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Self-Assembly of Selective Interfaces in Organic 
Photovoltaics
 The composition of polymer-fullerene blends is a critical parameter for 
achieving high effi ciencies in bulk-heterojunction (BHJ) organic photovoltaics. 
Achieving the “right” materials distribution is crucial for device optimiza-
tion as it greatly infl uences charge-carrier mobility. The effect of the vertical 
concentration profi le of materials in spin-coated BHJs on device properties 
has stirred particularly vigorous debate. Despite available literature on this 
subject, the results are often contradictory and inconsistent, likely due to dif-
ferences in sample preparation and experimental considerations. To recon-
cile published results, the infl uence of heating, surface energy, and solvent 
additives on vertical segregation and doping in polymer-fullerene BHJ organic 
photovoltaics are studied using neutron refl ectometry and near edge X-ray 
absorption fi ne structure spectroscopy. It is shown that surface energies and 
solvent additives greatly impact heat-induced vertical segregation. Interface 
charging due to Fermi level mismatch increases (6,6)-phenyl-C 61 -butyric acid 
methyl ester (PCBM)-enrichment at the BHJ/cathode interface. Current–
voltage measurements show that self-assembly of interfaces affects the open-
circuit voltage, resulting in clear changes to the power conversion effi ciency. 
  1. Introduction 

 The photoactive layer of polymer-based organic photovoltaic 
(OPV) devices is typically a bulk heterojunction (BHJ), in which 
a polymer electron donor and fullerene electron acceptor are cast 
from a common solution to form a mixed layer. The components 
form an interpenetrating, phase-separated network that provides 
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a large interfacial area for charge separation 
and continuous pathways for charge trans-
port. [  1  ]  The most studied donor-acceptor 
system is poly(3-hexylthiophene) (P3HT) 
and (6,6)-phenyl-C 61 -butyric acid methyl 
ester (PCBM). Initial research showed 
that the nanoscale morphology of the 
BHJ plays a critical role in the effi ciency 
of OPV devices. [  2  ]  As a result, much of 
the subsequent research on P3HT:PCBM 
BHJs focused on how processing condi-
tions such as casting solvent, deposition 
method, annealing method, and drying 
rate could be used to tune the morphology 
to maximize effi ciency. [  2  ,  3  ]  

 More recently, the focus has shifted to 
questions about how the concentration 
of P3HT and PCBM changes as a func-
tion of depth within the BHJ. Polymer-
fullerene blends have been shown to ver-
tically segregate due to limited miscibility 
and interactions with adjacent layers. 
There are a variety of techniques that have 
been used measure composition of materials as a function of 
depth, henceforth referred to as the vertical concentration pro-
fi le (VCP). In P3HT:PCBM fi lms spectroscopic ellipsometry 
(SE), [  4  ,  5  ]  dynamic secondary ion mass spectroscopy (DSIMS), [  6–8  ]   
X-ray photoelectron spectroscopy (XPS), [  9  ,  10  ]  near edge X-ray 
absorption fi ne structure spectroscopy (NEXAFS), [  5  ,  8  ,  11  ]  X-ray 
refl ectometry (XRR), [  12  ]  and neutron refl ectometry (NR) [  13–16  ]  
have been used to measure VCP. Electron tomography has also 
been used to study the 3D structure of BHJs and concentration 
profi les of the crystallinity of P3HT have be obtained, [  17  ]  but to 
our knowledge this technique has not been used to generate a 
more general VCP. Each of these techniques mentioned above 
has its own set of advantages and disadvantages that must be 
considered when trying to determine the VCP of the BHJ. 

 SE is attractive because measurements are non-destructive 
and can be made easily in-house, but it has several drawbacks. 
First, SE requires models of refractive indexes of the pristine 
materials, which is complicated for P3HT due its anisotropy. [  18  ]  
Furthermore, the refractive index of P3HT is highly dependent 
on the ordering of the chains, so assumptions must be made as 
to how the refractive index will change as a function of PCBM 
concentration. [  19  ]  SE is also not well suited for this system 
because the contrast between P3HT and PCBM is small. Finally, 
it is not possible to perform SE measurements underneath a 
metal capping electrode. 
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 In comparison, DSMIS has advantages over SE because the 
contrast is very high due to the ability to measure unique mass 
signals from P3HT and PCBM and since DSIMS measures con-
centration, it is not sensitive to the anisotropy or ordering of 
P3HT. [  6  ]  However, the limitation of DSIMS is its depth resolu-
tion of approximately 10 nm. [  6  ]  Furthermore, P3HT and PCBM 
have different evaporation rates, which imposes further limits on 
depth resolution. [  8  ]  Finally, DSMIS is a destructive technique due 
to the sputtering process, so samples cannot be remeasured. 

 X-rays can also be used to measure the VCP, either through 
XPS or NEXAFS. Both methods allow for direct measurement 
of the concentration of components from the peak intensities of 
the measured elements. The shortcoming of these techniques 
is that they are surface sensitive. Thus, in order to measure 
at different depths material must be removed, which is not 
desirable. One method of removal is ion sputtering, but due to 
different etch rates of BHJ materials it may cause artifacts. [  9  ]  
Etching can also be used to remove material and expose buried 
areas, but it is possible that the etching process will alter the 
layer which is desired to be left intact. Interfaces can also be 
exposed using delamination methods, but in some cases some 
of the removed layer remains after delamination. [  9  ]  Concentra-
tion vs. depth information can be extracted from X-ray spectros-
copy methods by varying the excitation energy (P3HT absorbs 
more strongly at 245 eV than PCBM) and/or incidence angle. [  11  ]  
This data relates concentration and depth, but is not quantita-
tive. Finally, it is not possible to perform XPS or NEXAFS meas-
urements underneath a thick metal capping electrode, limiting 
these techniques to uncapped samples. 

 Refl ectometry techniques are nondestructive and unlike SE, 
neither XRR or NR are sensitive to polymer anisotropy. XRR 
is attractive because beam intensity is high, which allows for 
short measurement times. Unfortunately, the contrast between 
P3HT and PCBM is low due to similarities in electron den-
sity. For NR, the situation is reversed; contrast between P3HT 
and PCBM is high due to the low concentration of H atoms 
in PCBM, [  13–15  ]  but neutron beams have low intensities, which 
result in long measurement times. Another positive aspect of 
NR is that it can be used to measure samples with a metal cap-
ping layer because neutrons are only scattered by nuclei which 
have similar scattering cross-sections for the entire periodic 
table. [  20  ]  Also, it is possible to detect features with very small 
length scales. Researchers have been able to measures features 
as small as 13 Å using NR. [  21  ]  However, this is dependent on 
sample quality and contrast variations within the sample. 

