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ABSTRACT: The incorporation of a tert-butyl-functionalized
silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) dye mole-
cule as a third component in a ternary blend bulk
heterojunction (BHJ) organic solar cell containing P3HT
(donor) and PC¢BM (acceptor) results in increased NIR
absorption. This absorption yields an increase of up to 40% in
the short-circuit current and up to 19% in the power
conversion efficiency (PCE) in photovoltaic devices. Two-
dimensional grazing incidence wide-angle X-ray scattering (2-
D GIWAXS) experiments show that compared to the
unfunctionalized dye the tert-butyl functionalization enables
an increase in the volume fraction of the dye molecule that can
be incorporated before the device performance decreases.
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Quantum efficiency and absorption spectra also indicate that, at dye concentrations above about 8 wt %, there is an
approximately 30 nm red shift in the main silicon naphthalocyanine absorption peak, allowing further dye addition to contribute
to added photocurrent. This peak shift is not observed in blends with unfunctionalized dye molecules, however. This simple
approach of using ternary blends may be generally applicable for use in other unoptimized BH]J systems towards increasing PCEs
beyond current levels. Furthermore, this may offer a new approach towards OPVs that absorb NIR photons without having to
design, synthesize, and purify complicated donor—acceptor polymers.
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B INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells from blends of
two conjugated organic polymers or small molecules have
attracted considerable attention over the past two decades due
to their potential for solar energy generation with low
manufacturing cost, light weight, flexibility, and simple large-
scale fabrication.""® Among the blended materials systems used
in BHJ devices, the one comprising poly(3-hexylthiophene),
P3HT, as the electron donor and [6,6]-phenyl Cy, butyric acid
methyl ester, PC4BM, as the electron acceptor is the most
extensively studied.””'' However, the power conversion
efficiency of most P3HT:PC4BM bulk heterojunction solar
cells remains between 3.8% and 49%.”">'® This is due in part to
the bandgap (E,) of P3HT (the dominant absorber in the
active layer) having a value of 1.9 €V, so only photons in the
green and blue parts of the spectrum with wavelengths below
650 nm are absorbed, leading to a typical short-circuit current
(Jsc) of 8—12 mA/cm?” In addition to the lower Js, there are
large energetic offsets between the HOMO and LUMO levels
of the P3HT and PC¢BM, resulting in an open-circuit voltage
(Voc) that is about 1.1 V lower than the value of E,/q of 1.7 V
for PC,BM. This energy loss is significantly more than the
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0.7—0.85 V lost in some of the most efficient BHJ organic solar
cells,"*>*

To increase the power conversion efficiency of solar cells,
new donor polymers have been developed that absorb light
either in the near-IR region (increasing Jsc)'”*>~** or with
different energy levels to reduce the energetic offsets between
donor and acceptor (increasing Vo). BA8192172329732 T ege
developments have led to organic photovoltaic devices
achieving published efficiencies of 9.35%* in academic research
laboratories and of greater than 10%” in industrial research
laboratories. In addition to these efficient polymer-based donor
molecules, solar cells using small organic molecules as donors
have also reached 9% efficiencies.*** Still, absorption of the
solar spectrum beyond 750 nm in some of these devices
remains an opportunity for the enhancement of short-circuit
current.

To improve light harvesting beyond 700 nm in BHJ organic
solar cells, incorporation of additional organic components,*®
such as dye molecules® * or additional polymers,"*~* has
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been reported. Dyes with strong absorption in the near-IR
region can easily be incorporated into BHJ films through
blending of the dye molecule in the donor—acceptor solution.
However, despite this relatively simple method of increasing
light harvesting, very few reports of improved efficiencies due to
dye incorporation are found. 50753 In fact, due to mismatched
energy levels or the disruption of the optimized bulk
heterojunction morphology, some ternary blend BHJ solar
cells see a reduction in efficiency compared to their binary
blend counterparts. In other recent reports, ternary blend solar
cells between PC¢,BM and two donor polymers>* and between
P3HT and two different fullerene derivatives®> >’ demon-
strated a V¢ that changes linearly with composition between
the two binary blend end points. This has been correlated with
an equivalent variation in the charge-transfer state energy (Ecr)
and provides additional insight into the fundamental workings
of organic solar cells as well as an opportunity to fine-tune the
Voc to optimize efficiency.>®

