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E
fficient bulk heterojunction (BHJ) solar
cells comprise an interpenetrating
network of donor and acceptor phases

that can effectively charge separate photo-
excited carriers and transport them to the
cell electrodes.1,2 The conventional ap-
proaches used to control the morphology
of such blends, as to ensure the most effi-
cient devices, have relied on the use of
appropriate solvents,3 temperature,4 or sol-
vent annealing5 steps. We have shown that
an alternative route, which enables finer-
tuning of the evolving heterojunction di-
mensions, is through the use of molecular
additives such as diiodooctane (DIO), octa-
nedithiol, and chloronapthalene.6,7 These
additives are believed to modify the solubi-
lity of the components within the solution
and during the deposition steps, thus en-
abling modification of the morphology.7�10

In our more recent work, we have focused
on the understanding of additive effects
on small-molecule/fullerene based blends.
One of the most successful blends of this
type features 5,50-bis{(4-(7-hexylthiophen-
2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]-
pyridine}-3,30-di-2-ethylhexylsilylene-2,20-
bithiophene, p-DTS(PTTh2)2:[6,6]-phenyl C71
butyric acid methyl ester, PC71BM. Sun and
co-workers demonstrated that through
the use of only 0.25% v/v of DIO during
the film forming process, solar cells with an
optimum efficiency approaching 7% could
be fabricated.11 The small quantity of DIO
was in this case found to result in a reduc-
tion of the p-DTS(PTTh2)2 nanocrystal size,
which in turn enabledmore efficient charge
separation within the blend.
In BHJ compositions, the charge separa-

tion event has been conventionally assu-
med to occur via photoexcitation of Frenkel

excitons which subsequently diffuse to a
donor�acceptor interface.12 This mechanism
is not consistent with the femtosecond
charge separation lifetimes that are observed
in high efficiency BHJs.13 Localized excitation
of excitons which then diffuse, would require
unrealistic diffusion constants (>2.5 cm2/s)
to achieve the observed charge separation
lifetimes.14 On the basis of ultrafast transient
photoconductivity experiments, we have for
many years concluded that extended states
must form following the photoexcitation
event in various π-conjugated systems.15�18

Spectroscopic evidence from a number of
groupshave implied similar conclusions,19�21
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ABSTRACT

Spectrally dependent steady-state photoconductivity is a convenient method to gain insight

into the charge generation and transport processes within a given material. In this work, we

report on the photoconductive response of solution-processed neat films and blends of the

fullerene, PC71BM, and the donor�acceptor small-molecule, p-DTS(PTTh2)2, as function of the

processing additive, diiodooctance (DIO). The results, when considered in the context of their

structural, optical, and electronic properties give insight into the dominant carrier generation

and charge transport mechanisms in each of these molecular systems.
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indicating that delocalization during the photoexcita-
tion process enables long-range charge separation to
occur in various bulk heterojunction systems.
Recent photoinduced absorption measurements

have demonstrated ultrafast charge transfer at times
less than 50 fs and, in addition, a slowly rising compo-
nent which peaks at 100�500 ps then continues out to
approximately 1 ns.22 The ultrafast charge transfer
originates from delocalized electrons and holes imme-
diately following photon absorption, and the slower
process is attributed to exciton hopping to a charge
separating interface. Delocalization in π-conjugated
systems, which must be determined by the extent
of conjugation and the intermolecular packing, occurs
on the nanometer scale.23,24 Naturally, this entails that
morphologies of this length scale are required for
efficient charge separation.
Neat π-conjugated systems also exhibit charge se-

paration, albeit to a lower extent than in efficient BHJs.
The origin of this charge separation has been a con-
tentious issue for decades. Part of the complexity in its
understanding originates from the difficulty in decou-
pling extrinsic and intrinsic dissociationmechanisms.25,26

In systems which possess very weak and disordered
intermolecular interactions in the solid state, for example,
regiorandom poly(3-hexylthiopehene), the primary
photoexcitation must be localized within segments of a
given conjugated polymer chain.27

In systems with reduced disorder and strong inter-
molecular interactions, for example, regioregular poly-
(3-hexylthiophene), rr-P3HT, primary electron and
hole excitations occur with significant extended state
character. This picture of the electronic structure is
consistent with the lack of stimulated emission, negli-
gible intersystem crossing, and low fluorescence yields
that are observed in such systems.27 In support of this
excitation mechanism, temperature-dependent pico-
second transient photoconductivity measurements have
shownthat freecarrier formationoccurs at experimentally
limited time scales of less than 100 ps, and that these
exhibit relatively high mobilities (30�40 cm2/(V s)), at
early time scales.28

