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ABSTRACT: A novel solution-processable small molecule,
namely, benzo[1,2-b:4,5-b]bis(4,4'-dihexyl-4H-silolo[3,2-b]-
thiophene-2,2’-diyl)bis(6-fluoro-4-(5’-hexyl-[2,2’-bithio-
phene]-S-yl)benzo[c][1,2,5]thiadiazole (p-SIDT(FBTTh,),),
was designed and synthesized by utilizing the silaindacenodi-
thiophene (SIDT) framework as the central D> donor unit
within the D'AD*AD' chromophore configuration. Relative to
the widely studied 7,7'-[4,4-bis(2-ethylhexyl)-4H-silolo[3,2-
b:4,5-b’dithiophene-2,6-diyl |bis[ 6-fluoro-4-(5’-hexyl-[2,2/-bi-
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thiophene]-5-yl)benzo[c][1,2,5]thiadiazole] (p-DTS(FBTTh,),), which contains the stronger donor fragment dithienosilole
(DTS) as D? one finds that p-SIDT(FBTTh,), exhibits a wider band gap and can be used to fabricate bulk heterojunction solar
cells with higher open circuit voltage (0.91 V). Most remarkably, thin films comprising p-SIDT(FBTTh,), can achieve
exceptional levels of self-organization directly via solution deposition. For example, high-resolution transmission electron
microscopy analysis shows that p-SIDT(FBTTh,), spin-cast from chlorobenzene organizes into crystalline domains with lattice
planes that extend over length scales on the order of hundreds of nanometers. Such features suggest liquid crystalline properties
during the evolution of the film. Moreover, grazing incidence wide-angle X-ray scattering analysis shows a strong tendency for the
molecules to exist with a strong “face-on” orientation relative to the substrate plane. Similar structural features, albeit of more
restricted dimensions, can be observed within p-SIDT(FBTTh,),:PC;;BM bulk heterojunction thin films when the films are
processed with 0.4% diiodooctane (DIO) solvent additive. DIO use also increases the solar cell power conversion efficiencies
(PCEs) from 1.7% to 6.4%. Of significance from a practical device fabrication perspective is that, for p-SIDT(FBTTh,),:PC,;,BM
blends, there is a wide range of compositions (from 20:80 to 70:30 p-SIDT(FBTTh,),:PC,;BM) that provide good photovoltaic
response, ie., PCE = 4—6%, indicating a robust tendency to form the necessary continuous phases for charge carrier collection.
Light intensity photocurrent measurements, charge selective diode fabrication, and internal quantum efficiency determinations
were carried out to obtain insight into the mechanism of device operation. Inclusion of DIO in the casting solution results in
films that exhibit much lower photocurrent dependence on voltage and a concomitant increase in fill factor. At the optimum
blend ratio, devices show high charge carrier mobilities, while mismatched hole and electron mobilities in blends with high or low
donor content result in reduced fill factors and device performance.

B INTRODUCTION

There is increased attention on the design, fabrication, and
characterization of solution-deposited bulk heterojunction
(BHJ) organic solar cells in which a molecular species serves
as the semiconducting donor component.'”* Relevant
competitive aspects relative to their polymeric counterparts
include the absence of a statistical distribution of molecular
weights, ease of purification, and higher degree of crystal-
linity.>~"® Additionally, it is possible to obtain molecular
packing through single-crystal X-ray diffraction experi-
ments."*"® These advantages allow a more straightforward
correlation between molecular architectures and bulk proper-
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ties, thereby enabling more predictive structure/property
relationships."®

To harvest photons from a broader spectral range while
maintaining large voltages, the highest achievable power
conversion efficiencies (PCEs) require fabrication of tandem
cells."/ "> A primary consideration in this type of device
structure is the availability of soluble semiconductors that have
complementary absorption profiles and appropriate frontier
orbital levels relative to each other for ensuring sufficient
photocurrent generation and charge collection in the stacked,
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multijunction architectures. Considering the limited examples
of molecular donors with blue-shifted absorption and deep
highest occupied molecular orbital (HOMO) level (arbitrarily
defined here as an onset below 700 nm and deeper than —5.3
eV, respectively), which can be used to fabricate efficient
devices (PCE > 6%),"> we set our objectives toward designing
such materials. Of particular interest was to consider not only
molecular features, but also the organizational tendencies as a
result of solution processing.

A reasonable starting point for structural design is compound
p-DTS(FBTTh,), (7,7'-[4,4-bis(2-ethylhexyl)-4H-silolo[3,2-
b:4,5-b’dithiophene-2,6-diyl ]bis[6-fluoro-4-(5'-hexyl-[2,2’-bi-
thiophene]-S-yl)benzo[c][1,2,5]thiadiazole]) in Figure 1,

p-SIDT(FBTTh,),

Figure 1. Molecular structures of p-DTS(FBTTh,), and p-SIDT-
(FBTTh,),.

