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Increased charge transfer state separation  
via reduced mixed phase interface in polymer solar cells 

Thomas Ferron, Matthew Waldrip, Michael Pope, Brian A. Collins* 
Department of Physics and Astronomy, Washington State University, Pullman, WA 99164 

Investigations into bulk heterojunction organic solar cells have demonstrated that 
molecular mixing within domains and at interfaces significantly impacts device 
performance. However, these studies often use broad performance metrics that blur 
fundamental structure-function mechanisms – in particular the role of the mixed phase in 
charge generation versus charge extraction. Here, we present a new analysis based on 
time-delayed collection field that separately quantifies each fundamental step in the 
charge generation process. Additionally, we present a novel resonant X-ray scattering 
analysis to quantify the state of the three-phase nanostructure (phase volumes and their 
compositions) as it exists in the devices. We find that in a model semicrystalline system, 
decreasing the mixed phase interface between pure donor and pure acceptor domains has 
little effect on the efficiency of charge transfer (CT) state formation but instead dramatically increases the efficiency of 
CT state separation. While charge extraction efficiencies are affected as well, this has only a minor impact on device 
performance. With both structure and properties quantitatively resolved for the first time on the exact same devices, we 
determine a simultaneous >99% (anti)correlation between (mixed)pure phase volume and charge separation efficiency, 
with values fitting well to an exponential saturation model. This result plus our ability to eliminate other possible 
contributing factors provides strong evidence of a causal relationship that reducing interfacial mixed phases to establish 
a steep energy gradient between pure phases aids in charge generation and extraction in organic solar cells.

 INTRODUCTION

Organic photovoltaics (OPVs) have continued to be an
important technology on the frontier of energy research. 
Solar cells fabricated from polymer or small molecule 
components bring with them considerable advantages over 
their inorganic counterparts including the potential for 
solution printing,1,2 chemical structures that enable fine 
tuned properties3, lead-free and earth-abundant elements, 
and compatibility for wearable, flexible,4 and 
semitransparent technologies.5 Recent work has seen 
single junction power conversion efficiencies surpass 
14%6,7 and tandem cells have reached 17.3%.8 Theoretical 
models forecast practical efficiencies beyond 20%,9,10 
rivaling common inorganic/hybrid materials. To realize 
high performance in organic systems, however, massive 
trial-and-error optimization studies are required over 
multiple processing parameters for a particular material 
system, thus slowing progress. Additionally, efforts to 
design new molecules often lack direction in terms of what 
moieties will result in what nanostructures. Swiftly 
approaching efficiency goals will require a more 
mechanistic and quantitative understanding of 
fundamental structure-function relationships behind 
device performance.  

The highest efficiency devices are formed from the 
bulk heterojunction (BHJ) where electron donor and 
acceptor molecules are cast from a single solvent and phase 
separated to form an interpenetrating network of 

domains11–13. Morphology investigations have determined 
that BHJs typically form up to three phases due to a finite 
donor-acceptor miscibility. Amorphous molecular systems 
typically form two phases via liquid-liquid phase 
separation and have been characterized extensively in the 
past,14,15 while semicrystalline polymer systems will form 
three phases: a pure crystalline donor phase, a mixed 
amorphous phase, and a pure aggregate acceptor phase.15–

18 While pure phases are seen as critical for efficient charge 
transport,19–21 the role of the mixed phase is less well 
understood. Some studies have correlated the presence of 
a mixed phase with increased photocurrents, suggesting 
molecular mixing promotes interfacial charge-transfer 
(CT) states and eventually charge generation.22–25 Other 
reports tie increased domain purity to better device fill-
factors, suggesting that mixed phases increase charge 
recombination losses.15,26 Unfortunately, these metrics 
(photocurrent and fill factors) depend on many underlying 
processes, and a more fundamental breakdown of charge 
generation and recombination dynamics is needed to 
elucidate the effects of the mixed phase.  

Recently, McNeill and coworkers revealed longer 
charge lifetimes in devices with a higher purity mixed 
phase and argued that charge extraction must be the main 
effect on device performance.27 However, their methods 
were not able determine whether charge generation or 
extraction dynamics was the primary influence on device 
performance. Gorenflot and coworkers have recently made 
progress on this front via transient absorption spectroscopy 
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global analysis, although the high excitation fluences used 
and lack of electrical connections in their samples could 
impact the measured populations and dynamics.28 The 
development of time-delayed collection field (TDCF) by 
the Neher group, on the other hand, has enabled separate 
measurement of the charge generation and recombination 
rates within working devices and at relevant excitation 
fluences.29–31 Thus, TDCF could be used to 
comprehensively quantify device dynamics directly tied to 
performance in organic solar cells. 

Even if such an analysis could be perfected, much 
uncertainty still lies in quantifying the mixed phase. 
Previous studies used energy-filtered transmission electron 
microscopy (EF-TEM) to directly image the presence of 
the mixed phase and show that it primarily exists at the 
interface between the two pure phases in blends of poly(3-
hexylthiophene) (P3HT) and phenyl-c61-cutyric acid 
methyl ester PCBM.16,17,32 Cyclic voltammetry 
measurements, have revealed cascading energy levels 
between pure, aggregated phases,33 indicating that the 
energy gradient across the interface is highly dependent on 
the size of the mixed phase. Thus a measurement of phase 
volumes is useful in probing interfacial width in this 
system. 

