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Solar cells based on the polymer/fullerene bulk heterojunction
(BHJ) represent one of the most promising technologies for

next-generation solar energy conversion due to their low-cost
and scalability.1�3 In the last fifteen years, research efforts have
led to organic photovoltaic (OPV) devices with power conver-
sion efficiencies (PCEs) up to 7�8%,4�9 but these values are still
insufficient for the devices to become widely marketable. A growing
number of studies have pointed out that the morphology of the
active layer is of major importance in polymer/fullerene BHJ solar
cells.10�12 Still, further improvement is impeded by poor under-
standing of the correlations between structure and performance.
The current BHJ paradigmpictures an idealmorphology involving a
bicontinuous interpenetrating network of pure donor and acceptor
domains, which should exhibit a maximal area of discrete interfaces
for efficient exciton dissociation and a phase-separated dimension

commensurate with the exciton diffusion length but greater than the
Coulomb capture radius for effective charge transport.2,3,12�14 This
morphology, however, requires a trade-off between exciton disso-
ciation and charge transport to minimize charge recombination and
thus maximize charge photogeneration. In fact, recent studies of
phase purity,15�19 interface morphology,20�23 and ordering of
materials at different length scales23�26 have challenged this ideal
BHJmodel. Thus, it is necessary tomore fully decipher the complex
structure�property relationships in the OPV devices, and conse-
quently, to refine the current BHJ model.
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ABSTRACT: PTB7 semiconducting copolymer comprising
thieno[3,4-b]thiophene and benzodithiophene alternating re-
peat units set a historic record of solar energy conversion
efficiency (7.4%) in polymer/fullerene bulk heterojunction
solar cells. To further improve solar cell performance, a
thorough understanding of structure�property relationships
associated with PTB7/fullerene and related organic photovol-
taic (OPV) devices is crucial. Traditionally, OPV active layers
are viewed as an interpenetrating network of pure polymers and
fullerenes with discrete interfaces. Here we show that the active
layer of PTB7/fullerene OPV devices in fact involves hierarch-
ical nanomorphologies ranging from several nanometers of
crystallites to tens of nanometers of nanocrystallite aggregates
in PTB7-rich and fullerene-rich domains, themselves hundreds of nanometers in size. These hierarchical nanomorphologies are
coupled to significantly enhanced exciton dissociation, which consequently contribute to photocurrent, indicating that the
nanostructural characteristics at multiple length scales is one of the key factors determining the performance of PTB7 copolymer,
and likely most polymer/fullerene systems, in OPV devices.

KEYWORDS: Organic photovoltaics, bulk heterojunction, hierarchical nanomorphology, charge photogeneration, X-ray scattering,
device performance
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In this work, we used PTB7 semiconducting copolymer (Mn =
42 000 and PDI = 2.2) that contains thieno[3,4-b]thiophene and
benzodithiophene alternating units4�6 (Figure 1a) as an archetype
of high-performance polymer/fullerene BHJ solar cells, given that
PTB7has set a historic record of PCE(7.4%) inBHJ solar cellswhen
combinedwith fullerenes, very close to a commercially viable PCEof
10%.27We probed performance-related structures at different length
scales, in particular, molecular organization and phase-separated
morphology by several scattering techniques. Using a simple yet
effective route, altering solvents,28�34 to tune both crystalline
structure and phase-separated morphology, and thereby, to improve
performance, we elucidate a fundamental mechanistic connection
between morphology and device performance; the superior perfor-
mance of PTB7/fullerene BHJ solar cells is attributed to hierarchical
nanomorphologies with optimum crystallinity and intermixing of
PTB7 with PC61BM, which together promote exciton dissociation,
and consequently, contribute to photocurrent.

