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Abstract

The light-harvesting efficiency of P3HT:PCBM solar cells can be improved by
incorporating near-IR dye molecules such as silicon phthalocyanine derivatives with bulky
axial groups (SiPc). In order to study the size effect of the axial groups on the dye
sensitization in P3HT:PCBM solar cells, we synthesized five SiPc derivatives with different
axial groups: SiPc[OSi(CnHzan+1)s]2 (SiPcn, n = 2, 3, 4, 6) and SiPc[OSi(iBu),CigHa7]>
(SiPcB18). The power conversion efficiency (PCE) increased in the order of n = 2 to 4,
reached the maximum at around n = 4 and 6, and then decreased for SiPcB18 with the longest
axial groups. As a result, the PCE was improved to 4.2%, which is larger by 10% than that
of P3HT:PCBM control cells without dye molecules. We therefore conclude that the butyl or
hexyl chain in the axial ligand is the most appropriate for the dye sensitization in P3HT:PCBM

solar cells.
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1. Introduction

Polymer solar cells based on a blend of a conjugated polymer and a fullerene
derivative have attracted interest because of their potential to be lightweight, flexible, solution
processable, and hence cost-effective.[1-5] Among them, the blend of regioregular
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) has
been most widely studied as the active layer in polymer/fullerene solar cells. This polymer
solar cell exhibits high external quantum efficiency (EQE) and fill factor (FF),[6-10] which are
still the highest in polymer solar cells. However, P3HT can harvest only up to ~650 nm,
which corresponds to only a quarter of the total photons in the solar light. In order to harvest a
broader range of the solar light, various low-bandgap polymers have been developed in recent
years.[11-14] On the other hand, dye sensitization based on a ternary blend of
polymer/fullerene/dye has been recently reported as another approach to expand the
light-harvesting range by several groups including ours.[15-19]

We have shown that the light-harvesting efficiency of P3HT:PCBM solar cells can be
improved by incorporating silicon phthalocyanine bis(trihexylsilyl oxide) (SiPc6).[16]
Furthermore, we demonstrated that the light-harvesting bandwidth can be expanded by
multi-colored sensitization with SiPc6 and silicon naphthalocyanine bis(trihexylsilyl oxide)
(SiNc6), which have complementary absorption bands in the near-IR region.[17] The bulky
trihexylsilyl oxide group can effectively suppress dye aggregation even in solid films and
therefore is considered to be one of the keys to success. However, such bulky substituents
could hinder the charge transfer between the neighboring molecules. In other words, little is
known about the appropriate size of substituents for dye-sensitized polymer/fullerene solar
cells.

In this study, we synthesized a series of SiPc derivatives with the same two
trialkylsilyl oxide axial groups -OSi(C,Hzn+1)3 to study the size effect of bulky axial groups on

the dye sensitization in polymer/fullerene solar cells. The alkyl chains of the two axial



groups systematically vary from ethyl to hexyl in SiPc[OSi(CrH2n+1)3]2 (SiPcn, n =2, 3, 4, 6)
and the longest of octadecyl in SiPc[OSi(iBu),C1gH37]2 (SiPcB18). Herein we discuss the
device performance of P3BHT:PCBM:dye ternary blend solar cells in terms of steric structures

of dye molecules.



2. Experimental
2.1. Synthesis of dye derivatives

Figure 1 shows the reaction schemes and the chemical structures of SiPc derivatives
with various axial groups employed in this study. The axial substituents are summarized in

Table 1. Details of the synthesis are described below.

----- <<< Fig.1&Tablel >>>-----

SIPc[OSi(C2H5s)s]2 (SiPc2): A mixture of SiPc(OH); (72.4 mg), chlorotriethylsilane (200 uL),
and dry pyridine (10 mL) was refluxed for 5 h.  After the solution obtained cooled, the
solvent was evaporated and chloroform was added to the residue. The solution was washed
with saturated NaCl solution, and then dried over MgSO,4.  After evaporation of the solvent,
the residue was purified by silica gel column chromatography (toluene/hexane = 3/1 (v/v) as
eluent) to afford SiPc2 (21.4 mg) as a blue solid (yield = 21%).

TLC (toluene/hexane = 3/1 (v/v)): R¢=0.85

'H NMR (400 MHz, CDC13): & = 9.65 (m, 3,6-Pc, 8H), 8.33 (m, 4,5-Pc, 8H), —1.24 (t, CHs,
18H), —2.44 (m, a-CH,, 12H)

UV/Vis (CHCl3): Amax = 669 nm (¢ = 2.6 x 10°M " cm™)

SiPc[OSi(C3H7)s]2 (SiPc3): A mixture of SiPc(OH), (75.0 mg), chlorotripropylsilane (180
uL), and dry pyridine (10 mL) was refluxed for 5 h.  After the solution obtained cooled, the
solvent was evaporated and the residue was washed with pentane. After evaporation of the
solvent, the residue was purified by silica gel column chromatography (toluene/hexane = 2/1
(v/v) as eluent) to afford SiPc3 (44.0 mg) as a blue solid (yield = 38%).

