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ABSTRACT: The use of a commercially available nucleating agent as the
additive for the fabrication of polymer:PC71BM-based active layers by
solution-processing can greatly enhance the power conversion efficiency
(PCE) of bulk heterojunction polymer solar cells (BHJ PSCs). The
enhancement of device performance is mainly due to the addition of
nucleating agent, which is able to regulate the drying process of the active layer
and decrease the oversized domain size of conjugated polymers. Via this
effective strategy to optimize the film morphology, the designed device
exhibits an enhancement as great as 30.8%.
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As one of the most efficient devices with remarkable
advantages,1−7 bulk heterojunction polymer solar cells

(BHJ PSCs) possess great potential for enhancing the power
conversion efficiency (PCE). This “potential” has recently
brought up the value of PCE as high as 11% by designing new
conjugated polymers and adjusting the morphology of active
layer.8,9 Tremendous efforts have been put forward to
synthesize new conjugated polymers and to study the
relationship between the morphology of active layer and device
efficiency.8,10−12 The active layer of PSCs is a blend of polymer
donor and phenyl C71-butyric acid methyl ester (PC71BM)
acceptor, it is essential to keep the polymer domain size less
than 20 nm in order to guarantee the efficient diffusion of the
photogenerated excitons over the donor/acceptor (D/A)
interfaces within the decay time.13 Furthermore, more
heterojunction sites formed in D/A interfaces are favorable to
efficiently dissociate the excitons into free charge carriers. A
bicontinuous interpenetrating network is beneficial for charge
transport and collection.14,15 To optimize the morphology of
active layer, different strategies such as thermal annealing,
solvent vapor annealing, and the addition of cosolvent or
various additives including small molecules,16,17polymers,18−22

inorganic nanocrystals,23,24 etc. have been developed. Utilizing
an additive in the processing solvent, which can influence the
drying process of blend film, is the mostly used method to
control the morphology of active layer. For examples, 1,8-
diiodooctane (DIO) and 1-chloronaphthalene (1-CN) are
commonly adopted additives in tuning the morphology of

active layers. Although, these additives can effectively enhance
the performance of PSCs, as high boiling point solvents the
completely removal of DIO or 1-CN under high vacuum
requires a quite long time, which makes the practical
production of large area devices more complicated. Herein,
we report the enhancement of the performance of BHJ PSCs
by using a commercially available nucleating agent (Hyperform
HPN-68L, simply abbreviated as HHPN) as an additive for
solution-processing the active layer and discuss the possible
mechanism of tuning the morphology of blend films. HHPN is
a commercially available nucleating agent used for tuning the
morphology of polyolefin resins, it can usually promote the
crystallization speed, enhance the crystallinity, and control the
crystal form. The great advantage of using nucleating agent over
other methods mentioned above to regulate the morphology of
active layer is the simplicity in device processing. To the best of
our knowledge, this is the first report of using a commercially
available nucleating agent in controlling the morphology of
active layers of PSCs to achieve improved device performance.
As shown in Scheme 1, the bulk heterojunction photovoltaic

device is constructed in a configuration of ITO/PEDOT:PSS
(35 nm)/active layer (∼100 nm)/LiF (0.6 nm)/Al (100 nm).
Detailed information on the particular fabrication conditions is
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included in the Supporting Information. The homemade
polymer poly[3,6-difluoro-9-hexyldecyl-9H-2,7-carbazole-alt-
5,5-(4′,7′-di-2-thienyl-5′,6′-bis(dodecyloxy)-2′,1′,3′-benzothia-
diazole)] (HD-PDFCDTBT, simply abbreviated as HD) in
combination with PC71BM was selected as the active layer
components and their structures are presented in the inset of
Scheme 1. Moreover, HD was used as a high efficiency electron
donor material in our previous study.25 UV−visible absorption
spectrum (Figure S1) of the polymer film exhibits three peaks
appearing at 410, 538, and 578 nm, respectively, and the
absorption range is mainly located in the region from 500 to
600 nm. To examine the influence of nucleating agent on the
optical properties of active layers, we have fabricated
HD:PC71BM blend films without and with the nucleating
agent HHPN. Blend films containing the nucleating agent were
fabricated by spin-coating from a solution of HD, PC71BM, and
HPPN in 1,2-dichlorobenzene (DCB). The blend films without
or with HHPN nucleating agent exhibited similar absorption
spectra, suggesting that the nucleating agent does not affect the
optical property of the active layer.
The representative current−voltage (J−V) characteristics of

devices fabricated without and with 3.5 wt % HHPN under
white light illumination are shown in Figure 1a, and their
photovoltaic performances including the Jsc, open-circuit
voltage (Voc), fill factor (FF), and the final PCE values are
summarized in Table 1. The value of PCE for the plain devices
fabricated under the optimal condition is ca. 4.74%, which is
comparable with the reported result,25 and the Jsc is 8.00 mA
cm−2. This parameter dramatically increases for devices
fabricated from spin-coating a blend solution containing a
small amount of nucleating agent. Distinct difference for the J−