Recently, Honda and co-workers reported increased light
harvesting using silicon(IV) phthalocyanine bis-
(trihexylsilyloxide) (SiPc) and silicon 2,3-naphthalocyanine
bis(trihexylsilyloxide) (SiNc).****™®" The SiPc and SiNc
molecules have strong absorption bands that do not overlap
with the absorption spectra of either P3HT or PCBM,
providing complementary absorption profiles. In addition, the
presence of the bulky trihexylsilyloxide side groups reduces the
tendency of the molecules to aggregate compared to other
phthalocyanines and naphthalocyanines.*® The incorporation of
SiPc resulted in a 20% increase in power conversion eﬂiaency
over the control devices as a result of increased Jgc.°

In this paper, we report a significant improvement to the Jsc
in P3HT:PC¢BM bulk heterojunction solar cells due to an
increase in the near-IR light-harvesting capability using tert-
butyl-functionalized silicon 2,3-naphthalocyanine bis-
(trihexylsilyloxide) (t-butyl SiNc, Figure 1la) as the third
component in a ternary blend. The short-circuit current
increases steadily with the addition of up to 20 wt % t-butyl
SiNg, a dye loading significantly higher than what previous tests
have shown to be optimal. We demonstrate that the reason for
the increased optimal dye loading concentration is that the
addition of the t-butyl functional groups allows a higher degree
of compatibility between the dye molecule and the nanoscale
morphology of the P3HT:PCyBM bulk heterojunction as well
as a lower degree of aggregation. Interestingly, a bathochromic
shift in the t-butyl SiNc absorption and photocurrent spectra is
seen upon thermal annealing of ternary blend films with dye
loadings of higher than approximately 8 wt %. This shift is
speculated to be the result of the formation of a new
morphological state of the dye molecules when blended,
perhaps as a dimer or in an aggregated phase, which allows the
effective incorporation of greater amounts of t-butyl SiNc
compared to unfunctionalized SiNc. This additional dye
incorporation enables the enhancement of Jgc in P3HT:t-
butyl SiNc:PC4BM ternary blend organic solar cells by as
much as 40% (32% average) and achieves a PCE of up to 4.9%
(4.5% average) in devices.

B EXPERIMENTAL DETAILS

Materials. Regioregular P3HT was purchased from Rieke Metals,
Inc. (#4002-E, M, = 22700 g/mol, M,, = 50 000 g/mol, PDI = 2.20
(GPC), regioregularity 93%) and used as received without further
purification. Where specified in the manuscript, regioregular P3HT
from BASF (Sepiolid P200, M, = 13 400 g/mol, M,, = 21 800 g/mol,
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Figure 1. (a) Chemical structures of fert-butyl silicon naphthalocya-
nine (left) and unfunctionalized silicon naphthalocyanine (right). (b)
Normalized thin-film absorption spectra of PC4,BM, P3HT, and t-
butyl SiNc dye. (c) Energy level diagram for the P3HT:t-butyl
SiNc:PCyBM ternary blend system.

PDI = 1.63 (GPC), regioregularity >95% and <10 ppm of Fe, Pd, and
Sn, 12 ppm of Zn, and 28 ppm of Ni) was used. PC4(,BM was
purchased from Nano-C and used without further purification.
Unfunctionalized silicon naphthalocyanine (SiNc) was purchased
from Sigma-Aldrich and used without further purification. 6-tert-Butyl-
2,3-dihydro-1,3-diimino-1H-benz[f Jisoindole (1) was prepared ac-
cording to procedures in the literature.*>

Synthesis of Compound 3. Tetrachlorosilane (1.20 mL, 10.5
mmol) was added to a suspension of 6-tert-butyl-2,3-dihydro-1,3-
diimino-1H-benz[f Jisoindole (1) (1.88 g, 7.5 mmol) in 30 mL of
quinoline at room temperature under nitrogen. The mixture was
heated to 210 °C and stirred for 2 h. After cooling slowly, 70 mL of
methanol was added, and the resulting mixture was stirred overnight.
The reddish-brown mixture was filtered and washed with methanol
and then dried (1.26 g) before use for subsequent reaction without
farther purification. The green solid (compound 2) was added to
concentrated H,SO, (20 mL) and stirred for 2 h. The mixture was
poured onto 20 g of ice water and then vigorously stirred overnight.
The precipitate formed was filtered and washed with water and then
methanol. The resulting green solid (1.22 g) was refluxed in a 1:1
mixture of pyridine and 25% NH,OH (20 mL) for 10 h. After cooling
to room temperature, the insoluble material was filtered, washed with
water and ethanol, and then dried to give a crude dark green solid
(compound 3, 1.06 g), which was used for subsequent reactions
without further purification.

