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ABSTRACT: The fill factor (FF) of organic photovoltaic (OPV) devices
has proven difficult to optimize by synthetic modification of the active
layer materials. In this contribution, a series of small-molecule donors
(SMDs) incorporating chalcogen atoms of increasing atomic number (Z),
namely oxygen, sulfur, and selenium, into the side chains are synthesized
and the relationship between the chalcogen Z and the FF of OPV devices
is characterized. Larger Z chalcogen atoms are found to consistently
enhance FF in bulk-heterojunction OPVs containing PC61BM as the
acceptor material. A significant ∼8% FF increase is obtained on moving
from O to S to Se across three series of SMDs. The FF enhancement is
found to result from the combination of more ordered morphology and
decreased charge recombination in blend films for the high-Z-chalcogen
SMDs. Because this FF enhancement is found within three series of SMDs, the overall strategy is promising for new SMD
materials design.

Organic photovoltaic (OPV) materials have garnered
considerable attention in recent years as a low-cost
renewable energy technology.1 The basis for this

technology is the bulk-heterojunction (BHJ) architecture,
which consists of a blend of electron-donating (p-type) and
electron-accepting (n-type) organic semiconductors.2 This
blend provides an energetic offset driving photogenerated
excitons, bound electron−hole pairs, to separate into free
charges, thereby generating electrical current.3 Among the
organic materials used in BHJ blends, small-molecule donors
(SMDs) have proven themselves desirable materials capable of
achieving high power conversion efficiencies (PCEs).4−6

Compared to polymer donors, SMDs offer several attractions
due to inherent properties such as monodispersity and lack of
batch-to-batch molecular weight variation, making them ideal

models for studying structure−property relationships in
complex BHJ blends.7,8

OPV PCEs are calculated from the relationship PCE = JSC·
VOC·FF/Pin, where JSC·VOC·FF is the output power (Pout); Pin
the power incident on the device; JSC the short-circuit current
density; VOC the open-circuit voltage; and FF the fill factor, a
parameter related to the ratio of device charge recombination
and charge extraction.9,10 While success has been achieved in
optimizing JSC and VOC through molecular structure
modifications,11−15 FF has proven far more challenging to
understand and optimize. FF values for OPV SMDs (50−
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70%)16−18 have typically lagged behind those of polymers (up
to 80%),19 so general molecular design strategies to increase
FFs would be beneficial in developing new high-performing
SMD OPV materials.
Strategies to increase OPV FFs should minimize charge

recombination and maximize charge extraction.9,20 One strategy
to enhance charge transport in organic semiconductors is by
incorporating large atomic number (Z), polarizable hetero-
atoms that promote intermolecular interactions.12,21−23 Specif-
ically, the inclusion of chalcogens in the solubilizing side chains
of organic semiconductors typically enhances charge carrier
mobility while enabling fine-tuning of frontier molecular orbital
(FMO) energy levels; however, the influence on OPV FFs is
currently unclear.21,24−29 Therefore, we sought to enhance FF
by systematically introducing chalcogen atoms of increasing Z
to improve intermolecular connectivity and create better
charge-transporting pathways. To this end, a series of SMDs
containing electron-rich benzodithiophene (BDT) and elec-
tron-poor diketopyrrolopyrrole (DPP) units connected in an
alternating fashion (DPP−BDT−DPP, Figure 1a) were

synthesized where the functionalization on the central BDT
core consists of an aromatic ring connected to a branched alkyl
chain via a chalcogen atom, namely oxygen,21,25,30−32

sulfur,21,25,31,32 or unprecedented selenium. Three different
heteroaromatic units were investigated: para-phenyl (PX), 2-
thienyl (TX), and meta-phenyl (mPX). The DPP−BDT−DPP
architecture is known to provide consistent and reproducible
SMD PCE values of ∼5%,8,30,32−37 making this SMD family an
excellent candidate for model studies. The present findings
show that incorporation of higher Z chalcogen atoms into the
SMD side chains generally enhances OPV performance, with
larger Z chalcogen atoms consistently yielding higher FFs for all
three BDT cores. A detailed study of device blend morphology

and charge recombination is performed to understand the
origin of the increased FFs.
The SMDs were synthesized by Stille coupling of the