which yields PCEs in excess of 8% by controlling the deposition
conditions, modifying the compositions of BH]J blends with
tullerene acceptors, and adjusting the device architectures.”> ™%
The compound p-DTS(FBTTh,), is a part of a class of donor
materials described by the D'AD*AD' molecular architecture,
in which D' (dithiophene) and D* (dithienosilole, DTS) are
electron-rich fragments and A (fluorobenzothiadiazole) is an
electron-poor fragment.ZG’27 It seemed appropriate that
exchanging the internal D> DTS fragment with a less electron
rich counterpart would result in weaker charge transfer
characteristics (therefore blue-shifted absorption and a deeper
HOMO level).”® On the basis of the recent success of polymers
with silaindacenodithiophene (SIDT),**>* we postulated that
benzo[1,2-b:4,5-b]bis(4,4'-dihexyl-4H-silolo[3,2-b]thiophene-
2,2’-diyl)bis(6-fluoro-4-(S’-hexyl-[2,2’-bithiophene]-5-yl)-
benzo[c][1,2,5]thiadiazole (p-SIDT(FBTTh,),) in Figure 1
would be a suitable candidate for achieving the goals set above.
As a final relevant design element, p-DTS(FBTTh,), and p-
SIDT(FBTTh,), keep the D'A “wings” of the structure
constant; only the central D* is different. We surmised that
due to these overall structural similarities it would be possible
to use previously optimized processing conditions as a starting
point for exploring deposition conditions for the new material.
Such considerations are worthwhile given the wide range of
variables that must be investigated with a new material to
optimize its function in a device.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The synthetic route to
p-SIDT(FBTTh,), is provided in Scheme 1, starting with our
modification for the synthesis of the SIDT unit. Rather than
using the Suzuki cross-coupling method reported in the
literature for the synthesis of intermediate 2, we used a Stille
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Scheme 1. Synthetic Entry into p-SIDT(FBTTh,),
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cross-coupling reaction between dibromodiiodobenzene and
the stannylated thiophene 1 to obtain 2 in 70% vyield.
Dichlorodihexylsilane was used in the cyclization reaction
with 2 to introduce the hexyl side chains in the SIDT unit and
produce compound 3. Linear hexyl side chains were utilized
instead of ethylhexyl groups, as utilized by p-DTS(FBTTh,),,
because of our expectation that the materials would be too
soluble and therefore difficult to crystallize and phase separate
from fullerene in the active layer blend.”” Reaction of 3 and N-
bromosuccinimide gave dibrominated SIDT 4. Palladium-
catalyzed stannylation of 4 using hexamethylditin gave
stannylated SIDT, which was then used in the last step of the
synthetic sequence without purification in a Stille cross-
coupling reaction, leading to the target p-SIDT(FBTTh,),.
Complete synthesis and characterization details are provided in
the Supporting Information.

Figure 2a shows the optical absorption spectra of p-
SIDT(FBTTh,), in solution and in the solid state. In
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Figure 2. (a) UV—vis absorption spectra of p-SIDT(FBTTh,), in
chloroform solution and in the solid state. (b) Cyclic voltammogram
of p-SIDT(FBTTh,), in dichloromethane solution.

chloroform, p-SIDT(FBTTh,), shows intramolecular charge
transfer absorption typical of chromophores with a D'AD*AD'
architecture. One observes a low-energy transition with a
maximum at 571 nm and a molar absorption coeflicient of 6.5
X 10* M™' em™. The absorption maximum is red-shifted
approximately 30 nm in thin films cast from chloroform.
Additionally, there is an emergence of fine structure in the
absorption profile which we attribute to molecular order in the
solid state and a more planar molecular backbone structure.>>>*
From the onset of the absorption (675 nm), the solid-state
optical band gap was estimated to be 1.84 eV. This is a
significantly wider band gap compared to that of p-DTS-
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(FBTTh,), whose solid-state absorption onset at 780 nm
suggests a band gap of 1.50 eV. Thus, the substitution of SIDT
for the central DTS unit does increase the band gap as
expected. It bears noting that the solid-state absorption profile
of p-SIDT(FBTTh,), is quite comparable to that of the
archetypical donor polymer P3HT, which remains a common
material employed in the wide band gap subcells of state-of-the-
art tandem architectures.*

Cyclic voltammetry measurements of p-SIDT(FBTTh,), in
dichloromethane were carried out to estimate the position of
the frontier orbital levels, as shown in Figure 2b. From the
onset of the reversible reduction and oxidation peaks, the
lowest unoccupied molecular orbital (LUMO) and HOMO
energy levels of p-SIDT(FBTTh,), were estimated as —3.36
and —5.21 eV, respectively. The electrochemical band gap of
1.85 eV is consistent with the optical band gap. Ultraviolet
photoelectron spectroscopy (UPS) measurements were also
used to evaluate the ionization potential of the material in the
thin film and provided a value of —5.45 eV (Supporting
Information). The deep HOMO level of p-SIDT(FBTTh,), is
supported by density functional theory calculations, which
predict a HOMO level of —5.4 eV (see Figure S7, Supporting
Information). These complementary measurements confirm
that the introduction of an SIDT unit into the molecular
framework effectively pushes the HOMO level to a lower
energy value relative to that of p-DTS(FBTTh,),.*”*