Studies have used X-ray or neutron scattering 
techniques to determine statistical domain purities. In one 
study, X-ray diffraction intensities were used to quantify 
phase volumes and compositions.34 However, in this case 
diffraction from pure films of the donor molecule were 
assumed to be 100% crystalline, which may not be 
accurate, especially for polymers. Neutron scattering has 
been used to measure mixed phase compositions through 
measured contrast modulation in the polymer phase.35 
Unfortunately, neutrons cannot distinguish between pure 
and amorphous polymer phases making phase volume 
measurements challenging. Most studies that report 
domain purity quantify total scattering intensity (TSI) of 
resonant soft X-ray scattering (RSoXS),27,36–39 but domain 
purity is convoluted with the number of phases and the 
respective phase volumes.14,22,27,40 Because of this, it is 
unclear in these studies which parameter is actually 
changing and, therefore, affecting device performance. 
These studies, furthermore, only assume two phases, 
which is inappropriate for high-performing semicrystalline 
polymer systems.37,41,42 Thus, it would be highly beneficial 
if a method were developed that could separate and 
quantify nanophase volumes and compositions in a three-
phase system. 

In this study we report both a method to separately 
quantify the phase volumes and compositions within a 
three-phase, semicrystalline organic blend as well as 
measure the quantum efficiency of each of the fundamental 
excited state transitions in the charge generation process of 

an organic solar cell. Improving on previous scattering 
models,43,44 we combine an analysis of RSoXS and X-ray 
diffraction to quantify the state of the three phase BHJ 
morphology – in particular the mixed phase. We 
additionally fully characterize device dynamics and their 
impact on the device performance by combining optical 
spectroscopies and TDCF. These analyses are applied to a 
model semicrystalline polymer:fullerene blend 
P3HT:PCBM where the phase volume fractions are varied 
via the fullerene concentration. By conducting structure, 
dynamics, and performance measurements on the exact 
same devices, we reveal definitive correlations of CT state 
separation and free charge recombination dynamics with 
the pure and mixed phase volumes and critically which is 
most important for device performance. We find that a 
reduction in the mixed phase volume across the 
donor/acceptor interface dramatically improves the charge 
separation efficiency and is the main driver of device 
efficiency. While charge extraction efficiency improves as 
well, this is not enough to significantly suppress charge 
recombination losses. These results further support the 
growing theory that a steep energy gradient across the 
interface between pure domains assist in splitting CT states 
and improve device performance. 33,45–47 

 RESULTS & DISCUSSION

Photovoltaic Performance. Overall device performance 
is summarized in Figure 1 and reveal all PCBM 
concentrations form a photovoltaic device, even those 
containing only 5 wt. % PCBM. Critical parameters are 
extracted and presented Figure 1b and c as a function of 
increasing PCBM wt.%. The most prominent change in 
device performance comes from the short circuit current 
increasing from 0.13 to 10.1 𝑚𝐴/𝑐𝑚ଶ with most of the 
improvement occurring between 20-40 wt.% PCBM. 𝑉௢௖ 
sees its largest change earlier (between 5-10 wt. % PCBM), 
followed by a modest growth to a maximum of 0.64𝑉. 𝐹𝐹 
sees its biggest increase between 30-40 wt.% PCBM 
before plateauing around 52% for the highest performing 
devices. The optimum concentration of PCBM is in 
agreement with previous studies.48,49  

To better understand driving forces behind the device 
performance trends we turn to quantify the charge 
generation process. This involves four fundamental steps 
with an associated efficiency 𝜂: photon absorption into the 
device active layer forming a Frenkel exciton 𝜂஺௕௦, exciton 
diffusion to a donor/acceptor interface to create a CT state 
𝜂஼், potentially voltage-dependent CT state separation into 
free charges 𝜂௦௘௣(𝑉), and lastly voltage-dependent charge 
extraction at the electrodes 𝜂௘௫௧(𝑉). Corresponding losses 
in the last two steps are termed geminate and bimolecular 
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recombination, respectively. In our work, these 
efficiencies are defined such that they multiply together 
with the incident irradiance to determine the voltage-
dependent photocurrent of the device under 1-sun 
illumination. 

Photo-absorption and CT state formation. First, we 
calculate 𝜂௔௕௦ via transmission UV-Vis absorption 
measurements shown in Figure 2a. Spectrally, all films 
show P3HT with distinct 0-0 and 0-1 optical transitions 
indicating good polymer aggregation.50 As expected, 
increasing the total wt.% of PCBM both decreases P3HT 
peak intensity and correspondingly increases the 
contribution of PCBM below 400 nm. We use the transfer 
matrix method to calculate the efficiency of photon 
absorption within the full device (Figure S2).51 Although 
our measurements reveal an overall decrease in optical 
density upon increasing PCBM wt.% we find, due to the 
optically thick films used, the absorption efficiency 
remains fairly constant across all devices. Only slight 
variations are apparent in the photo-absorption of the 
active layer at wavelengths < 400𝑛𝑚 while the rest of the 
spectra remains above 80%. 

