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In this study, a highly soluble PCBM-based thermo-cross-linkable fullerene precursor has been synthesized for use in in 

bulk heterojunction based organic solar cells. The cross-linking was achieved using a thermally activated benzocyclobutene 

(BCB) molecule. The thermo-crosslinking reaction is initiated at temperatures as low as 150 °C. Compared to PCBM, the 

cross-linked fullerene is highly insoluble and has a diffusional mobility in poly(3-hexylthiophene) (P3HT) which is an order 

of magnitude slower than PCBM. Its electron mobility is comparable to that of PCBM and organic photovoltaic (OPV) 

devices consisting of bulk heterojunction active layers with P3HT and this fullerene show very similar efficiencies. Devices 

prepared either with pure cross-linked fullerene or its mixture with PCBM as acceptors in OPVs have been shown to be 

highly stable to accelerated aging with little loss in device efficiency up to 48 hours of aging at 150 °C. This compares to a 

loss of 60% of initial efficiency in identically prepared devices when using PCBM as the acceptor. Optical microscopy and 

grazing incidence wide angle x-ray scattering (GIWAXS) shows that a probable cause for this excellent stability in the cross-

linked fullerene containing BHJs is associated with a significant inhibition of formation of crystals of fullerene. 

 Introduction  

 

The discovery of highly efficient charge transfer from 

semiconducting polymers to electron accepting C60 fullerenes 

in OPVs
1
 has led to the widespread use of fullerenes in the 

field of organic electronics.
2-5

 The limited solubility of 

unmodified C60 led to the synthesis of new methanofullerene 

derivatives such as [6,6]-phenyl-C60-butyric methyl ester 

(PCBM)
2
, which were more soluble, as well as more efficient 

electron acceptors in OPVs. PCBM has since become one of the 

most popular fullerene acceptors and has been used in a 

variety of high performing organic photovoltaics (OPVs).
3-5 

In 

the active layer i.e. the bulk hereterojunction (BHJ) layer, the 

conjugated polymer-fullerene mixture attains a complex phase 

behavior as a result of the solution processing and subsequent 

thermal annealing. In blends, poly(3-hexylthiophene) (P3HT) 

and PCBM fullerene phase segregate and tend to initially form
6
 

nano-scale aggregates which increase in size during post-

processing thermal annealing and are associated wth 

improving device mobility and performance.
7
 However, 

annealing at such temperatures for longer periods of time or 

accelerated aging, leads to formation of micro-scale 

(micrometer-sized) fullerene aggregates, which have been 

shown to be the underlying pathway for eventual device 

degradation.
8-10

 To counter these effects and in particular to 

prevent or reduce fullerene aggregation, a number of 

approaches have been implemented including use of fullerene 

mixtures,
10, 11

 modified fullerenes for supramolecular 

interactions,
12

 in-situ polymerization of the fullerene,
13

 UV 

assisted oligomerization of the fullerene in the BHJ,
14, 15

 

solution blending of soluble chemically-derived dimer
16, 17

 and 

even trimer derivatives of PCBM.
9 

 Alternatively, groups have 

also used the technique of in-situ cross-linking with the 

introduction of small UV-curable bis-amide crosslinker
18

 as 

well as PCBM based thermo-cross-linkers as an additive to the 

BHJ layer.
13, 19, 20

 The inclusion or formation of these 

polymerized or multimer fullerenes have typically shown a 

significant improvement in the long-term stability of the OPV 

devices under simulated aging though the exact mechanism of 

lifetime improvement is not fully understood.
19

  

In addition to controlling fullerene aggregation, understanding 

the diffusion of fullerene through the polymer in the bulk 

heterojunction devices is also important in the development of 

the device morphological structure, which ultimately plays a 

key role in determining the device efficiency.
7, 21-24

 In order to 

understand how the donor (D)-acceptor (A) phase morphology 

in the bulk heterojunction layer affects device efficiencies a 
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number of groups previously have studied model 

poly(alkylthiophene) (D) – fullerene (A) bulk heterojunction 

device structures and have observed three distinct layers in 

the bulk heterojunction.
25-29

 Owing to fullerene diffusion 

through the polymer within the bulk-heterojunction, fullerene 

enriched layers are observed near the anode and cathode and 

consequently fullerene depletion (polymer enrichment) in the 

middle layer. It is thus important to systematically study the 

correlation of fullerene-polymer segregation in the active layer 

to the device performance. 