A unified theoretical approach that can describe
the primary photoexcitation mechanism in various
molecular and polymeric systems as a function of
their packing motifs, the intermolecular coupling and
the level of disorder, is still lacking. Despite this,
molecular engineering has continued to rapidly ad-
vance, driven largely through empirical classification
based on solar cell performance and field-effect
charge mobilities. As a result of the many trialed
molecular platforms, donor�acceptor architectures
have emerged as the archetypal feature in most
molecular and polymeric systems that deliver high
efficiency solar cells and exhibit high mobility
transistors.29 p-DTS(PTTh2)2 is one example of such a
molecular system.

We have focused on understanding the photoin-
duced charge generation properties of this material in
the presence of PC71BM using photovoltaic measure-
ments.11,30 Transient absorption measurements of the
molecular derivative d-DTS(PTTh2)2 have shown that
a 0.25% DIO (v/v) quantity results in the most rapid
dissociation event;31 a finding that is consistent with
the most efficient p-DTS(PTTh2)2 based photovoltaic
devices.11 This indicates that the time scale of the
photodissocation event is directly correlated to the
morphology. Photovoltaic measurements directly probe
the efficiency of the photoexcited charge-separation
event and the collections of these carriers driven
toward the electrodes by the built-in field within the
vertical diode configuration.32 For understanding the
spectral photoresponse and ultimately the primary
photoexciation mechanism of a given material, such
device geometries may present problems due to con-
tact effects and parasitic absorption contributions.33

An arguably simpler measurement that obviates these
issues is lateral photoconductivity.
The photoconductivity (σph, S cm�1) of any photo-

conductor is defined by eq 1, where e is the elementary
charge (C), n is the steady-state density of photogen-
erated electrons (e) and holes (h) (cm�3), and μ is their
carrier mobility (cm2/(V s)).

σph ¼ e(neμe þ nhμh) ¼ (Iph=A)� (l=V) (1)

Experimentally, σph is determined from the measured
photocurrent (Iph) of a photoconductor of cross-
sectional area (A) and length (l), measured at an applied
voltage (V). σph is directly proportional to the nμ
product, with both n and μ being intrinsically related
to the spectrally dependent optical and electronic
properties of a given material.
In this work, we investigate the influence of the

additive DIO on the photoconductive response of a
p-DTS(PTTh2)2:PC71BM thin film cast from a solution
mixture with a ratio of donor to acceptor of 7:3. This
blend ratio results in the highest solar cell performance
at an optimum DIO quantity of 0.25% v/v. As it is
unclear whether the origin of this morphological
“sweet-spot” is driven by a single component or
through the interplay of both components, we also
study the affect of this additive on neat PC71BM and
p-DTS(PTTh2)2. By comparing these results with their
structural, electrical transport, and absorption proper-
ties, we are able to get amore complete understanding
of the role that DIO has on the photoconductivity in
these systems, as well as gain insight into the mecha-
nism of their primary photoexcitation event.

RESULTS AND DISCUSSION

The experimental setup, the molecular structures of
the molecules investigated, and the various thin-film
compositions studied as a function ofDIO concentration
are included in Figure 1. For each of these molecular
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systems, we have gained insight into their structural
properties through out-of-plane X-ray diffraction (XRD)
measurements. In these measurements, we have uti-
lized the peak width, determined through a Gaussian fit
of the respective scattering peaks, as a relative measure
of the order within our samples.
For completeness, we have also carried out atomic

force microscopy (AFM) or high resolution transmis-
sion electron microscopy (HR-TEM) to gauge the sur-
face topography or crystallinity within the samples,
respectively. This structural understanding provides a
more fundamental basis from which to appreciate the
lateral photoconductivities measured for each of the

materials. By further comparing these external photo-
conductive responses to the absorption within the
thin films, we have determined their internal photo-
conductive properties. This latter quantity is defined as
the quantum yield of collected photocarriers (i.e., the
number of collected electrons divided by the number
of photons absorbed).
The magnitude and profile of the internal photo-

conductivity provide the necessary insight to probe
the excitation and dissociation mechanisms within
these systems. Because one of the goals of this re-
search is to understand the influence of DIO on both of
these mechanisms, we will now sequentially describe

Figure 1. (a) A schematic of the configuration used to measure steady-state photoconductivity of thin-films featuring the
molecular architectures shown in panel b. (c) A depiction of the three material configurations, each with varying DIO
concentration, investigated in this work via photoconductivity.