 There are several factors that may potentially infl uence the 
VCP of the BHJ: casting solvent, solvent additives, the surfaces 
in contact with the BHJ, layer thickness, and solvent/thermal 
annealing. In an effort to better understand how these factors 
affect the VCP of P3HT/PCBM BHJs the results of previous 
studies are summarized in  Table    1   and the sample processing 
conditions are included. From this table it can be seen that 
the reported VCP results are quite inconsistent, with reported 
PCBM concentrations ranging from 0–72% at the top surface 
and 12–90% at the substrate interface. For all of the unannealed 
samples, the concentration of PCBM at the top surface is low. 
This is because a skin of P3HT forms at the air interface during 
spin coating of the active layer. The interfacial free energy is 
minimized if P3HT, which has a lower surface tension than 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
PCBM, predominates at this interface. The surface energy of 
the substrate also controls the concentration of PCBM at the 
bottom interface. For samples in which the substrate has a 
moderately high surface energy (SiO 2 , glass, or PEDOT:PSS), 
PCBM is attracted to the interface and has high concentration. 
In contrast, the P3HT concentration is higher when cast onto 
a low surface energy substrate, as reported by Campoy-Quilles 
et al. [  4  ]  and Germack et al. [  5  ]  The data also indicates that the 
equilibrium concentration at the substrate is achieved during 
coating as thermal and solvent annealing do not result in sig-
nifi cant changes in PCBM concentration at the substrate inter-
face. It is equally apparent that solvent and thermal annealing 
cause changes in the concentration of PCBM at the top sur-
face and in the middle of the BHJ. [  9  ]  It should be noted, how-
ever, that the effect of annealing on the PCBM concentration 
at top interface of the BHJ gives inconsistent results. Some 
reports show heating leads to an increase in the PCBM con-
centration [  9  ,  14  ] , while in other cases, the PCBM concentration 
is shown to decrease. [  8  ,  9  ,  13  ]  Also, the role of casting solvent is 
not clear. For the majority of previous studies, chlorobenzene 
is used as the casting solvent and the results are in good agree-
ment. But Germack et al. [  5  ]  and Xu et al. [  9  ]  use 1,2-dicholoroben-
zene and report differing VCP after solvent annealing. Com-
pared to the samples cast from chlorobenzene, Germack et al. [  5  ]  
report a very high concentration of PCBM at the bottom surface 
(81% measured using SE and 90% with NEXAFS), whereas Xu 
et al. [   9   ]  report a low concentration of PCBM (55–58% with XPS) 
at the same interface. Germack et al. solvent annealed their 
samples after spin coating, but for the samples cast from chlo-
robenzene, solvent annealing was shown to cause little change 
in the bottom concentration of PCBM. The surface energies 
of the substrates used in the studies should be comparable 
between studies since the BHJs were cast onto either quartz or 
SiO 2 . While all of these studies lay a solid foundation in the 
investigation of the factors controlling the VCP of P3HT/PCBM 
BHJs, there are clearly still questions to be answered.  

 One question is: what is the role of the metal electrode? 
Results from Orimo et al. shown in Table  1  show that heating the 
BHJ after the deposition of an Al electrode results in an enrich-
ment of PCBM at the top of the BHJ compared to a BHJ that 
was heated prior to Al deposition. [  10  ]  This result was confi rmed 
using DSIMS and NEXAFS in a subsequent study, and PCBM 
enrichment is shown to occur for very short heating times. [  8  ]  
What is not clear from these studies is whether this enrichment 
is a universal trend for samples heated with an intact metal elec-
trode or whether it is unique to an Al electrode. Also, a potential 
issue with these studies is that the measurements were made 
after the Al electrode was removed. It is possible that the elec-
trode removal process also removes a portion of the BHJ or pro-
vides local heating that changes the interface concentration ratio 
and casts doubt on the generality of the results. 

 Another question that has not been answered is: what effects 
do solvent additives have on the VCP? It is common to add 
small concentrations of secondary solvents or additives to the 
casting solution in an effort to improve the effi ciency of OPV 
devices. [  22  ]  The additives result in the formation of aggregated 
domains upon casting, which have small length scales and 
result in a well mixed nanostructure. These domains are often 
interpenetrating, and because they form during casting the 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1935–1946
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   Table  1.     Summary of published results of concentration of PCBM within P3HT/PCBM BHJs. Values are reported as a function of measurement tech-
nique, casting solvent, treatment (solvent or thermal annealing), and top and bottom surface. PCBM concentration values are reported at the top, 
middle, and bottom of the BHJ. 

Ref. Technique Casting 
solvent

Bottom surface Top surface Treatment %PCBM top %PCBM 
middle

%PCBM 
bottom

Additional comments

5 SE CB

quartz air as-cast 25 a) 63 a) 75 a) 

heated 50 a) 45 a) 74 a) annealing temperature 140  ° C

PEDOT:PSS air as-cast 25 a) 50 a) 65 a) 

heated 50 a) 45 a) 74 a) annealing temperature 140  ° C

quartz air as-cast

15 a) 63 a) 75 a) 5000 rpm

32 a) 60 a) 75 a) 3000 rpm

35 a) 50 a) 75 a) 700 rpm

hydrophobic SAM air as-cast 20 a) 48 a) 5 a) SAM: hexamethyldisilazane

quartz air solvent 62 a) 45 a) 73 a) solvent annealed 1 h

10 XPS DCB glass air

as-cast 35 55 3000 rpm

heated 25 49 3000 rpm, 110  ° C 5 min

as-cast 36 58 800 rpm

heated 36 60 800 rpm, 110  ° C 5 min

11 XPS CB PEDOT:PSS
air heated 36 150  ° C 5 min

Al 72

6

SE DCB

SiO 2 air solvent 0 41 81

Solvent annealed 20 min

PEDOT:PSS 0 41 54

PTT/Nafi on 0 43 12

NEXAFS DCB

SiO 2 air solvent 26 90

PEDOT:PSS 26

PTT/Nafi on 26 20

9 NEXAFS CB PEDOT:PSS

air
as-cast 12

heated 8

Al heated

41 5 sec, 150  ° C

44 1 min, 150  ° C

61 30 min, 150  ° C

15 NR CB SiO 2 air

as-cast 15 30 75 1:0.7 P3HT:PCBM mass ratio

solvent 15 30 75 solvent annealed 5 min

solvent  +  thermal 30 30 75 solvent annealed 5 min  +  150  ° C 1hr

14 NR CB SiO 2 air

as-cast 28 50 a) 65 800 rpm

as-cast 37 50 a) 65 2500 rpm

heated 32 a) 45 a) 75 a) 2500 rpm, 140  ° C

26 NEXAFS CB glass air as-cast 97 65 fi lm delaminated, 165  ° C 30 min

    a) Values read directly from graph.   
electrical contact is good, resulting in good charge transport 
and charge collection effi ciency. It is not known how these addi-
tives affect the thermal stability of the BHJ. When nitrobenzene 
is used as an additive, the device properties of an as-cast and 
heated samples are almost identical, indicating that the elec-
trical properties of the device do not change signifi cantly with 
heating. [  23  ]  Thermal stability of morphology is an important 
property to consider because OPV devices need to be able to 
withstand temperature cycles due to daily changes in illumi-
nation and seasonal weather. For these reasons, we focus on 
samples that are cured using nitrobenzene so that we can more 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1935–1946
easily compare IV and morphology measurements between 
annealed and unannealed samples. 

