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Abstract

Merocyanines (MC) are a versatile class of small molecule dyes. Their optoelec-

tronic properties are easily tunable by chemically controlling their donor-acceptor

strength, and their structural properties can be tuned by simple side chain substi-

tution. This manuscript demonstrates a novel series of MC featuring an indoline donor

with varying hydrocarbon side chain length (from 6 to 12 carbons) and a tert-butyl-

thiazole acceptor, labeled InTBT. Bulk heterojunction organic photovoltaics are fab-

ricated with a PCBM acceptor and characterized. Films composed of I8TBT:PCBM

and I9TBT:PCBM produced the the highest power conversion efficiency of 4.5%, which
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suggests that the morphology is optimized by controlling the side chain length. Hierar-

chical structure formation in InTBT:PCBM films are studied using grazing incidence

x-ray diffraction (GIXRD), small angle neutron scattering (SANS), and atomic force

microscopy (AFM). When mixed with PCBM, InTBTs with ≤ 8 side chain carbons

form pure crystalline domains, while InTBTs with ≥ 9 side chain carbons mix well

with PCBM. SANS demonstrates that increasing side chain length increases InTBT

rich domain size. In addition, a branched hexyl-dodecyl side chain IHDTBT:PCBM

film was studied and found to exhibit the worst performance OPV device. The large

branched side chain inhibited mixing between IHDTBT and PCBM resulting in large

segregated phases.

1 Introduction

An increasing number of donor candidate molecules for organic photovoltaics (OPV) with al-

ternating electron donor (D) and acceptor (A) subunits have been reported in recent years.1–4

Among simple dyes, dipolar merocyanines (MCs) are an interesting and versatile class of

functional materials.5,6 MC donor-acceptor (D-A) groups can be easily changed to tune their

absorption from the blue to IR spectral region, with ground state dipole moments ranging

from 3 to 15 D. MCs have been applied as active component in bulk heterojunction (BHJ)

OPV devices.7–10 A previous study by Kronenberg et al. showed that BHJ OPVs composed

of indoline based MCs donors and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) or

C60 acceptors manifest large open circuit voltages (VOC) and short circuit currents (JSC) of

0.9, 0.76 V and 5.3 , 6.3 mA
cm2 respectively. However poor charge transport gave rise to low

fill factors (FF) (∼30%) resulting in power conversion efficiencies (PCE) of 1.5 and 1.7%.11

Subsequently, Steinmann et al. created a tandem OPV using the same materials resulting

in an very high VOC of 2.1 V and PCE of 4.8%, but retained a low FF.12 So far the highest

PCE reported from an indoline based D-A device with a simple BHJ architecture is 6.1%

(FF 47%) from a vacuum deposited MC:PCBM device, while the record for solution pro-
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cessed device is 4.5%.13,14 Both of those devices benefited from improved FFs of 47% and

44% respectively.

Morphology control is currently a major limitation for D-A OPVs. A variety of struc-

tural motifs have been obtained for several D-A subunits with varying dipole strength, in-

cluding but not limited to, simple isolated anti-parallel dimers, stacked dimers (1D), and

slipped/staircase like structures.14,15 Due to the complexity of interactions between neigh-

boring molecules (i.e.: competing sterical interactions, intermolecular van der Waals/dipolar

forces, and substrate interactions) there is currently no set of guidelines capable of predicting

the solid-state packing from molecular structure. Recently, many new small molecule archi-

tectures have been developed to prevent D-A dipole alignment and improve π-π stacking

including donor-acceptor-donor (D-A-D), and acceptor-donor-acceptor (A-D-A).16 The cur-

rent BHJ OPV record for a small molecule device is held by an A-D-A donor molecule with

π-conjugated bridges between the groups denoted as A-π-D-π-A, with a PCE of 14.3%.17

The cost of synthesizing A-π-D-π-A molecules is considerably larger than for simple D-A

compounds. Research into improving BHJ morphology with simple D-A donors is necessary.

Optimizing the structural properties of D-A BHJ OPVs is challenging. To enable efficient

charge separation and collection, p-type MC donors must be mixed with an n-type acceptor

(i.e. PCBM). The mixture of MC:PCBM in solid state can create a multiphase system with

pure MC, pure PCBM, and mixed domains. Domain size, crystal structure, and domain

purity must be optimized to promote efficient exciton dissociation, charge transport, and

extraction.18

In this article, we report a comprehensive investigation of a series of structurally re-

lated D-A MC dyes, with varying hydrocarbon side chain length (Figure 1). The choice of