We next use photoluminescence quenching (PLQ) as 
a measure of radiative recombination of excitons who fail 
to diffuse to a donor/acceptor interface,22,52,53 thus 
revealing 𝜂஼். Thickness normalized PL spectra are given 
in Figure 2b along with reference spectra for pure P3HT 
and PCBM. Each device is found to exhibit high levels of 
quenching with qualitatively similar vibronic structure. A 
noticeable shoulder centered around 910𝑛𝑚 develops with 
increasing PCBM wt.% that we attribute to PL from 
PCBM aggregates as seen in the pure reference sample. 
While fullerene PL is historically ignored as a factor in 
quenching efficiency54 we find that it contributes a 
measurable signal within our devices and is a sign of a 
PCBM pure aggregate phase that exists in the blend film 
that is at least on the length scale of the exciton diffusion 
length. PLQ is calculated by comparing the integrated 
blend signal to that of the pure spectra (see supporting 
information for details) and is found to be approximately 
90-92% with only one sample (5 wt.%) at 84% quenched.
Thus, each sample has a similar chance for excitons to
reach an interface with PCBM distributing the active layer
even at low concentrations. Combining this information
with our absorption efficiency we can say that in all
devices, 70 − 77% of incident photons convert into CT
states. Looking back at the dramatic increase in device
performance, we can conclude that neither photon
harvesting nor the number of CT states formed are
responsible for the performance trends in these devices.
Charge loss must then come from mechanisms following
the formation of CT states in the form of either geminate
or biomolecular recombination.

Charge separation and extraction. Measurement of the 
last two steps in the charge generation process (charge 
separation and extraction) critically depend on TDCF 
experiments. TDCF is an optical pump, electronic probe 
experiment. First, a nanosecond laser pulse excites charges 
within a device while it is held at an operating bias (𝑉௣௥௘). 
After a delay (𝑡ௗ), free charges are swept out of the device 
via an electronic extraction pulse, which quickly switches 
the device to a collection bias (𝑉௖௢௟௟ = −5𝑉). The lifetime 
of the CT state (~1 𝑛𝑠) and the lifetime of free charges 
Figure S6) provide a window of time that the electronic 
probe pulse has to sweep out the generated charges before 
bimolecular recombination takes place. Thus, by setting 
𝑡ௗ = 10 𝑛𝑠, we can directly measure the generation 
current (Figure S4). Conversely, by increasing 𝑡ௗ we can 
probe the lifetime of free charges and measure losses due 
to bimolecular recombination effects. 

 Figure 2c gives the photocurrent of each device 
plotted along with the generation current density (𝐽௚௘௡) as 
a function of operating bias (𝑉௣௥௘), which allows us to 
investigate how the internal electric field affects the rate of 
charge generation. In all devices investigated charge 
separation is independent of applied electric field. This 
result is consistent with previous P3HT:PCBM TDCF 
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Figure 1: (a) J-V curves for all fabricated devices. Log scaling is used 
to more readily allow visual inspection of low performing devices. 
(b) Short circuit current (𝐽ௌ஼) and power conversion efficiency (𝑃𝐶𝐸) 
as a function of PCBM wt.%. (c) Fill factor (FF) and open circuit 
voltage (V୭ୡ) as a function of PCBM wt.%. Tabulated list in the 
supporting information.

Page 3 of 15 Journal of Materials Chemistry A



4 

measurements29,30 where here, we find that even devices 
with as low as 5 wt.% PCBM exhibit charge separation that 
is independent of field. Although the generation current is 
independent of field, it increases dramatically as a function 
of PCBM concentration. Since the total number of 
generated CT states is nearly identical in all devices, this 
result indicates that an increased efficiency of CT-state 
separation is one mechanism responsible for the higher 
short circuit current.  

Charge generation independent of applied electric 
field implies a considerable component of device fill factor 
is due to bimolecular recombination. We can investigate 
the rate at which this occurs by varying 𝑡ௗ out to 10𝜇𝑠, 
while holding a constant 𝑉௣௥௘ across the device equal to its 
max power point. This rate is quantified through fitting the 
extracted charge density 𝑛 over time to a second order rate 

equation (
ௗ௡

ௗ௧
= 𝛾𝑛ଶ) using an iterative method developed 

by the Neher group.30 𝛾 is the bimolecular recombination 
coefficient. Data along with fits are given in the Figure S5 
with 𝛾 presented in Figure 2d. We find that over the series 
investigated, 𝛾 decreases by more than an order of mag-
nitude (~16x). Although TDCF may overestimate the 

magnitude of 𝛾,55 the overall trend will still be accurate. 
Additionally, the coefficient is not enough by itself to 
determine the impact of bimolecular recombination on 
device performance. It must be combined with the overall 
charge density (𝑛) present in the devices and the average 
extraction time for charges (dependent on active layer 
thickness and charge mobility) in order to calculate total 
charge recombination for each device. 

Quantum efficiencies of the charge generation process. 
From our optoelectronic measurements, we can now 
calculate the quantum efficiency of each step in the charge 
generation process. Our absorbance and PLQ 
measurements determine the first two steps with 
efficiencies 𝜂௔௕௦ and 𝜂஼் as described above with their 
trends displayed in Figure 3a as a function of PCBM 
concentration. As discussed earlier both efficiencies are 
independent of blend ratio and stay above 80% and 90% 
respectively, ensuring that the total population of CT states 
available for charge separation is approximately the same 
for each device in our series.  