 In this study, we answer these two questions. First, we use 
NR to study how different metals and solvent additives affect 
the VCP of P3HT/PCBM BHJs. Since we are using NR, we are 
able to measure the VCP of a BHJ under an intact metal elec-
trode, which allows us to avoid any possible artifacts introduced 
by electrode removal. Next, we use NEXAFS spectroscopy to 
determine the element-specifi c bonding structure in PCBM 
fi lms capped with thin metal layers. These measurements are 
possible because the 2-nm metal capping layer is thinner than 
1937wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  1 .     Neutron refl ectometry of metal-capped P3HT:PCBM bulk heterojunctions. Refl ectivity spectra with fi ts for P3HT:PCBM BHJs with metal 
electrodes: a) Ag, as-cast and Ag, heated and b) Al, as-cast and Al, heated. The refl ectivity profi le generated from the fi t to the data is included for each 
sample. Spectra are offset for clarity. Modeled scattering length density profi les for the c) Ag, as-cast and Ag,heated and d) Al, as-cast and Al, heated. 
Depth increases from the substrate interface (0 nm) to the metal/air interface.  

Air Ag BHJ Air BHJAl
the Auger electron escape depth. Finally, we connect our fi nd-
ings on the materials distribution in the BHJ and the chemistry 
at the BHJ–metal interface to device performance and PCBM 
aggregate formation. We show here that a capping metal elec-
trode has a profound infl uence on the VCP. In particular, the 
VCP changes drastically upon mild heating of the BHJ layer 
due to interactions with the capping layer. Thus, any conclu-
sion about device performance that have been based on the 
VCP of an initially uncapped BHJ layer must be treated with 
caution. We show that solvent additives affect the VCP and that 
nitrobenzene in particular improves the thermal stability of the 
BHJ morphology. Finally, we show that low work function cap-
ping metals will donate electrons to PCBM through interface 
charge-transfer and exohedral doping and that this charging of 
the PCBM contributes to the fi nal VCP of the BHJ, and thereby 
to the current density–voltage ( J–V ) characteristics.   

 2. Results and Discussion 

  2.1. Measurement of Materials Distribution 

 To determine the effect of the metal electrode on the VCP in the 
active layer, NR measurements were performed on P3HT:PCBM 
BHJ (1:1 weight ratio) samples cast from chlorobenzene/
nitrobenzene (2%) with Ag or Al electrodes (henceforth referred 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
to as Ag-capped and Al-capped, respectively) before and after 
heating at 150  ° C for 5 min. The samples were cast on Si 
wafers, even though this geometry does not exactly represent a 
functional device. We note that this difference does signifi cantly 
affect our results. Using NR, Kiel et al. found that the profi le of 
P3HT:PCBM BHJs cast on Si or poly(3,4-ethylenedioxythiophe
ne):poly(styrenesulfonate) (PEDOT:PSS) are similar. [  13  ]  In addi-
tion, we have previously published NR studies on P3HT:PCBM 
blends on PEDOT:PSS and fi nd that the profi les obtained for 
those samples are similar to those obtained for this study. [  16  ]  
 Figure    1  a,b shows the measured refl ectivity spectra for the 
Ag- and Al-capped samples, which were fi t using a slab model 
for the scattering length density (SLD) of the fi lm. When fi t-
ting, the SLD of the metals, silicon, and native oxide were fi xed 
at the values found using the NIST SLD calculator to decrease 
the number of fi tting parameters and reduce correlations. [  24  ]  
The BHJ was represented using 3 to 4 layers, depending on 
the sample. This simple model of the BHJ proved to be more 
useful than more complex models (10 or more layers) as the 
complex models produced oscillatory profi les that were not 
physically relevant. The resultant SLD profi les as a function of 
sample thickness  d  are shown in Figure  1 c,d, where  d   =  0 nm 
corresponds to the Si substrate. At the top of each sample the 
profi les show the Al and Ag layers. The top surface roughness 
of the samples and surface roughness with the metal layer 
removed were measured using atomic force microscopy and 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1935–1946
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     Figure  2 .     Neutron refl ectometry of P3HT:PCBM bulk heterojunctions 
cast from chlorobenzene heated with and without a Ca electrode. The 
Ca layer was removed prior to measurement. a) Refl ectivity spectra from 
the annealed uncapped BHJ (no electrode) and Ca-capped (Ca electrode) 
samples with best fi t refl ectivity data. Spectra are offset for clarity. b) Mod-
eled scattering length density profi le for the capped and uncapped BHJ.  
are consistent with the the values obtained from fi tting the NR 
data. In the BHJ, high SLD values correspond to a high concen-
tration of PCBM. The SLD profi les for the BHJ regions of the 
as-cast samples are very similar. At  d   =   ∼ 67 nm and  ∼ 58 nm for 
the Al-capped and Ag-capped samples, respectively, there is a 
dip in the SLD, corresponding to the P3HT-rich skin formed 
during spin coating. This is consistent with previous studies of 
VCP reported in Table  1 . The thickness of these skins are less 
than 3 nm, which is hard to resolve given the measured range 
of the momentum transfer vector ( Q ). To asses the signifi cance 
of these skin layers, the quality of the fi ts were compared to 
models without a layer accounting for the P3HT skin. When 
a layer was included to account for the skin, the   χ   2  values for 
the Ag- and Al-capped samples were 9.3 and 10.9, respectively. 
When this skin layer was removed, the   χ   2  values increased to 
23.7 and 16.4. This shows the signifi cance the skin layer and 
validates its inclusion in the slab models. Beneath the P3HT 
skin is a region of increased SLD due to PCBM enrichment. 
Finally, the bottom 20 nm of the the BHJ shows an increase in 
SLD, which is almost identical between the two samples. The 
high SLD is due to PCBM enrichment at the Si/SiO 2  due to the 
high surface energy of the oxide. [  5  ]   