appropriate bis(trimethylstannyl) BDT with monobrominated
DPP (Scheme S1; see Supporting Information for detailed
procedures). The physicochemical properties of the new SMDs
were next investigated. The optical band gaps and FMO
energies (Figure 1b, Table S2) were obtained by ultraviolet−
visible (UV−vis) spectroscopy (Figure S1) and cyclic
voltammetry (CV, Figure S2). The optical band gaps of 1.70,
1.68, and 1.73 eV are the same across each aromatic series of
PX, TX, and mPX, respectively, with all SMDs exhibiting
similar extinction coefficients of ∼105 M−1 cm−1 in solution.
Introduction of the next higher Z chalcogen generally lowers
the highest occupied molecular orbital (HOMO) energy in the
PX and TX series by 0.05−0.1 eV, while for the mPX series the
HOMOs remain in a narrow range with mPS having the lowest
HOMO. The reduction in HOMO energy in the PX and TX
series is caused by a reduction in overlap between the
chalcogen atom p-orbitals and the π-orbitals of the SMD as
the chalcogen Z increases,38 while the relatively constant mPX
HOMO energies are likely a result of the inability of the meta
chalcogen substituents to π-donate into the SMD backbone.
Additionally, the lowest-lying FMOs among these SMDs of ca.
−5.45 eV (HOMO) and −3.72 eV (lowest unoccupied
molecular orbital, LUMO) are in the mPX series. Overall, the
variations in electronic structure across these SMDs are small.
Density functional theory computed orbital energies (Table S1)
agree with the experimental trends of decreasing HOMO
energy with increasing chalcogen Z. Melting points (Tm) and
enthalpies of fusion (ΔHfus) were determined from differential
scanning calorimetry (DSC; Figures S3 and S4, Table S3). Tm
and ΔHfus values for the PX (308−289 °C, 54.9−47.2 J/g) and
TX (286−274 °C, 50.1−43.5 J/g) series fall with increasing
chalcogen Z, suggesting decreased lattice cohesion, while the
opposite trend (218−227 °C, 34.5−46.0 J/g) is found for the
mPX series.
Next, BHJ OPVs using the SMD series as the donor paired

with PC61BM as the acceptor were fabricated and evaluated
(details in the Supporting Information). We employed 1,8-
diiodooctane (DIO) as a solvent additive for fabrication of all
devices as it has been shown to improve device performance for
structurally similar SMDs when used in small amounts.35,39,40

Overall, it is found that the mPX SMDs afford PCEs that are
markedly lower than those of the TX and PX series (Table 1).
The VOC values trend upward with chalcogen atom Z, tracking
the general trend of decreasing SMD HOMO energy (Figure
1b). Values of JSC trend differently depending on the side chain
type, with the TX series exhibiting a small decrease and the
mPX series a larger increase from O → S → Se. The PX SMDs
do not display either trend, with the greatest JSC achieved by
PS, followed by PO and PSe (Figure 2). Importantly, the FF
increases by a relative 6−8% with increasing chalcogen atom Z
in all three SMD series. While this FF increase does not afford a
higher PCE in all cases because of the variations in JSC
discussed earlier, the result is striking given the consistency of
the trend. To investigate the origin of this FF modulation, we
focused on characterizing the PX series.
The PX series blend film morphology was first investigated

by transmission electron microscopy (TEM) to understand
how the chalcogen affects the donor−acceptor phase
segregation (Figure 3). PO blends exhibit large but ill-defined
regions of SMD and PC61BM in the 100+ nm size. In contrast,

Figure 1. (a) Chemical structures of the PX, TX, and mPX SMDs.
(b) Experimental FMO energies and optical band gaps derived
from cyclic voltammetry and optical spectroscopy.
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PS blends exhibit a finely interpenetrated network, with much
smaller donor and acceptor domain sizes, while PSe exhibits a
morphology similar to that of PS, but the regions of donor and
acceptor are more clearly defined. Atomic force microscopy
(AFM) images (inset of Figure 3a) of the PO blend film exhibit
a relatively smooth and amorphous surface versus those of PS
and PSe. PS exhibits the roughest blend film surface with
needle-like crystalline features. The corresponding RMS
roughness values of PO, PS, and PSe films are 3.60, 18.4,
and 8.26 nm, respectively. This suggests formation of more
crystalline films for PS and PSe blends compared to those of
PO. Grazing incidence wide-angle X-ray scattering (GIWAXS;
Figure 3b) analysis of the blends shows that all three PX SMDs
are predominantly oriented “edge-on” with respect to the
substrate, with decreasing amounts of “face-on” character on
moving from PSe to PO to PS. Lamellar d-spacings of 18.0 Å
(in-plane) and 18.4 Å (out-of-plane) were found for PS and
PSe, while larger values of 19.0 Å (in-plane) and 18.9 Å (out-
of-plane) are found for PO, suggesting a tighter lamellar
packing for SMDs with larger Z heteroatoms. The π−π stacking
region shows a very weak reflection for PO with a d-spacing of
3.93 Å both in-plane and out-of-plane. In contrast, PS and PSe
exhibit only in-plane peaks which are far more intense and have
d-spacings of 4.07 and 4.08 Å, respectively. Interestingly, this
trend is exactly opposite to the d-spacing contraction seen in
some chalcogen-containing polymer systems.29 Scherrer
analysis of the crystalline domain size shows that PO exhibits
small lamellar crystallites of 9.9 nm in-plane and 7.0 nm out-of-
plane, while PS and PSe exhibit larger lamellar crystallites of
13.2 nm (in-plane) and 14.0 nm (out-of-plane) for PS, and 12.2
nm (in-plane) and 11.8 nm (out-of-plane) for PSe, confirming
the AFM results. Importantly, π−π crystallite sizes are greater
for the higher Z chalcogens, with values of 20.9 nm and 20.2
nm for PS and PSe, respectively, while PO is much smaller at
4.2 nm in-plane and 3.9 nm out-of-plane. Overall, these results
suggest that while O incorporation leads to tighter π−π
stacking due to the smaller size of the heteroatom, S and Se
promote greater crystalline order in thin films.
We next sought to analyze the charge recombination