Synthesis of Compound tert-Butyl SiNc.%® Chlorotrihexylsilane
(1.83 mL, S mmol) was added to a suspension of compound 3 (1.04 g,
1.05 mmol) in dry pyridine. The mixture was stirred for 2 h under
reflux. After cooling, the reaction mixture was poured into 250 mL of a
1:1 mixture of ethanol and water before stirring overnight. The
precipitated green solid was filtered and washed with water and then
ethanol before purification by column chromatography with hexane to
obtain a dark-green powder as product. Yield: 0.25 g (15%). '"H NMR
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(see Figure S1, Supporting Information, 400 MHz, CDCl,, §): 10.07
(d, 8H, J = 13.96 Hz), 8.60 (d, ] = 9.15 Hz, 8H), 8.01 (d, J = 9.15 Hz,
4H), 1.65 (s, 36H), 0.63 (m, 12H), 0.38 (t, 18H, J = 14.72 Hz), 0.19
(m, 12H), 0.07 (m, 12H), —1.01 (m, 12H), —2.06 (m, 12H). *C
NMR (see Figure S2, Supporting Information, 500 MHz, CDC, §):
150.25, 149.23, 134.87, 133.48, 133.09, 132.98, 129.89, 126.62, 125.16,
123.51, 122.94, 35.38, 33.61, 33.45, 31.81, 31.60, 31.42, 23.40, 23.34,
22.87, 22.72, 22.07, 1441, 14.14, 13.90, 13.65, 13.48. MALDI-TOF
(see Figure S3, Supporting Information) m/z: [M]" calcd for tert-butyl
SiNc¢, 1564.0; found, 1564.3.

Materials Characterization. Materials were characterized by 'H
NMR spectroscopy (Varian, 400 MHz) and '*C NMR spectroscopy
(Inova 500 MHz). Absorption and photoluminescence spectra were
measured using a Cary 6000i UV/Vis spectrophotometer and Horiba
Jobin-Yvon Spex Fluorolog-3 fluorimeter, respectively. Molecular
weight was determined with a Bruker UltrafleXtreme MALDI/TOEF-
TOF mass spectrometer. Cyclic voltammetry (CV) was conducted
using a VMP3 (Bio-Logic) potentiostat in a dichloromethane solution
with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFy) as
supporting electrolyte, glassy carbon as the working electrode, Pt wire
as the counter electrode, and Ag wire as the reference electrode at a
scan rate of 50 mV s™".

Device Preparation. A 1:1 (by weight) co-solution of poly(3-
hexylthiophene) (P3HT, Rieke Metals, 4002-E-grade or Sepiolid
(P200, BASF) and [6,6]-phenyl Cq butyric acid methyl ester
(PCgBM, Nano-C) in 1,2-dichlorobenzene (Aldrich) was prepared
at a total solid concentration of 50 mg mL™". Solutions of the t-butyl
SiNc and unfunctionalized SiNc in 1,2-dichlorobenzene were also
prepared at a concentration of 50 mg mL™". These solutions were left
overnight to stir on a hot plate at a temperature of 115 °C to ensure
complete dissolution of the compounds in the solvent. The t-butyl
SiNc and unfunctionalized SiNc solutions were then mixed separately
with the P3HT:PCBM solution in controlled amounts to vary the
final amount of dye in the ternary blend film. These mixed solutions
were allowed to spin on a hot plate for at least 2 h at 65 °C to ensure
the solutions were fully mixed before deposition.