While the previously noted fine structure seen in the
absorption profile of p-SIDT(FBTTh,), suggests the presence
of molecular order in the solid state, the crystalline properties
of the donor material must be closely examined, as they can
have a profound effect on the ability to form BH]J thin films of
suitable photovoltaic performance, as observed with other small
molecules.>**> Due to these considerations, grazing incidence
wide-angle X-ray scattering (GIWAXS) was used to obtain
high-resolution scattering profiles. Use of a 2-D detector allows
for determination of both crystallite spacing and orientation,
where y denotes the angle from normal to the substrate.>® Thin
films of pristine p-SIDT(FBTTh,), were examined to probe the
crystalline nature of the pure donor material. When cast from
chlorobenzene, the scattering profile of p-SIDT(FBTTh,),,
shown in Figure 3, reveals strong, anisotropic texturing, as
evidenced by the number of sharp, distinct peaks. Attempts to
grow a single crystal of p-SIDT(FBTTh,), of suitable size and
quality proved unsuccessful, so we cannot definitively assign
peaks of the GIWAXS profile. We can, however, interpret the
reflections on the basis of convention, as is commonly done
with polymer systems.*®

A strong out of plane reflection at ¢ = 1.77 A™" is observed in
Figure 3, which corresponds to a real-space distance of 3.5 A
and is attributed to intermolecular 7-stacking of the conjugated
backbones. This 7—7 distance is comparable to those of other
donor molecules, including p-DTS(FBTTh,),.'*">** Note that
the 7-stacking peak in this film is anisotropic with respect to ,
appearing only in the out of plane direction. This indicates that
p-SIDT(FBTTh,), must preferentially adopt a “face-on”
orientation with respect to the substrate with z-stacking
through the thickness of the film. The strong intensity of the
peak suggests the film is relatively well ordered in the z-stacking
direction, though the film is only 20—40 nm thick, which may
lead to some of the broadening of the peak.*® This orientation
is in contrast to what is observed with p-DTS(FBTTh,),, which
predominantly adopts an “edge-on” orientation.” How such
significant morphological differences arise as a function of
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Figure 3. GIWAXS profile from a thin, pristine p-SIDT(FBTTh,),
film.

molecular connectivity is unclear at this point, but it is worth
pointing out that the face-on texture of p-SIDT(FBTTh,), has
also been observed in a number of conjuﬁated polymer systems
containing the same SIDT donor unit.>**

A series of peaks at lower g values also appear in the in-plane
direction. There is a sharp, intense peak at g = 0.26 A™", which,
while seen to some extent for all y values, is considerably more
evident in the in-plane direction. This corresponds to a distance
of 2.4 nm in real space, which is typically associated with “alkyl
stacking” or arising from columns of 7-stacked units separated
by alkyl side chains.>****® As 7-stacking and alkyl stacking are
often pseudo-orthogonal to each other, an alkyl spacing
oriented in the plane of the substrate is also consistent with
the proposed face-on texture.

Weaker reflections at ¢ = 0.52 and 0.79 A are also observed
in Figure 3 which are preferentially oriented in-plane and are
assigned to the second- and third-order reflections from the
alkyl stacking.‘“’42 As a more quantitative measure, we can
calculate the crystal correlation length (CCL), which reflects
the extent of order in the crystalline lattice and increases with
the crystallite size and/or perfection.®® The Scherrer equation
was used to estimate the correlation length from the peak
breadths.*>* We find p-SIDT(FBTTh,), has a CCL of 37 nm.
This is a relatively large CCL for molecular organic
semiconductors deposited from solution and helps confirm
the high degree of order in the pristine material.****

Additional features (y = 90°, g = 0.37 A™" and at y = 20°, q =
0.50 A™") are also observed that are difficult to assign in the
absence of a single-crystal X-ray diffraction determination. All
efforts to obtain such a structure have unfortunately been
unsuccessful. We therefore use the GIWAXS information to
determine a strong anisotropic arrangement that strongly favors
the face-on orientation.

In combination with the GIWAXS analysis, we can use
transmission electron microscopy (TEM) to help understand
the nature of the crystalline packing within this material. At
moderately high resolution, a small level of defocus is used to
shift the contrast transfer function such that phase contrast is
obtained for imaging of crystal lattice planes within the
film.**~* Avoiding electron beam damage is paramount with
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this technique, as the lattice fringes can begin to disappear after
only seconds. A description of the imaging process followed has
been described in detail previously.“’24 The results for TEM
examination of thin films of p-SIDT(FBTTh,), are provided in
Figure 4.

a) b)
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Figure 4. (a) High-resolution TEM image of a thin, pristine p-
SIDT(FBTTh,), film and (b) small zoomed-in section with (c, d)
corresponding flow fields showing 2.4 nm lattice spacing.

Films of pure p-SIDT(FBTTh,), show very little mass-
thickness contrast on a large scale, as seen in Figure 4a.
However, close examination of a blown-up section of the image
(Figure 4b) reveals that crystalline lattice fringes are present
across the entire image. The lattice fringes indicate a spacing of
2.4 nm, which is in good agreement with the alkyl spacing
identified via GIWAXS. Due to the geometry of the electron
beam, TEM is sensitive to lattices oriented in the plane of the
film.** Thus, it is not surprising that the alkyl spacing is imaged.