To calculate the efficiency of separating the CT-states 
into free charges (𝜂௦௘௣), we first calculate the maximum 

a) b)

c) d)

Figure 2: (a) UV-Vis absorption for all devices. Legend colors additionally apply to (b) and (c). (b) Thickness normalized photoluminescence 
spectra of devices with pure films of P3HT and PCBM for reference. (c) Measured photocurrent and voltage dependent generation current
𝐽௚௘௡(𝑉) for all devices. Excitation wavelength was 550nm with a fluence of 0.27𝜇𝐽/𝑐𝑚ଶ. (d) Bi-molecular recombination rate as a function 
of PCBM wt.% (uncertainties from fits to transients). Fits shown in the Supporting Information. 
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current density available under AM1.5G solar illumination 
(𝐽୫ୟ୶), which assumes a 100% quantum efficient 
conversion of all available photons within a chosen 
wavelength range into extracted charge. For our 
calculations (Figure S7), we consider light up to 650𝑛𝑚 as 
determined by the bandgap of P3HT. We next use 𝐽௠௔௫ and 
the prior efficiencies to calculate the density of generated 
CT states 𝐽஼் = 𝜂஺௕௦ × 𝜂஼் × 𝐽௠௔௫. The efficiency of 
charge separation can be calculated through the ratio of the 
generation current to the CT state density: 𝜂௦௘௣ =

𝐽௚௘௡/𝐽஼். Figure 3a reveals that increasing PCBM 
concentration from 5 wt.% to 50 wt.% dramatically 
increases the charge separation efficiency from 5% to 80%. 

Lastly, we can calculate the efficiency of charge 
extraction by comparing the photocurrent under solar 
illumination to the generation current: 𝜂௘௫௧(𝑉) = 𝐽௣௛(𝑉)/

𝐽௚௘௡.31,56,57 This is shown for each device as a function of 
cell voltage in Figure 2c. The difference between these 
curves represents charge lost due to bimolecular 
recombination following charge separation.31,58 This 
efficiency is plotted in Figure 3a for max power point 
conditions, where much like the separation efficiency, 
increasing PCBM wt.% increases 𝜂௘௫௧, in this case from 
10% to 70%. Data at short circuit is given in Figure S8 and 
while it keeps to the same trend we see a significant 
decrease in bimolecular recombination as expected. The 
ability to separate losses from geminate and bimolecular 
recombination at operational conditions (rather than at 
open circuit or short circuit) is uniquely enabled via TDCF. 

While it may look like the extraction and separation 
efficiencies have a similar impact on photocurrent we note 
that at each successive step there is a different density of 
excited states. To reflect this, Figure 3b gives a 
representation of the device current density at each step for 
maximum power point conditions, where values are 
represented as the percentage of 𝐽௠௔௫. In this 
representation the geminate recombination (red region), 
dramatically decreases from 65% to 12.5% as PCBM is 
added to the blend, while bimolecular recombination 
(orange region) actually increases somewhat from 3.9% to 
19.3%. Thus, it is clear that the trends in geminate 
recombination fully dominate device performance trends, 
and the main effect of increased PCBM concentrations on 
device performance is to increase CT-state separation 
(charge generation). It is striking that JSC, FF, and 𝛾 do not 
track bimolecular recombination losses in the completed 
device. In fact, they exhibit an opposite trend. Bimolecular 
recombination losses actually increasing with PCBM 
concentration is due to the dramatic increase in charge 
density from increased generation overwhelming the 
decrease in 𝛾. This is in contrast to previous reports 
claiming increased photocurrents are due primarily to 
reduced bimolecular recombination.27,48,55 This critical 

distinction between charge generation and extraction is 
often blurred together in other photocurrent measurements 
and points to the power of our analysis method debuted 
here. 

Device morphology. Having quantified the charge 
generation process, we next turn to quantify the device 
morphology with the goal of revealing the structural 
mechanisms behind the device behavior. RSoXS has been 
used extensively to reveal the nano-to-mesoscale domain 
structure within the active layer of an OPV19,59–61 because 
the signal originates overwhelmingly from molecular 
contrast rather than electron density contrast. Lorentz-
corrected RSoXS profiles of the measured OPV devices 
shown in Figure 4a are consistent with previous 
reports16,62,63 with a single feature present at 𝑞 =
0.23𝑛𝑚ିଵ, corresponding to a characteristic length of 𝑙 =
2𝜋/𝑞 ≈ 26𝑛𝑚. This length is independent to PCBM 
wt.%, only varying over a range of 𝑙 = 24 𝑛𝑚 to 30 𝑛𝑚 in 
a non-monotonic fashion. Due to the static nature of this 
feature we interpret its origin to be the width of the pure 
P3HT crystalline fibrils64 (form factor) rather than a 
distance between adjacent domains (structure factor), since 
swelling of PCBM domains between P3HT crystals would 
naturally increase such distances as seen in studies of other 
systems.14,27 The upturn in scattering at 𝑄 < 0.1 𝑛𝑚ିଵ for 
PCBM concentrations of 40 and 50 wt.% was identified as 
surface roughness through spectral analysis (Figure S9). 
The profiles fit well to a rod form factor with a mean fibril 
radius of 9 nm (Figure S10), which is comparable to the 
exciton diffusion length for efficient exciton harvesting65,66 

b)a)

Figure 3: (a) Efficiency of each charge generation process as a 
function of PCBM wt.%. (b) Composite figure of charge density at 
each step in the process. From top to bottom, each colored region 
represents excited state populations relative to 𝐽௠௔௫: Photons not 
absorbed by the active layer (black), exciton recombination 
(maroon), geminate recombination (red), bimolecular recombination 
(orange), and charge extracted (yellow). 
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evidenced by excellent PLQ in all PCBM concentrations 
(Figure 2b). We note that RSoXS primarily measured bulk 
average morphology and is insensitive to vertical 
segregation such as the wetting layers that are known to 
form within these devices.67,68 However, due to the 
relatively large thickness of our active layers, the device 
dynamics will primarily originate from the structures 
measured by RSoXS.  