Figure 2. (a) Out-of-plane X-ray diffraction of PC71BM thin-films as a function of DIO concentration in the deposition solution.
(Inset) Gaussian peak width of the 2θ ≈ 18.9� (d ≈ 0.47 nm) scattering contribution depicting changes to the long-range
out-of-plane ordering in the sample. (b) A 4 μm2 AFM micrograph of the 0% DIO PC71BM sample. The corresponding rms
roughness of the sample is 0.51 nm.
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the finding from each of the above measurements
for PC71BM, p-DTS(PTTh2)2, and p-DTS(PTTh2)2:PC71BM
as a function of DIO, then provide a comparison
to clarify the origin of photoconductivity in these
systems.

Influence of DIO on PC71BM Thin-Films. In Figure 2a we
present the XRD data of PC71BM thin-films as a function
of DIO. Functionalized fullerene films have been shown
to exhibit amorphous or nanocrystalline character at
temperatures below 205 �C.34 The scattering contribu-
tions at 2θ≈ 18.9� (d≈ 0.47 nm), which is characteristic
of such an amorphous or nanocrystalline matrix, ex-
hibit only minor differences upon the utilization of the
additive. This indicates that the inclusion of up to 1%
DIO does not appear to significantly vary the structural
properties of the neat PC71BM films.

The X-ray data are consistent with topographic
studies using AFM. An exemplary micrograph of the
0% DIO samples is shown in Figure 2b to demonstrate
this consistency. Across the entire additive range
studied here, we found the surfaces to exhibit similar
nanostructured topographies and root-mean-square
(rms) roughness values of∼0.5 nm across a 4 μm2 area.

This lack of large scale structural variation is reflected
in the photoconductive responses which are shown in
Figure 3a. To understand the internal photoconductive
response, in Figure 3b we compare the photoconduc-
tive spectral profile of the 0.25% DIO sample with its
thin-film absorptance spectrum (corresponding trans-
mittance and reflectance spectra are included in the
Supporting Information, Figure S1a). For clarity, we do
not show the results of samples with other DIO con-
centrations because these were similar in both magni-
tude and profile. Instead, in Figure 3c we compare the
calculated quantum efficiency for collected photo-
carriers for all the samples studied. The latter will be
used as a means to quantitatively compare all the
systems studied in this work.

For all the samples studied, good spectral agree-
ment is observed close to the absorption edge
(∼1.75 eV) with a pronounced increase in the photo-
conductive response at higher energies (>2.2 eV). To
ensure that the high energy enhancement in photo-
conductivity was not a result of direct photoemission,
we performed photoconductive measurements in the
presence of a CO2 þ SF6 (9:1) quenching gas mixture
(Supporting Information, Figure S2).35 We did not
observe any differences to the photoconductive re-
sponse upon the introduction of this gas mixture. This
confirms that the enhancement at energies larger
than ∼2.2 eV is due to an intrinsic phenomenon, such
as, intermolecular or interband excitation.36

Recent studies using ultraviolet and inverse photo-
emission spectroscopies have shown that the elec-
tronic bandgap in PC71BM is 2.2 eV.37 The remark-
able agreement between the photoconductivity and
the photoemission measurements corroborates our

conclusions. On the basis of this value of the electronic
bandgap, one determines the exciton binding energy
in PC71BM to be∼0.45 eV;a value that is comparable
to that in C60.

36 This suggests that at energies close to
the absorption onset, photoconductivity is most likely
extrinsic in these systems.

Influence of DIO on p-DTS(PTTh2)2 Thin-Films. Wenow turn
our attention to the influence of processing with DIO

Figure 3. (a) Steady-state photoconductive profiles of
PC71BM as a function of DIO concentration. The photocur-
rents were renormalized to a constant incident photon flux
of 1014 photons/cm2 s (b) A comparison of the photocon-
ductive response (red squares) of PC71BM with 0.25% DIO
and its absorptance spectrum (;). (c) Calculated electric
field dependent quantum yields for photocarrier collection,
defined as a number of electrons collected per photon per
electric field strength (V/cm), for PC71BM as a function of
DIO concentration used during film forming. These yields
were validated for electric fields up to 5 � 104 V/cm.
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on the structural and photoconductive properties of
p-DTS(PTTh2)2 neat films. As shown in Figure 4a, the
strong scattering contribution from the out-of-plane
alkyl stacking at 2θ ≈ 4.51� (d ≈ 1.96 nm) exhibits a
gradual decrease in the peak width with increasing
DIO concentration. This indicates that the use of DIO
additive acts to gradually enhance the ordering of the
out-of-plane alkyl stacking contribution within these
thin-films. Using Scherrer analysis, these peak width
values provide an estimation of the crystallite size
which increases from ∼35 to ∼50 nm upon changing
the DIO from 0% to 1% v/v.