The long-range ordering of the lamella across large distances
(>100 nm) and the large fraction of crystalline material were
surprising; the crystalline material covers nearly the entire
image. As TEM is a projection through the thickness of the
film, it is not possible to say if this crystalline material is
predominantly located at one of the two interfaces or
throughout the thickness of the film. However, the film used
to obtain Figure 4 is only 20—40 nm thick, and therefore, it is
reasonable to assume that the ordered regions constitute a
significant volume fraction. For the sake of visual inspection,
the lattice planes were identified via a simple image analysis
program, and their orientation was extracted to form a director
field.* The general directional preferences of the crystalline
features identified from Figure 4a are plotted in Figure 4c. For
comparison, the section of the flow field that corresponds to
the portion of the image in Figure 4b is shown in Figure 4d.
The director fields allow one to capture the nature of large,
coherent crystalline structures that are on the order of
hundreds of nanometers across. These crystalline sections
bend and swirl across the film and are reminiscent of liquid
crystal ordering.>’~>
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Solar Cell Fabrication and Influence of the BHJ Blend
Ratio. One advantage of the SIDT unit compared to the
previously used DTS unit is the presence of four alkyl groups
within D?, which promotes better solubility in common organic
solvents, even with linear hexyl chains.”” The room temperature
solubility of p-DTS(FBTTh,), with ethylhexyl chains is only $
mg/mL in chloroform, while the solubility of p-SIDT-
(FBTTh,), is over S0 mg/mL in both chloroform and
chlorobenzene, considerations that are relevant for process-
ability and solar cell fabrication.

Initial solar cell performance was evaluated using the device
architecture ITO/PEDOT:PSS/p-SIDT(FBTTh,),:PC,;BM/
Ca/Al (ITO is indium tin oxide, PEDOT:PSS is poly(3,4-
(ethylenedioxy)thiophene):poly(styrenesulfonic acid), and
PC,BM is phenyl-C71-butyric acid methyl ester). A
concentration of 40 mg of total solids/mL of solvent was
found to give a film thickness of 100 nm and was kept constant
in subsequent studies. Following the optimization of p-
DTS(FBTTh,),, and other structurally similar small-molecule
BHJ systems,'"*> the use of small amounts of the solvent
additive diiodooctane (DIO) was first screened, and it was
found that a DIO concentration of 0.4% by volume was
optimum; see further discussion below.

Keeping the concentration of total solids in the solution
constant at the optimum 0.4% DIO additive content, we set
forth to understand the effects of systematically adjusting the p-
SIDT(FBTTh,),:PC;;BM blend ratio. The solar cell parame-
ters, short circuit current (Jc), open circuit voltage (Vc), fill
factor (FF), and PCE obtained from these studies are shown in
Table 1. Optimal performance was obtained at a 50:50 weight

Table 1. Photovoltaic Characteristics of Devices as a
Function of the p-SIDT(FBTTh,),:PC,,;BM Blend Ratio

D:A  [DIO] (%, v/v) Jsc (mA/em?) Voe (V) EE (%) PCE (%)
08:92 0.4 4.6 0.94 31 13
12:88 0.4 7.0 0.96 33 22
16:84 04 8.7 0.98 38 33
20:80 0.4 9.0 0.96 44 3.9
30:70 04 9.8 0.98 48 46
40:60 04 10.0 0.98 57 52
50:50 0.4 11.0 091 65 6.4
60:40 04 10.0 0.88 64 5.6
70:30 0.4 9.0 0.88 57 46
80:20 04 9.0 0.89 41 35
90:10 04 2.1 0.82 38 0.7

ratio of p-SIDT(FBTTh,),:PC,,BM; under these conditions,
the blend can achieve Jsc = 11.0 mA/cm? Ve = 091 V, FF =
65.0%, and PCE = 6.4%. This performance is comparable to
that of some of the highest performin§ small-molecule systems,
despite the blue-shifted absorption.*'’ !>

Closer examination of the blend ratio reveals unexpected
results. Remarkably, photovoltaic efficiencies of over 3% can be
maintained in blends over a range of p-SIDT(FBTTh,),
content, from 80 down to 16 wt % within the blend. This
stability is primarily attributed to Jsc values that remain
relatively stable across this composition range. At 16% p-
SIDT(FBTTh,),, Jsc = 8.8 mA/cm?, increasing to a maximum
of Joc = 11 mA/cm? for the 50:50 blend. The current then
gradually decreases as the blends become more donor-rich, still
achieving Jsc = 9.0 mA/cm? at 80% p-SIDT(FBTTh,),.
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As all films are of approximately the same thickness, on the
order of 100 nm, one might expect that increasing the p-
SIDT(FBTTh,), content would lead to gains in absorption and
should result in larger Jsc. In single-pass absorption experi-
ments (Figure Sa) high donor content does indeed lead to a
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Figure S. (a) Absorbance of p-SIDT(FBTTh,),:PC,BM films as a
function of the blend ratio. (b) Total device absorption of the active
layer films in a solar cell device architecture including a reflective Al
back-contact. (c) External quantum efficiency and (d) internal
quantum efficiency of these devices.

significantly increased absorbance in the visible range. However,
for the total device absorption in the solar cell device (Figure
Sb), which includes interface scattering and reflection off the
back contact,®® the differences in total light absorbed between
the blends are not particularly dramatic. Absorption of 100 nm
thick films on transparent substrates shows linearly shifting
absorbance profiles, but in the two-pass architecture of a solar
cell with reflective contact, when viewed on a linear scale,
almost regardless of composition, the film can absorb a large
fraction of light. Even at only 10% donor content, the
absorption in the region of 450—650 nm remains over 75%.
This is due both to the good absorption of p-SIDT(FBTTh,),
and to the absorption of PC,;BM in this spectral region (Figure
5Sb, dark blue).