V curves of devices processed from DCB without and with 3.5
wt % HHPN is observed. After the addition of 3.5 wt % HHPN
as the additive, all device parameters were simultaneously
improved. The Jsc was enhanced to 9.50 mA cm−2 and the FF
showed an improvement of 9.6% (from 0.63 to 0.68).
Therefore, the maximum PCE of 6.2% and a significant
enhancement of 30.8% over the plain device (0 wt % HHPN)
are mainly assigned to the combined contributions devoted by
both the Jsc and FF, even though it is due in large part to a
higher Jsc with the improvement of 18.8%.
Different amounts of HHPN and various additives are

employed so as to better understand the influence of HHPN on
the solar cell efficiency. As depicted in Table S1 and Table 1,
devices containing the optimal amount of HHPN (3.5 wt %)
exhibit the highest Jsc, Voc, and FF compared to the values of
films with less (1.0 wt %) or more (5.5 wt %) HHPN and they
rank first as well in the measured Jsc and Voc compared to films
spin-coated with other processing additives like 1-CN and DIO.
Hence, the utilization of HHPN is an effective strategy for
improving the PCE of PSCs and its optimized content is crucial
to achieve the most efficient devices. To verify the Jsc value
obtained from J−V measurements, external quantum efficien-
cies (EQEs) of devices without and with 3.5 wt % HHPN were
measured. As shown in Figure 1b, the EQE value of HHPN-
based devices is much higher than that of the plain devices. In
addition, the Jsc values obtained from J−V measurements fit
very well with that calculated by the integration of EQE curves,
indicating that the obtained PCEs are very believable.
As the most key parameters in determining the PCE of BHJ

devices, Jsc and FF values are closely correlated to the
morphology of active layer. Therefore, the influence of
HHPN on the morphology of active layer was investigated by
Grazing incident wide-angle X-ray scattering (GIWAXS) and
resonant soft X-ray scattering (R-SoXS). GIWAXS was used to
gain insight into the crystallinity of blend films processed with
or without HHPN (Figure 2). The molecular packing
orientation can be deduced from the GIWAXS patterns,
where the molecular packing out-of-plane appears nominally
along the qz axis and the in-plane ordering along the qxy. No
clear (h00) peaks are observed in the blends processed with or
without HHPN, indicating that HD is most likely amorphous.
The diffraction peak at q ≈ 1.4 Å−1 is generated from PCBM
aggregation. The weak π−π stacking peaks emerge at q ≈ 1.8
Å−1. The slightly higher (010) π−π stacking suggests that
HHPN improves the polymer π−π stacking ordering in the
blends.

Scheme 1. Device Structure and Chemical Structures of
Donor and Acceptor

Figure 1. (a) J−V characteristics of devices measured under the illumination of AM 1.5 G (100 mW cm−2) from a solar simulator; (b) EQE curves.
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In Figure 3 the bright-field TEM images show the different
morphology of active layers spin coated from the blend solution
without (a) and with (b) HHPN additives. The seriously
aggregated polymer-enriched regions shown as brighter and
fullerene-enriched regions as darker are clearly observed in
Figure 3a. In this condition, the size of these two kind domains
clearly exceeds the exciton diffusion length and the morphology
with large pure phase in the mesoscale is formed leading to the
coarse phase separation. After the addition of HHPN, instead of
the polymer agglomerations, a thin fibrillar network is formed

as shown in Figure 3b. This polymer network efficiently
restricts the PCBM domains within the nanoscale matrix which
makes them dispersive and oriented in a relatively discrete way.
In this case, the interpenetrating network structure in the active
layer is built which can be further confirmed by the
homogeneous distributions of both polymer (green) and
PC71BM as depicted in electron energy loss spectroscopy
(EELS) elemental mapping images (the insets in the Figure 3).
From the X-ray photoelectron spectra (XPS) shown in Figure
S2, it is worthy to point out that the evenly distributed element

Table 1. Parameters of BHJ Solar Cells

additive FF Voc (V) Jsc
a (mA cm−2) PCEb (%) Rs (Ω cm2) μh (cm

2 V−1 s−1)

without 0.63 0.95 8.47 4.88 (4.78) 11.62 2.56 × 10−4

3.5 wt % HHPN 0.68 0.96 9.50 6.20 (6.06) 7.81 5.90 × 10−4

3 vol % 1-CN 0.73 0.94 7.82 5.43 (5.30) 10.49 1.75 × 10−4

2 vol % DIO 0.56 0.91 9.25 5.38 (5.33) 8,62 3.79 × 10−4

aJsc was calculated by integrating the EQE spectrum with the AM 1.5G spectrum. bThe average PCE was in bracket and obtained from over 5
devices.

Figure 2. (a) GIWAXS 2D pattern of the blend processed with and without HHPN as additive; (b) scattering profiles of in-plane and out-of-plane.