MC is based on previous studies which obtained best results, in terms of PV performance,

with indoline based donor groups.2,3 The thiazol-di-cyanovinylene acceptor group was cho-

sen because its high acceptor strength enables H/J type coupling,19 shows high mobility in

crystalline OFETs, and yields a high VOC with PCBM due to favorable ionization energy.3
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By tuning side chain length we are able to control solubility, molecular packing, and phase

segregation in MC:PCBM BHJ OPV devices. The BHJ films are characterized in OPV

devices to obtain J-V curves and structural information is obtained using grazing incidence

x-ray diffraction (GIXRD), small-angle neutron scattering (SANS), and atomic force mi-

croscopy (AFM). Similar to previous studies20–22 we show that by tuning hydrocarbon side

chain length we can control hierarchical structure formation to improve charge extraction in

MC based OPVs.

2 Experimental

2.1 Sample Processing:

All OPVs were fabricated on indium-tin oxide (ITO, 125 nm) coated glass. The substrates

were exposed to ozone for 3 min and transferred to the evaporation chamber to evaporate 10

nm MoO3. Substrates were transfered into a glove box to spin coat 70 nm thick active layers

from chloroform solutions of 13 to 15 mg/mL mixed in a ratio of 2:3 (InTBT to PC61BM).

The device fabrication was completed by thermal evaporation of 5 nm Ca then 100 nm Ag.

2.2 UV-Vis:

Absorption measurements were performed using a Lambda 1050 (Perkin Elmer) UV/vis

spectrometer. A molar concentration of 10−4-10−6 mol/L were used for performing optical

absorption measurements in solution.

2.3 Single Crystal XRD:

Measurement of single crystals was done using a Bruker D8 Venture (with software APEX3)

in kappa geometry equipped with a copper microfocus source and a Photon100 detec-

tor. SADABS23 was used for analysis, scaling and absorption correction. SHELXT and

4



SHELXL24 were used for InTBT structure refinement.

2.4 GIXRD:

GIXRD was collected using a Panalytical Empyrean system with a Cu Kα anode λ=1.54056

Å−1. Glass was used as amorphous substrate. The incidence angle was optimized for every

measurement to reduce scattering from substrate and air interfaces. Initially a survey was

conducted from θ ∼5 to 15◦ with ω = 0.2◦. The most intense θ ∼ peak was used to find the

optimal ω for signal and background measurement.25

2.5 SANS:

The SANS experiments were completed on KWS-2 SANS instrument at the Heinz Maier-

Leibnitz Zentrum (MLZ), Garching, Germany. Three instrument conditions were used to

provide Q-values ranging from 0.16 to 0.003 Å−1, where Q = 4π
λ

sin( θ
2
); λ is the neutron

wavelength and θ is the scattering angle. The first two conditions were collected with a

collimation length of 4 m with neutron wavelength 4.66 Å and a sample-detector distances

of 1.61m and 3.61 m. For the third condition, the collimation length was 20 m with neutron

wavelength 5 Å and sample-detector distance at 19.51 m.

2.6 AFM:

The AFM measurements were performed on a MFP-3d Infinity from Asylum Research. All

measurements were conducted in amplitude-modulated alternating contact mode utilizing

micro cantilevers of the type OMCL-AC200TS from Olympus Micro Cantilevers. All mea-

surements were conducted under ambient conditions in air.
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Figure 1: Chemical structures of compounds used in this study: a) a series of MC featuring
an indoline donor with varying hydrocarbon side chain length (R) and a tert-butyl-thiazole
acceptor, labeled InTBT. b) PC61BM.

3 Results

The procedures to synthesize the MC donors can be found in the Supporting Information.

We synthesized a series of MCs with varied side chain length on the indolene from hexyl

to dodecyl and a derivative with a branched hexyl-dodecyl chain. For the ease of labeling

we number the MCs according to the side chain length, i.e. InTBT, with I6TBT for the

hexyl side chain and so on to I12TBT and IHDTBT for the branched derivative See Figure

1. The InTBTs with n > 6 have a much higher FF (FF > 0.6) compared to typical MC cells

processed from solution/or vacuum of comparable thickness (Figure 3 a)).26

The side chain affects both the solubility and crystal packing but does not change the

optical or electronic properties of the dye itself. All InTBT samples have nearly identical

UV-vis absorbance at the same molar concentration and solvent quality in solution. The

absorption spectra of I8TBT in solutions with varying polarity are shown in Figure S5.