While good absorption is requisite for large Jsc, it also
indicates efficient and continuous charge transport pathways
from 16:84 to 80:20 blend ratios, despite the composition.
Utilizing a transfer matrix model to determine the parasitic
absorption from the substrate and contacts, and the measured
external quantum efficiencies (EQEs; see Figure Sc) of each
blend, we calculated the internal quantum efficiency (IQE) for
the different ratios and provide the results in Figure 5d.>*

Despite differences in EQE, the IQE maintains a relatively
constant profile across the relevant spectral range for each
blend, with only slightly higher efficiency near 400 nm due to
PC,BM absorption. IQE is highest, maintaining 80—90%
efficiency across the entire spectral range, in blends with 20% p-
SIDT(FBTTh,), and progressively decreases with increased
donor content. The fact that the IQE in the PC,;BM absorbing
region remains above 90% at such a large fullerene content
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indicates that nearly all of the fullerene excitons reach a p-
SIDT(FBTTh,),/PC;BM interface, and despite the high
acceptor content even up to 80 wt % PC,BM, the domain
size must not increase greatly past the exciton diffusion length.
Furthermore, even at only 20% p-SIDT(FBTTh,),, the hole
transport must be sufficient to extract a large portion of the
photogenerated holes at short circuit conditions to achieve such
high IQE. From the IQE results, it is clear that the efficiencies
of the charge generation and extraction processes are resilient
toward the blend ratio. This suggests this materials system has
the tendency to form a favorable morphology, with percolating
phases able to effectively extract photogenerated holes and
electrons, despite changes in composition.

From Table 1, in the 16:84 to 80:20 range, while Jsc only
ranges from 8.7 to 11 mA/cm?, the changes in FF are much
greater, ranging from 38% to 65%, with the FF peaking at a
50:50 blend ratio. One explanation for the steeper dependence
of the FF would be an imbalance in charge transport. Though
at short circuit the charge transport may not limit extraction, a
reduced hole or electron mobility may lead to a buildup of a
space charge within the devices and increased bimolecular
recombination at low internal fields, explaining the low FE.>*%°
Charge transport was therefore probed by fabricating single-
carrier diodes using charge-selective contacts.*® Hole-selective
devices were fabricated for the different blend ratios of the solar
cells, using ITO/PEDOT:PSS as the bottom contact, but
incorporating a gold contact on top of the BHJ film. The work
function of gold should be significantly deep enough to prevent
injection of electrons into the LUMO level of the PC;;BM or
p-SIDT(FBTTh,),.%”® The electron-selective device had an Al
bottom contact and Ca/Al top contact. The J—V characteristics
of the devices were fit to the space charge limited current
(SCLC) Mott—Gurney expression:>

V2

] = ggrg()ﬂ I E)

L (1)

where g is the vacuum permeability, €, is the relative dielectric
constant, V is the applied voltage less the builtin voltage, L is
the device thickness, and u is the zero-field charge carrier
mobility (either hole or electron). It bears noting that despite
the challenge of analyzing relatively thin (100 nm) diodes, the
SCLC expression fits the experimental data quite well without
the need for additional parameters such as a field dependence
term, see the Supporting Information. The hole and electron
mobilities are plotted as a function of the blend ratio in Figure
6. At a ratio of 50:50, the hole and electron mobilities are 4 X
107* and 1 X 107* cm?/(V s), respectively, only reduced
slightly from those of the pristine materials (Ugonor = 1 X 1073
and ppcpy = 2 X 1072 cm?/(V s). As the content of p-
SIDT(FBTTh,), increases, and PC,;BM content is reduced,
electron mobility (filled circles) is reduced. Likewise, when the
cells are PC,;BM rich, the hole mobility (open squares) is
reduced. When the mobility data are plotted with the solar cell
parameters, as in Figure 6, it becomes clear that when either the
hole or electron mobility are significantly reduced, the FF, and
subsequently PCE, decreases. Thus, with a nearly constant g,
the efficiency remains high across all blend ratios in which the
charge carrier mobilities are relatively balanced.

Of note is the fact that the BHJs show SCLC behavior down
to 4 wt % p-SIDT(FBTTh,),. This indicates that, even at such
low loading, the donor phase maintains percolation such that
hole transport is possible. This is below the threshold predicted
on the basis of a close-packed sphere model of percolation.*”*
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Figure 6. Electron (circles) and hole (square) mobilities across the
range of p-SIDT(FBTTh,),:PC,;BM blend ratios plotted showing
remarkable similarities to the trends in (a) FF (green triangles) and
(b) PCE (orange triangles). “Donor” on the x-axis refers to p-
SIDT(FBTTh,),.

Such a low threshold suggests the system has a tendency to
assemble into an interconnected percolating nanostructure.
This phase behavior would reasonably explain the ability of the
active layer to maintain high Jsc and thus PCE across such a
wide range of blend ratios.