Optimization of device performance is also often accompanied 

by annealing the device at temperatures typically well below 

the melting point of the polymer or fullerene for short periods 

of time. However, as discussed earlier, extended annealing or 

aging typically reduces the device performance.
8, 10

 This owes 

to the fact that annealing directly affects the phase 

morphology of the polymer and fullerene blend in the BHJ. 

Previous studies on bilayer devices have shown that an initially 

pure layer of PCBM will diffuse through a pure P3HT layer 

within a few minutes when annealed at 150 
o
C.

21
 Since the 

annealing temperature is well below Tm of the polymer or 

fullerene, but above the Tg of the polymer, diffusion of the 

fullerene occurs through the mobile amorphous phase of the 

polymer and grain boundaries.
21, 22

  Due to its limited solubility 

in the amorphous polymer excess fullerene aggregates at 

elevated temperatures leading to significant degradation in 

device performance.
 
Keeping these factors in mind, it is thus 

important to be able to study and eventually control the 

morphological development of the bulk heterojunction 

system. 

Thus, the objective of this work is to develop a strategy to 

generate oligomeric fullerene derivatives in-situ in BHJs and 

study their diffusion behavior in comparison with monomeric 

PCBM.  

Benzocyclobutene (BCB) is often used as a thermal cross-

linking group, and undergoes oligomerization readily via a o-

quinodimethane reactive intermediate in the presence of 

heat.
30-32

 Previously, cycloaddition of o-quinodimethane onto 

fullerene in high boiling temperature solvents at reflux 

temperature gave fullerene based dimers, oligomers and 

polymers.
33, 34

 These reactions however were carried out in 

solvents at high reflux temperatures and with long cross-

linking reaction times. Using these reactions as a template, 

herein, we report a facile procedure for obtaining a fullerene 

with a cross-linkable benzocyclobutene moiety, which 

thermally cross-links in-situ to obtain fullerene oligomers. We 

chose our strategy of in-situ thermal cross-linking because 

unlike the final cross-linked fullerene, the monomeric fullerene 

precursor synthesized here is readily soluble, which allows us 

to use established processing conditions to fabricate the 

devices. We subsequently used the cross-linked fullerene to 

study the fullerene diffusion and aggregation behavior in bulk-

heterojunction devices using P3HT as a donor in BHJs. The 

devices with the cross-linked fullerene show extremely good 

stability against thermal induced degradation, and device 

performance was correlated with the observed morphological 

behavior. 

Results and discussion 

Synthesis of thermal cross-linkable fullerene  

Synthesis of PCBM related fullerene with a BCB thermal cross-

linker was carried out as shown in Scheme 1. The starting 

materials of [6,6]-phenyl-C60-butyric acid (PCBA), synthesized 

from commercially sourced PCBM (American Dye Source, inc.), 

and the 1-hydroxy benzocyclobutene (BCB-OH) were both 

synthesized following reported procedures.
2, 32, 35

 The PCBA 

was subsequently reacted with BCB-OH under N,N′-

dicyclohexylcarbodiimide (DCC)-assisted esterification 

conditions in ortho-dichlorobenzene (o-DCB) in order to obtain 

the desired precursor product phenyl-C61-butyric acid 

benzocyclobutene ester, (PCBCB) (see Scheme 1). PCBCB, 

which is readily soluble in common organic solvents, was 

purified though column chromatography and characterized by 
1
H and 

13
C NMR spectroscopy, mass spectrometry, high-

performance liquid chromatography (HPLC) and elemental 

analysis. See Supporting Information for further details. 

The fullerene cross-linked product ((PCBCB)n) was formed in-

situ from the purified PCBCB via thermal annealing. Mass 

spectral analysis of annealed PCBCB film showed the formation 

of fullerene dimer along with monomeric fullerene and other 

decomposition products (see supporting information). 

However, although formation of higher oligomeric and 

polymeric products may be possible, they were not observed 

in the mass spectral analysis, suggesting (PCBCB)n, where n = 2 

is the major product. Due to insolubility of the final cross-

linked products, further structural characterization could not 

be carried out. However, results of thermally annealing 

different combinations of the precursor (PCBCB), PCBM and 

the BCB compounds and previous studies on these materials in 

literature 
31, 32, 34, 36

 lead us to suggest the possible reaction 

pathways for the formation of the final cross-linked fullerene 

products (i.e. (PCBCB)n) (see supporting information). 