behavior of the PX SMDs to examine the effect of chalcogen
variation. The two types of charge recombination in OPVs are
monomolecular geminate recombination, in which an exciton
recombines before separating into free carriers, and non-
geminate recombination, where separated carriers encounter an
opposite charge that is free (bimolecular) or trapped
(monomolecular), both of which lower the FF.41 To investigate

Table 1. SMD OPV Device Parameters

SMDa PCE (%) Voc (V) Jsc (mA cm−2) FF (%)

POc 3.66 ± 0.02 0.792 ± 0.002 8.76 ± 0.13 52.7 ± 0.3
PSb 4.92 ± 0.08 0.817 ± 0.006 10.81 ± 0.17 55.7 ± 0.8
PSec 3.73 ± 0.09 0.872 ± 0.015 7.05 ± 0.02 60.7 ± 0.6

TOc 3.83 ± 0.08 0.720 ± 0.014 9.18 ± 0.05 57.96 ± 0.15
TSb 4.40 ± 0.02 0.804 ± 0.002 9.07 ± 0.15 60.32 ± 0.18
TSeb 4.54 ± 0.07 0.786 ± 0.008 8.94 ± 0.05 64.5 ± 0.3

mPOc 0.60 ± 0.06 0.633 ± 0.022 2.39 ± 0.13 41.2 ± 0.7
mPSc 0.96 ± 0.03 0.815 ± 0.002 2.40 ± 0.04 48.7 ± 0.4
mPSec 1.60 ± 0.07 0.821 ± 0.008 4.01 ± 0.14 49.86 ± 0.02

a1:1 w:w% blend with PC61BM spin-cast from 1% v/v DIO in CHCl3.
bCalculated from the values for 10 devices. cCalculated from the values for 8

devices.

Figure 2. (a) J−V and (b) EQE characteristics of PO-, PS-, and PSe-
based OPV devices.

Figure 3. Images of SMD:PC61BM blend films: (a) TEM and AFM
(insets, 2 μm × 2μm) and (b) 2D GIWAXS patterns.
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the rates and mechanisms of nongeminate recombination on
PX series blend films, nanosecond transient absorption (nsTA)
spectroscopy was employed. The films were excited at 650 nm,
and the ground-state bleach between 680 and 700 nm was
monitored. This long-lived bleach signal (on the order of
microseconds) is attributed to free charge carriers.42,43 Typical
nsTA decay curves for OPV blend films exhibit two distinct
decay components: one fast (<20 ns) and one slow (300 ns to
10 μs).44 The fast decay component, which has been shown to
be extremely dependent on charge carrier concentration and
laser pump fluence, is typically attributed to recombination of
free, mobile charge carriers. In contrast, the slow decay
component is typically attributed to recombination from
carriers bound in trap sites. The slow decay component
shows two unique characteristics: a pump fluence dependent
magnitude that saturates at higher fluence and a fluence-
independent power law dependence on time ΔOD ∝ t−α.42,44,45

Note that, at intensities around 1 sun illumination, recombi-
nation kinetics are likely determined by this slow recombina-
tion mechanism.46 Decay curves shown in Figure 4a exhibit the
recovery of the ground-state bleach in the three blends.
Considering the slow decay component (starting at 1 μs and
moving to longer times), there is a clear difference in behavior
between PO and the other blends. When fitting to a power law,
PO returns an α value of 0.61, while PS and PSe both return α
values of 0.26, indicating overall faster recombination in the PO
blend. These stark differences indicate a fundamental difference
between PO and the other two blends, which is consistent with
the observed decreased order and smaller crystalline domain
sizes, resulting in more trap-based recombination.47 However,
this does not account for the difference in FF between PS and
PSe, suggesting the presence of additional factors.
To understand the extent of geminate recombination in the

present OPVs, the photocurrent, Jph (Jph = JL − JD, where JL is
the current under illumination and JD is the dark current) was
measured as a function of the effective voltage, Veff, (Veff = V0 −
Va, where V0 is the voltage at which Jph = 0, and Va is the