The data shows a clear progression from a blue-shifted spectrum in hexane to red-shifted

J-aggregates in more polar solvents. Since the InTBT’s are less soluble in nonpolar solvents,

this progression also shows that a red-shifted UV-vis spectrum with increased 0-0 to 0-1 peak

ratio indicates the presence of ordered crystalline aggregates in the film.10,19 Figure 2 shows

UV-vis absorption spectra of all 2:3 wt.% InTBT:PCBM films normalized to the central

peak at 590 nm. In these aggregates the coupling between nearest neighbors is strongly
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Figure 2: UV-vis absorption spectra of InTBT:PCBM films normalized to the common peak
at 594 nm.

influenced by the side chain length.

A clear side chain length trend can be observed in the UV-vis data. The OPV films all

share three MC vibronic peaks at ∼650 nm (0-0), ∼600 nm (0-1), and ∼550 nm (0-2) as

well as a PCBM peak at ∼350 nm. The linear side chain samples also share an amorphous

absorption at ∼500 nm. The spectra are normalized to the central peak of the MC, which

allows us to probe the symmetry of the D-A aggregations to be more H-like or J-like and

provides information on delocalization. The ratio of the 0-0 to 0-1 transitions (0−0
0−1

) is fairly

constant for all the InTBTs with linear side chains, meaning the aggregations are similar

in orientation. As the linear side chain increases in length the 0-2 peak and amorphous

absorption increase, indicating that the InTBTs with longer side chains experience additional

geometries. The 0-0 and 0-1 transition ratio in the IHDTBT:PCBM film depicts a J-like

configuration indicating minimal mixing with PCBM.

We fabricated BHJ OPV devices from solution with InTBT:PCBM in a composition ratio

of 2:3 by weight, which means the molar ratio changes as a function of side chain length.27
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The active layer thickness was kept at a constant 70 nm for all the devices due to the limited

solubility of the short and very long side-chain derivatives. The hole collection layer is 10

nm MoO3 evaporated onto ITO3 and the anode is composed of 5 nm Ca/100 nm Ag. All of

the device fabrication details are in the experimental section. Typical AM1.5 solar simulator

JV curves are shown in Figure 3 (a) for all MCs. The JV characteristics are listed in Table

1 and PCE as a function of side chain length is shown in Figure 3 b).

As InTBT side chain length is increased from 6 to 12 carbons, the VOC increases to a

maximum at 0.90 ± 0.01 V for I9TBT, I10TBT, and I11TBT before decreasing again. The

I6TBT device has the highest short circuit current density (Jsc) at 8.29 ± 0.38 mA
cm2 because

it has the highest absorbance integral (shortest side chain) seen in the unnormalized UV-

vis Figure S6. I11TBT has the highest FF at 0.67 ± 0.01, indicating the most favorable

balance of hole and electron transport.28,29 The highest PCE of 4.5 ± 0.1% was extracted

from devices with I8TBT and I9TBT. These films exhibited the best combination of Jsc and

FF, balancing increased optical absorbance for short side chains and favorable morphology

for longer chains. Higher PCE devices could be obtained by optimizing layer thickness and

the mixing ratio for I8TBT-I12TBT, however this is not the goal of this study. Rather we

focus on explaining how the side chain length affects the morphology in this material class.

The MC with the branched side chain IHDTBT exhibited the worst device performance in

spite of the most favorable absorbance.

Table 1: Best performance data of InTBT:PCBM OPVs in the standard device setup (com-
position 2:3).

Merocyanine VOC (V) Jsc (mA/cm2) FF PCE (%)
I6TBT 0.76 ± 0.01 8.29 ± 0.38 0.52 ± 0.02 3.3 ± 0.1
I7TBT 0.89 ± 0.01 6.95 ± 0.15 0.63 ± 0.01 3.9 ± 0.1
I8TBT 0.89 ± 0.01 7.90 ± 0.24 0.64 ± 0.02 4.5 ± 0.1
I9TBT 0.90 ± 0.01 7.83 ±0.22 0.64 ± 0.02 4.5 ± 0.1
I10TBT 0.90 ± 0.01 7.28 ± 0.13 0.65 ± 0.01 4.3 ± 0.1
I11TBT 0.90 ± 0.01 6.69 ± 0.28 0.67 ± 0.01 4.0 ± 0.1
I12TBT 0.86 ± 0.01 6.20 ± 0.3 0.63 ± 0.02 3.4 ± 0.3
IHDTBT 0.79 ± 0.01 2.03 ± 0.06 0.37 ± 0.02 0.6 ± 0.1
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To probe the smallest length scale structures (Å) in pure InTBT and 2:3 InTBT:PCBM

films we use grazing incidence x-ray diffraction (GIXRD) (Figures: S7 − S23). Diffraction

peaks were fit with a Pseudo-Voigt model to extract peak positions and widths.30,31 Bragg’s

Law was used to calculate crystal d-spacing and the Scherrer equation was used to calculate

coherence length (LC) for the most prominent InTBT and PCBM peaks (Tables: 2, S19).32–34