 

Differential Scanning Calorimetry (DSC) 

DSC analysis of the PCBCB in hermetically sealed Al pans was 

carried out from a start temperature of -50 
°
C up to 300 

°
C at a 

rate of 10 °C /min.  The heating and cooling cycles are shown 

in Figure 1. The first cycle showed a strong exothermic peak, 

beginning at ~150 
°
C, indicative of an exothermic chemical 

reaction, associated with the crosslinking reaction of BCB.  

Scheme 1. Synthesis of PCBCB. 
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Figure 1. DSC thermogram of cross-linking reaction of PCBCB. 

moieties. This is in good agreement with previously observed 

crosslinking temperatures also measured by DSC for other 

BCB-based thermally induced cross-linking reactions.
24

 

 

UV-Vis spectra analysis  

Absorption spectra of the PCBCB and PCBM in thin films were 

measured, before and after annealing at different 

temperatures (150, 190 and 230 
o
C) for 10 minutes. While 

PCBM showed no significant changes post annealing (Figure 

2a), PCBCB showed a distinct reduction in the peak intensity at 

360 nm, indicative of a change in the packing of the system 

beginning as low at 150 
°
C (Figure S8, possibly associated with 

onset of the cross-linking reaction as indicated by earlier DSC 

measurements). Subsequent annealing of the PCBCB at higher 

temperatures did not result in significant changes to the UV-

visible absorption spectrum beyond those observed at 190 
°
C, 

(see Figure 2b), suggesting that all or the majority of the 

changes in the structure had already occurred at 190 
°
C and 

the cross-linking percentage was estimated to be close to 

100% (see supporting information). Thus this was the 

temperature used subsequently for carrying out the cross-

linking in thin films. 

 

Fullerene-polymer diffusion behavior 

An important part of controlling the morphology of BHJ 

systems is control of the diffusion of the fullerene through the 

polymer. Thus diffusion behavior of the (PCBCB)n fullerene into 

P3HT was compared to that of PCBM. Upon preparing bilayers 

of the fullerenes and P3HT (see experimental) the sulfur 

content through the BHJ film thickness was determined using 

XPS measurements as a function of the etching depths (which 

is proportional to the etching time) for various annealing times 

(Figure 3). The various depths were accessed by etching the 

film with an ion gun for fixed lengths of time. The samples 

were measured as unannealed bilayers and also after 

annealing for different amounts of time at 150 
°
C. In the 

pristine samples the two-layer structure is defined by a sharp 

but finite interface between the P3HT upper layer and the 

underlying fullerene. Diffusion of the fullerene through the 

polymer is characterized by loss of the initial interface to give a 

uniform distribution of the S through the film thickness (Figure 

3). In a 1:1 ratio of the P3HT: fullerene the calculated S content 

in a homogeneous blend would be 4 (atomic) %, a value which 

both films prepared with PCBM and (PCBCB)n obtained after 

sufficient annealing times. PCBM has been known to diffuse 

quickly through the amorphous regions and the grain 

boundaries of P3HT upon various annealing conditions.
21, 22, 37

 

Thus in the PCBM system (Figure 3a), a homogeneous film 

composition was observed very quickly within 1 minute of 

annealing at 150 
°
C, which is consistent with previously 

reported studies.
21

 By comparison, the (PCBCB)n (Figure 3b), 

shows negligible diffusion into P3HT for the first 15 minutes of 

annealing, although a homogeneous composition occurs at 

some time between 15 and 30 minutes annealing. This clearly 

shows that the diffusion rate of the (PCBCB)n that is at least an 

order of magnitude slower than PCBM. 

 

 

 

Figure 2. UV-Vis absorption spectra of, (a) unannealed and annealed thin films of PCBCB and PCBM, (b) PCBCB annealed at 

different temperatures (insets show the zoomed in areas inside the box; ‘ann’ in the captions indicates annealed films). 
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Figure 3. Percent Sulfur content through as a function of etch time, annealing at 150 
o
C for different amounts of time for (a) 

P3HT-PCBM bilayer and (b) P3HT-(PCBCB)n bilayer (unann – unannealed, ann-annealed). 

 

Mobility, Electrochemical and Device Stability measurements 

 The electron mobility values of the fullerenes were 

determined from space charge limited current (SCLC) 

measurements (see Figure S9, results in Table 1). These 

measurements showed that compared to PCBM the PCBCB 

precursor has a slightly lower, but comparable electron 

mobility values. The electron mobility value for PCBCB though 

does increase significantly upon the crosslinking reaction to 

give (PCBCB)n. To get a better understanding and possible 

explanation of this enhancement of electron mobility, GIWAXS 

measurements were carried out to compare the crystal 

structures and are summarized in the supporting information 

(see section on GIWAXS).  