HR-TEM was used to spatially resolve the in-plane
orientation of the alkyl stacking population in p-DTS-
(PTTh2)2 thin-films. Images of samples prepared with 0%
and0.5%DIOadditive are shown inFigure 4panels b and
c, respectively. Colored lines denoting the direction of
the observed lattice planes have been overlaid for visual
clarity. Striking, long-range correlations of neighboring
crystallites are observed in the samples prepared with
0% v/v DIO over lengths scalesmuch greater than 200 nm.

Increasing the [DIO] to 0.5% v/v both increases the
size of the observed crystallites and reduces their
apparent long-range correlations. We note that the
degree of order is underestimated for the 0.5% sample
due to beam induced drift of this sample. Similar
indications of in-plane, long-range order for the π�π
“crystallite” populations are inferred using selected-
area electron diffraction (see Supporting Information,
Figure S3). These results are consistent with the X-ray
diffraction data and indicate a high degree of nano-
structure in both thin-films.

In Figure 5a we show how these structural changes
translate to modifying the photoconductive properties
of the p-DTS(PTTh2)2. Analogous to PC71BM, the magni-
tude of the photoresponse was found to remain similar
regardless of the additive concentration. Subtle varia-
tions to the spectral profile were, however, observed
with samples processed with higher concentrations of

DIO, specifically a slightly pronounced photoconductive
peak at ∼715 nm and a slightly narrower spectral
response. Both of these features are consistent with
the increased order in thep-DTS(PTTh2)2 with increasing
DIO concentration.

To better appreciate this photoconductivity depen-
dence on the morphology, we carried out field effect
mobility measurements of p-DTS(PTTh2)2 as a function
of [DIO] (Supporting Infromation, Table S1). The hole
mobilities were found to remain nearly constant (within
a factor of 3 across the entire [DIO] range), despite the
variation in “crystallite” size. This observation is consis-
tent with the fact that mobility is correlated with both
long- and short-range structural correlation.38,39 The
HR-TEM suggests that the enhancement of the short-
range correlation at high [DIO] arises at the cost of the
long-range correlation. Ultimately, this structural mod-
ificationminimizes the variation to the carriermobilities
within p-DTS(PTTh2)2. According to eq 1, this finding
also indicates that the evolution of the morphology
does not influence the steady-state density of photo-
generated carriers.

A comparison of the photoconductive response to
the absorptance of p-DTS(PTTh2)2 films processed with
0.25% (v/v) DIO is shown in Figure 5b (corresponding
transmittance and reflectance spectra are included in
the Supporting Information, Figure S1b). We find an
almost quantitative agreement between the photo-
conductive response and the absorptance profile
across the entire 1.8 eV window studied. The minor
spectral variations observed within the first absorption
manifold are likely associated with anisotropy within
the films. Figure 5c shows the calculated electric field
dependent quantum yields for photocarrier collection
for p-DTS(PTTh2)2 as a function of [DIO]. These data
clearly show that, in this system, both the magnitudes
of the quantum efficiencies and their spectral profiles
are independent of the morphology obtained within
the additive range studied here.

Figure 4. (a) Out-of-plane X-ray diffraction of p-DTS(PTTh2)2 thin-films as a function of DIO concentration in the deposition
solution. (Inset) Gaussian peak width of the 2θ ≈ 4.51� (d ≈ 1.96 nm) scattering contribution. HR-TEM of the corresponding
in-plane contributions for (b) 0% and (c) 0.5% DIO additive concentrations used during the deposition of p-DTS(PTTh2)2 thin-
films. Colored lines have been added for clarity to denote the strength and directionality of the crystalline planes. Evidence
for longer range correlation (>200 nm) is seen for the 0%DIO sample despite the reduced coherence length compared to the
0.5% DIO sample. The side length of each TEM image is 656 nm.
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Influence of DIO on p-DTS(PTTh2)2:PC71BM Thin-Films. In
Figure 6 we show the effect of DIO concentration on
the long-range order of the 7:3 p-DTS(PTTh2)2:PC71BM
blend. Unlike for neat p-DTS(PTTh2)2, in this system
we observe distinctly different trends between the low
(<0.5%) and high (g0.5%) DIO regimes. X-ray scatter-
ing (Figure 6a) shows that at low DIO quantities the
alkyl stacking peak width is minimally impacted, while
in the high [DIO] regime a pronounced decrease in its