We performed grazing incidence wide-angle X-ray scattering
(GIWAXS) to acquire structural information, such as molecular
orientation, intermolecular distances and crystallite sizes. Shown
in Figure 1b,c are the 2DGIWAXS pattern and its in-plane (qy) and
out-of-plane (qz) scans of a thinfilm of neat PTB7homopolymer on
a bare Si substrate, respectively. A distinct in-plane peak at qy = 0.32
( 0.01Å�1, arising from the (100) Bragg diffraction, corresponds to
periodic PTB7 lamellae with spacing of 19.8( 0.8 Å, comparable to
the cross-sectional diameter of a single PTB7 copolymer chainwhen
dissolved in a good solvent where the side chains are fully extended
(small angle neutron scattering (SANS) data in Supporting In-
formation Figure S1). The other out-of-plane peak from the (010)
Bragg diffraction at qz = 1.55 ( 0.06 Å�1, which is associated with
π�π stacking spacing of 4.0( 0.2Å, suggests that theπ�π stacking
is perpendicular to the substrate, that is, theπ-faces are approximately
parallel to the substrate. This is in agreement with previous reports
of face-on conformation in the PTB series of copolymers.35,36

For comparison, 2D GIWAXS patterns of four thin films of
PTB7 and [6,6]-phenyl C61 butyric acid methyl ester (PC61BM)
blends and their qy and qz scans are shown in Figure 2a�f. It should
be noted that all four films have a similar film thickness of ∼80 nm
and were spin-cast on poly(3,4-ethylenedioxythiophene)/poly-
(styrenesulfonate) (PEDOT/PSS)-modified Si substrates using
the following four different solvents: pure chlorobenzene (CB),
mixtures of CB and 1,8-diiodooctane (DIO) (98:2 v/v%) (CB
+DIO), pure 1,2-dichlorobenzene (DCB), andmixtures ofDCB and
DIO (98:2 v/v%) (DCB+DIO). For simplicity, the corresponding
thin films are designated as PTB7/PC61BM/CB, PTB7/PC61BM/
CB+DIO, PTB7/PC61BM/DCB, and PTB7/PC61BM/DCB+DIO
in the following text. In GIWAXS patterns of the four films
(Figure 2a�d), the (100) scattering of PTB7 copolymer exhibits
similar ring-like patterns at q=0.3� 0.4Å�1 and the (010) scattering
is only observed out of plane, suggesting that PTB7 copolymer chains
mainly remain in the face-on conformation, though with a more
random orientation. On the other hand, the corresponding qy scans
reveal shifts of the (100) peaks from qy = 0.32( 0.01 Å�1 for neat
PTB7 homopolymer to a larger q value of 0.33 ( 0.01 Å�1 for
PTB7/PC61BM/CB and PTB7/PC61BM/CB+DIO, 0.37 ( 0.01
Å�1 for PTB7/PC61BM/DCB, and 0.35 ( 0.01 Å�1 for PTB7/
PC61BM/DCB+DIO (Figure 2e). These shifts indicate the extent of
interdigitation between alkyl side chains in PTB7/PC61BM blends,
evident in different degrees of decrease in the interstack spacing
of PTB7 lamellae from 19.8( 0.8 Å to 17.1( 0.7 Å. Furthermore,
the scattering along qz exhibits two peaks that partially overlap
(Figure 2f). These two peaks were resolved by two Gaussian func-
tions centered at qz = 1.35 ( 0.05 Å�1 and qz = 1.70 ( 0.06 Å�1,
corresponding to the (311) Bragg diffraction of C60

36�38 and aπ�π
stacking spacing of 3.7 ( 0.2 Å between PTB7 chains, respectively.
The full widths at half-maximum (fwhm) of scattering peaks corre-
late to nanocrystallite sizes via the Scherrer equation,35,36 DL = 2(ln
2/π)1/22π(Δq)�1, where Δq is the intrinsic fwhm of the peak
given byΔq = [(Δq)experiment

2 � (Δq)resolution
2 ]1/2.39,40 Regardless of

the solvents used, the crystallite sizes of PTB7 (100) lamellae are
estimated to be ∼3�4 nm, which corresponds to roughly two or
three stacked PTB7 lamellae, and those of both PTB7 (010) π�π
stacks and PC61BM is∼2 nm, which approximates to six π-stacked
copolymer chains and three units of C60 (∼7 Å), respectively. Taken
together, the GIWAXS results indicate that the solvent selection
neither significantly changes the organization of PTB7 copolymer
chains at a molecular level nor the nanocrystallite sizes of PTB7 or
PC61BM, beyond interdigitation of alkyl side chains.