To estimate the LUMO energy level of PCBCB, cyclic-

voltammetry experiments were carried out and showed 

negligible change in its reduction potential values with respect 

to PCBM (see supporting information), indicating its LUMO 

energy level is similar to the PCBM. Due to its insolubility, we 

were not able to carry out electrochemical measurements on 

(PCBCB)n. Given the similar electron mobility values for the 

PCBM and (PCBCB)n, BHJ devices were made with these 

materials as acceptors and P3HT as the donor molecule. A 

third device was also made with a 1:1 ratio of PCBM: (PCBCB)n 

as the acceptor. The devices were annealed for 10 minutes 

each at 190 
°
C to allow for the cross-linking of PCBCB to occur 

following the spin coating of the active layer and before the 

aluminum electrode was deposited. The PCBM and (PCBCB)n 

based devices showed comparable efficiencies as made, with 

the cross-linked fullerene showing only a slightly reduced 

initial efficiency. These devices were subsequently aged at 150 
°
C for increasing periods of time (up to 48 hours or 2880 

minutes) and the efficiencies of all three devices measured at 

regular intervals (Figure 4). It was observed that the P3HT-

PCBM based samples begin to degrade substantially within 1 

hour of aging, and very quickly thereafter show only 40% of 

their initial efficiency, as seen previously in a number of other 

studies.
38-40

 

 

 

 

Figure 4. Device efficiency as function of aging time for P3HT-

fullerene BHJs where the fullerenes are PCBM (black), 1:1 

PCBM: (PCBCB)n blend (red) and (PCBCB)n (green). 

 

By comparison, the devices where the acceptor was a 1:1 ratio 

PCBM: (PCBCB)n blend or pure (PCBCB)n initially showed a 

slight increase and then a stable value of the device efficiency. 

More importantly neither of the devices containing (PCBCB)n 

showed any effective degradation in the device efficiency 

(compared to its initial device efficiency) even when aged for 

up to 48 hours at elevated temperatures. The devices 

themselves were not as efficient as reported by other sources 

previously due to the selection of a non-optimized polymer: 

fullerene ratio and absence of Calcium interlayer. However, 

this did provide us with a simpler device structure to study 

with the other characterization techniques. 

 

Table 1. Electron mobility values (SCLC) for the different 

fullerenes (thickness – 210 nm) 

 

Material µ (cm
2
/Vs) 

PCBM 9.1±1.0x 10
-4

 

PCBCB 1.3±0.3 x 10
-4 

(PCBCB)n 5.9±1.8 x 10
-3 
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Fullerene crystal and aggregation growth  

Nano-scale aggregates in the as-made BHJ samples are 

observed using AFM images (Fig S.13), suggesting that devices 

have an appropriate aggregate size to facilitate good device 

mobility and performance.
7
 Upon aging however, the PCBM 

aggregates become too large in size to be viewed using the 

AFM imaging. Thus to study the effect of aging on fullerene 

crystallization, GIWAXS measurements were also carried out 

on the thin films of PCBM and (PCBCB)n aged for different 

amounts of time. The 2-D GIWAXS images of the fullerenes 

showed differences before and after annealing it for 1 h 

(Figure 5). In the case of PCBM, upon annealing, distinct 

crystalline peaks of the fullerenes from possible re-

crystallization and subsequent large-scale aggregation, had 

replaced the initial amorphous halos. In contrast, the GIWAXS 

image for the annealed (PCBCB)n films did not show a 

significant change in the crystalline behavior suggesting a 

tendency not to re-crystallize even after prolonged annealing 

at elevated temperatures (aging at 150 
°
C   Fig S12 b and Table 

S4). The crystallization kinetics were subsequently observed 

and measured using optical microscopy and the BHJs with 

fullerenes in different ratios (pure PCBM, PCBM: (PCBCB)n in 

1:1 ratio and pure (PCBCB)n) were compared. During aging of 

the P3HT-PCBM sample, formation of a large number of 

macroscopic-sized crystallites is observed (Figure 6). 

These crystals are believed to be aggregates of fullerene as 

described before in the literature and indicated by the GIWAXS 

results of the prolonged aged PCBM thin films (Figure 5b).
8, 9, 24

 

This aggregation behavior forming macroscopic fullerene 

crystals has been shown to lead to the decrease of the 

different polymer-fullerene based BHJ device efficiency when 

the device is kept at high temperature over time, and explains 

the loss in device efficiency in this system.
6, 8, 41

 When the 

PCBM is partly or completely replaced by (PCBCB)n as the 

acceptor the number density of fullerene crystallites formed 

 

Figure 5. GIWAXS patterns for thin films of a) PCBM and b) 

(PCBCB)n before (left column) and after (right column) one 

hour of aging at 150 
o
C. 