value is found. The enhanced coherence length
between these two [DIO] regions is highlighted in
Figure 6b,c through HR-TEM of blends prepared using
solutions containing 0% and 0.6% DIO v/v. Consistent
with the X-ray data, the micrographs exhibit a clear
increase in the “crystallite” size at the higher [DIO].

At intermediate [DIO], the “crystallite” sizes are
highly sensitive to the additive concentration, and
have in fact been found to reduce slightly in size at
the nominal value of 0.25%DIO.11 This sensitivity of the
crystallite size indicates that the interplay between the
PC71BM, p-DTS(PTTh2)2 and DIO governs the morpho-
logical evolution in a vastly different way than the pure
small-molecule films with DIO. At 0% v/v DIO, this
factor is exemplified by the fact that nucleated crystal-
lites do not possess any obvious long-range ordering in
blends compared to the neat films.40 Furthermore,
blends fabricated with 1% DIO v/v exhibit a signifi-
cantly narrower out-of-plane alkyl stacking scattering
peak (longer coherence length) than neat p-DTS-
(PTTh2)2. These combined factors hint that the com-
plex morphological evolutions of the blends are
influenced by heterogeneous nucleation events.

Photoconductivity measurements of these DTS-
(PTTh2)2:PC71BM BHJ systems as a function of DIO
concentration are shown in Figure 7a. In contrast to
the individual constituents, but consistent with the
morphological evolution, the BHJ samples exhibited
a strong dependence on DIO concentration. This de-
pendence is exemplifiedwith a nearly 4 fold increase in
the photoconductive response with only 0.25% DIO,
followed by a 10-fold drop with an increase up to 1%.
While the levels of sensitization vary slightly, these
results are generally consistent with those observed
in photovoltaic measurements.11 This highlights that
despite the conductive pathways being lateral in our
photoconductivity measurements, the outcome of the
morphological evolution is similarly reflected through
both lateral and vertical conduction.

Finally, in Figure 7b we compare the spectral re-
sponse of the 0.25% DIO BHJ thin-film to its absorp-
tance (corresponding transmittance and reflectance
spectra are included in the Supporting Information,
Figure S1c). While the magnitude of the photoconduc-
tivity within the blend is enhanced by orders of
magnitude over that of the pure material (see follow-
ing section), a clear suppression of the p-DTS(PTTh2)2
photoconductive response within the blend is ob-
served. This is associated with an enhanced quantum
efficiency of collected charges within the 400�500 nm
spectral region (Figure 7c). As this region is dominated
by the PC71BM contribution, we can state that it is
contributing more strongly to the photocurrent in the
lateral direction than p-DTS(PTTh2)2. This is not the case
in photovoltaic measurements, where charge separa-
tion and collection is observed to be more strongly
representative of both components.11 On the basis of

Figure 5. (a) Steady-state photoconductive profiles of
p-DTS(PTTh2)2 as a function of DIO concentration. The
photocurrents were renormalized to a constant incident
photon flux of 1014 photons/cm2 s (b) A comparison of the
photoconductive response (red squares) of p-DTS(PTTh2)2
with 0.25% DIO and corresponding absorptance spectrum
(;). (c) Calculated electric field dependent quantum yields
for photocarrier collection for p-DTS(PTTh2)2 as a function
of DIO concentration in the system. These yields were
validated for electric fields up to 2 � 104 V/cm.
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this factor, we conjecture that p-DTS(PTTh2)2 is prefer-
entially textured in the vertical direction.