 Polymer:fullerene solar cells are often annealed to improve 
device performance. [  25  ,  26  ]  Samples are typically heated to 
150  ° C, which is above the glass transition temperature ( T  g ) 
of the mixture. [  27  ]  With heating, the P3HT and PCBM distri-
butions change as the system tries to minimize free energy. 
After heating, there is an increase in SLD at the metal inter-
faces due to PCBM enrichment and no indication of the P3HT-
rich skin. Since this occurs in both samples, it indicates that 
PCBM enrichment is a result of heating with an intact cathode 
and is not unique to Al. Unlike the as-cast samples, which had 
very similar VCP for the BHJs, we see that there are signifi cant 
differences between the profi les of the annealed Ag- and Al-
capped samples (can also be seen in raw refl ectance data). The 
differences between the samples clearly shows that the type of 
metal electrode infl uences phase segregation throughout much 
of the BHJ, not just at the surface. For the heated Al-capped 
sample, the spike in SLD at  ≈ 80 nm corresponds to the growth 
of an aluminum oxide layer that formed during heating. This 
layer complicated fi tting the refl ectivity spectrum because it 
resulted in signifi cant attenuation of the fringes at moderate 
values of the momentum transfer vector. This sample was 
also measured using SE to confi rm the thickness of the Al 2 O 3  
layer. The thicknesses for the oxide and Al obtained through 
ellipsometry are consistent with those obtained from the fi t to 
the NR data. Since the fringes are attenuated, in order to asses 
whether the interfacial roughness of the BHJ, Al, and oxide are 
indeed the best fi t we did a systematic study. The thickness of 
the interfacial roughness of the BHJ was increased from the 
value that produced the best fi t, 0.5 Å, to 20 Å. This value was 
fi xed and the interfacial roughnesses of the Al and oxide were 
fi tted along with the thickness of the layers. The resulting 
roughness and   χ   2  values are reported in Table S1 (Supporting 
Information). We fi nd that increasing the thickness of the 
interfacial roughness increases   χ   2 . It can also be seen that the 
thicknesses of the other roughness values do not change appre-
ciably as the roughness of the BHJ is changed indicating that 
they are indeed correct. At the substrate interface, the thickness 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1935–1946
and SLD of the PCBM-rich region does not appreciably change 
for either sample, again, consistent with prior results. Another 
indication of the accuracy of the fi ts is that for both the Al- and 
Ag-capped samples the thicknesses of the BHJ is the same 
before and after heating. 

 We also used NR to measure a P3HT:PCBM BHJ fi lm cast 
from pure chlorobenzene, heated with and without a Ca elec-
trode. These samples differ from the heated Al-capped and Ag-
capped samples in two ways: 1) they were cast without a high 
boiling temperature solvent additive (nitrobenzene) and 2) the 
metal was removed prior to measurement for the Ca-capped 
sample. The Ca was washed off with water prior to measure-
ment because Ca is quickly oxidized by air, which would create 
a mixed Ca/CaO layer with unpredictable thickness and SLD, 
which would signifi cantly decrease measurement accuracy. 
The NR spectra with fi ts and modeled SLD profi le are shown 
in  Figure    2  . Like the heated Al- and Ag-capped samples, the 
1939wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  2.     PCBM volume concentration for P3HT:PCBM BHJ samples 
measured with neutron refl ectometry. Values are reported for the top, 
middle (50% of normalized depth), and bottom of the BHJ layer. The 
BHJs were cast from pure chlorobenzene (CB) or a mix of chloroben-
zene and nitrobenzene (NB). All heated samples were heated at 150  ° C 
for 5 min. 

Casting 
Solvent

Top surface Treatment %PCBM top %PCBM 
middle

%PCBM 
bottom

CB/NB

Ag
as-cast 45 35 61

heated 72 38 63

Al
as-cast 14 39 63

heated 47 24 63

CB
Air as-cast 38 56 55

Ca heated 97 29 80

     Figure  3 .     Current density-voltage measurements and vertical concentration profi le of P3HT:PCBM devices. a–c) PCBM volume percent as a function 
of normalized depth in the BHJ for as-cast and heated samples capped with metal layers: a) Ca, b) Al, and c) Ag.The shaded regions indicate the three 
different concentration ranges. The region from 20–38 vol% is the eutectic/metastable region. 47–73 vol% is the PCBM concentration when limited due 
to the use of nitrobenzene. 80–98 vol% is the maximum concentration of PCBM when there are no solvent additives. d–f) Current–voltage curves for 
P3HT:PCBM OPV devices with different cathode metals: d) Ca, e) Al, and f) Ag. Devices were measured as-cast and after heating at 150  ° C. P3HT:PCBM 
BHJ were cast from a solution of chlorobenzene with 2% nitrobenzene to fi x the BHJ morphology. Devices were measured under 1 Sun of simulated 
AM 1.5G light with no mismatch correction.  
Ca-capped sample has high SLDs at both interfaces indicating 
PCBM enrichment. In contrast to the samples annealed with 
electrodes, the heated, uncapped sample shows much reduced 
vertical segregation and the air interface is rich in P3HT. The 
differences between Ca-capped and uncapped samples clearly 
show that the metal electrode infl uences phase segregation 
throughout the entire BHJ. As a consequence, measurements 
on BHJ samples heated without a cathode are not representa-
tive of an actual device. Prior measurements of PCBM diffu-
sion indicate that diffusion can occur at 50  ° C, which is within 
the normal PV operating range. [  6  ]     

 2.2. Connecting Processing History to Performance 

 To help relate the SLD profi le of the BHJ to device performance 
we converted it to the corresponding PCBM volume percentage 
within the BHJ. The volume percent PCBM ( V  PCBM ) was calcu-
lated using Equation 1:

 
VPCBM (z) = ρ (z) − ρP3HT

ρPCBM − ρP3HT   
(1)   

where   ρ  ( z ) is the SLD at a depth  z ,   ρ   P3HT  is the SLD for pure 
P3HT, and   ρ   PCBM  is SLD for pure PCBM. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 The VCP is shown as a function of the normalized depth of 
the BHJ layer in  Figure    3  a–c for the Ca-, Al-, and Ag-capped sam-
ples, respectively. For all samples, the average PCBM concentra-
tion was calculated to be 44–48 vol%, which is consistent with 
the average concentration of 46 vol% based on the casting solu-
tion. The PCBM concentrations at the top, middle, and bottom 
of the BHJ for each of the samples are summarized in   Table 2.     
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1935–1946
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     Figure  4 .     Schematic comparing the vertical concentration profi le of 
P3HT:PCBM BHJ devices cast with and without the solvent additive 
nitrobenzene before and after heating. Note that the effects of charging 
by the metal are not included.  
www.MaterialsViews.com

 The as-cast Al- and Ag-capped samples have similar VCPs, 
because the BHJ morphology at room temperature is essen-
tially fi xed since the P3HT/PCBM mixture is below its  T  g  and 
should not be substantially altered by deposition of the metal 
electrode. The concentration of PCBM at the bottom of the BHJ 
is 61–63 vol%. This value is lower than what is more commonly 
reported ( ≈ 75 vol% [  4  ,  13  ,  14  ] ) likely due to the addition of nitroben-
zene to the casting solvent for our samples. This concentration 
does not change with heating, which is consistent with many of 
the other studies. [  4  ,  9  ,  14  ]  