GIXRD of the pure PCBM film shows two peaks at 2θ ∼19.5◦ and ∼9.7◦, in accordance with

literature.35

In the pure InTBT films, the samples with side chains n ≤ 8 form larger crystals with

LC (> 14 nm) (Table: 2). In InTBT samples with side chain n ≥ 9 (and IHDTBT) the

side chain is long enough to impede crystal growth, thereby reducing the LC (< 8.2 nm). In

the InTBT:PCBM films, the InTBT LC decreases significantly in all of the studied samples

suggesting that InTBTs form smaller more disordered crystals when mixed with PCBM

(Table: 2). The LC of the PCBM peak at 2θ ∼19.5◦ remains consistent (∼ 1.6 nm) in all

of the InTBT:PCBM films (Table: S19), which shows that pure PCBM crystalline domains

form in all films. The ratio of the prominent InTBT to PCBM peak intensity in the mixed

films are shown in Figure 4. InTBTs with n ≤ 8 and n =HD form pure InTBT crystalline

domains in the presence of PCBM. Their prominent diffraction peak intensity around ∼7.5◦

are 2 to 6 times greater then their corresponding PCBM peak intensity. As the linear side

chain is increased to n ≥ 9, the InTBT peaks broaden significantly and the prominent peak

height ratio ( InTBT Peak Height
PCBM Peak Height

) decreases below unity (Figures: 4 and S14-S21). A similar

drop in the prominent peak integration ratio ( InTBT Peak Integration
PCBM Peak Integration

) is observed, although the

change is less discernible due to the broadening of the InTBT diffraction peaks and the

large FWHM of the PCBM peak. This suggests that InTBTs with linear side chains n ≥ 9

undergo significant mixing with PCBM and form amorphous structures that do not have

long range order.

InTBT diffraction peaks for n ≤ 8 broaden and shift when mixed with PCBM resulting

in minor shifts in the prominent InTBT d-spacing (Table 2). I6TBT d-spacing decreases
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from 12.0 to 11.5 Å while both I7TBT and I8TBT d-spacings increase from 11.1 and 12.6

to 12.5 and 12.8 Å respectively. More significant changes upon mixing are observed for

InTBTs with n ≥ 9. The I9TBT peaks at 2θ= 4.64◦, 5.31◦, 7.06◦, and 9.11◦ merge into a

single broad peak at 7.63◦ when mixed with PCBM resulting in the apparent InTBT:PCBM

d-spacing of 11.6 Å. The I10TBT peaks at 7.16◦ and 8.66◦ merge into the broad peak at

7.95◦ when mixed with PCBM resulting in the apparent InTBT:PCBM d-spacing of 11.1 Å.

Upon mixing with PCBM, I11TBT peaks broaden and merge but are still distinguishable;

the peaks at 4.25◦ and 5.05◦ shift to 4.02◦ and 4.95◦, increasing the d-spacing to 22 and

17.8 Å respectively. The peaks at 7.19◦ and 8.49◦ shift to 7.27◦ and 8.24◦ changing the

d-spacing to 12.2 and 10.7 Å. The I12TBT peaks at 4.04◦ and 4.93◦ merge into the broad

peak at 4.26◦ when mixed with PCBM resulting in the apparent I12TBT:PCBM d-spacing

of 20.7 Å. Finally, upon mixing with PCBM the IHDTBT peak shifts from 4.25◦ to 4.18◦

resulting in a d-spacing 21.2 Å. In summary, when mixed with PCBM the InTBTs with n

≤ 8 remain phase segregated and show minor broadening and shifting of their prominent

diffraction peaks. While InTBTs with n ≥ 9 allow intercalation of PCBM into the InTBT

crystals causing significant broadening of their diffraction peaks due to reduced long range

order.

Table 2: Bragg’s d-spacing and Scherrer’s coherence length LC extracted from most promi-
nent InTBT peak (in the range of 2θ ∼4-10◦) from pure and mixed InTBT:PCBM films.