Bulk heterojunction solar cells were prepared as stacks of indium tin
oxide (ITO, 110 nm)/PEDOT:PSS (25 nm)/P3HT:PC¢BM:t-butyl
SiNc (ca. 220 nm)/Ca (7 nm)/Al (150 nm). Patterned ITO-coated
glass substrates (Xin Yan Technologies, 15 © sq™") were scrubbed in a
detergent solution (Extran 300, 10X dilution), followed by a 1S min
sonication process in the same detergent solution. Substrates were
then rinsed in flowing DI water for S min, followed by additional 15
min sonication steps in acetone and isopropanol successively.
Substrates were then blown dry with a pressurized dry nitrogen
stream before undergoing UV-ozone treatment for 15 min. These
substrates were then coated with approximately 25 nm of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Cle-
vios P VP Al 4083) via spin-coating at 4000 rpm for 30 s. Substrates
were then dried in air on a hot plate at 140 °C for 10 min before
transferring into a dry, nitrogen-filled glove box (<5 ppm of O,) for
further processing. All steps prior to transferring into the nitrogen
glove box were performed inside a laminar flow hood to minimize the
adsorption of dust particles during processing. Once inside the glove
box, the ternary blend active layer was deposited via spin-coating at
900 rpm for 45 s directly from the solution at 65 °C. After spinning,
samples were quickly placed in a covered petri dish to allow the active
layer to dry slowly overnight. After drying, the samples were thermally
annealed (if desired) inside the glove box at 110 °C for 10 min before
sequential thermal evaporation of Ca (7 nm) and Al (150 nm) in an
Angstrom Engineering thermal evaporator system at a pressure below
1 X 107 Torr.

Device Characterization. All device characterization was
performed inside a nitrogen atmosphere with the sample having
never been exposed to oxygen prior to testing. Current density (J)—
voltage (V) curves of completed solar cells were collected using a
simulated AM1.5G solar spectrum from a Xe arc lamp using an NREL-
calibrated KGS-filtered Hamamatsu photodiode to reduce spectral
mismatch during calibration. External quantum efficiency (EQE)
spectra were collected using a monochromatic light source and were
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calibrated to a NIST-traceable Si photodiode. Two-dimensional
grazing incidence wide-angle X-ray scattering (2-D GIWAXS)
experiments were performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) at beamline 11-3 using 12.7 keV X-ray radiation
and calibrated using a LaBy crystal.

B RESULTS AND DISCUSSION

Figure la depicts the molecular structures of t-butyl SiNc and
unfunctionalized SiNc. The t-butyl-functionalized SiNc was
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Figure 2. Current density vs voltage curves for Rieke P3HT:PC4BM
BH] devices with increasing amounts of ¢-butyl SiNc dye addition.

Table 1. P3HT:PC4,BM Device Performance with
Increasing t-Butyl SiNc Dye Concentration®

dye conc. Jsc

(wt %) (mA cm™2) Voc (V) FF (%) PCE (%)
0 9.4 (10.1) 0.60 (0.62) 67 (71)  3.80 (4.12)

2 10.1 (10.5) 0.62 (0.63) 65 (68)  4.11 (4.43)

4 10.1 (10.7) 0.63 (0.64) 65 (68)  4.18 (4.42)

6 10.7 (11.1) 0.62 (0.64) 64 (69) 427 (4.56)

8 114 (12.1) 0.62 (0.64) 63 (68)  4.46 (4.92)

10 11.6 (12.5) 0.61 (0.63) 62 (68)  4.46 (4.80)
12 12.4 (13.7) 0.62 (0.62) 57 (61)  4.36 (4.91)
15 11.2 (14.0) 0.61 (0.62) 59 (64)  3.97 (4.69)
20 11.1 (14.2) 0.60 (0.62) S8 (64)  3.92 (4.93)

“Note: Performance values are averages with champion cell values in
parentheses.

synthesized as shown in Scheme S1 (see Supporting
Information) in a manner similar to the procedures found in
our previous report.” The key feature of this new dye is the
incorporation of four bulky tert-butyl substituents to the
periphery of the molecule, which improves solubility in
common organic solvents and reduces the likelihood of large-
scale aggregation due to weaker intermolecular interactions
between the conjugated naphthalocyanine cores of adjacent
molecules.