Circularly averaged grazing incidence wide-angle X-
ray scattering (GIWAXS) profiles are displayed in Figure 
4b, which investigates the molecular packing and 
aggregation of both P3HT and PCBM. Peak identification 
for each is done through pure film scattering with all 
features in agreement with previous studies (Figure 
S12).69–72 Relative degree of crystallinity (rDOC) from the 
P3HT (100) reflection allows a quantitative representation 
of the relative volume fraction occupied by the P3HT 
crystal (Figure S13).53,73 Normalized rDOC is plotted in 
Figure 4c where increasing PCBM concentration in blends 
tracks a linear decrease in P3HT diffraction. The 
asymptotic trend in the blend films (dashed line) does not 
coincide with the measured signal from a pure P3HT film 
but is instead significantly lower. This indicates a lower 
P3HT crystallinity in the blends, likely due to an attractive 
interaction with PCBM molecules that lowers the free 
energy of crystallization. 

The inset in Figure 4b focuses on the scattering feature 
from PCBM aggregates at 𝑞 = 13.9(1) 𝑛𝑚ିଵ. Peak fits 
(Figure S14 & S15) show only the 5 wt.% sample’s peak 
position deviates to agree with the pure P3HT feature at 
𝑞 = 13.5 𝑛𝑚ିଵ. The peak widths monotonically narrow 
with PCBM concentration, indicating increasing PCBM-
PCBM correlation lengths. Additionally, Figure 4c 
presents the PCBM peak intensity, which exhibits a linear 
increase with PCBM concentration. Similar work 
conducted on other material systems have used the 
fullerene scattering peak intensity to identify the onset of 
PCBM aggregation into pure phases via a “constant-kink” 
concentration dependence.74 Here, we do not see such a 

feature and can conclude that either a three-phase 
morphology exists throughout the device series, or the 
three-phase onset occurs at low PCBM wt.% such that it is 
obscured by the diffuse amorphous P3HT scattering. 

Quantifying the mixed phase: Of keen interest here is the 
volume and composition of the interfacial mixed phase 
versus the pure phases (i.e. the state of the 3-phase system). 
The RSoXS profiles in Figure 4a reveal a gradual increase 
in scattering intensity with PCBM concentration, which is 
traditionally interpreted as an increase in domain purity in 
a two-phase system.15,26 However, domain volume 
fractions also affect the scattering intensity but are 
commonly assumed to remain constant36–39. In a three-
phase system, the situation is even more ambiguous with 
all phase volume fractions and their molecular 
compositions potentially changing. With the case of 
semicrystalline polymer-fullerene blends investigated 
here, the three phases are an amorphous mixed phase 
between a pure polymer crystal phase and a pure fullerene 
aggregate phase.15–17 This results in three independent 
parameters: Volume fractions 𝜙 of two phases (the third 
adding to one) and the composition 𝑥 of the mixed phase. 
Thus, there is likely a shift of both domain compositions 
and volume fractions. With three independent parameters 
determining the state of the system, we require three 
measurements. 

A recent study measured the state of the system on a 
small-molecule OPV blend using GIWAXS measurements 
with the intensities fit to a two phase model (pure donor 
crystal and pure fullerene aggregate).34 The deviation of 
the fit from the blend ratio revealed the third mixed phase. 
Two assumptions in the analysis were, first, that scaling 
the diffraction of a blend film would result in that of a pure 
film and, second, that a pure film would be 100% 
crystalline. Our rDOC results in Figure 4c show that the 
diffraction intensity of a blend film does not always 
asymptotically reach that of the pure film. Furthermore, 
most pure films are only semicrystalline, and some 

a) b) c)

Figure 4: (a) Lorentz corrected RSoXS profiles taken at 283.5eV for each device. Legend colors additionally apply to (b). (b) Normalized 
circular averaged GIWAXS profiles. Data shown normalized at q=12.1nmିଵ, but can also be normalized at several other q-values without 
significant changes. (c) P3HT (100) pole figure area (rDOC) and PCBM peak intensity as a function of PCBM wt.%. Uncertainties from 
possible normalization conditions. Dashed line is a linear fit is the blend P3HT rDOC. 
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independent measurement of absolute crystallinity for the 
pure film is necessary for a quantitative analysis. 
Fortunately, work by Snyder et al. has measured the 
absolute crystallinity of our donor polymer utilizing 
differential scanning calorimetry focusing on the 
properties of high molecular weight P3HT similar to that 
used in this study.75 Correcting this measurement with 
differences in regioregularity76 and differences in the 
asymptotic diffraction intensity of blended P3HT with that 
of pure P3HT (line in Figure 4c), we determined the 
absolute crystallinity of our blends to be 𝑓௪௧ = 0.51. (The 
absolute crystallinity of the pure film was calculated as 
𝑓௪௧ = 0.58.) Here, 𝑓௪௧ is the weight fraction of crystal to 
total P3HT, the remainder being amorphous polymer. This 
value of absolute crystallinity is consistent with the linear 
trend measured for all blend devices suggesting that all 
samples have ~51 wt.% P3HT crystallinity. 