TLC (toluene/hexane = 2/1 (v/v)): R¢ = 0.92

'H NMR (400 MHz, CDC15): § = 9.65 (m, 3,6-Pc, 8H), 8.34 (m, 4,5-Pc, 8H), —0.31 (t, CHs,



18H), —1.17 (m, B-CHa, 12H), —2.43 (m, a-CH;, 12H)

UV/Vis (CHCI3): Amax = 668 nm (¢ = 3.0 x 10°M *cm™)

SIPc[OSi(C4Ho)3]2 (SiPc4): A mixture of SiPc(OH), (75.4 mg), chlorotributylsilane (210 uL),
and dry pyridine (10 mL) was refluxed for 5 h.  After the solution obtained cooled, the
solvent was evaporated and the residue was washed with pentane. After evaporation of the
solvent, the residue was purified by silica gel column chromatography (toluene/hexane = 1/1
(v/v) as eluent) to afford SiPc4 (81.2 mg) as a blue solid (yield = 70%).

TLC (toluene/hexane = 1/1 (v/v)): R¢=0.90

'H NMR (400 MHz, CDC13): & = 9.64 (m, 3,6-Pc, 8H), 8.33 (m, 4,5-Pc, 8H), 0.05 (m, y-CHy,
CHs, 30H), —1.26 (m, B-CHy, 12H), —2.43 (m, a-CH,, 12H)

UV/Vis (CHCl3): Amax = 668 nm (¢ = 2.9 x 10°M *cm™)

SIPc[OSi(CgH13)3]2 (SiPc6): A mixture of SiPc(OH), (74.7 mg), chlorotrihexylsilane (500
uL), and dry pyridine (10 mL) was refluxed for 5 h.  After the solution obtained cooled, the
solvent was evaporated and the residue was added chloroform. The solution was washed
with saturated NaCl solution, and then dried over MgSO,4.  After evaporation of the solvent,
the residue was purified by silica gel column chromatography (toluene/hexane = 1/2 (v/v) as
eluent) to afford SiPc6 (38 mg) as a blue solid (yield = 25%).

TLC (toluene/hexane = 1/2 (v/v)): R¢=0.87

'H NMR (400 MHz, CDC15): & = 9.63 (m, 3,6-Pc, 8H), 8.31 (m, 4,5-Pc, 8H), 0.81 (m, &-CH,,
12H), 0.71 (t, CHa, 18H), 0.36 (m, -CH,, 12H), 0.02 (m, y-CH,, 12H), —1.28 (m, B-CH,, 12H),
—2.45 (m, a-CHy, 12H)

UV/Vis (CHCl3): Amax = 668 nm (¢ =3.0x 10°Mtcm™)

SiPc[OSi(iBu),C1gH37]2 (SiPcB18): A mixture of SiPc(OH), (99.5 mg),



chlorodiisobutyloctadecylsilane (520 pL), and dry pyridine (25 mL) was refluxed for 5 h.
After the solution obtained cooled, the solvent was evaporated and the residue was washed
with water, and then dried over MgSO,4.  After evaporation of the solvent, the residue was
purified by silica gel column chromatography (toluene/hexane = 1/3 (v/v) as eluent) to afford
SiPcB18 (150 mg) as a blue solid (yield = 64%).

TLC (toluene/hexane = 1/3 (v/v)): R¢=0.90

'H NMR (400 MHz, CDC13): & = 9.62 — 9.64 (m, o-Pc, 8H), 8.30 — 8.32 (m, B-Pc, 8H), 1.33 —
0.84 (M, CH,, 58H), 0.42 (m, 8-C1gHss, 4H), 0.08 (m, y-C1gHss, 4H), —0.55 (m, y-iBu, 24H),
~0.87 (m, B-CigHss, 4H), —1.27 (m, B-iBu, 4H), —2.41 — —2.53 (m, a-C1gHss and o-iBu, 12H)

UV/Vis (CHCl3): Amax = 670 nm (e = 3.8 x 10°M tcm™)