The absorption characteristics and oxidation/reduction
properties of the t-butyl and unfunctionalized SiNc molecules
were measured by UV-vis spectroscopy (see Figure S4,
Supporting Information) and cyclic voltammetry (see Figure
SS, Supporting Information). The introduction of the t-butyl
groups does not significantly affect either the redox potentials
or the absorption characteristics of the molecule. The t-butyl
SiNc exhibits a high absorption coefficient in solution (& = 4.09
X 10° M~ cm™ at 776 nm) that is equivalent to the maximum
absorption coeflicient in solution of the unfunctionalized SiNc
(e = 415 X 10° M~ cm™" at 773 nm). In the solid state, the
optical absorption spectrum of the t-butyl SiNc exhibits a
strong Q-band absorption at approximately 800 nm. The

dx.doi.org/10.1021/am5007172 | ACS Appl. Mater. Interfaces 2014, 6, 6905—6913
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Figure 3. EQE spectra of (a) thermally annealed and (b) unannealed P3HT:PCy,BM:t-butyl SiNc devices vs t-butyl SiNc concentration.
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SiNc concentration.
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Figure S. (a) J-V curves and (b) EQE spectra of P3HT:PC4,BM devices with increasing amounts of unfunctionalized SiNc concentration. Cells

were thermally annealed at 110 °C for 10 min.

Table 2. P3HT:PC4,BM Device Performance with
Increasing Unfunctionalized SiNc Dye Concentration

Dye Conc. Jsc

(wt %) (mA cm™) Voc (V) FF (%) PCE (%)
0 9.4 (10.1)  0.60 (0.62) 67 (71)  3.80 (4.12)

3 100 (10.1)  0.59 (0.59) 72 (72) 422 (4.26)

6 109 (109) 059 (0.59) 67 (68)  4.26 (4.35)

9 10.6 (109)  0.59 (0.59) 66 (65)  4.12 (4.18)

12 10.2 (10.6) 0.58 (0.59) 57 (63) 337 (3.94)

15 9.8 (9.6) 0.59 (0.59) S8 (61)  3.34 (3.47)

20 7.8 (8.1) 0.59 (0.59) 54 (56)  2.49 (2.70)

absorption spectra of the SiNc molecules do not overlap
significantly with the absorption spectra of several donor
molecules (such as P3HT, see Figure 1b) used in organic solar
cells, promising complementary absorption profiles and
enhanced solar spectrum capture.
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The HOMO and LUMO levels as measured by cyclic
voltammetry (see Figure SS, Supporting Information) are
—4.84 and —3.41 eV, respectively. A diagram of the energy
levels in a ternary blend cell of P3HT:t-butyl SiNc:PCyBM is
shown in Figure 1c demonstrating the possibility that excitons
created on the t-butyl SiNc molecules can undergo electron
transfer to the PC4BM or hole transfer to the P3HT. On the
basis of energetic and absorption measurements, the t-butyl
SiNc can improve the overall efficiency as a third component in
a ternary blend organic solar cell.

To investigate the photovoltaic performance of
P3HT:PC4BM devices to which t-butyl SiNc was added, we
fabricated BH]J solar cells using a typical device stack of indium
tin oxide (ITO, 110 nm)/PEDOT:PSS (25 nm)/P3HT:t-butyl
SiNc:PC4BM (220 + 20 nm)/Ca (7 nm)/Al (150 nm). The
thickness of all cells was not measured, but representative cells
that were measured using a profilometer at a variety of t-butyl
concentrations consistently exhibited thicknesses of 220 + 20

dx.doi.org/10.1021/am5007172 | ACS Appl. Mater. Interfaces 2014, 6, 6905—6913
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Figure 6. Two-dimensional X-ray scattering patterns for PBHT:PC¢BM films with the following dye additions and thermal treatments: (a) no dye,
unannealed; (b) no dye, annealed; (c) 20 wt % t-butyl SiNc, unannealed; (d) 20 wt % t-butyl SiNc, annealed; (e) 20 wt % unfunctionalized SiNc,

unannealed; (f) 20 wt % unfunctionalized SiNc, annealed.