A Comparison of PC71BM, p-DTS(PTTh2)2 and p-DTS(PTTh2)2:
PC71BM Photoconductivity. In neat materials, intrinsic pro-
cesses are often considered to be masked by extrinsic
effects on electron�hole pair dissociation. The purity
of the PC71BM used in this study was 99%, and yet clear
evidence of the intermolecular or interband excitation
was observed. In the case of p-DTS(PTTh2)2, the purity
used in this study is estimated to be greater than 99.9%
which suggests that photocarrier generation is likely
not associatedwith impurities.41 Furthermore, the photo-
conductive response in this system did not vary greatly
with changes to [DIO] despite the significant changes
to the crystallite sizes. This observation is consistent
with ultrafastmeasurements,which indicate thatwithin
the DTS(PTTh2)2:PC71BM BHJ materials, excitons diffuse
over distances of 10�20 nm at time scales out to 1 ns,
while pure p-DTS(PTTh2)2 materials only show polaron
formation at time scales of <1 ps.22 Collectively, these
observations signify that the photoconductive proper-
ties of p-DTS(PTTh2)2 observed in this study are intrinsic
in nature and thus do not rely on exciton diffusion to
impurities, interfaces, or defects as a prerequisite to free
carrier formation following absorption.

The absorption spectrum in such molecules origi-
nates from an intramolecular transition from the high-
est occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). Within molecu-
lar solids, strong intermolecular electronic coupling is
required to delocalize the carriers sufficiently to enable
significant photoconductivity at room temperature.42

The observed high intrinsic photoresponse and the
nearly quantitative spectral agreement between the
photoconductive response and absorptance suggest
this to be true for p-DTS(PTTh2)2 thin-films.

The archetypal molecular system, pentacene, also
exhibits wavelength-independent quantum efficien-
cies for carrier generation43 and ultrafast photocarrier

generation.44 Both of these observations are consistent
with strong-intermolecular interactions as evidenced
by experimental and theoretical studies which have
indicated45 and predicted,24 respectively, that the ex-
citon binding energies are as low as ∼0.1 eV. On the
basis of the above findings, a comparable exciton
binding energy would be expected for DTS(PTTh2)2.

The similarity between pentacene and p-DTS(PTTh2)2
suggests a common mechanism to the photocarriers for-
mation in these systems. Recent ultrafast (0.01�100 ps)
measurements of the polarization anisotropy of the photo-
induced absorption have provided evidence that the
major optical properties of p-DTS(PTTh2)2 result from the
photoexcitation of a single molecule, but that the photo-
excitationprocess enables electron andhole delocalization
alongtheπ-stackingdirectionwithin thecrystal structure.22

Thus, the photoexcitation mechanism in p-DTS(PTTh2)2 is
characteristic of Frenkel exciton theory with strong inter-
molecular coupling due to π-stacking in the solid-state.

Within this theory, the extent of intrinsic carrier
generation is determined by the branching ratio be-
tween delocalization, governed through the intermo-
lecular coupling, and localization, dictated by exciton�
phonon coupling and disorder.42,46,47 When incorpo-
rated into donor�acceptor BHJ materials, the intrinsic
nature of the carrier formation process within such
small-molecule systems is overwhelmed by the highly
efficient interfacial charge-transfer (CT) processes.1,2

The high sensitivity of these latter processes to the nano-
structured morphology in such BHJs is demonstrated by
the significant variation of the p-DTS(PTTh2)2:PC71BM
photoconductive response upon slight changes to the
[DIO]. A comparison of the quantum efficiencies for
photocarrier collection highlights that, at the optimum
0.25% DIO v/v, the sensitization effect of the PC71BM
on the p-DTS(PTTh2)2 in the BHJ yields a 103 and 102

fold enhancement to their photoconductive response
compared to the neat films, respectively (see Supporting
Information, Figure S4).

Figure 6. (a) Out-of-plane X-ray diffraction of p-DTS(PTTh2)2:PC71BM bulk heterojunction thin-films as a function of DIO
concentration in the deposition solution. (Inset) Gaussian peak width of the 2θ∼ 4.51� (d∼ 1.96 nm) scattering contribution.
HR-TEM of the corresponding in-plane contributions for (b) 0% and (c) 0.6% DIO additive concentrations used during the
deposition of p-DTS(PTTh2)2 thin-films. Colored lines have been added for clarity to denote the strength and directionality of
the crystalline planes. A significant increase in the crystallite size is found for the 0% DIO sample compared to the 0.6% DIO
sample. The side length of each TEM image is 656 nm.
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This enhancement of the photoconductivity must
arise from either variation to themobility or the density
of collected carriers (see eq 1). Field effect measure-
ments were conducted to evaluate the carrier mobi-
lities within the investigated systems (see Supporting
Information, Table S1). These measurements yielded
holemobilities of neat p-DTS(PTTh2)2 and that blended
with PC71BM, both at 0.25% v/v DIO, of ∼3 �
10�2 cm2/(V s) and ∼2 � 10�3 cm2/(V s), respectively.
Meanwhile, analogous measurements of electron