Next, we evaluate crystallinity throughout the four PTB7/
PC61BM films using high-resolution X-ray reflectivity (XRR). As
the critical angle for total external reflection,41θc, is only proportional
to the mass density F of PTB7/PC61BM blends with the same
composition, the change in θc directly reflects variations in crystal-
linity in the thin films. Figure 2g depicts XRR profiles of the four
PTB7/PC61BM thin films. The two vertical dotted lines indicate the
critical angles of PTB7/PC61BM at ∼0.18� and the Si substrate at
∼0.24�, respectively. Clearly, the critical angles of the four PTB7/
PC61BM thin films are different from each other while the critical
angle of the Si substrate remains constant, indicating solvent selection
affects crystallinity in the PTB7/PC61BM films. Comparing the
experimental data with the calculated XRR profiles, the θc's of
PTB7/PC61BM thin films are quantitatively obtained as 0.180� for
PTB7/PC61BM/CB, 0.182� for PTB7/PC61BM/CB+DIO, 0.186�
for PTB7/PC61BM/DCB, and 0.188� for PTB7/PC61BM/DCB
+DIO, indicating that the use of DCB andDIO additives, in contrast
to pure CB, improves crystallinity, similar to observations in other

Figure 1. (a) The chemical structure of the PTB7 copolymer. (b) The
2D GIWAXS pattern and (c) the corresponding qy and qz scans of a thin
film of neat PTB7 homopolymer on a bare Si substrate. The inset
delineates a schematic of crystallographic directions of the PTB7
copolymer chains. The PTB7 layers lie in the (100) plane, the [100]
direction is normal to the PTB7 layers, the π-face lies in the (010) plane,
the π�π stacking direction is along the [010] direction, and the chain
backbone is along the [001] direction.
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semiconducting polymer systems.33 The improved crystallinities in
the PTB7/PC61BM films are also manifested in the enhanced
GIWAXS intensities (Figure 2a�d). In conjunction with GIWAXS
results, we conclude that the improved crystallinity mainly stems
from the increase in the number of PTB7 and PC61BM nanocrys-
tallites, as opposed to the average size of individual nanocrystallites.

As OPV properties are linked not only to molecular stacking
and crystallinity, but also to the phase-separatedmorphology and
the relative miscibility of the components, we employed resonant
soft X-ray scattering (RSoXS)17,42�44 to assess spatial dimensions of
phase-separated domains. Figure 3a presents RSoXS profiles of the
four PTB7/PC61BM thin films as a function of the scattering vector
q. The profile of PTB7/PC61BM/DCB shows one diffuse peak at
q ∼ 0.002�0.02 Å�1, while those of the other three films exhibit a
well-defined peak at q ∼ 0.002�0.02 Å�1 and a shoulder at q ∼
0.01�0.05 Å�1. For all four PTB7/PC61BM films, the presence of
distinct yet weakly modulated scattering peaks illustrates the forma-
tion of phase-separated PTB7-rich and PC61BM-rich domains with
broad size distributions. The single peak at q∼ 0.002�0.02 Å�1 in
PTB7/PC61BM/DCB indicates only a one-length-scale structure at a
dimension of hundreds of nanometers, whereas the double peaks at q
∼ 0.002�0.02 Å�1 and q∼ 0.01�0.05 Å�1 in the other three films
suggest a two-length-scale structure, in which small features correlate
to a high q with a size of tens of nanometers and large features
correlate to a low q with a size of hundreds of nanometers.

Inferences ofRSoXSprofileswerequantitatively analyzedusing the
pair distance distribution function, P(r) = [1/(2π2)]

R
0
∞I(q)qr

sin(qr)dq, where r is themagnitude of the distance of the autocorrela-
tion and I(q) is the scattering intensity.17,45,46 Figure 3b is the P(r)

functions of four PTB7/PC61BM thin films, and their corresponding
calculated I(q) are represented using black solid lines in Figure 3a.
According toRg

2 =1/2
R
0
DP(r)r2 dr/

R
0
DP(r) dr,46 the radii of gyration

(Rg's) of phase-separated domains are 176.8 ( 0.8 nm for PTB7/
PC61BM/CB, 227.7( 0.3 nm for PTB7/PC61BM/CB+DIO, 216.8
( 0.3 nm for PTB7/PC61BM/DCB, and 236.7( 0.3 nm for PTB7/
PC61BM/DCB+DIO, consistent with those determined from I(q) at
very small angles using the Guinier equation,45 I(q) = I(0)exp-
(�q2Rg