nm. Prior to Ca/Al cathode deposition via thermal evaporation,
films were thermally annealed at 110 °C for 10 min. Figure 2
shows the J—V characteristics of devices with different ¢-butyl
SiNc concentrations, and Table 1 summarizes the photovoltaic
performance parameters. The reference devices without ¢-butyl
SiNc exhibited average solar cell performance parameters of a
Voc of 0.60 V, a Joc of 9.4 mA cm ™2, a fill factor of 67%, and a
PCE of 3.80%. The performance of champion devices is
included in parentheses in Table 1. The incorporation of the t-
butyl SiNc dye improved the Jic to 12.4 mA cm™ at 12 wt %,
an increase of 32%. The highest J;c observed in any device was
142 mA cm™ at a tbutyl concentration of 20 wt %. This
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maximum increase in Js- resulted in an observed power
conversion efficiency of 4.93% with a highly regioregular P3HT
(Sepiolid P200 from BASF) blended with PC4BM. It should
be noted that the Jgc of champion devices increased linearly
with dye loading up to about 20 wt % unlike previous reports
with unfunctionalized SiPc or SiNc addition, which found
maximum PCE values at 4.8 wt % for SiPc and 1.5 wt % for
SiNc.>® These results suggest that the t-butyl functionalization
has a significant impact on the nature of the dye molecule
incorporation, allowing for larger volume fractions of dye
molecules to be incorporated before the morphology of the
P3HT:PC4,BM BHJ cell is disrupted.

dx.doi.org/10.1021/am5007172 | ACS Appl. Mater. Interfaces 2014, 6, 6905—6913
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Figure 7. Energy level diagrams for ternary blend with (a) dye wholly
dispersed within the P3HT phase and (b) dye wholly dispersed within
the PC¢,BM phase.

The spectral breakdown of the photocurrent in the ternary
blend cells is shown in the external quantum efficiency (EQE)
spectra shown in Figure 3. As the concentration of the ¢-butyl
SiNc is increased in the ternary blend, peaks associated with the
t-butyl SiNc absorption in the 700—800 nm spectral range
increase proportionately. These peaks are due to direct
photoexcitation of the t-butyl SiNc. The strongest peak in the
EQE spectrum at 800 nm increased to a value of 35% as the
concentration of t-butyl SiNc was increased to 8 wt %. A
decrease from about 60% to 55% was observed in the EQE
spectrum between 550 and 600 nm where the P3HT absorbs
most of the light and from about 57% to 49% between 400 and
500 nm where PCy,BM is primarily absorbing. These changes
could be due either to a decrease in the absorption as the
volume fraction of P3HT and PC¢,BM is reduced in favor of
the t-butyl SiNc or to a reduction in the internal quantum
efficiency (IQE).

Interestingly, at dye loadings between 8 and 20 wt %, a new
peak in the EQE spectrum appears at 830 nm, increasing
linearly up to an EQE value of 45%. This new peak exhibits a
bathochromic shift of 30 nm by the main absorption peak of
the t-butyl SiNc at 799 nm that occurs at higher dye loadings.
However, this peak at 830 nm is not visible in the absorption
spectrum of the pure t-butyl SiNc film (see Figure 1b),
suggesting that the morphological nature of the t-butyl SiNc
molecules is different in the ternary blend film as compared to
the pure film. To investigate this absorption peak further, we
prepared binary blend films of both P3HT and PC4,BM with ¢-
butyl SiNc and collected their absorption spectra (see Figures
S6 and S7, Supporting Information). The peak at 830 nm was
not visible in either of these configurations, eliminating the
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possibility of the new peak being caused by a coupling reaction
between the t-butyl SiNc and either the P3HT or PCyBM, as
has been seen in other reports on covalent links between
phthalocyanine molecules and carbon nanotubes.** We also
collected EQE spectra of P3HT:t-butyl SiNc:PC¢,BM without
thermal annealing to determine the role of temperature in the
formation of this additional peak. Figure 3b demonstrates that
in the absence of a thermal annealing step the new peak does
not appear, except for a shoulder appearing in the 20 wt % t-
butyl SiNc device. The second peak at 830 nm was also seen in
the device absorption spectra of blends with a different donor
material, poly(di(2-ethylhexyloxy)benzo[1,2-b:4,5-b’]-
dithiophene-co-octylthieno[3,4-c]pyrrole-4,6-dione)
(PBDTTPD, see Figure S8, Supporting Information), suggest-
ing that the specific donor polymer is not critical to its
appearance. Surprisingly, however, the peak did not appear in
the device EQE (see Figure S9, Supporting Information). This
suggests that the cause of the t-butyl SiNc absorption shift
results in a change such that photocurrent can no longer be
generated. This could be due to a change in the energetics of
the molecule preventing efficient hole (electron) transfer to the
PBDTTPD (PC4BM). Overall, the second absorption peak at
830 nm is only found in ternary blends that have been
thermally annealed at t-butyl SiNc concentrations greater than
about 8 wt %.