 Interpretation of the data at the metal interface is signifi -
cantly more diffi cult. The as-cast PCBM concentration at the 
metal interface is initially low, 45 vol% for Ag and 14 vol% for 
Al. But it is not clear why the two concentrations differ for as-
cast layers. The difference between these two values is likely 
infl uenced by roughness with the capping metal leading to 
smearing of the interface. The P3HT skin layer is also quite thin 
and is barely resolvable in the available Q-range of the NR data. 
If we assume no infl uence on the SLD from the metal, then 
the concentration of PCBM at the Ag-BHJ interface increases 
from 45 vol% to 72 vol%. For the Al-capped sample, the PCBM 
concentration at the metal interface increases from 14% to 
47 vol% with annealing. This result is consistent with NEXAFS 
measurements of samples that were heated for similar lengths 
of time. [  8  ]  For both samples the apparent change in concentra-
tion at the metal interfaces is an increase of 30 vol% PCBM. 
Can these results be reconciled? In the Ag-capped sample, Ag 
has a high SLD (3.47), so in an assumed mixture with the BHJ 
it will increase the overall SLD near the interface. In contrast, 
Al has a much lower SLD (2.08), so it will not have as much 
of an effect on the overall SLD as Ag does. Without a priori 
knowledge of the concentration of one of the three components 
at the interface, it is not possible to determine the concentra-
tions at the interface, as the problem is under specifi ed. If it 
is assumed that the concentration of Ag is 25 vol%, then we 
fi nd that the PCBM concentration at the top of the BHJ is ini-
tially 20 vol% and increases to 51% with annealing, which is 
consistent with the previous studies and is in better agreement 
with the Al-capped sample. This data and discussion shows that 
PCBM diffuses to the metal interface and the P3HT skin disap-
pears after heating because the metal interacts more favorably 
with PCBM than with P3HT, as suggested by the higher surface 
energy  γ  of PCBM [  28  ]  compared with P3HT [  29  ] . This behavior is 
opposite to that expected at an air interface, where free energy 
is minimized by a predominance of the lower surface-energy 
P3HT. Finally, even using NR, it is not possible to unequivo-
cally assign concentration profi les at hetero-interfaces due to 
roughness effects. This data may reveal that the metal mixes 
more with the BHJ material than previously assumed. 

 For the heated-Ca-capped and heated-uncapped samples, 
which were cast without nitrobenzene, the VCPs are very dif-
ferent. The Ca-capped sample has a PCBM concentration of 
97 vol% at the top of the BHJ. At the bottom of the BHJ the 
PCBM concentration is 80 vol%, which is in agreement with 
previous results. [  4  ,  5  ,  13  ,  14  ]  As was the case for the heated Ag- and 
Al-capped samples, there is no P3HT-rich top surface. The 
uncapped sample is P3HT-rich at the interface, with a PCBM 
concentration of 38 vol%, which is consistent with previous 
measurements of BHJs that were heated uncapped. [  9  ,  10  ,  13  ,  14  ]  
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1935–1946
 Despite large differences between the VCPs of heated and 
unheated samples, all samples have a constant PCBM con-
centration in the center, or bulk, of the layer of  ≈ 24–40 vol% 
PCBM, which is consistent with the eutectic point and metast-
able regions for published P3HT:PCBM phase diagrams. [  30  ,  31  ]  
This concentration is also observed in solution-cast bi-layers 
and BHJ cast onto PEDOT:PSS. [  6  ,  8  ,  16  ]  It is also worthy of note 
that although the metal does substantially affect the VCP, the 
magnitude of the surface energy of the metal (  γ    =  0.5, 1.15, and 
1.25 J m  − 2  respectively for Ca, Al, and Ag [  32  ] ) does not appear to 
be an important factor. Figure  3 a–c and Table  2  show that the 
PCBM concentration is below 75 vol% at metal interfaces for 
both the Al- and Ag-capped samples while it is  > 95 vol% in the 
Ca-capped sample at both interfaces, whereas surface energy 
considerations would predict a lower PCBM concentration at 
the lower surface-energy Ca interface. 

 Instead, the measured VCPs suggest that the interfacial 
PCBM concentration at the interfaces is strongly affected by the 
presence of the solvent additive, nitrobenzene, which was used 
in casting the Al- and Ag-capped samples, but not in the Ca-
capped sample. The concentration of PCBM at the metal and 
substrate interfaces is higher in the Ca-capped sample than in 
the Al- and Ag-capped samples. Nitrobenzene has been shown 
to reduce the diffusion rate of PCBM in P3HT, to increase the  T  g  
of the BHJ mixture, increase P3HT crystallinity, and cause the 
formation of larger P3HT and PCBM domains. [  23  ,  33  ]   Figure    4   
presents a schematic to highlight the differences between BHJs 
cast with and without nitrobenzene. Our interpretation of the 
interface concentration is as follows. When the samples are 
cast, the interface is rich in P3HT due to the skin that forms 
upon coating. Just below this skin, the PCBM concentration is 
above its solubility limit in P3HT and pure domains form. With 
heating above  T  g  PCBM diffuses to the interface to minimize 
1941wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     Carbon K-edge X-ray absorption of metal-capped PCBM sam-
ples. NEXAFS spectra measured in total electron yield for the pure PCBM 
and PCBM capped with a) Ag, b) Al, and c) Ca. Samples were heated to 
150  ° C for 10 min prior to measurement.  
www.afm-journal.de

the free energy of the surface. When nitrobenzene is added 
to the casting solvent (Ag- and Al-capped) the total concentra-
tion of PCBM is limited to below 70 vol% because of the high 
number of pre-formed P3HT aggregates restrict PCBM diffu-
sion and PCBM molecules can only occupy space between the 
aggregated P3HT domains that form during casting. In con-
trast, when there is no solvent additive (Ca-capped), the BHJ 
layer is initially much less crystalline, as shown in Figure  4 . 
Heating allows PCBM diffusion towards the interfaces but 
there are fewer pre-formed P3HT fi bers to limit diffusion so 
an almost pure PCBM layer can form at the electrode. As men-
tioned above, the concentration of the PCBM-enriched region 
at the substrate surface also indicates that the PCBM concentra-
tion is controlled by the presence of nitrobenzene as the con-
centration of PCBM at the SiO 2  interface is much higher in the 
Ca-capped sample than for the Ag- and Al-capped samples.  

 But surface energy effects and solvent additives clearly are 
not the only contributors to changes in vertical segregation with 
heating. If we consider the thickness of the PCBM-enriched 
layer at the metal interface, it is clear that Ca and Al have thick 
PCBM-rich layers ( ≈ 20% of total thickness) whereas the Ag-
capped device has a thinner PCBM-enriched layer ( ≈ 10%) fol-
lowed by a PCBM-depleted layer ( ≈ 10%).   

 2.3. Interfacial Charging 

 Another possible contributor to the large change in VCP that 
occurs with heating is a specifi c chemical/physical interac-
tion between the metal and BHJ materials. To determine what 
interactions are present, we have used NEXAFS spectroscopy 
to probe element-specifi c bonding. Because the VCP data indi-
cated an increased PCBM concentration near the metal inter-
face, experiments were performed on heated samples with 
metals and PCBM only to simplify data interpretation. 