mobility provided reliable values only for PC71BM,
6 � 10�4 cm2/(V s), and its blend with p-DTS(PTTh2)2,
7 � 10�4 cm2/(V s). The lowering of the hole mobility
and the increase of the electron mobility due to
the fullerene component in the BHJs as compared to
neat p-DTS(PTTh2)2, indicates that the major cause of
the photoconductive enhancement results from an
increase in the density of collected carriers. By con-
sidering that the FET derived mobilities provide an
upper limit to their true time-averaged values within
the thin-films, we calculate that the enhancement
to the density of collected carriers in the optimum
BHJ composition compared to the neat p-DTS(PTTh2)2
system is ∼103.

The relative level of sensitization in these systems is
comparable to that of fullerenes on conjugated poly-
mers such as rr-P3HT or PCPDTBT (poly[2,6-(4,4-bis-
(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]dithiophene)-
alt-4,7-(2,1,3-benzothiadiazole)]).48 However, one of the
striking features of this small-molecule system is that
the absolute quantum efficiency for photo carrier col-
lection at an equivalent electric field is approximately
1 order of magnitude higher for the neat p-DTS(PTTh2)2
and its blends with PC71BM than for the above polymer
donor systems. As the charge carrier mobilities are
similar in these materials, this enhancement must
originate from differences in recombination lifetimes
and/or internal carrier generation yields.32 To elucidate
between these two factors, time-resolved photo-
conductivity studies are necessary and will be the basis
of future work.

CONCLUSIONS

By combining studies of the morphology, photo-
conductivity, and charge transport properties of
PC71BM, p-DTS(PTTh2)2 and p-DTS(PTTh2)2:PC71BM
bulk heterojunctions as a function of the additive
diiodoctane, we have been able to gain insight into
the photoexcitation and transport mechanisms in such
systems. In the case of PC71BM, the limited structural
variation provided by the additive did not greatly
influence the photoconductive response. Despite this,
we were able to approximate the exciton binding
energy in this system to be ∼0.45 eV, a value that is
comparable to that determined from photoelectron
spectroscopy.
For neat p-DTS(PTTh2)2, diiodooctane had a strong

impact on the evolution of the morphology, but still
resulted in a limited influence on the photoconductive
response. This was attributed to the intrinsic nature of
charge generation in these materials and the limited
variation to carrier mobility across this additive range.
When these results were considered in conjunction
with available ultrafast spectroscopic data, we con-
cluded that the absorption in the visible region of the
spectrum event in p-DTS(PTTh2)2 is characteristic of a
Frenkel exciton, with significant delocalization of the

Figure 7. (a) Steady-state photoconductive profiles of
p-DTS(PTTh2)2:PC71BM as a function of DIO concentration.
The photocurrents were renormalized to a constant inci-
dent photon flux of 1014 photons/cm2 s (b) A comparison of
the photoconductive response (red squares) of p-DTS-
(PTTh2)2:PC71BM with 0.25% DIO and its absorptance spec-
trum (;). (c) Calculated electric field dependent quantum
yields for photocarrier collection for p-DTS(PTTh2)2:PC71BM
as a function of DIO concentration in the system. These
yields were validated for electric fields up to 2 � 104 V/cm.
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electronic structure due to electronic intermolecular
interactions along the π�π stacking direction. The
high magnitude of the photoconductivity at room
temperature and its spectral characteristics imply that
the Coulomb binding energy between electrons and
holes along the π�π stacking direction in p-DTS-
(PTTh2)2 is not more than a few kBT.
Finally, the photoconductive responses of the small-

molecule bulk heterojunctions were found to be highly
sensitive to the additive concentration due to its

affect on the nanoscale morphology. Under optimized
morphologies, enhancements to the photoconductive
responses of up to 103 were foundwith respect to their
neat films. While such enhancements are comparable
to traditionally studiedπ-conjugated polymers that are
sensitized by fullerenes, the nearly 10-fold increase in
the quantum efficiencies at comparable electric fields
within these small-molecule systems makes them
more promising candidates for use within next-gen-
eration photoconductivity-based applications.