InTBT
InTBT

d-Spacing (Å)
InTBT
LC (Å)

InTBT:PCBM
d-Spacing (Å)

InTBT:PCBM
LC (Å)

I6TBT 12.0 ± 0.1 147 ± 2 11.5 ±0.1 41 ± 1
I7TBT 11.1 ± 0.1 220 ± 6 12.5 ± 0.1 75 ± 8
I8TBT 12.6 ± 0.1 181 ± 8 12.8±0.1 87 ± 6
I9TBT 9.7 ± 0.1 56 ± 37 11.6±0.1 11 ± 8
I10TBT 10.2 ± 0.1 39 ± 8 11.1±0.1 17 ± 15
I11TBT 17.5 ± 0.1 82 ± 4 17.8±0.1 42 ± 4
I12TBT 17.9 ± 0.1 40 ± 6 20.7±0.1 39 ± 25
IHDTBT 20.8 ± 0.1 82 ± 3 21.1±0.1 48 ± 27

We use SANS to probe the size, shape, and composition of nanoscale (3-200 nm) domains

in InTBT:PCBM films (7 ≤ n ≥ 11).36 Differences in the 1H density between InTBT and
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PCBM lead to a neutron scattering contrast. Figure 5 (a) shows SANS data (I(Q) vs Q),

where I is intensity and Q is momentum transfer in units of Å−1. This scattering data is fit to

a model that determines statistical length scale correlations and relative density differences

between domains. SANS is not sensitive to crystallinity, which allows us to probe structural

and compositional density distributions of the full bulk sample, not just the crystalline

regions as for x-ray diffraction analysis.

The InTBTs with linear side chains form elongated domains that are best fit with an

ellipsoidal form factor.37 We therefore use a model that assumes elongated InTBT rich

domains surrounded by PCBM rich material. Figure 5 (b) depicts the parameters extracted

from the fit, where RS is the mean radius along the short axis of the ellipsoid, RL is the

mean radius along the long axis of the ellipsoid, and the scattering length density (SLD)

contrast is a parameter describing the compositional difference between the ellipsoids and

surrounding matrix. The lognormal domain size-dispersity (SD) of RS and RL is displayed

in Figures S24 and S25.

From the previously discussed GIXRD, I7TBT and I8TBT MCs form pure crystalline

phases when mixed with PCBM. Since the SLD for neutrons depends on the atomic density

and composition of each phase, the ellipsoid SLDs (Table S20) are estimated from unit

cell information obtained from single crystal simulations (Table S2). The SLD of a pure

crystalline PCBM domain is also shown in Table S20.38 The expected SLD contrast for

pure InTBT and PCBM domains is 3.3-3.4 ×10−6 Å−2. Since the measured SLD contrast

between the ellipsoidal InTBT domains and the surrounding matrix is much smaller than

expected for pure domains (∼1.2 ×10−6 Å−2) and since PCBM forms pure clusters that

are too small to be detected with SANS (Table S19), the matrix is assumed to be a mixed

InTBT:PCBM domain. For I7TBT and I8TBT, the total volume fraction of the ellipsoidal

domains (φEllipsoid) are determined with Equations ?? and S7 (Table 3), where the partial

volume fractions of PCBM and InTBT are known from solution concentrations. As the linear

InTBT side chain is increased from 7 to 8 carbons RS decreases from 5.3 ± 0.1 to 3.0 ± 0.5
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nm and RL remains consistent at 13.5 ±0.4 and 13.4 ± 0.6 nm respectively. So the needle

length is maintained but the diameter narrowed. I8TBT also has more InTBT dispersed

in the mixed phase as seen in the decreased SLD contrast from 1.26 to 1.18 ×10−6Å−2.

This means that I8TBT has a reduced volume percent of ellipsoidal InTBT domains of 26%

compared to 28% for I7TBT.

As shown by GIXRD, InTBTs with linear side chains n ≥ 9 allow PCBM to intercalate

into the InTBT crystalline domains resulting in a further reduction in the SLD contrast.

Thus the model now corresponds to mixed InTBT-rich InTBT:PCBM ellipsoids in a matrix

of amorphous PCBM-rich mixed domain. As the linear InTBT side chain is increased from 9

to 10 carbons, RL increases from 15.6 ± 1.5 to 21.8 ± 0.5 nm and RS remains consistent at 4.3

± 0.2 and 4.2 ± 0.2 nm respectively. So the mixed crystalline InTBT:PCBM needles become

longer while maintaining roughly the same diameter as I8TBT and I7TBT. Interestingly, the

I11TBT sample contained the largest ellipsoids in both dimensions with a RS of 7.1 ± 0.1

nm and an RL of 23.1 ± 0.5 nm. All of the InTBT films show an increasing scattering

intensity through the low Q detector limit. The slope of the intensity increase at low Q

follows Porod’s Law39 which suggests the presence of larger structures (> 200 nm) in the

films that are outside our instruments measurement range.