2/3), (in this case, 175 nm for PTB7/PC61BM/CB, 228 nm
for PTB7/PC61BM/CB+DIO, 217 nm for PTB7/PC61BM/DCB,
and 237 nm for PTB7/PC61BM/DCB+DIO). The similarity of Rg's
of phase separated domains obtained from different solvents sub-
stantiates that the dimensions of phase-separated PTB7-rich and
PC61BM-rich domains in thin films are not strongly correlated to the
solvent selection and generally occur on a similar length scale of hun-
dreds of nanometers, considerably larger than what is typically con-
sidered for ideal BHJ morphology in OPVs. Moreover, deviations
appear in the range of r ∼ 300�1000 Å in the P(r) functions
of PTB7/PC61BM/CB, PTB7/PC61BM/CB+DIO, and PTB7/
PC61BM/DCB+DIO. Such kinks are indicative of the composition
heterogeneity,38,39 resulting from the alternation of PTB7/PC61BM
nanocrystallite aggregates with amorphous PTB7 and PC61BM
intermixtures in the phase-separated domains. The inhomogeneity
within the phase-separated domains features a characteristic wave-
length, L, of ∼75 nm for PTB7/PC61BM/CB, ∼65 nm for PTB7/
PC61BM/CB+DIO, and ∼45 nm for PTB7/PC61BM/DCB+DIO,
respectively, whereas for PTB7/PC61BM/DCB, no apparent com-
position heterogeneity exists within the phase-separated domains.

Figure 2. (a�d) The 2D GIWAXS patterns of the thin films of PTB7/PC61BM/CB, PTB7/PC61BM/CB+DIO, PTB7/PC61BM/DCB, and PTB7/
PC61BM/DCB+DIO, as well as (e,f) their corresponding qy and qz scans. Gaussian fits were used to determine peak positions and FWHMs, as
represented using black solid lines for the overall profiles and yellow dash lines for the individual peaks. (g) Specular XRR profiles (open symbols) and
the calculated results (black solid lines) of the thin films of PTB7/PC61BM/CB (red), PTB7/PC61BM/CB+DIO (blue), PTB7/PC61BM/DCB (olive),
and PTB7/PC61BM/DCB+DIO (magenta).
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To further verify the formation of hierarchical nanomorpholo-
gies, we examined the structure of a representative PTB7/PC61BM/
DCB+DIO thin film using aberration-corrected transmission elec-
tron microscopy (TEM). As shown in Figure 3c, PTB7-rich and
PC61BM-rich domains are differentiated by the gray scale and
outlined by solid lines at heterojunctions. These domains, indeed,
have a size in the range of hundreds of nanometers, which is in
agreement with length scales obtained from the above analyses of
the RSoXS profile and P(r) function. In addition, undulation of gray
scales within each domain confirms the existence of composition
heterogeneity with the dimension of tens of nanometers. Thus, the
TEM data validate our picture of hierarchical nanomorphologies in
PTB7/PC61BM BJH solar cells.

It should be noted that the magnitude of P(r) at constant
photon energies roughly scales with the contrast factor that

directly reflects the relative miscibility of the two components.17

Regarding the fact that the P(r) peak intensity of PTB7/
PC61BM/CB is roughly four times higher than that of the other
three films, it is evident that the PTB7/PC61BM/CB film has
domains with relatively high purity (P(r) ∼ 0.45), whereas the
PTB7/PC61BM films prepared using the other three solvents
contain domains that are more miscible (P(r) ∼ 0.12). Inter-
mixing of the PTB7 copolymer with PC61BM at a molecular level
echoes recent studies on other BHJ systems.15,16,19,23

On the basis of the multiple-length-scale structural features
detected by X-ray scattering techniques and electron microscopy,
here we propose a refined BHJ model to elucidate the high
performanceofPTB7/PC61BMsolar cells.As represented inFigure4,
our data demonstrate that PTB7/PC61BM blends in OPV active
layers are able to develop into hierarchical nanomorphologies at three
length scales ranging from several nanometers for nanocrystallites to
tens of nanometers for PTB7/PC61BM nanocrystallite aggregates,
and to hundreds of nanometers for PTB7/PC61BM-rich domains
that are composed of nanocrystallite aggregates alternated with
amorphous intermixtures of PTB7 and PC61BM molecules. We
assume that these nanomorphologies have little influence on the
efficiency of light absorption and exciton generation (these processes
are mainly contingent on the bandgap and thickness of the absorbing
material) but play a crucial role in exciton dissociation.