Despite quantifying the absolute crystallinity of the 
donor material in our devices (i.e. the volume fraction of 
the pure donor phase 𝜙௣), this measurement alone is not 
enough to quantify the state of the three phase system. To 
do this, we combine this measurement with two others: the 
overall donor-acceptor blend ratio and the total scattering 
intensity (TSI) measured by RSoXS. The TSI is an 
integration of measured scattering intensity across all of 
reciprocal space and through Porod Invariant formalism 
can be expressed in the following equation:40,77 

𝑇𝑆𝐼 = 𝛼 ෍หΔ𝑥௜௝ห
ଶ

𝜙௜𝜙௝

௜ஷ௝

(1)

where 𝛼 is a term that is constant between all devices, 

หΔ𝑥௜௝ห
ଶ
 is the difference in molecular composition by mass

between domains 𝑖 and 𝑗, and 𝜙௜ is the volume fraction of 
domain 𝑖. (See SI for details.) In our three-phase model, 
the two remaining independent parameters are the volume 
fraction and composition of the mixed phase: 𝜙௠ and 𝑥௠, 
respectively. 

Figure 5a displays the measured TSI as a function of 
PCBM concentration along with the model fit. |𝜒|ଶ = 1.4 
for this fit, indicating it describes the data well. Resulting 
fit parameters (volume fractions and mixed phase 
molecular composition) are plotted as a function of PCBM 
concentration in Figure 5b. We find that at less than 8 wt.% 
total PCBM in the blend, the film exhibits the scattering 
behavior of a two-phase morphology where additional 
fullerene is miscible within the amorphous mixed phase. 
Once the mixed phase reaches a composition of 14.4 ± 0.8 
wt.% PCBM, fullerene begins to aggregate into a third 
domain. This maximum composition is consistent with that 
of previous thermodynamic miscibility measurements of 
P3HT and PCBM78,79 and indicates the devices reached an 
equilibrium state during film formation. As PCBM is 
further added to the blend, both volumes of the P3HT 
crystal phase and the mixed phase shrink. The highest 

performing cells around 40 and 50 wt.% PCBM have 
nearly balanced phase volume fractions. It is of note that a 
kink in the RSoXS TSI denotes a transition between two 
and three phases, but a kink is not seen in the PCBM 
GIWAXS scattering intensity, indicating that the 
backgrounds at the q-values investigated obscure the 
measurement. To the best of our knowledge this is the first 
time the three-phase morphology has been solved 
quantitatively. This critically required the enhanced 
sensitivity of RSoXS but could be conducted on any 
material system, including non-fullerene systems or even 
ternary systems with the use of our recently developed 
spectral analysis.44 

The final result is that as PCBM is added to the blend, 
the aggregate phase volume increases while the mixed 
phase volume goes down. This is in good agreement with 
our PL spectroscopy measurements in Figure 2b, showing 
increasing fullerene exciton recombination, which can 
only result from a pure fullerene phase of the size scale 
near and above the exciton diffusion length. Additionally, 

a)

b)

Figure 5: (a) Total scattering intensity as a function of PCBM wt.% 
along with model fit. A constant background has been removed 
from the data, which sets the TSI at 0 wt.% PCBM to zero.
Uncertainties from incident beam intensity. (b) Volume fraction 
extracted from model fit as a function of PCBM wt.% and labels 
are the same as discussed in the main text. Mixed phase 
composition (dashed) gives the wt. % of PCBM within the mixed 
phase with the remaining mass consisting of amorphous P3HT. 
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the fullerene scattering peak width in Figure 4b 
monotonically decreases with increasing PCBM 
concentration, which is consistent with an increasing 
presence and organization of a pure fullerene phase.  The 
peak position shifting to agree with that of pure P3HT at 5 
wt.% PCBM further strengthens our analysis that no pure 
PCBM phase exists at this concentration but is instead in a 
two-phase state. 

Impact of mixed and pure phases. Having quantified 
both the charge generation process and the phase volumes, 
we can directly relate the two within our devices. Figure 
6a displays both the charge separation efficiency and 
extraction efficiency plotted against the mixed and pure 
PCBM phase volumes. Both efficiencies simultaneously 
anticorrelate with the mixed phase volume fraction and 
correlate with that of the pure PCBM phase. In particular, 
the separation efficiency fits well to a two-parameter 
exponential saturation model of the following form:  

𝜂௦௘௣ = 𝐴൫1 − 𝑒ିథ/஻൯ (2).
The fits reveal 𝐴 = 𝜂௦௘௣

௠௔௫ = 96 ± 8% and 𝐵 = 20 ±

4 𝑣𝑜𝑙. %. The latter is the minimum volume fraction 
occupied by a pure PCBM phase required for efficient 
charge separation. Impressively, the graphs linearize when 
plotting ln൫1 − 𝜂௦௘௣/𝜂௠௔௫൯ versus the pure and mixed 
volume fractions to yield a better than 99% Pearson 
correlation (Figure S16). Such an unprecedented 
quantitative structure-property correlation is likely due to 

the fact that RSoXS morphology experiments were 
conducted directly on the device films themselves without 
using duplicate samples, thus eliminating sample-to-
sample variations. 