SANS data was also collected for IHDTBT:PCBM. The intensity profile was best fit to

two models (Figure S26). A spherical form factor was fit to the bend in the spectrum at

Q=.05 Å−1 and a fuzzy sphere (FS) form factor was fit to the low Q intensity, the combined

fit is shown in Figure 5.37 The spherical radius is 4.8 ± 0.2 nm, plotted as RS, and the mean

FS radius is 52.2 ± 0.2 nm, plotted as RL. The surface of the FS is smeared with a Gaussian

to obtain a gradual drop off in SLD, the width of the smeared surface interface is 3.7 ±

0.3 nm. Similar to the InTBTs with linear side chains, IHDTBT forms a distribution of

domain sizes ranging from 20 - 80 nm (Figure S27). IHDTBT:PCBM films are more phase

segregated resulting in the increased SLD contrast between the FS and the surrounding

matrix of 1.89×10−6 Å−2.
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Table 3: Volume fraction of I7TBT and I8TBT in ellipsoidal and mixed domains obtained
from SANS fits, and volume fraction of PCBM in mixed domains from sample preparation.

Merocyanine ΦInTBT
Ellipsoid ΦInTBT

Mixed ΦPCBM
Mixed

I7TBT 0.28 0.21 0.52
I8TBT 0.26 0.24 0.50

We use AFM to study the mesoscale (25 nm− 5 µm) surface structures on InTBT:PCBM

films (7 ≤ n ≤ 11, and n = HD). Figure 6 (a) depicts the height profile and root mean square

roughness (RMS) of the films. I7TBT:PCBM and IHDTBT:PCBM have the largest RMS of

10.1 ±0.5 nm and 7.3 ±0.5 nm respectively. These films exhibit depressions in the surface

that dig > 50% down into the 70 nm films. This is in agreement with SANS and GIXRD;

I7TBT and IHDTBT phase segregate when mixed with PCBM resulting in increased surface

roughness. The I7TBT:PCBM surface shows a connected network of elongated domains with

lateral size variations 200 ± 110 nm, while the IHDTBT surface shows round unconnected

domains on the order of 240 ± 80 nm. I8TBT:PCBM film surface forms elongated domains

(on the size of 210 ± 100 nm) that are less pronounced than the I7TBT:PCBM film and has

an RMS of 5.2 ±0.5 nm. The similar domain size but reduced fraction of InTBT domains

is consistent with the SANS analysis of I7TBT:PCBM and I8TBT:PCBM. Pure InTBT

crystals are still present as the side chain is increased to n = 8 but the longer side chain

begins to reduce mesoscopic phase segregation. In accordance with GIXRD and SANS, the

I9TBT:PCBM, I110TBT:PCBM and I11TBT:PCBM films form large mixed domains that

result in a low RMS of 2.6 ±0.5, 3.9 ±0.5, and 3.6 ±0.5 nm respectively.

The phase images provide finer detail of the surface composition. Figure 6 (b) shows the

corresponding AFM phase images. It is clear that the phase domains for I7TBT:PCBM,

I11TBT:PCBM, and IHDTBT:PCBM directly correlate to features observed in the height

images. Since I7TBT:PCBM and IHDTBT:PCBM films have the roughest surface topog-

raphy and the phase shift has a pattern of increasing and decreasing( ±10◦ for I7TBT and

±7.5◦ for IHDTBT) on the edges of raised surface domains, the observed phase shift is likely

an instrument artifact; the tapping AFM tip phase shifts as the tip travels up over a raised
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surface domain and shifts in the opposite direction as the tip travels down into a depression

in the film surface. For this reason we choose to exclude those films from the following

phase analysis. This is not observed in the I11TBT:PCBM film due to its lower surface

roughness. For I11TBT:PCBM the raised domains in the height image are compositionally

different from the surrounding film. Figure 7 compares the mean grain sizes extracted from

the phase images and RMS from height images. The grains are defined by a cutoff phase

shift. Red grains have > 4◦ phase shift, corresponding to InTBT-rich domains, and blue

grains have < −4◦ phase shift, corresponding to PCBM-rich domains. Figure 7 depicts

mean blue (PCBM-rich) and red (InTBT-rich) grain size; grain size distributions are shown

in Figures S28 and S29. Starting with the shortest side chain film the I8TBT phase image

shows networks of interconnected domains resulting in the relatively large mean PCBM-rich

grain size of 630 nm2, and a mean InTBT-rich grain size of 500 nm2. As the side chain is

increased, I9TBT forms domains with reduced connectivity resulting in mean PCBM-rich

and InTBT-rich grain sizes of 160 and 650 nm2 respectively. I10TBT forms a well mixed

film surface resulting the smoothest phase images with mean PCBM-rich and InTBT-rich

grain sizes of 80 and 230 nm2. As the side chain is increased further, the I11TBT films begin

to form large disconnected domains with mean PCBM-rich and InTBT-rich grain sizes of

560 and 1540 nm2.