To verify that the increased Jsc seen in the J—V curves is real
and not an artifact due to poor spectral mismatch between the
solar spectrum and our solar simulator in the 800 nm region,
we integrated the relevant EQE spectra in Figure 3 to
determine the short-circuit photocurrent. While the integrated
Jsc values are between 4% and 16% lower than those measured
in the solar simulator, there remains a smooth, monotonic
increase in the integrated Jsc with increasing dye concentration
for the thermally annealed samples in Figure 3a and a decrease
in the integrated Jsc at high dye loadings in the unannealed
samples in Figure 3b (see Figures S10 and S11, Supporting
Information).

To evaluate the efficacy of the exciton splitting and charge
separation processes, we calculated the internal quantum
efficiency (IQE) spectra from the measured EQE spectra and
active layer absorption in each device. The active layer
absorption was determined by measuring the total device
absorption using an integrating sphere and subtracting off the
absorption in the ITO, PEDOT:PSS, and Ca/Al layers
determined through the use of a transfer matrix calculation
according to the methods of Burkhard et al.%° This allows a
more accurate determination of the true active layer absorption
and hence the internal quantum efficiency.

The IQE spectra are shown in Figures 4a and 4b for the
annealed and unannealed devices, respectively. It is clear that
the IQE of the P3HT:PC4BM absorption averages between
about 60% and 80%, which is typical of these devices. The IQE
for the t-butyl SiNc absorption region seems to increase with
concentration, reaching a maximum at about 60% in the highest
concentration at a wavelength of 830 nm. Since the absorption
is very low between the P3HT and t-butyl SiNc absorption
bands, the reliability of the IQE values in these regions is poor.
Still, the values near the absorption maxima are likely to be
valid. The slight decrease in the IQE in the P3HT absorption
region is likely due to a fraction of the excitons on P3HT
transferring their energy to the t-butyl SiNc via a Forster
resonance energy transfer mechanism (FRET)®* and then
splitting with the reduced efficiency associated with excitons
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created on the t-butyl SiNc. The cause of the variation in the
IQE with t-butyl SiNc concentration is beyond the scope of the
work at this time.

To see the role of the t-butyl functionalization in determining
improved performance, we prepared ternary blends of
P3HT:PC4,BM with the unfunctionalized SiNc and measured
their performance. The devices with unfunctionalized SiNc
were prepared in the same manner as the cells with t-butyl-
functionalized SiNc and were also thermally annealed at 110 °C
for 10 min. Figure Sa shows the J—V curves of several devices
with increasing SiNc loading, showing a reduced benefit to solar
cell performance. Table 2 summarizes these results. Figure Sb
shows the EQE spectra of these devices with increasing SiNc
loading. While the main absorption peak of SiNc at 800 nm is
again evident in these devices, there is no appearance of a
secondary peak at 830 nm in these devices, suggesting that the
t-butyl functional group is important to the absorption shift.

To summarize, the Jsc of P3HT:PC4BM devices is
significantly increased with the addition of t-butyl SiNc. The
additional t-butyl group at the periphery of the SiNc molecule
allows up to approximately 10 wt % of t-butyl SiNc to be
incorporated before efficiency begins to plateau. The boost to
the photocurrent is due to absorption of the dye in the 700—
830 nm region, at an energy below the band gap of the P3HT
but still above the energy of the charge transfer state, allowing
charge transfer to occur via hole transfer to P3HT and electron
transfer to PC4BM. The t-butyl groups also play a role in the
introduction of a red shift in the absorption at dye loadings
greater than approximately 8 wt %. This absorption shift occurs
only in ternary blend devices and not in either the P3HT:t-
butyl SiNc or t-butyl SiNc:PC4BM devices, and only after a
thermal annealing step. While it is not possible to conclusively
determine the cause of this absorption shift, we believe that the
higher concentration of dye forces the SiNc molecules to
couple together, perhaps as a J-aggregate, or through covalent
bond formation. This absorption shift allows a further
broadening of the absorption bandwidth and additional
increases to Jc.