2.2. Device fabrication

The indium-tin-oxide (ITO) coated glass substrates was cleaned by ultrasonication in
toluene, acetone, and ethanol each for 15 min, dried with N,, and cleaned with a UV-0O3
cleaner for 30 min. Athin layer (~40 nm) of
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) (H.C.Starck,
PH500) was spin-coated onto the cleaned ITO-coated substrate at 3000 rpm and was baked at
140 °C for 10 min in air. Aternary blend active layer (~200 nm) of P3HT:PCBM:dye was
prepared from spin-coating on the PEDOT:PSS-coated I1TO substrate at a spin rate of 600 rpm
in an N-filled glove box. The wet film was slowly dried in a covered petri dish for 60 min
in the glove box. The ternary blend solution was prepared as follows: P3HT, PCBM, and
dye were dissolved in o-dichlorobenzene at a concentration ratio of 20 : 20 : 1.7 mg mL ™
([SiPc] = 4.1 wt%) and then the mixed solution was stirred at 40 °C overnight. An electrode
of Ca/Al layer (20/80 nm) was deposited on top of the active layer in sequence at 2.5 x 10~ Pa.

The effective device area was 0.07 cm?.



2.3. Measurements

Electrochemical properties of dye molecules were examined by cyclic voltammetry.
The cyclic voltammograms were measured in a mixed solution of dichlorobenzene and
acetonitrile (4:1 v/v) containing 0.1 M tetrabutylammonium hexafluorophosphate perchlorate
(Wako, TBAP) with a potentiostat (Perkin—Elmer, 273A). The reference electrode was
Ag/AgCl in a saturated KCI aqueous solution and the counter electrode was a Pt wire. The
electrolyte solution was deoxygenated by bubbling with N for 30 min before the
measurement.  Absorption spectra of the blend films were measured with a
spectrophotometer (Hitachi, UV-3500). The current density—voltage (J-V) characteristics of
the devices were measured with a DC voltage and current source/monitor (Advantest, R6243)
under AM1.5G simulated solar illumination at 100 mW cm 2. The light intensity was
corrected with a calibrated silicon photodiode reference cell (Bunkoh-Keiki, BS-520). The
EQE spectra were measured with a digital electrometer (Advantest, R8252) under
monochromatic light illumination from a 500-W xenon lamp (Thermo Oriel, Model 66921)
with optical cut filters and a monochromator (Thermo Oriel, Cornerstone).  The illumination
was carried out from the ITO side under N, atmosphere at room temperature. At least more

than 10 devices were fabricated to ensure the reproducibility of the device performance.

2.4. DFT calculation

The molecular geometry and structure of SiPc derivatives were fully optimized using
density functional theory (DFT) with the hybrid B3LYP functional and 6-31G basis
set.[20-22] Single-point energy calculations were then performed at the B3LYP/6-31G

level.



3. Results

3.1. Electrochemical properties

The electrochemical properties of SiPc derivatives were examined by cyclic
voltammetry in 0.1 M TBAP dichlorobenzene/acetonitrile solution with ferrocene as an
internal reference. Figure 2 shows the cyclic voltammogram of SiPc6 (solid line) and
ferrocene (broken line) at a scan rate of 100 mV s™*.  The redox peaks at around 1 V are
ascribed to the oxidation potential of SiPc6. Assuming that the energy level of the
ferrocene/ferrocenium redox couple is 4.8 eV below the vacuum level,[23] the energy level of
the highest occupied molecular orbital (HOMO) of SiPc6 is estimated to be 5.4 eV below the
vacuum level, which is consistent with the previous report.[24] Table 2 summarizes the
HOMO energy levels of all the SiPc derivatives. As shown in the table, the HOMO levels
are independent of the substituents, suggesting that the axial groups have little impact on the

electronic state of the phthalocyanine unit.

3.2. Absorption spectra

Figure 3a shows the absorption spectra of SiPc derivatives in toluene solution. All
the dye molecules exhibited a sharp absorption band at 670 nm with almost the same molar
absorption coefficient. The absorption peak at 670 nm is ascribed to the Q band of the
phthalocyanine unit, from which the optical bandgap can be estimated to be 1.9 eV. Thus,

the energy level of the lowest unoccupied molecular orbital (LUMO) of the dye molecules is



estimated to be 3.5 eV by subtracting the optical bandgap from the HOMO level. As
summarized in Table 2, all the HOMO and LUMO levels are independent of the axial
substituents.  These results again suggest that the axial groups have little impact on the

electronic state in the phthalocyanine unit.

Figure 3b shows the absorption efficiency of P3HT:PCBM:dye ternary blend films,
which is estimated from twice the absorbance on the assumption that the incident light loss at
the air/glass interface is 4% and the reflection at the metal electrode is 100%.[25] The
absorption efficiency around 400 — 600 nm, which is ascribed to P3HT band, was almost
100% independently of dye molecules. On the other hand, the absorption spectra of dye are
significantly different between SiPc2 and the others in contrast to those in toluene solution.
The absorption efficiency of SiPc2 was as low as ~20%. The absorption band was split into
two bands, suggesting the formation of 7 stacked aggregates in blend films. The absorption
efficiency of the other dyes was as high as ~70% even in blend films although the peak
wavelength was slightly red-shifted (~5 nm) compared to those in solution. This finding
suggests that the propyl chain (SiPc3) in the axial ligand is large enough to effectively suppress
the dye aggregation even in solid films.  Furthermore, such long axial groups are required on

both sides of the phthalocyanine plane to suppress the dye aggregation effectively.