 

Figure 6. Optical microscopy images of P3HT-Fullerene thin 

films, before and after aging at 150 °C for 1 h, 10 h a) P3HT-

PCBM b)P3HT-(PCBCB)n:PCBM (1:3) c) P3HT-(PCBCB)n:PCBM 

(1:1) d) P3HT-(PCBCB)n (insets of the images at 10 hrs show 3x 

zoom of a part of the image). 

 

 (measured as the percentage area of fullerene crystallites) 

was observed to decrease with increasing amount of (PCBCB)n 

in the system (Figure 7). This suggests that the (PCBCB)n 

actively inhibits the aggregation and crystallization of the 

PCBM molecules. This is assisted by the order of magnitude 

lower diffusion rate of (PCBCB)n in the P3HT compared to the 

PCBM. This diffusion rate inhibits rapid mobility and hence 

reduces aggregation of the fullerenes in the system leading to 

higher lifetimes of the devices even under elevated 

temperatures. 

By analyzing the crystallite size as a function of aging time 

(Figure S11) and fitting using the Avrami equation (Equation 

S2) the fullerene crystallization growth rate in the active layers 

were obtained. Since pure (PCBCB)n based devices barely 

showed any visible aggregation or re-crystallization (as also 

observed in the GIWAXS measurements) Avrami analysis was 

not possible in this case. However, the calculated Avrami 

exponents in the systems containing pure PCBM and PCBM: 

(PCBCB)n (1:1) showed values close to 2 suggesting a 2-

dimensional growth (Table 2). At the same time the rate 

constant calculated for the crystal growth however was, as 

anticipated, significantly lower when PCBM:(PCBCB)n (1:1) was 

used as an acceptor, as compared to just pure PCBM,  
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Figure 7. Percentage area of fullerene crystallites in BHJs with 

time, aged at 150
°
C. 

 

consistent with our hypothesis that introduction of a cross-

linked fullerene is inhibiting the rate of growth of the PCBM   

crystals. Thus the reduction in crystal growth and aggregation 

arises from the introduction of the (PCBCB)n as a slow diffusing 

aggregation inhibiting agent.  

An obvious question to ask is how universal is this approach. 

To partly answer this, we have made preliminary 

measurements of OPV device performance with BHJs 

containing the higher efficiency polymer, PTB7. Results show 

(Figure S14, Table S5) that devices with either PC60BM or 

(PCBCB)n fullerenes have very similar performance to each 

other and are entirely consistent with results previously 

reported in the literature.
42

 As yet long term stability of these 

and other devices containing (PCBCB)n have yet to be 

undertaken, but will constitute part of future studies to 

expand the applicability of these cross-linking acceptor 

systems. 

  

Table 2. Avrami exponent and Rate constants from Avrami Fits 

Sample Avrami 

Exponent 

Rate 

Constant 

P3HT-PCBM 1.89 0.31 

P3HT-(PCBM:(PCBCB)n) (3:1) 2.01 0.19 

P3HT-(PCBM:(PCBCB)n) (1:1) 2.11 0.16 

Conclusions 

We have synthesized a new thermal cross-linkable PCBM 

based molecule, which was thermally cross-linked in-situ to 

obtain an oligomeric fullerene derivative that has electron 

mobility comparable to the original PCBM. The use of these 

cross-linked fullerenes in bulk heterojunction based OPVs 

show comparable device efficiencies as well as a significant 

improvement in the device lifetime on being subjected to 

accelerated aging conditions. This behavior has been 

attributed to the reduction in the diffusion, and aggregation of 

this new fullerene in the devices. Similar fullerene based 

oligomeric acceptors are also being synthesized in the future 

with other BCB based cross-linker groups to allow crosslinking 

at even lower temperatures. 
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Experimental Methods 

Thin films were prepared for all characterization measurements 

(optical microscopy, UV-Vis measurement, BHJ devices for 

efficiency measurements and SCLC devices for electron mobility 

measurements, XPS for diffusion measurements), by spin 

coating solutions from o-dichlorobenzene (o-DCB) onto glass 

slides. Before use all glass slides were washed with surfactant 

solution, acetone and isopropanol, consecutively, and after 

drying the glass surfaces with N2 gas, were UV-ozone cleaned. 