Since the mixed phase occurs predominantly at the 
interface between pure domains,16,17 this correlation 
indicates that a large mixed phase volume, and 
correspondingly a wide interface between pure phases, 
reduces CT state separation efficiency. Instead, close 
proximity of a CT state to a pure fullerene phase is 
necessary for efficient charge separation. We 
schematically propose this concept in Figure 6b where the 
presence of a large mixed phase becomes a source of 
geminate recombination, while a relatively narrow mixed 
interface between pure phases enhances separation 
efficiency of local CT states. We postulate that the 
aggregation of donor and acceptor molecules in pure 
phases proximate to the interface is the governing 
mechanism behind the separation efficiencies we measure 
here. In fact, the large (>100 meV) increase in VOC from 5 
to 10 wt.% PCBM without an increase in charge density 
(𝜂௦௘௣) not only solidifies our assertion that the pure PCBM 
phase is established at this concentration but also that it is 
present at and directly affects the donor-acceptor interface. 
The delayed improvement of 𝐽ௌ஼  and FF may come from 
the need for the pure PCBM phase to fully intercalate 
between P3HT fibrils, which requires a higher phase 
volume for efficient percolation of charges to electrodes.80 

Figure 6: (a) Separation and extraction efficiency as functions of the mixed and pure PCBM volume fraction. Legend applies to all sub-
graphs. Colored curves for 𝜂௦௘௣ are fits to equation 2 while those for 𝜂௘௫௧ are second order polynomials acting as guides to the eye. In lower 
panels, light colors are fits to efficiencies at max power point (MPP) rather than short circuit conditions (SC). (b) Schematic representation 
of the volume fraction distribution affecting the donor-acceptor interfacial width and therefore the charge separation efficiency. Yellow hole 
and blue electron at the top will separate while the pair at the bottom combines geminately due to lack of proximity to the pure fullerene 
aggregate phase. 
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This is in line with studies that correlate overall device 
performance with aggregation of either donor or 
acceptor.81–83 However, to our knowledge this is the first 
time such a correlation is made directly and quantitatively 
between charge separation efficiency and phase volume 
fractions. It is interesting to note that this is a different 
result than our recent study of small-molecule donor-based 
OPVs, where instead a large mixed phase correlated with 
increased charge generation and extraction.22 In that case, 
however, we found donor alignment and aggregation 
occurring even in mixed phases, and that a lack of polymer 
tie chains between small molecule crystals may, in fact, 
require mixed phases at compositions that allow for charge 
percolation – a requirement unique to small-molecule 
OPVs.The strong correlation measured here further 
implies a causal relationship because other possible 
competing effects are accounted for in our analysis. For 
example, the efficiency of CT state generation (𝜂஼்) does 
not track with the mixed phase volume fraction. The CT 
state density is, in fact, held constant in our study (~75%), 
while the mixed phase volume is cut roughly in half to 30 
from 55 vol.%, This implies that the volume of the mixed 
phase is not important for CT state generation in this 
system. Another possibly contributing factor to the 
correlation – bimolecular recombination – is removed by 
our analysis as all charges are extracted at internal fields 
greater than 10଻𝑉/𝑚 and within 200 ns of generation. The 
extraction efficiency itself, while still moderately 
correlated with phase volume, shows a more scattered 
dependence compared to the separation efficiency, 
possibly due to charge mobility or film thickness effects. 
However, this moderate dependency supports previous 
studies that find increased molecular mixing correlated 
with lower 𝐹𝐹.15,40 A final potentially competing influence 
is polymer crystallinity. However, our rDOC measurement 
clearly shows a decreasing level with PCBM concentration 
– opposite the trend in 𝜂௦௘௣. Put together, our control for
contributing effects strongly indicates that the mixed phase
interface is the dominant causal factor in determining the
separation efficiency in our series.

While we do not altogether rule out the utility of a 
mixed phase interface for efficient polymer-based devices, 
we propose that the interfacial width between pure 
domains must be limited to enable both high charge 
separation efficiencies and continuous percolation 
pathways within the pure phases for charge extraction. 
This would result both in a high energetic gradient across 
the interface33,45–47 as well as close proximity of 
delocalized charge states that exist in pure phases84–86 – 
two possible mechanisms for the enhanced efficiency. As 
P3HT is a model semicrystalline polymer, this relationship 
is expected to be applicable in other high-performing 
semicrystalline polymers such as FTAZ, PGeBTBT, or 
PffBT4T,37,41,42 and even apply to systems that include 

non-fullerene acceptors. In addition, this relationship 
should inform on the design of future polymeric systems. 
Donor-acceptor molecules designed with a high enthalpic 
cost of mixing (high interaction parameter) thus would be 
one target for high efficiency with such correlations 
recently noted.15,40 By combining these morphological 
insights with recent advances in energy-level tuning and 
increased charge mobility, power conversion efficiencies 
of 20% appear feasible. 