To further understand the role of the t-butyl functionaliza-
tion in enabling higher dye loading in these films, we
investigated the morphology of the ternary blends using two-
dimensional wide-angle grazing incidence X-ray scattering (2-D
GIWAXS) at the Stanford Synchrotron Radiation Lightsource
(SSRL). Figure 6 shows X-ray scattering images for
P3HT:PC¢BM films, both as-cast and annealed (Figure 6a
and 6b), along with images for ternary blends of
P3HT:PC4(BM with 20 wt % t-butyl SiNc (unannealed in
Figure 6c and annealed in Figure 6d) and 20 wt %
unfunctionalized SiNc (unannealed in Figure 6e and annealed
in Figure 6f). The images of the ternary blend films (both as-
cast and annealed) containing the t-butyl SiNc closely resemble
the binary P3HT:PC¢BM blend films, where the typical (100)
and (010) peaks of the P3HT and characteristic ring of the
PC¢BM are clearly visible along with a few rings of moderate
intensity that are likely due to scattering from the t-butyl SiNc
molecules. This would be a scattering pattern that is
commensurate with either a lightly disordered t-butyl SiNc
phase or mixing of t-butyl SiNc molecules within a disordered
P3HT, disordered PC4BM, or mixed P3HT:PC,BM
amorphous phase. In contrast, the ternary blends containing
the unfunctionalized SiNc show significant scattering intensity
from peaks not associated with either the P3HT or PCyBM,
indicating a highly ordered and textured SiNc phase within the
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ternary blend film. This pattern would be commensurate with a
film morphology that has relatively large volumes of ordered
SiNc phase and low fractions of SiNc molecules contained
within an amorphous mixed phase between the P3HT and
PC¢BM. These data, taken with the efficiency and EQE data,
suggest that the morphological differences are the key reason
behind the capability to incorporate higher volumes of t-butyl
SiNc into the P3HT:PC4,BM blend film without disruption of
the optimal BHJ microstructure and resulting decrease in
efficiency.

The relative energy levels of the P3HT, PC¢BM, and t-butyl
SiNc dictate the likely mechanisms by which photocurrent can
successfully be generated as well as provide information relating
to the likely morphology of the ternary blend film. If the ¢-butyl
SiNc molecules were wholly dispersed within the P3HT phase,
they would likely act as electron traps where excitons generated
in the P3HT could undergo electron transfer to the t-butyl
SiNc (Figure 7a). This trapped electron could then recombine
with free holes in the P3HT phase, resulting in current loss. An
equivalent process would occur with the ¢-butyl SiNc molecules
behaving as hole traps if the t-butyl SiNc were primarily
dispersed within the PC,,BM phase (Figure 7b). The most
likely scenario for the location of the t-butyl SiNc that is
commensurate with efficient photocurrent generation is for the
t-butyl SiNc to be primarily located in the amorphous mixed
P3HT:PC4,BM region at the interface between the P3HT and
PCgBM phases. Since photocurrent generation is efficient in
these ternary blend systems, this is the most likely morphology
for this ternary blend system. This conclusion was also reached
using transient absorption spectroscopy by Honda et al. in the
P3HT:PCg4,BM:SiPc system.®'

B CONCLUSIONS

The functionalization of silicon naphthalocyanine molecules
with tert-butyl groups on the periphery of the molecule results
in significant changes to the morphological interaction between
the dye molecules and the bulk heterojunction blend
morphology in P3HT:PC4BM organic solar cells. With the t-
butyl groups, the solubility limit of the SiNc dye in the
P3HT:PC4,BM system is higher than that of the unfunction-
alized dye, allowing significantly more dye incorporation
without disruption of the BH] morphology or the formation
of a highly ordered SiNc phase. This results in an increase in
the spectral bandwidth of the absorption of the active layer and
the maximum Jgc of the ternary blend film.

The t-butyl groups also enable the formation of an alternative
morphological state of the SiNc molecule—perhaps in a
dimeric state with two SiNc molecules directly adjacent to each
other—that results in a red shift of the major SiNc absorption
peak by 30 nm, expanding the spectral bandwidth of the ternary
blend cell and ultimately resulting in an increase of 32% in Jgc
and 19% in PCE.
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