Typically, for a percolative system in which only one phase is
conductive, the conductivity, o, can be described by the
equationsg_61

o= Gpure(p - Pc)t (2)

where p is the volume fraction of the conductive phase, p, is the
percolation threshold volume fraction, and ¢ is the critical
exponent, which has been shown to typically be equal to 2.0 for
systems in three dimensions.*”

If we assume that the densities of p-SIDT(FBTTh,), and
PC,;BM are comparable, that is, that the weight percent of each
material is approximately equal to the volume percent in the
film, we can fit the mobility data to eq 3. We find empirically
that the data fit best at a percolation threshold of 1.5% p-
SIDT(FBTTh,), and a critical exponent of 3.0. That is

Hblend = p’pristine( [p_SIDT(FBTThZ)Z] - 0015)3 (3)

A good fit to the experimental results indicates small
perturbations in the percolation threshold have little effect on
the value of t, implying that the hole mobility is indeed more
sensitive to the blend ratio than should be expected from
theory, which predicts t = 2.0. This may be due to the
propensity for self-organization of the donor material to form
domains of a particular size or shape*” or could be caused by
the presence of pure and impure phases, ie., a mixed phase,
which has also been suggested previously to result in a stronger
dependence on the volume fraction.5>%*

To fit these data well, we span nearly two decades in blend
ratio and are able to fit mobilities ranging over 4 orders of
magnitude from 1077 to 107 cm?/(V s) (Figure 7). We believe,
even at very low donor content, the transport remains
exclusively in the p-SIDT(FBTTh,), and no holes are
transported through the PC,BM phase, as pristine PC, BM
hole-only devices of the same architecture show large builtin
voltages due to a large hole injection barrier from the ITO/
PEDOT:PSS to its low-lying HOMO (5.8 eV).°** Due to the
difficulty in achieving the equivalently low leakage electron-only
devices, unfortunately, we were only able to achieve a limited
number of data points for electron mobilities in the blends, and
a similar analysis of the percolation of PC,;BM is not possible.
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Figure 7. Hole mobility data fit to percolation eq 3 with a percolation
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Effects of the Solvent Additive. In the study of the blend
ratio, the DIO concentration in the solvent remained fixed at
0.4% (v/v) as was found in the initial optimization of p-
DTS(FBTTh,),:PC,;BM solar cells. However, the full effect of
addition of DIO on device performance and film morphology
deserves further discussion. The complete results of this
additive optimization are provided in Table 2. The V¢ shows a

Table 2. Photovoltaic Characteristics of 50:50 Devices as a
Function of the DIO Concentration in the Processing
Solution

[DIO] (%, v/v) D:A  Js (mA/cm®) Vo (V) FF (%) PCE (%)
0 50:50 5.7 1.00 29 1.7
02 50:50 72 0.99 34 2.5
0.4 50:50 11.0 091 64 64
0.6 50:50 9.0 0.90 62 5.0
0.8 50:50 6.1 0.87 44 2.4
1 50:50 4.1 0.87 35 12

steady decrease upon addition of DIO starting from 1.0 V for
devices with no additive decreasing to 0.87 V for devices
processed from 1.0% DIO by volume. The increase in
performance upon addition of DIO comes from the change
in the FF (from 29% for no DIO to 64% with 0.4% DIO) and
Jsc (from 5.7 mA/cm? for no DIO to 11.0 mA/cm? for 0.4%
DIO). These differences cause devices prepared from pure
chlorobenzene to yield PCE = 1.7%, compared to PCE = 6.4%
achieved with 0.4% DIO processing. The current voltage
characteristics of these devices are also shown in Figure 8.
Alternatively, when the concentration of DIO in solution is
increased to 1.0%, FF and Js drop to 35% and 4.1 mA/cm?,
respectively, yielding a PCE = 1.2%, thus illustrating the acute
sensitivity of the active layer performance to the processing
history.

Altogether, these findings are well in line with the previous
optimization of p-DTS(FBTTh,), and other small-molecule
systems. Without additive, the devices achieve low efficiency in
large part due to low FF (29%) and Jsc (5.7 mA/cm?). Each
system optimizes at 0.4% DIO and shows a sharp drop off in
performance when excess additive is used. This helps
demonstrate that, for the SIDT for DTS substitution, the
processing conditions initially determined for p-DTS-
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Figure 8. Current density—voltage (J—V) characteristics of 50:50 p-
SIDT(FBTTh,),:PC,;BM blends processed without (blue) and with
(red) DIO.

(FBTTh,), provide a reasonable starting point for optimizing
the structurally similar p-SIDT(FBTTh,),.

In previous small-molecule BHJ systems, it has been shown
that the main function of the DIO additive is to affect the
nanoscale m01'phology.24’66 Specifically, the increased efficien-
cies have been ascribed to controlling the crystallization
behavior of the donor materials within the blend films, resulting
in optimized domain sizes. To probe if DIO serves a similar
function in this system, we carried out GIWAXS measurements
on p-SIDT(FBTTh,),:PC,,BM films with and without additive.
There are two relatively broad peaks seen at g = 0.26 and 1.4
A™' in the scattering profile of the 50:50 p-SIDT-
(FBTTh,),:PC,BM film cast from pure chlorobenzene (Figure
9a). Each is relatively diffuse and isotropic with respect to ,

a) b)

0.4% DIO

0 05
o}

10 15
q, (A1)

2.0 1.0 15

6 (A1)

20 25

Figure 9. GIWAXS profiles of 50:50 p-SIDT(FBTTh,),:PC, BM
blends processed (a) without and (b) with 0.4% (v/v) DIO.