4 Discussion

This series of InTBTs with varying linear side chain length demonstrate the morphologically

controlled balance between exciton dissociation, charge carrier transport, and recombination.

A generated exciton can diffuse up to 10 nm before geminate recombination (GR) occurs.40,41

Charge separation is maximized when InTBT domain size is minimized to increase the

probability of an exciton being generated within 5-10 nm of a InTBT/PCBM interface.40,41

However there is a necessary balance between exciton dissociation and free charge carrier
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transport. Small disconnected InTBT domains reduce hole transport through the film and

increase trap sites for free charge carriers increasing nongeminate recombination (NGR)

rates.42

Figure 8 illustrates the bulk morphologies reported by GIXRD and SANS for I8TBT:PCBM,

I9TBT:PCBM, and I11TBT:PCBM. The PCBM coherence length remains constant at 1.6

nm. I8TBT:PCBM films form pure MC ellipsoids (RS = 3 nm, RL = 14 nm) composed of

crystalline MC domains with a large MC coherence length (8.7 nm), that are surrounded by

a mixed MC:PCBM domain. I9TBT:PCBM films form larger mixed ellipsoids (RS = 4 nm,

RL = 16 nm) with a shorter MC coherence length (1.1 nm), also surrounded by a mixed

MC:PCBM domain. Finally, I11TBT:PCBM films form even larger, more mixed ellipsoids

(RS = 7 nm, RL = 23 nm), composed of MC crystalline regions with increased coherence

length (4.2 nm).

GIXRD shows that I6TBT through I8TBT form pure crystalline phases in InTBT:PCBM

films. When the side chain length is increased to n ≥ 9, PCBM mixes with InTBT signif-

icantly broadening the observed diffraction peaks. Of the InTBTs with linear side chains,

I6TBT:PCBM films have the lowest FF and VOC . GIXRD demonstrates the presence of

small unmixed I6TBT domains (LC = 4.1 nm) which results in high geminate recombination

rates. Since our BHJs were fabricated with a 2:3 InTBT:PCBM weight fraction and I6TBT

has the lowest molecular weight out of the studied materials, BHJs with I6TBT have the

highest molar ratio of InTBT to PCBM. This resulted in a stronger absorbance and the high-

est JSC of 8.29 mA
cm2 . Likewise, I12TBT:PCBM films have the lowest molar ratio of InTBT

to PCBM resulting in the lowest JSC of 6.20 mA
cm2 . GIXRD shows that the 12 carbon linear

side chain on I12TBT allows strong mixing between I12TBT and PCBM, which resulted in

lower VOC and FF. Since BHJs with I6TBT and I12TBT show reduced PCE due to little

and too much mixing respectively, we chose to exclude I6TBT and I12TBT from further

morphological analysis.

I7TBT and I8TBT BHJs have the same VOC= 0.89 V. They both form pure crystalline
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domains when mixed with PCBM with a LC of 7.5 and 8.7 nm respectively. The SANS

data shows RL of ∼5 nm for all films, which should mean that all excitons can reach a

donor/acceptor interface, minimizing GR. The topography of the I7TBT:PCBM film shows a

larger surface roughness than I8TBT:PCBM due to decreased miscibility. The I8TBT:PCBM

film has fewer pure InTBT domains and more InTBT in the mixed phase leading to increases

in JSC and FF. Finally the I8TBT:PCBM film has the highest PCE of 4.5%, due to a

combination of high JSC and FF.

OPV devices with I9TBT, I10TBT, and I11TBT have the same VOC = 0.90 V. They do

not form pure crystalline domains when mixed with PCBM and have a much lower coherence

length than I7TBT or I8TBT BHJs for both InTBT and PCBM rich domains. Curiously,

in spite of the increased domain size and the onset of InTBT:PCBM mixing with increased

side chain length, the JV characteristics show a remarkably consistent and smooth trend in

device characteristics with VOC peaking for n = 9 − 11, JSC peaking for n = 8, and FF

peaking for n = 11. Thus I9TBT:PCBM films also produce the highest PCE of 4.5%, even

though GIXRD and AFM show they form an entirely different structural motif compared

to I8TBT:PCBM films. SANS demonstrates InTBTs with n ≥ 9 form ellipsoidal InTBT

domains with reduced SLD contrast due to the presence of PCBM in both the ellipsoid and

the surrounding matrix. The JSC decreases with n > 8 because the increased side chain

length effectively means lower absorption coefficient for the 2:3 InTBT:PCBM film. The

increase of FF with increased n may be due to a relative v% increase in acceptor.43

In spite of the most favorable absorbance, the branched side IHDTBT:PCBM device

exhibited the worst OPV performance due to unfavorable morphology across several orders of

magnitude. GIXRD shows the long branched side chains inhibit intercalation of the PCBM

into IHDTBT domains. This is confirmed by the increased SLD contrast from SANS. It

should be noted that an increased SLD contrast is also caused by increased 1H density on

the longer side chains. SANS demonstrates the presence of small ∼10 nm IHDTBT domains

however both SANS and AFM show IHDTBT forms large pure domains on the order of
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100-240 nm significantly increasing the geminate recombination rates which results in the

low JSC of 2.03 mA
cm2 and PCE of 0.6%.