Figure 3. Bright-field TEM images of active layer (polymer:fullerene) spin-cast from DCB (a) without any additive and (b) with 3.5 wt % HHPN.
Insert graphs are electron energy loss spectroscopy (EELS) elemental mapping images, C (red dots) and S mapping (green dots) of optimum BHJ
film prepared from DCB. Scale bar of EELS mapping is 200 nm.
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S is exclusively derived from the polymer HD because of the
absence of element S in HHPN and PC71BM. It is notable that
the conjugated polymer HD is an amorphous polymer, it prone
to form large amorphous aggregates during spin-coating. After
the addition of HHPN as the additive, the nucleating agent can
probably induce the crystallization (or aggregation) of polymer
chains to form fibrillar aggregates and prevent the undesired
liquid−liquid phase separation to form large aggregates.12

Meanwhile, by analyzing AFM images showing in Figure S3, it
evidently demonstrates the smoother film obtained in the
presence of HHPN and the roughness of the active layer films
decreases from 1.12 to 0.88 nm. This is well consistent with the
TEM results discussed above. No large PC71BM domains
occurring and the remarkably decreased size for fullerene
domains boost the formation of bicontinuous percolation
pathways which accelerate both the exciton dissociation and the
carrier transport. The above-discussed points can be revisited in
the context of the EQE measurements, which indicate the
improved charge collection upon the addition of HHPN in the
active layer.
The phase-separated morphologies of the blends under the

different conditions were further investigated by resonant soft
X-way scattering (R-SoXS).26−28 A photon energy of 284.2 eV
was selected to provide high polymer/fullerene contrast. Figure
4 shows the R-SoXS profiles for the HD:PC71BM (1:2, w/w)

blend films processed with or without HHPN. The scattering
profiles represent the distribution function of spatial frequency,

s (s = q/2π), of the samples and are dominated by log-normal
distributions that can be fitted by a set of Gaussians in lin-log
space. The median of the distribution smedian corresponds to the
characteristic median length scale, ξ, of the corresponding log-
normal distribution in real space with ξ = 1/smedian, a model
independent statistical quantity. When the blend films were
processed without HHPN, the profile showed a scattering
intensity with a ξ of ∼30−40 nm; when HHPN was used as an
additive, the scattering profile showed a decreased ξ of ∼20−30
nm. These results are consistent with the TEM and AFM
results. The average composition variation (and relative domain
purity) can also be revealed by R-SoXS via integration of the
scattering profiles.27 Completely mixed domains result in no
scattering over the q-range probed. A two phase morphology
with pure phases will yield maximum scattering. Intermediate
scattering intensity reflects the average composition of all
domain of a two or likely three phase morphology. The relative
domain purity for blends processed without and with HHPN
are 92 and 100%. The smaller and purer domains obtained by
processed with HHPN are favorable for exciton dissociation
efficiency and for reduced bimolecular recombination. This
leads to the enhanced Jsc and FF.29

To further elucidate the effect of HHPN additive on the
charge transport, we measured the hole and electron mobility
of BHJ PSCs by space charge limited current (SCLC) method.
The hole-only diode is fabricated in a device configuration:
ITO/PEDOT:PSS/HD:PC71BM/Au and electron-only diode
with a device configuration: FTO/HD:PC71BM/Al. The
transfer characteristic curves are shown in Figure 5a and
Figure S4. Hole and electron mobilities are calculated according
to equations reported in the literature.30,31As illustrated in
Table 1, the hole mobility of devices fabricated with 3.5 wt %
HHPN reached 5.90 × 10−4 cm2 V−1 s−1, which is two times
higher than that of plain devices, suggesting the benefits for
charge transport conferred by the improved morphology of
fibrillar network. Meanwhile, the series resistance (Rs) of PSCs
can be obtained from the inverse slope of the dark J−V curve
(Figure 5b). The Rs value declines remarkably from 11.62 to
7.81 Ω cm2 with the addition of HHPN, which coincides well
with higher short-circuit currents and improved charge
transport.
In conclusion, HD:PC71BM-based BHJ PSCs with enhanced

photovoltaic performance are developed by incorporation of a
commercial available nucleating agent HHPN in the active
layer. The designed devices exhibit an overall PCE as high as
6.20% and the enhancements of 30.8% originated from both

Figure 4. R-SoXS profiles for the blend films of HD:PC71BM (1:2, w/
w) with or without HHPN.

Figure 5. J−V characteristics under dark for (a) hole-only devices; (b) dark J−V curves.
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the greatly improved Jsc and FF. The enhancement of device
performance is mainly due to that the addition of nucleating
agent can regulate the drying process of active layer and
decrease the oversized domain size of conjugated polymers.
Our study also demonstrates that HHPN is a more effective
additive over other most used additives such as 1-CN and DIO
to achieve higher photovoltaic performance. Considering the
easy processability and the commercial availability, the addition
of nucleating agent maybe used as an alternative choice in
device fabrication, especially for the practical large area
processing.
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