Exciton dissociation is a two-step process (inset of Figure 4),
where an exciton is initially separated to a bound polaron pair
through an ultrafast charge transfer to PC61BM, and then the bound
polaronpair dissociates into free charges at heterojunctions.11,14,47�49

To actively generate the bound polaron pair, the photogenerated
exciton needs to meet acceptor molecules within its diffusion length
that is in the range of 4�20 nm.47,50 In PTB7/PC61BM solar cells,
the sizes of pure PTB7 nanocrystallites are comparable to the
diffusion length. Thus, it is likely that excitons photogenerated inside
PTB7 nanocrystallites will diffuse to their surfaces easily. Because of
the presence of PTB7 and PC61BM intermixtures between the pure
PTB7 nanocrystallites, the excitons at surfaces can then readily
encounter PC61BM and transfer electrons to PC61BM to form
bound polaron pairs, where positive polarons situate in PTB7
copolymers and negative polarons onPC61BM.Without intermixing,
the majority of excitons photogenerated within the phase-separated
domains with sizes of hundreds of nanometers would not meet
PC61BMprior to decay. Even though the photogenerated excitons in
the amorphous regions might have a higher probability of charge
transfer to PC61BM than those in the PTB7 nanocrystallite aggre-
gates, the lower charge carrier mobilities would lead to significant
geminate recombination. Crystalline structures can also reduce the
charge transfer energy51 and lead to a larger polaron separation
distance in the charge transfer state,52 thereby facilitating exciton
dissociation. Therefore, it is reasonable to expect that the observed
photocurrent can be attributed primarily to the dissociated excitons
photogenerated in thePTB7nanocrystallite aggregates, instead of the
amorphous PTB7/PC61BM intermixed regions.

In addition, to generate photocurrent the bound polaron pairs
need to migrate to the heterojunctions where they are separated
into free charges. In PTB7/PC61BM solar cells, we hypothesize
that the mobility of positive polarons is increased by the long
segments of PTB7 copolymer chains between individual PTB7
nanocrystallites, as they can act as “highways” to transport
polarons. Hence, polaron separation distances gradually increase,
fostering polaron pair dissociation. In addition, the presence
of the two-length-scale hierarchical heterojunctions, one being
between the nanocrystallite aggregates and the amorphous regions

Figure 3. (a) RSoXS profiles (open symbols), the calculated scattering
intensities I(q) (solid lines), (b) the P(r) functions of the thin films of
PTB7/PC61BM/CB (red), PTB7/PC61BM/CB+DIO (blue), PTB7/
PC61BM/DCB (olive), and PTB7/PC61BM/DCB+DIO (magenta),
and (c) bright-field TEM image of PTB7/PC61BM/DCB+DIO thin
film (black lines are added to represent the heterojunctions between
PTB7-rich and PC61BM-rich domains).
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and the other between PTB7-rich and PC61BM-rich domains,
enhances polaron pair dissociation and reduces their migration
distances. Consequently, the dissociated free charges eventually
hop toward their respective electrodes and generate photocurrent.

Our refined BHJ model conceives correlations between struc-
ture and performance inPTB7/PC61BMsolar cells that elucidate the
structural impact on the short-circuit current density (JSC), the series
resistance (RS), and the PCE. Shown in Table 1 are the correlations
of morphological features versus device performance. Among the
four PTB7/PC61BM thin films investigated, PTB7/PC61BM/CB
has the least intermixing between PTB7 andPC61BMand the lowest
crystallinity, both of which promote charge recombination, the
former via increasing the required migration distance for excitons
tomeet PC61BMand the latter via reduction in chargemobilities that
hinders the separated polarons from diffusing away, thus leading to
the lowest PCE. PTB7/PC61BM/DCB exhibits the second highest
crystallinity and similar intermixing between PTB7 and PC61BM to
PTB7/PC61BM/CB+DIO and PTB7/PC61BM/DCB+DIO, but it
does not formcompositionheterogeneitywithin thephase-separated
domains, which limits themaximumnumber of polarons that reach a
heterojunction to dissociate and contribute to the photocurrent. As a
result, the smallest JSC of 9.5 mA 3 cm