 To determine the effects that the electrode material may have 
on the carbon chemistry of PCBM, NEXAFS spectra by total 
electron yield (TEY) are taken on the carbon K-edge for a pure 
PCBM reference and for PCBM fi lms under thin metal elec-
trodes. The spectrum in  Figure    5   of pure PCBM is consistent 
with previously published NEXAFS spectra of PCBM. [  8  ,  11  ,  34  ]  
The fi rst two peaks at 284.2 eV and 285.8 eV correspond to 
the  π   ∗   transitions and those above 292 eV to  σ   ∗   transitions of 
PCBM. [  11  ]  There are no signifi cant differences between the 
pure PCBM and PCBM–Ag spectra aside from a slight peak 
broadening due to the stress induced by the Ag overlayer. In 
contrast, the PCBM–Al and PCBM–Ca spectra differ signifi -
cantly from pure PCBM, indicating that PCBM has undergone 
chemical changes. Most importantly, the fi rst two  π   ∗   peaks in 
both spectra have decreased in amplitude, corresponding to a 
reduced number of unoccupied states in the lowest unoccupied 
molecular orbital (LUMO) of PCBM, and indicating that the 
Al and Ca electrodes are donating electrons to PCBM through 
either a charge-transfer or doping process. In order for either 
of these processes to occur, the Fermi level of the metal must 
be above (closer to the vacuum level) the LUMO of the matrix 
material. [  35  ]  The Fermi levels for the metals used are  − 2.9 eV, 
 − 4.2 eV, and  − 4.6 eV for Ca, Al, and Ag, respectively. [  9  ]  The 
LUMO of PCBM is  − 4.3 eV. [  36  ]  Since the Fermi levels of Al and 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
Ca are above the LUMO of PCBM these metals should be able 
to donate electrons to PCBM. This is exactly what is observed 
in the X-ray spectra. The Fermi level of Ag [  37  ]  is lower than the 
LUMO of PCBM, so electrons do not move from Ag to PCBM.  

 Both charge transfer to and doping of fullerenes by metals 
are established phenomena. Charge transfer at the interface 
between PCBM and Ca or Al has been shown to occur spon-
taneously. [  38  ]  In this process, electrons tunnel across the inter-
face to align the energy levels of the metal and the BHJ. In the 
bulk doping process, the metal diffuses into the BHJ where it 
donates an electron(s) to the fullerene, which is easily able to 
accept the electron(s) because of the unsaturated C–C bonds. [  39  ]  
This process, known as exohedral doping, results in a bound 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1935–1946
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     Figure  6 .     Microscope images of P3HT:PCBM fi lms spin-coated from cholorobenzne/nitrobenzene (4%) and heated at 150  ° C for 1 h, capped with a 
10 nm layer of a) silver, b) calcium, and c) aluminum.  

50 µm 50 µm 50 µm

(a) (b) (c)
complex between the metal and the fullerene. To our knowl-
edge exohedral doping has not previously been shown to occur 
in OPV devices. Since charge transfer occurs spontaneously, it 
is at least partially responsible for the structure of the NEXAFS 
spectra for the Ca–and Al–capped PCBM. But it is also possible 
that doping is occurring in these samples. 

 To understand what interactions are taking place between the 
metal and the PCBM we measured the NEXAFS spectra at the 
Ca L-edge of PCBM samples with Ca electrodes present. With 
the electrode present, a clear Ca spectrum is observed (Sup-
porting Information, Figure S1) in total electron yield (TEY), 
which is surface sensitive. The spectral fi ne structure, especially 
the strong pre-edge features at 345.0 and 348.2 eV, indicate Ca 
oxidation, as expected since it was exposed to atmosphere prior 
to measurement. The peaks are wider than those of pure com-
mercial CaO and Ca(OH) 2  model compounds because oxidation 
in ambient air produces (hydr)oxides in different confi gurations 
with slightly inhomogeneous characteristics. The air-stable form 
of Ca is CaCO 3 , which is completely unreactive. The NEXAFS 
scans were repeated on a PCBM sample whose Ca electrode had 
been washed off (expected product CaCO 3 ). As expected, a scan 
by TEY shows no structure at the Ca L-edge above the back-
ground, indicating a surface Ca concentration below 1 vol%. A 
high-resolution superconducting tunnel junction X-ray spec-
trometer with detection limits as low as 100 ppm [  40  ]  was then 
used to retake the spectrum by partial fl uorescence yield (PFY), 
which is a bulk-sensitive measurement. This spectrum shows a 
weak Ca signal, indicating the presence of Ca inside the PCBM 
layer. This was not unexpected, as previous studies have shown 
that electrode materials can disperse throughout devices. [  41  ]  
Surprisingly, the pre-edge features at 345.0 and 348.2 eV dif-
fered from those of the oxidized Ca electrode, suggesting the 
presence of Ca in a different chemical state. Comparisons to a 
CaC 2 O 4  model compound and Ca L-edge spectra in literature 
indicate that the Ca ion is bound to carbon. [  42  ]  This suggests 
exohedral doping is occurring between Ca and PCBM. The dif-
ference in the peak intensities of the Al-capped and Ca-capped 
NEXAFS spectra indicate that doping and charge transfer are 
occurring more strongly with Ca than Al. This is to be expected 
given the difference in Fermi levels of the metals. 

 Since the NEXAFS data suggest that the metal is diffusing 
into the BHJ, it may be affecting the crystallinity of PCBM. The 
crystallinity of PCBM should be reduced if there are metals 
present in the BHJ, as the metal ions will act as defect sites and 
disrupt formation of extended PCBM crystals. To determine if 
dissolved metal ions affect PCBM crystallization, we prepared 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1935–1946
capped, annealed BHJ samples and used refl ection optical 
microscopy to see if there is a difference in the size and number 
of PCBM crystals. From the images shown in  Figure    6   it can be 
seen that the Ag-capped sample, heated under identical condi-
tions, has a higher number of visible crystals than the Al- or 
Ca-capped samples. This confi rms the NEXAFS result that the 
metal is in the BHJ and not just at the surface. It also suggests 
that doping/charge transfer results in a higher concentration 
of metal in the BHJ. This may explain why the profi le of the 
heated Ag-capped sample differs from the heated Al- and Ca-
capped samples. These data along with the results for NR and 
NEXAFS suggest that doping/charge transfer and metal diffu-
sion is infl uencing the VCP. In the Ca–and Al–capped sam-
ples where there is doping and charge transfer, the VCP of the 
heated samples (Figure  3 ) do not show a PCBM-depleted region 
below the PCBM-enriched region at the interface with the 
metal. In contrast, with Ag, where the data show no evidence 
of doping or charge transfer, there is a PCBM-depleted region. 
This indicates that either the presence of the metal in the BHJ 
or the charging near the interface is infl uencing the VCP of the 
BHJ in annealed samples.    