UV-vis absorption measurements were carried out using a 

Varian Cary 5E UV-vis-NIR spectrophotometer with wavelength 

ranging from 300-800 nm. Optical microscopy measurements 

were carried out on an Olympus BX15 optical microscope with 

20x zoom. Images were analyzed using ImageJ v1.48. 

Thin films for GIWAXS, optical microscopy and UV-vis 

measurement were prepared from different solutions made 

from pure PCBM and PCBCB, and also BHJ blends with P3HT.  

The P3HT: fullerene ratio in the BHJ layers was kept as 1:1 in all 

of the films. Films were spun from 20 mg/ml solutions in o-

dichlorobenzene solutions (500 RPM for 2 sec followed by 800 

RPM for 50 seconds) onto microscope glass slides. 

Thin films for OPV device measurements were made on ITO 

covered glass slides. A layer of PEDOT: PSS was first deposited 

onto the ITO by spin coating a PEDOT: PSS solution (Clevios 

Al4083 by Heraeus) at 4000 RPM for 45 seconds. Films were 

subsequently annealed for 10 minutes at 150 
°
C in a glove box. 

The active layer was made of P3HT/fullerene blends in a weight 

ratio of 1:1, with the fullerene being pure PCBM, PCBCB or 

PCBM: PCBCB in a 1:1 ratio. The active layer was spin coated 

from 20 mg/ml o-DCB solutions (500 RPM for 2 seconds 

followed by 800 RPM for 50 seconds). All active layer films were 

annealed at 190 
°
C for 10 minutes. Finally, a 100 nm Al electrode 

layer was deposited on to the BHJ using thermal evaporation 

technique under vacuum. Subsequently, the devices were aged 

on a hot plate in the glove box at 150 
°
C for varying amounts of 

time and the OPV efficiency determined at room temperature 

using a Keithley’s Series 2400 SMU source meter under an AM 

1.5 solar spectrum. 

SCLC measurements were performed on devices that were built 

on pre-patterned ITO. The pre-patterned slides were 

ultrasonicated in sodium dodecyl sulfate and water for 10 

minutes, followed by a water rinse.  Afterwards, ITO was 
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ultrasonicated in acetone, then isopropanol for 10 minutes each.  

ITO was then UV-ozone cleaned for 10 minutes. PEDOT: PSS (Al 

4083) was filtered through a 0.45 µm nylon filter and spincoated 

onto the cleaned ITO at 5000 rpm for 60 seconds.  PEDOT: PSS 

coated devices were then transferred into an Ar filled glovebox 

and annealed at 120 °C for 15 minutes.  Solutions of fullerene 

with concentrations of 30 mg/mL in chloroform were spin 

coated onto PEDOT: PSS devices at 1200 rpm for 60 seconds. 

Subsequently the devices were placed in a thermal evaporator 

where 1 nm of LiF was deposited, followed by 80 nm of Al. 

Devices were tested using a Keithley's Series 2400 SMU source 

meter. Film thicknesses were measured using a Bruker stylus 

profilometer.  

Bilayers for the XPS diffusion measurements were made by first 

spin coating a layer of fullerene (20 mg/ml in o-DCB), onto a 

glass slide (500 RPM for 2 seconds followed by 800 RPM for 50 

seconds). In case of the PCBCB film, this was then annealed at 

190 
°
C for 10 minutes to allow the cross-linking reaction. The 

P3HT layers were prepared by spinning onto different glass 

slides that were initially spin coated with PEDOT: PSS. The P3HT 

polymers were then floated off onto water (to dissolve the 

PEDOT: PSS and release the P3HT film), which were then 

transferred onto the fullerene layer. The resulting bilayer 

structure was subsequently air dried until no visible water traces 

remained and then vacuum dried at RT overnight. XPS 

measurements were performed in the shared user laboratory of 

the Georgia Tech IEN Organic Cleanroom. The machine used was 

a Thermo K-alpha XPS. The etching was carried out using a Argon 

ion source at an energy of 3000 eV, with constant etch time of 

20 sec in each etch cycle, i.e. between subsequent 

measurements. GIWAXS measurements were carried out on 

beamline 11-3 at the Stanford synchrotron radiation light 

source (SSRL). The beam was kept at an energy of 13 KeV and 

the critical angle of measurement was 0.12°. A LaB6 standard 

sample was used to calibrate the instrument and the software 

WxDiff was used to reduce the 2-D scattering data into the 

corrected 1-D integration plots (I vs q). 
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