 CONCLUSION

We presented a characterization of the step-by-step
quantum efficiencies of power generation in model OPV 
devices simultaneous to the quantification of phase volume 
fraction, molecular composition/crystallinity, and 
nanodomain size. Increasing the overall PCBM 
concentration in the device resulted in a transition between 
two and three phases, where the compositional saturation 
of the amorphous mixed phase resulted in the appearance 
and growth of a third pure PCBM aggregate phase. We 
found that photon absorption and CT state generation is 
largely invariant to phase evolution primarily due to the 
self-limiting domain size appearing in the semicrystalline 
polymer. A moderate correlation is found between charge 
extraction and the pure phase volume, in agreement with 
previous results. However, an unprecedented >99% 
correlation between CT state separation efficiency (charge 
generation) and phase volume fraction – along with our 
ability to eliminate other possible factors – is the strongest 
evidence to date of a causal relationship between the pure 
aggregate phase and charge generation. A narrow mixed 
phase interfacial width between pure domains allows for 
CT states to more efficiently separate into free charges due 
to the steeper energetic gradient as well as the proximity to 
delocalized states in the pure phases. These results point to 
an increasingly focused ideal morphology in organic solar 
cells, consisting of a limited mixed phase between pure 
donor/acceptor domains supporting charge separation and 
extraction. The methods here are poised to study high 
performing materials or device concepts such as non-
fullerene acceptors or ternary systems to generalize the 
role of the mixed phase in OPVs. 

 METHODS

Device Preparation and Performance. Pre-patterned ITO 
on glass substrates (145(10) nm, 20(2) Ωsq, 88% trans. @ 550 
nm, NIST mask #550, Thin Film Devices) were first sonicated 
in sequential baths of detergent, water, acetone, and isopropyl 
alcohol and then treated to 15 min. of UV-ozone. 
Subsequently, substrates were coated with a PEDOT:PSS 
(Clevios P VP AI 4083, Heraeus) hole transport layer. 
Devices were next transferred into a nitrogen glovebox (O2 & 
H2O ~0.1 ppm) for the remainder of fabrication and device 
testing. Active layer solutions were made by co-dissolving 
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P3HT (Mw=50-70k, RR=91-94%, <0.01% metals, 4002-EE 
Rieke Metals) and PCBM (Nano-C) in dichlorobenzene with 
blend ratios of 5, 10, 20, 30, 40, and 50 wt.% PCBM. Total 
solid concentrations were varied from 30-45 g/l to make ≈ 
300𝑛𝑚 thick films. Solutions were spun-cast (800 RPM for 
10s) and left to dry (>10min) before being transferred to a 
vacuum chamber for electrode deposition (20nm Ca / 150nm 
Al) via thermal evaporation (NexDep Angstrom 
Engineering), which resulted in four symmetric devices on 
each substrate with areas of 4 mm2. Devices were not 
thermally annealed. J-V characterization (Keithley 2450) was 
conducted under AAA 1-sun illumination (Oriel 300W Xenon 
lamp with AM1.5G filter) at 1000𝑊/𝑚ଶ calibrated with a 
NIST-calibrated silicon photodiode (Thorlabs). 
Characteristics reported are averaged from four devices 
fabricated from a single thin film to ensure morphology is 
consistent across the substrate for subsequent X-ray 
measurements. 

Absorption & Photoluminescence Spectroscopy. UV-Vis 
was conducted on device active layers before electrode 
deposition. Reference films of P3HT and PCBM were 
spuncast on PEDOT:PSS coated glass substrates following 
procedures for active layer fabrication. To simulate fullerene 
in a polymer matrix, PCBM reference films were cast in 
blends of polystyrene as done previously.87 All visible light 
spectroscopy was measured with an Ocean Optics QEPro 
spectrometer cooled to −25∘𝐶. A cosine corrector (Thorlabs) 
was fiber coupled to spectrometer for photoluminescence 
(PL) to compare reference film and device emission 
intensities. PL excitation was carried out at a wavelength of 
550𝑛𝑚 (Ekspla NT232) with a 600 𝑛𝑚 long-pass filter after 
the sample to block the laser excitation. 

Time Delayed Collection Field. TDCF was carried out on 
the same devices and probe station for J-V testing with 
procedures similar to previous reports.29,30 Excitation is 
accomplished with an ND-YAG pumped OPO (Ekspla 
NT232) with a 3 ns pulse width running at 100 Hz. To limit 
sample degradation and maximize throughput, laser light is 
fiber coupled onto the JV testing stage within the glovebox. 
Collection voltage was supplied through a custom 
amplification circuit synched with the laser pulse using a 250 
MHz bandwidth function generator (Tektronix AFG 3251). 
Photocurrent transients are measured with a 12-bit, 1 GHz 
bandwidth oscilloscope (Teledyne LeCroy HDO 4104). 

X-ray Scattering. RSoXS was conducted at beamline 
11.0.1.2 at the ALS.88 Active layers of the actual devices 
tested were released from the substrate by dissolving the 
PEDOT:PSS layer in deionized water with the floating active 
layers picked up on silicon nitride windows (Norcada). 
Procedures for the experiment have been published 
previously with enhanced q-range obtained by varying the 
sample-detector distances.89 For accurate relative scattering 
intensities between samples, it was necessary to calibrate 
incident beam intensity every other sample to counter beam

drift.44 Samples for X-ray diffraction were prepared on 
Na:PSS coated silicon substrates with processing conditions 
identical to device fabrication. Experiments were carried out 
at beamline 7.3.3 at the Advanced Light Source (ALS)90 and 
all results were measured at grazing incidence with angle of 
0.2∘ (above the critical angle for sample and substrate). All X-
ray data reduction was done through the IGOR package NIKA 
by Jan Ilavsky91 with a custom skin used to process RSoXS.92 
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