It is useful to speculate what the device optimization and morphology assessment per-

formed here indicates about the device efficiency limits for InTBT:PCBM OPVs. VOC is

quite high at 0.9 V and essentially the same for all linear InTBTs, therefore it does not

need to be optimized. Our analysis fixed the OPV layer thickness at 70 nm and wt. ra-

tio of InTBT:PCBM at 2:3 because these parameters came from a prior optimization of

MC:PCBM solubility.27 The trend in FF indicates that the hole and electron currents are

well balanced with little bimolecular recombination in films up to 70 nm device thickness.

With such high FF and no optimization of the mixing ratio, it is likely that layer thicknesses

of up to ∼ 200 nm would still have FF above 0.6. Given the absorbance up to ∼ 725 nm

(which is ∼ 1.7 eV) one could expect JSC of up to 15 mA
cm2 under AM1.5 illumination and an

optimized PCE of 6.5-8%.44

Another intriguing series of future experiments should focus on mixing multiple different

InTBTs with fullerenes. Since the InTBTs form mixed structures for n ≥ 9 and n ≤ 8 form

pure domains, one could exert far more control over the morphology using a combination of

InTBTs with mixed side chain lengths to obtain even greater improvements to the FF.

Although PCEs reported in this manuscript could be considered relatively low compared

to recent record small molecule devices, we point out that D-A MC dyes are extremely

inexpensive. Previous small molecule OPV studies claim that D-A-D like structures are

needed to prevent dipole alignment between neighboring molecules in order to obtain high

PCEs. However, we demonstrate that decent PCEs can be obtained through morphological

optimization of D-A systems and that the miscibility with a PCBM acceptor can be tuned

through a range of domain sizes and mixing ratios.
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5 Conclusions

This manuscript demonstrates a novel series of MC dyes with varying hydrocarbon side

chain length. BHJ OPV devices were fabricated with 2:3 wt. ratio InTBT:PCBM and

characterized as a function of side chain length. A maximum PCE of 4.5 ± 0.1% was

extracted from I8TBT:PCBM and I9TBT:PCBM devices. As expected, tuning the side

chain length allows careful adjustment of the miscibility between the donor and acceptor,

thereby enabling optimization of film morphology and OPV performance characteristics.

Hierarchical structure formation was studied using GIXRD (Å), SANS (3-200 nm), and AFM

(25 nm− 5 µm). When mixed with PCBM, InTBTs with ≤ 8 side chain carbons form pure

crystalline domains, while InTBTs with ≥ 9 side chain carbons form mixed domains with

PCBM. SANS demonstrates that increasing side chain length increases InTBT-rich domain

size while at the same time allowing for mixed domains for n ≥ 9. The branched side chain

IHDTBT:PCBM film was also studied and was found to exhibit the worst performance OPV

device, the large side chain inhibited mixing between IHDTBT and PCBM resulting in large

segregated phases. Further optimization of the mixing ratios and layer thickness could nearly

double the OPV performance. Ternary mixtures of InTBTs with different side chain length

could enable even more control over BHJ morphology.
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Figure 3: (a) JV curves and (b) extracted power conversion efficiencies from 3:2 by wt.
InTBT:PCBM devices.
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Figure 5: a) Small Angle Neutron Scattering data (offset for clarity) of InTBT:PCBM films.
InTBTs with linear side chain were fit to an ellipsoidal form factor. IHDTBT was fit with
a fuzzy sphere form factor at low Q and a spherical form factor at high Q, the combined fit
is plotted. b)(Left axis) Scattering length density (SLD) contrast (black squares) between
the form factor and surrounding matrix. (Right axis) Mean short (RS)(blue squares) and
long (RL)(red dots) ellipsoidal radii from linear InTBT fits. For IHDTBT, the mean fuzzy
sphere radii is plotted as (RL), and the spherical radii is plotted as (RS).
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Figure 8: Illustration representing the bulk morphological differences observed between
I8TBT:PCBM, I9TBT:PCBM, and I11TBT:PCBM films. LC is coherence length from
GIXRD, RS and RL are the short and long ellipsoidal radii from SANS.
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