applied bias) and plotted on a log−log scale (Figure 4b).48

Then, the exciton dissociation probability P(E,T), defined as
the ratio of Jph/Jsat at JSC where Jsat is the saturation current at
high effective voltage,49 was calculated. We find P(E,T) values
of 0.870, 0.865, and 0.860 for PO, PS, and PSe, respectively.
The similar values of P(E,T) for the SMDs suggest there is little
difference in the exciton dissociation properties and imply that
the major recombination pathway is nongeminate.
Light intensity (I) dependent J−V analysis of the OPVs was

next performed to understand the influence of bimolecular
recombination and space-charge effects. The relationship
between JSC and I is defined as JSC ∝ IS, where the S value
gives information about the efficiency of bimolecular
recombination.50,51 Deviation from S = 1 indicates losses due
to space-charge build-up or substantial bimolecular recombi-
nation, which will be the only recombination mechanisms
operating at such high internal fields in an OPV device.50

Interestingly, S values are found to be 0.92, 0.89, and 0.98 for
PO, PS, and PSe, respectively. These results indicate weak
bimolecular recombination in the PSe blend and more efficient
recombination in PO and PS blends (Figure 4c). The role of
charge transport in the blend was also studied by measuring the
space-charge limited current (SCLC) mobilities of single carrier
diodes fabricated by sandwiching a blend film between contacts
that promote either hole or electron injection (details in the
Supporting Information). The results show that PSe has a hole
mobility (μh) greater than those of PO and PS (Table 2),

Figure 4. (a) Decay plots for nsTA of PX blend films. (b) Log−log plots of Jph vs Veff and (c) JSC vs I for OPV devices. (d) Semilog plot of VOC
vs I.

Table 2. SCLC Charge Carrier Mobilities and Thicknesses of
PX:PC61BM Blend Films

SMD
μh

(×10−6 cm2 V−1 s−1)
μe

(×10−6 cm2 V−1 s−1)
film thickness

(nm)

PO 1.8 ± 0.3 13 ± 6 84 ± 1.2
PS 1.3 ± 0.2 30 ± 4 83 ± 1.5
PSe 4.4 ± 0.3 4.4 ± 0.4 86 ± 1.6

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.7b00743
ACS Energy Lett. 2017, 2, 2415−2421

2418

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00743/suppl_file/nz7b00743_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.7b00743


which are not substantially different. Electron mobilities (μe)
are greater for PO and PS than for PSe. The similar μh values
for the PO and PS blends can be attributed to a balance
between the larger degree of “face-on” orientation in PO and
higher crystallinity in PS, both of which known to correlate
with increased μh.

20,52−54 Likewise, the largest μh found for PSe
is in agreement with the high degree of crystallinity and
increased “face-on” orientation. As charge extraction in OPVs
has been shown to be predominantly influenced by the mobility
of the slower charge carrier,55,56 the highest μh for PSe implies
that holes will be extracted most easily from this device. The
lower μh values of the PO and PS blends imply that hole
extraction is a more difficult process. Considering the charge
recombination dynamics seen in the nsTA, the slower decay of
the PS blend allows more time for charges to be extracted
before recombination than in the PO blend.57 This trend also
implies that recombination pathways involving triplet states
appear not to be enhanced in this SMD series by the ability of
large Z atoms such as S or Se to promote intersystem
crossing.58 These findings suggest a decreased contribution
from nongeminate recombination with increasing chalcogen Z.
To elucidate the contribution of other recombination

processes, the relationship between VOC and I was investigated.
This dependence is governed by the relation VOC = n(kBT/
e) ln(I) + C, where n is the ideality constant, kb the Boltzmann
constant, T temperature, e elementary charge, and C a
constant.50,59 A value of n = 1 indicates that bimolecular
recombination is the only recombination mechanism, while n >
1 indicates both bimolecular and monomolecular recombina-
tion are occurring.50 The values of n in the PO, PS, and PSe
blends were found to be 1.14, 1.33, and 1.00, respectively
(Figure 4d). It can be concluded that bimolecular recombina-
tion is the only recombination process occurring in the PSe
blend, while PO and PS devices exhibit both bimolecular and
monomolecular recombination.50 Clearly, the slow nsTA decay
kinetics, a high μh, and the absence of monomolecular
recombination lead to the highest FF in the PSe devices.
In conclusion, a series of SMDs containing chalcogen-

functionalized aromatic side-chain substituents was synthesized,
and their OPV performance was characterized. Increasing the Z
of the chalcogen atom significantly enhances the FF in these
devices. SMDs containing large Z chalcogens exhibit increased
crystalline order and reduced charge recombination, both of
which contribute to their higher FF values. Importantly, this FF
increase is not limited to a specific aromatic moiety on the BDT
core, but this effect is evident across three separate SMD series.
This finding lays the groundwork for a general design rule for
organic solar cells with high FFs.
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