implying random orientation within the film. The g = 1.4 A™
halo is typically attributed to amorphous scattering from the
PC,,BM within the blend.®” The peak at g = 026 A™!
corresponds to the 2.4 nm alkyl spacing previously observed
in the pristine film (Figure 3). However, the weak intensity and
diffuse nature of this reflection suggest the p-SIDT(FBTTh,),
is relatively disordered in the blend cast without additive.
Processing with 0.4% DIO leads to significantly more
obvious scattering (Figure 9b). There is a strong 7-stacking
reflection at q¢ = 1.77 A™' primarily in the out-of-plane
direction. The anisotropy of the reflection with respect to y
shows that while there are some population p-SIDT(FBTTh,),
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crystals oriented in all directions in this film, the material
preferentially 7-stacks out of the plane of the substrate, as it
does in the pristine film, again indicating a face-on orientation.
The blend film also shows in-plane peaks at g = 0.26, 0.37, and
0.52 A7, and though they are less intense and less anisotropic
with respect to y compared to those in the pristine film, they
are consistent with a face-on texture.

From the breadth of the alkyl stacking peak oriented in-
plane, we can calculate the CCL to be 28 nm in the additive
processed blend. This length is significantly shorter than in the
pristine film, suggesting that, despite the use of solvent additive,
the PC,;BM serves to break up some of the crystallization and
anisotropy of the texturing. However, the CCL and appearance
of higher order diffraction suggest that the p-SIDT(FBTTh,),
regains quite a bit of order within the blend, particularly when
compared to films cast from pure chlorobenzene. This is
consistent with the results observed in the model p-DTS-
(FBTTh,), system;** DIO aids in the crystallization of the
donor material within the BHJ.

We can further probe the crystallization and phase separation
behavior of these blends using TEM. When the film is
processed from pure chlorobenzene, as shown in Figure 10a,

a)

Figure 10. High-resolution TEM images of 50:50 p-SIDT-
(FBTTh,),:PC,;BM films, cast (a) without and (b) with 0.4% (v/v)
DIO and (c) a larger area of the DIO processed film and (d)
corresponding director field diagram highlighting the lattice planes.

there are no lattice fringes evident in the image. Additionally,
there are no obvious larger scale features, which might arise
from phase or mass-density contrast typically attributed to
phase separation in the BHJ blend.*® The relative homogeneity
of the image is consistent with a molecularly well-mixed,
disordered blend, consistent with the GIWAXS data.

In contrast, the p-SIDT(FBTTh,),:PC;;BM film processed
with 04% DIO shows a multitude of crystalline features
throughout the area of the image, as seen by the parallel
hatching in Figure 10b. The lattice spacing is at 2.4 nm, as
observed with the pristine film and by GIWAXS. Though there
is little mass-thickness contrast between donor and acceptor
phases on the larger scale (Figure 10c), we can use image
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analysis to extract the crystalline regions imaged in larger areas.
The results of this analysis are shown in the director field in
Figure 10d. While there does not seem to be a uniform size or
shape to the imaged crystals, they are on the order of 20—40
nm, oriented isotropically throughout the imaged area,
consistent with the CCL extracted from the in-plane GIWAXS
profile. In a BH]J, large phases can lead to exciton decay due to
the limited diffusion length.68 Thus, it is likely not a
coincidence that, in this high-performance device, the majority
of the imaged crystals are on a length scale comparable to the
typical exciton diffusion length. The appearance of some larger
scale phases may help to explain why IQE does not reach 100%.

To examine if the lower FF in devices cast without additive is
due to the buildup of space charge,ss’54 we looked at hole and
electron mobilities in each blend using single-carrier diodes as
described above. All devices fit the SCLC behavior described by

eq 1, and the extracted mobilities are shown below in Table 3.

Table 3. Hole (y;,) and Electron (u,) Mobilities Extracted
from Single-Carrier Diodes for the 50:50 p-
SIDT(FBTTh,),:PC,,BM Blend

He (cm®/(V 5))
1x 1073
1x1073

Hy (em?/(V s))
1x107*
4x107*

no DIO
0.4% DIO

The hole mobilities extracted from the J—V curves for blends
cast without and with DIO are 1 X 10™* and 4 X 10™* cm?/(V
s), respectively, while the electron mobilities remain the same, 1
X 107 ecm?/(V s), for both devices. These electron mobilities
are not significantly reduced compared to that of pristine
PC,;BM, so it does not seem that electron mobility poses a
significant limitation.®®

Changes in FF are a consequence of the charge
recombination present within the devices.””’® As an initial
investigation into the recombination mechanisms, the solar cell
performance was tested over a range of incident light
intensities,”' "> the results of which are shown in Figure 11.
The photocurrent (Jonoto = Jiighe — Juaark) is plotted against the
effective voltage, that is, the voltage at which no photocurrent is
generated less the applied voltage, V; — V, at each intensity.
The effective voltage determines the strength of the electric
field within the device and thus the driving force for charge
extraction.”* For this type of study, devices must have
sufficiently low dark current, such that it does not constitute
a significant fraction of the total device current.”” The dark
current in these devices is at least an order of magnitude lower
than the device current, even under only 0.015 sun illumination
(Figure S10, Supporting Information).