 2.4. Connecting VCP and Doping to OPV Device Performance 

 To determine how interface doping/charge transfer and the 
VCP affect completed BHJ devices, we fabricated P3HT:PCBM 
OPV devices. The increase in PCBM concentration at the metal 
electrode should improve device performance by increasing the 
selectivity for electron-only transport to the metal electrode. It 
has been shown that a PCBM-rich layer at the anode signifi -
cantly decreases OPV device effi ciency because it blocks holes 
from being collected at the anode. [  43  ]  Based on this result, it 
is expected that a high concentration of PCBM at the cathode 
should improve OPV device effi ciency because it will block 
holes from being collected at the cathode. Transistor measure-
ments of P3HT:PCBM fi lms have also shown that the charge-
carrier mobility is highly dependent on the ratio of P3HT to 
PCBM, so it is expected that differences in material composi-
tion may infl uence effi ciency. [  30  ]  Also, the charging of PCBM 
in the Al-capped and Ca-capped samples should improve effi -
ciency. Devices were fabricated with BHJs cast from chloroben-
zene/nitrobenzene solutions, where nitrobenzene was used 
because it provides a favorable morphology without heating. [  23  ]  
Note: this choice of samples creates an inconsistency between 
the Ca-capped sample used for NR measurements and the Ca 
1943wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  3.     Device parameters for P3HT:PCBM OPV devices. Open-circuit 
voltage ( V  OC ), short-circuit current ( J  SC ), fi ll factor (FF), and power con-
version effi ciency (PCE) for P3HT:PCBM devices with different metal 
electrodes measured as-cast and following annealing at 150  ° C. Devices 
were measured under simulated 1 Sun AM 1.5G light with no mismatch 
factor. 

   V  OC  
[V]

J sc  
[mA cm  − 2 ]

FF PCE 
[%]

Al as-cast 0.45 11.06 0.45 2.08

heated 0.63 11.10 0.58 3.77

Ag as-cast 0.50 11.28 0.50 2.63

heated 0.21 10.37 0.35 0.72

Ca as-cast 0.56 10.56 0.61 3.35

heated 0.61 10.71 0.57 3.45
device because nitrobenzene was not present in the NR meas-
ured sample. The reason for nitrobenzene use in the devices is 
that nitrobenzene causes P3HT crystallization and aggregation 
of P3HT and PCBM domains during casting. The use of the 
solvent additive allows us to eliminate crystallization and aggre-
gation as causes for changes in device effi ciency that occur with 
heating. Note that for the Ca device the cathode consisted of 
5 nm of Ca and 150 nm of Ag because Ca is easily oxidized. The 
 J – V  curves of OPV devices with different cathode metals meas-
ured before and after heating are shown in Figure  3 d–f and the 
values of open-circuit voltage ( V  OC ), short-circuit current den-
sity ( J  SC ), fi ll factor (FF), and power conversion effi ciency (PCE) 
are summarized in  Table    3  .  

 Since nitrobenzene was added to the casting solvent, the as-
cast BHJ morphology is optimized and thus there are no sig-
nifi cant differences in  J  SC  of the as-cast devices. [  23  ]  The small 
differences in  J  SC  are likely due to differences in refl ectivity of 
the cathodes leading to different light intensity distributions in 
the BHJ. [  44  ]  A Ca electrode produces the most effi cient devices, 
because of its low Fermi level, which creates a large built-in 
potential ( V  BI ) and drives charges to the appropriate electrodes. 
Additionally, Ca’s Fermi level is above the LUMO of PCBM, 
making it unlikely to accept holes from the highest occupied 
molecular orbital (HOMO) of P3HT. For the Al and Ag devices 
 V  BI  is smaller due to the higher work functions of the metals. 
For Ag, its Fermi level is below the LUMO of PCBM, making 
hole collection at the cathode more favorable than for Ca or Al. 

 The device data clearly show that heating results in changes 
in the device electrical properties. With a Ca electrode, PCE 
improvement upon heating is small, only 3% relatively. Since 
the Ca electrode is already selective for electrons, the intro-
duction of a hole-blocking, n-doped PCBM-rich layer shown 
in Figure  3 a does not signifi cantly improve the device, con-
sistent with prior results. There is a small increase in  V  OC  but 
we believe this is due to an increase in hole selectivity at the 
anode. [  45  ]  

 In contrast to the Ca–capped device, heating the Al–capped 
device improves PCE signifi cantly (81%) due to increased  V  OC  
and FF. This improvement clearly shows that PCBM enrich-
ment and doping at the cathode improve the selectivity of the 
cathode for electron collection. The improvement is also con-
sistent with the work of Chen et al. who were able showed 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
www.MaterialsViews.com

that heating P3HT/PCBM BHJs with an Al capping electrode 
resulted in an increase in effi ciency, which they attributed to 
changes in the distribution of materials in the BHJ. [  8  ]  Note: we 
previously published that little change occurs upon annealing 
for P3HT/PCBM Al-capped devices with a mixing ratio of 3:2 
and nitrobenzene. [  23  ]  The samples here have a higher PCBM 
loading of 1:1, which appears to be signifi cant. 

 The Ag–capped device is affected very differently by heating 
than the Al–and Ca–capped devices. The VCP in Figure  3 c 
shows that heating leads to PCBM enrichment at the cathode, 
but the NEXAFS data shows that PCBM is not doped or 
charged at the interface. Based on these observations, we 
expected heating to improve effi ciency because of the increased 
electron selectivity due to the PCBM enrichment at the cathode. 
However, we observe the opposite result; heating decreases effi -
ciency in Ag-capped devices, mainly due to a 0.3 V drop in  V  OC . 
The cause of this decrease in effi ciency is the PCBM-depleted 
region shown in the VCP at a depth of about 0.75 in Figure  3 c. 
In this region the concentration of PCBM is depleted below its 
concentration in the rest of the BHJ. Monte Carlo simulations 
of OPV devices have shown that a depleted region, like this 
one, commonly forms beneath an enriched region due to the 
loss of material. [  46  ]  This depleted region forms a blocking layer 
which increases bimolecular recombination. For P3HT:PCBM 
BHJs bimolecular recombination is known to be a signifi cant 
loss mechanism, which  V  OC  is dependent upon. [  47  ]     

 3. Conclusion 

 Our results show that the metal used as the cathode infl uences 
the BHJ in ways not previously known. They dispel the notion 
that an inverted device architecture is necessary for a favorable 
material distribution. Rather engineering of the surface energy 
and electrostatic properties of the interfaces will lead to an ide-
alized vertical concentration profi le. We show that the vertical 
concentration profi le is altered by three separate forces. The 
effect of surface energy has been previously demonstrated. We 
fi nd that vertical segregation of the BHJ can be reduced with 
the addition of an additive to the casting solvent. The use of 
nitrobenzene in the casting solvent reduces the concentration 
of PCBM at both interfaces by  ≈ 15%. 

