3  (10.0 nm)  9.3  6.6  11.10  0.888  5.48  55.6  4.9  1.42  

MoO 3  (10.0 nm)  9.6  6.8  10.30  0.836  4.75  55.2  4.0  1.42  
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blend: (7 mg PCDTBT/mL; 28 mg PC 71 BM/mL), were spun from 60 °C 
anhydrous 1,2-dichlorobenzene:chlorobenzene (3:1) blend solutions at 
4500 rpm for 40 s onto the interlayers on ITO-coated glass substrates. 
Substrates were then annealed at 70 °C for 10 min. 

 To construct devices, the glass/ITO/HTL/BHJ layers were completed 
by the evaporation of Ca/Al top-contacts. Calcium and aluminum were 
evaporated in an Angstrom Engineering evaporator system, with a base 
pressure of 2 × 10 −8  Torr, and an evaporation pressure of 3–4 × 10 −8  Torr 
at 0.2 Å s −1  for 20 nm of calcium, and 1.0 Å s −1  for 100 nm of aluminum. 
Device testing was carried out under standard 1 sun, AM1.5G test 
conditions using a solar simulator (Xenon lamp with a calibrated 
mismatch factor of 1.1 compared with the AM1.5G solar spectrum for 
PCDTBT:PC 71 BM). Intensity calibrated to near 1-sun AM1.5G intensity 
via an NREL-calibrated Si solar cell. Contact was made to both the ITO 
and Al electrodes, from which voltage was sourced and the resulting 
current was measured.  J  SC  was calculated based on measured device 
areas of 0.11 cm 2 . The series resistance ( R  s ) was calculated at 1.2 V. 
Quantum effi ciency measurements were performed on a Newport Oriel 
IQE-200 system with a 150W Xenon arc lamp, from   λ   = 300–800 nm 
with a 5 nm step size. EQE integrated to estimate  J  SC  confi rms current 
density measured via the solar simulator within 2%.  
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