METHODS
Thin Film Preparation. Thin-films of p-DTS(PTTh2)2, PC71BM

(99%, Solenne), and 7:3 p-DTS(PTTh2)2:PC71BM (w/w) were
deposited onto precleaned, UV-ozone treated low-sodium glass
substrates via spin-coating from 40 mg/mL solutions in chloro-
benzene (99%, Sigma-Aldrich, anhydrous) with concentration of
DIO (98%, Sigma-Aldrich) vaying between 0 and 1% (v/v). As
deposited films (∼150�180 nm) were dried at 70 �C for 10 min
prior to being loaded into aAngstrom thermal evaporator. Au strip
electrodes with channel dimensions of 750 μm (width) � 75 μm
(length) were deposited through a shadow mask at a base
pressure of 4 � 10�6 Torr. All sample preparation steps were
carried out under inert conditions (<10 ppm O2, <0.1 ppm H2O).

Photoconductivity Measurements. For photoconductivity mea-
surements, samples were loaded into a home-built vacuum
chamber directly attached to a turbo pump. A brief exposure to
air (<1 min) was necessary to load the samples. A monochro-
mated tungsten lamp, which was mechanically chopped
(Stanford Research Instruments SR540 chopper) at 138 Hz, was
incident on the sample. The incident light intensity was in the
10�50 μW/cm2 range. Photocurrent was detected through a
lock-in amplifier (Stanford Research Instruments SR830), with the
sample biased externally using a Keithly voltmeter. The photo-
current responses of all samples were measured with illumina-
tion through the glass and within the linear photoresponse
range. The incident light power wasmeasured using a calibrated
Si p-i-n photodiode. On the basis of this, the experimental
photocurrents were renormalized for a constant photon flux of
1014 photon/(cm2 s). This value was approximately equal to that
illuminating the samples across the wavelength range studied.

Field-Effect Measurements. Heavily doped silicon substrates
with 200 nm SiO2 were used as a bottom gate electrode and
insulating dielectric. A passivation layer of poly(propalene-co-1-
butane) (PPCB, about 4% in anhydrous decahydronaphthalene)
was spun on top of SiO2 at 6000 rpm. Neat p-DTS(PTTh2)2 and
blends of p-DTS(PTTh2)2:PC71BM (7:3 w/w) at an 8 mg/mL con-
centration in chlorobenzenewerepreparedwith a volume fraction
of 0%, 0.25%, 0.5%, and 1% diiodooctane (DIO). Blended solutions
were heated at 80 �C for 2 h, cooled to room-temperature, spin-
coated onto PPCB passivated substrates at 2000 rpm and finally
baked at 70 �C for 10 min. Thermally evaporated silver contacts
were then deposited through a shadowmask onto the BHJ active
layer. All the FET test was done in a nitrogen environment, O2 level
< 2 ppm, and was measured by Keithley 4200 system. Electron
mobilities for the above systems and PC71BM (also deposited
from an 8 mg/mL chlorobenzene solution) were carried out with
comparable preparations except that aluminum was used as the
thermally evaporated metal contact.

Thin-Film Characterization. Out-of-plane X-ray diffraction mea-
surements were carried out on a Rigaku Smartlab High-
Resolution Diffractometer with a Cu K R source (wavelength
of 1.5405 Å) using 2θ step of 0.1�. Theseweremade on the same
samples as the photoconductivity measurements. The absorp-
tance of each film was determined directly from the known
transmittance and reflectance which were obtained using a
Perkin-Elmer Lambda 780 NIR-UV�vis spectrometer coupled to
an integrating sphere attachment.

Transmission Electron Microscopy. The donor thin films were cast
from 20 mg/mL with the appropriate DIO v/v ratio onto PEDOT:
PSS coated silicon wafers to give thicknesses of ∼100 nm. The
films were baked at 70 �C for 10 min than allowed to stand for
more than a day. The films were slowly submerged into DI water
and delaminated onto the air�water interface. These were then
broken into smaller pieces and transferred to a C-Flat TEM grid
with an array of 2 μm holes. To aid focusing of the electron
beam, the TEM grids were soaked in a solution of 15 nm citrate
stabilized gold nanoparticles and washed with isopropyl alco-
hol prior to film transfer. The preparation and imaging of the
BHJ thin films is detailed elsewhere.11 HR-TEM images were
acquired near the optimal underfocus condition for the ∼2 nm
peak of the donor. All HR-TEM experiments were performed on
an FEI Titan operating at 300 kV.
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