 Additionally, we fi nd that the choice of metal capping elec-
trode affects the vertical concentration profi le not only through 
the surface energy, but also due to the Fermi Energy difference 
between materials. Low work function metals donate electrons 
to PCBM through both interfacial charge-transfer and exohedral 
doping. The presence of charge in the PCBM during annealing 
affects the fi nal VCP and in turn the IV characteristics of com-
pleted OPV devices. This results together show that it is nec-
essary to consider samples processed with intact electrodes for 
all donor/acceptor pairs to fully understand the relationship 
between the morphology and device effi ciency. Furthermore, 
the differences in VCP, doping, and device performance high-
light the sensitivity of OPV devices to sample history. This has 
broad implications to the organic electronics community, most 
importantly that comparison of devices with different sample 
histories may lead to false conclusions due to signifi cant, but 
unknown differences between samples.   
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1935–1946
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 4. Experimental Section 
 For neutron refl ectometry measurements, silicon wafers were cleaned 
by rinsing with acetone, isopropyl alcohol, and deionized water, then 
blow dried with nitrogen, and fi nally cleaned in a UV/ozone plasma 
chamber. P3HT and PCBM solutions were prepared by dissolving the 
polymer (20 mg mL  − 1 ) or fullerene (20 mg mL  − 1 ) in chlorobenzene. 
Nitrobenzene was added at 2% by volume. The solutions were stirred on 
a hot plate set to 60  ° C for 30 min. The P3HT and PCBM solutions were 
mixed together to achieve a 1:1 weight ratio (total solids concentration 
of 20 mg mL  − 1 ). The fi lms were deposited via spin coating. Thickness 
variation over the entire sample area was less than  ± 2 nm, as verifi ed 
with a stylus profi lometer. The fi lms were not thermally or solvent 
annealed prior to electrode deposition. Metal electrodes were deposited 
by thermal evaporation at 0.2 Å/s for the fi rst 5 nm and then the rate 
was increased to 1.5 Å/s. Neutron refl ectometry measurements were 
performed on the Surface Profi le Analysis Refl ectometer (SPEAR) at 
Los Alamos National Laboratory. [  21  ]  Measurements were taken in air 
before and after heating on a hot plate set at 150  ° C for 10 min. Since 
the domain sizes that are formed in a P3HT:PCBM BHJ are  ≈ 10 nm, [  26  ]  
the observed scattering length density is representative of the average 
composition of the layer. For the Ca sample the electrode was washed off 
using deionized water prior to measurement. The measured refl ectivity 
was fi t to a slab model, in which the sample fi lm was assumed to consist 
of a series of  n  parallel layers, where layer  i  has a thickness  d i   and 
constant scattering length density (SLD)   ρ  i  , sandwiched between super- 
(air) and subphases (silicon) of infi nite extent. Interlayer “roughness” 
 σ   i,i + 1  , which could include contributions from actual roughness between 
layers or from interlayer mixing, was accounted for by an error function 
SLD profi le centered at the interface connecting the SLDs of the adjacent 
layers  i  and ( i  +  1 ). Slab model fi tting to the measured data were carried 
out using the Refl 1D software package [  48  ] . The SLDs of air and silicon 
were taken to be   ρ   air   =  0 and   ρ   Si   =  2.07  × 10  − 6  Å  − 2 , respectively. [  24  ]  For 
the electrodes the SLDs were taken from the NIST SLD database with 
  ρ   Al   =  2.08  × 10  − 6  Å  − 2  and   ρ   Ag   =  3.47  × 10  − 6  Å  − 2 .  [  24  ]  For conversion from 
SLD to volume percent the pure species SLD were   ρ   P3HT   =  0.786  × 10  − 6  
Å  − 2  and   ρ   PCBM   =  4.34  × 10  − 6  Å  − 2 .  ρ  P3HT  was determined from previous 
measurements of pure P3HT on silicon and   ρ   PCBM  is calculated based 
upon previously reported data for deuterated PCBM. [  13  ]  

 Spectroscopic ellipsometry measurements were conducted using a 
VASE model ellipsometer from the J.A. Woollam Co., Inc. and the data 
was fi t within the WVASE32 software package. The data was fi t only in 
the range of 700–1000 nm because in this wavelength range the BHJ is 
transparent and its refractive index can easily be obtained using a Cauchy 
dispersion model. For the Al layer, tabulated values of the refractive index 
of aluminum contained with in the software were used. The thermally 
grown aluminum oxide was modeled using a Cauchy dispersion model. 
The tabulated values for stoichiometric aluminum oxide (Al 2 O 3 ) were not 
used as the SLD of the oxide layer obtained from the NR fi ts indicates it 
is not the stoichiometric oxide. 

 Atomic force microscope measurements of the surfaces of the 
samples measured by NR were conducted in tapping mode with a 
Multimode model microscope from Veeco. 

 For near edge X-ray absorption fi ne structure measurements, 
indium-tin oxide (ITO)-coated glass was ultrasonically cleaned in 
acetone, Mucusol, and deionized water. Next they were sprayed with 
deionized water and dried with nitrogen in a spin rinse drier followed 
by UV/ozone plasma cleaning. Samples were fabricated by spin coating 
a solution of PCBM (20 mg mL  − 1 ) in 1,2-dichlorobenzene (20 mg mL  − 1 ) 
onto the ITO glass. 2 nm of Ag, Al, and Ca were thermally evaporated 
at a rate of 0.3 Å/s. A pure PCBM sample and a 2 nm Ag fi lm without 
PCBM underneath were made as references. All samples were heated 
at 150  ° C for 10 min on a hot plate. To minimize degradation, the 
samples were transferred from our nitrogen glove box in Davis, CA, to 
the Advanced Light Source (ALS) synchrotron in Berkeley, CA in sealed 
container. X-ray absorption spectra on the carbon K-edge and were taken 
at beam line 6.3.1 of the Advanced Light Source synchrotron at Lawrence 
Berkeley National Laboratory. Spectra were acquired by total electron 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1935–1946
yield in rapid scanning mode, so that the time for a single scan from 
270–320 eV was only 45 s. None of the samples showed any signs of 
radiation damage during the 10 scans that were averaged for improved 
statistics. Carbon K-edge scans over the clean Ag reference sample were 
used as a measure of the incident fl ux  I  0 , to avoid any artifacts from 
carbon contamination of the beam line. A small structure below the 
K-edge from second-order excitation of oxygen in the Al- and Ca-coated 
samples and a linear background in the K-edge region were subtracted, 
and the signals were normalized to unity at the energy of 310 eV above 
the edge. 

 For optical microscope measurements, the samples were fabricated 
by spin coating a solution of P3HT:PCBM (1:1, 20 mg mL  − 1 ) in 
chlorobenzene and 4% nitrobenzene by volume onto glass which was 
previously coated with PEDOT:PSS (Clevios P VP AI 4083). Following 
deposition of 10 nm of metal by thermal evaporation, the samples were 
heated for 1 h in a N 2  glove box. Measurements were conducted in 
refl ection mode. 

 OPV devices were fabricated on etched ITO-coated glass substrates. 
PEDOT:PSS was spin coated to achieve a  ≈ 40 nm layer. After spin coating, 
the fi lms were annealed in air at 110  ° C for 5 min and then transferred 
to a nitrogen glove box. P3HT and PCBM solutions were prepared in the 
same manner that was used for neutron refl ectometry measurements. 
The BHJ was spin coated from the solution in the glove box. The fi lms 
were not thermally or solvent annealed prior to electrode deposition. 
Metal electrodes were deposited by thermal evaporation. The metal was 
deposited at 0.2 Å/s for the fi rst 5 nm then the rate was increased to 1.5 
Å/s. Device measurements were made under 1 Sun of simulated AM 
1.5G light with no mismatch correction. A certifi ed reference cell was 
used to calibrate the intensity of the solar simulator.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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