�2 and the largest RS of 6.8
Ω 3 cm

2 were detected for this film. Although both PTB7/PC61BM/
CB+DIO and PTB7/PC61BM/DCB+DIO form similar hierarchical
nanomorphologies, PTB7/PC61BM/DCB+DIO develops a smaller
characteristic wavelength of composition heterogeneity and higher

crystallinity, which favor exciton dissociation and free charge trans-
port, and thus this device exhibits the lowestRS (1.7Ω 3 cm

2) and the
highest PCE (4.4%).

To further demonstrate that hierarchical nanomorphologies
with optimum crystallinity and miscibility promote exciton dissocia-
tion and thus improve device performance, we quantitatively ana-
lyzed the photocurrent against the effective applied bias voltage. As
shown in Figure 5, the photocurrent in all four films (Jph = J � JD)
linearly increases with voltage at low effective field (V0 � V e 0.1)
and gradually saturates, independent of V, at high effective field
(V0 � V > 0.1). Following Mihailetchi et al.14,47,48,52�54 (see
Supporting Information), the generation rates of free charges at
the open-circuit voltage were estimated to be 3.9� 1027m�3 s�1 for
PTB7/PC61BM/CB, 5.0 � 1027 m�3 s�1 for PTB7/PC61BM/
DCB, 6.2� 1027m�3 s�1 for PTB7/PC61BM/CB+DIO, and 7.5�
1027 m�3s�1 for PTB7/PC61BM/DCB+DIO, which correlate well
to both the corresponding nanomorphology and the PCEs.

In summary, we investigated performance-related structures in
PTB7/PC61BM solar cells at different length scales using multiple
scattering techniques. Contrary to the commonly accepted picture
of ideal BHJ morphology, we demonstrated that the superior
performance of PTB7/PC61BM solar cells correlates to hierarchical
morphologies with optimum crystallinity and intermixing of PTB7
with PC61BM. Our refined BHJ model elaborates two advantages
of these hierarchical nanomorphologies: (1) several nanometers
of PTB7 nanocrystallites surrounded by PTB7 and PC61BM

Figure 4. Diagrammatic hypothesis of the refined BHJ model for PTB7/fullerene solar cells.

Table 1. The Correlations between Morphological Features and Performance Characteristics

PTB7/PC61BM (weight ratio = 1:1) CB CB+DIO DCB DCB+DIO

crystallinity (θc (�)) 0.180 0.182 0.186 0.188

phase separation (Rg (nm)) 176.8 ( 0.8 227.7 ( 0.3 216.8 ( 0.3 236.7 ( 0.3

heterogeneity (L (nm)) 75 65 45

domain purity (Pmax(r)) 0.449 0.119 0.125 0.121

short-circuit current density (JSC (mA/cm2)) 10.4 ( 0.5 11.1 ( 0.5 9.5 ( 0.7 10.9 ( 0.4

series resistance (RS (Ω 3 cm
2)) 5.7 3.3 6.1 1.7

PCE (%) 3.0 ( 0.2 4.0 ( 0.2 3.6 ( 0.3 4.4 ( 0.2
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intermixtures are beneficial to gain a high yield of electron transfer to
form bound polaron pairs; and (2) tens of nanometers of PTB7
nanocrystallite aggregates and amorphous PTB7 and PC61BM
intermixed regions within hundreds of nanometers of extended
PTB7-rich domains are optimum for polarons to escape Coulombic
capture and thus to achieve polaron pair dissociation at the hetero-
junctions. Consequently, exciton dissociation in such hierarchical
nanomorphologies can be significantly enhanced, leading to the
superior performance of PTB7/fullerene solar cells. Given that
analogous multiple-length-scale nanostructures have also been ob-
served in the related PTB/PC61BM copolymer blends (Supporting
Information Figure S5), we believe these hierarchical nanomorphol-
ogies represent a structural generality in the PTB copolymer series
when blended with fullerenes in OPV devices. Our model helps
identify key structural features of PTB7/PC61BM necessary for
optimal device performance. New insights of performance-related
structures afforded by the current study should aid in the rational
design of even higher performance polymeric solar cells.
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