The photocurrent in p-SIDT(FBTTh,),:PC,BM devices
processed with additive quickly saturates at a low effective
voltage of about 0.1 V (Figure 11b). This indicates the charge
generation and extraction processes are relatively independent
of the electric field. For every intensity the behavior is the same;
the photocurrent increases sharply at very low fields and
plateaus starting at 0.1 V. Extracting the photocurrent values as
a function of the light intensity at various effective voltages
from 0.04 to 1.0 V, one observes that, even at low fields, the
photocurrent always follows the light intensity, with a slope of s
= 1.0 (Figure 11d). This suggests that, even at very low fields,
charge buildup due to inefficient extraction is not a problem.
This is consistent with the high mobility and FF for this device.
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Figure 11. (a, b) Photocurrent measurements as a function of the
effective voltage at various light intensities and (c, d) photocurrent
measurements as a function of the light intensity at various effective
voltages all fit to a slope of 1.0 for 50:50 p-SIDT(FBTTh,),:PC,;BM
blends processed without (a, ¢) and with (b, d) 0.4% (v/v) DIO.

In contrast, the photocurrent in devices cast from pure
chlorobenzene does not begin to saturate even up to 3 V
(Figure 11a). Instead, the photocurrent continues to increase
almost linearly as a function of the electric field. This is also
reminiscent of a device that is limited by charge extraction,
leading to the buildup of space charge. For a device limited by
insufficient extraction, the high densities of charges lead to
significantly increased bimolecular recombination and thus low
FF. It is expected that, in a device limited by space charge, the
maximum electrostatically allowed photocurrent that can be
extracted should follow a 3/4 dependence on the generation
rate, which we take to be directly proportional to the light
intensity, or in other words, we should expect ], to scale
with the light intensity with a slope of s = 0.75.54’5576 However,
from Figure 1llc, it is clear that despite the extreme voltage
dependence of photocurrent in the chlorobenzene cast device,
this dependence does not change as a function of the internal
field. Again, from 0.04 to 1.0 V of effective voltage, the device
maintains a slope of s = 1.0. These results are not consistent
with a buildup of space charge or an extraction-limited device.
Together with the mobility results, these observations suggest
that the strong field dependence of ], and low FF might be
due to a change in charge generation with applied bias rather
than simply bimolecular recombination and inefficient charge
extraction.””

B CONCLUSIONS

To summarize, a new high-efficiency molecular donor, p-
SIDT(FBTTh,),, with a specifically tailored energy level to
improve Vg has been designed and synthesized. Introduction
of the “weak” SIDT donor fragment into the interior of the
D'AD’AD' molecular architecture leads to blue-shifted
absorption, a lower HOMO energy level, and high solubility
compared with those of the previously reported DTS-
containing compound. As a result of these molecular
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characteristics, BHJ blends exhibit PCEs of up to 6.4% with a
large Vo of 0.91 V. It is worth noting that the absorption
profile is well suited to integration into tandem solar cells and is
comparable to that of the archetypical donor polymer P3HT,
which has been demonstrated to exhibit efficiencies up to 7.4%
and 6.8%, utilized in a single junction and subcell of tandem
devices, respectively.lg’61 These very high efficiencies have been
achieved only recently despite several years of optimization,
making p-SIDT(FBTTh,), an attractive alternative.

Of particular interest for this system is the surprising nature
of the blend films at different donor:acceptor ratios. For nearly
all blend ratios, BHJ devices achieve IQEs above 75%,
indicating that the p-SIDT(FBTTh,),:PC,BM combination
can form BHJ morphologies with effective pathways for charge
transport and collection across a wide range of blend
compositions. We find the differences in efficiencies of the
blend ratios are most strongly related to their FF, which is
maximized when the charge carrier mobilities in the blend are
balanced. We find that the percolation threshold for this
material is remarkably low at less than 4% donor by weight,
which may be attributed to the inherent nature of the material
for self-assembly.

In pristine films, p-SIDT(FBTTh,), forms ordered structures
on the order of hundreds of nanometers. Diffraction experi-
ments indicate that incorporation of the SIDT unit causes the
material to adopt a face-on orientation to the substrate when it
crystallizes, as opposed to the edge-on orientation seen with a
DTS-containing analogue. Imaging of crystalline lattice fringes
via high-resolution TEM reveals liquid crystal like behavior with
crystalline material spanning across nearly the entire film, while
incorporation of PC;BM to form a BHJ serves to break up this
crystallization.

From a basic science perspective, it is relevant to note the
similarities in the optimal BHJ composition and fabrication
protocols for p-SIDT(FBTTh,), and structurally similar
materials as well as in the resultant morphologies. Addition
of a small amount of solvent additive is effective in inducing
crystallization of the donor material in the blend, regaining
some of the order seen in the pure material; the result is
increased FF and Jsc accounting for the markedly improved
performance compared with that of devices cast from pure
solvent. These observations suggest that well-defined molecular
donors not only provide less batch-to-batch variability than
polymeric counterparts but may also enable one to more easily
translate optimal processing conditions between structurally
related systems.

B ASSOCIATED CONTENT

© Supporting Information

Synthesis and characterization of p-SIDT(FBTTh,),, detailed
procedures for solar cell fabrication and evaluation, and detailed
procedures for morphological characterization. This material is
available free of charge via the Internet at http://pubs.acs.org.
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