3.3. Molecular structures

To understand the molecular structures of SiPc derivatives, we performed DFT
calculation of these molecules. Figure 4 shows the space-filling structures of SiPc2 and
SiPc3 obtained by the DFT calculation. In SiPc2, there is still enough space for another

SiPc2 molecule to approach to the phthalocyanine plane, because the end methyl groups in
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the axial ligand are attached to the methylene group in the direction normal to the plane. In
SiPc3, there is limited space for another SiPc3 molecule to approach to the phthalocyanine
plane, because the end methyl groups in the axial ligand are attached to the ethylene group in
the direction rather parallel to the plane. In the other dye molecules, there is little space
because of more bulky axial ligands. Thus, these molecular structures are consistent with

our observation of the different absorption spectra between SiPc2 and the others.

3.4. Device performance

Figure 5a shows the J-V characteristics of P3HT:PCBM:dye ternary blend solar cells
and a P3HT:PCBM binary blend reference cell under AM1.5G simulated solar irradiation at
an intensity of 100 mAcm™2.  Except for the device with SiPc2, all the other ternary blend
solar cells exhibited improved device performance. Compared to the reference cell without
dye, the short current density (Jsc) was almost the same at SiPc2, reached the maximum at
SiPc4, and then slightly decreased at longer alkyl chain lengths (SiPc6 and SiPcB18). The
open-circuit voltage (Voc) was almost independent of the alkyl chain lengths although it
slightly increased. The FF was almost the same at shorter alkyl chain length (n < 4) but
clearly decreased at the longest chain (SiPcB18). Consequently, the power conversion
efficiency (PCE) reached a maximum of 4.2% at SiPc4 and SiPc6, which is improved by 10%
compared to the reference cell (3.8%). All the device parameters are summarized in Table

3.
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----- <<< Table3 >>>-----

To address the origin of the different device performances, we measured EQE
spectra of P3HT:PCBM:dye ternary blend solar cells. For the devices with SiPc2, as shown
in Fig. 5b, a broad EQE peak was observed at the P3HT absorption (400 — 600 nm), which
was comparable to that of the reference cell without dye. However, no distinct EQE peak
was observed at the dye absorption (680 nm), which was as low as ~10%. For the other
devices, on the other hand, EQE peaks were observed both at the P3HT absorption (400 — 600
nm) and at the dye absorption (680 nm). The EQE peak at 400 — 600 nm slightly increased
compared to that of the reference cell without dye, suggesting that P3HT excitons are
effectively collected to dye molecules at the interface as reported previously.[18] The EQE

peak at 680 nm was as high as ~50%.

4. Discussion

We start off our discussion by considering the energetics of PSHT:PCBM:dye
ternary blend solar cells. As described above, the axial substituents have little impact on the
electronic state in the phthalocyanine. Therefore, all the SiPc derivatives with different
axial substituents exhibit almost the same HOMO (5.4 eV) and LUMO (3.5 eV) levels. The
HOMO level of P3HT and the LUMO level of PCBM have been reported to be 4.8 eV[26]
and 3.7 — 4.3 eV,[27,28] respectively. Therefore, the energy offset of the HOMO levels
between P3HT and dye is as large as 0.6 eV and the energy offset of the LUMO levels
between dye and PCBM is also as large as 0.2 — 0.8 eV. These offsets are large enough to
induce the electron transfer between the LUMO levels of dye and PCBM and the hole
transfer between the HOMO levels of dye and P3HT. In other words, these SiPc derivatives
serve as an electron donor for PCBM and as an electron acceptor for P3HT. Indeed, we

have recently reported rapid hole transfer (~2 ps) from SiPc6 to P3HT and prompt electron
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transfer (<0.1 ps) from SiPc6 to PCBM upon the dye excitation.[18] We therefore conclude
that the hole and electron transfers from dye excitons are energetically favorable for all the
SiPc derivatives employed in this study.

Next, we consider the dye location in ternary blend films.  Only the dye molecules
located at the P3HT/PCBM interface can contribute to the photocurrent generation. As we
reported previously, therefore, the internal quantum efficiency (IQE) can provide a good
measure for estimating the fraction of dye molecules located at the interface. From the EQE
and absorption efficiency mentioned before, the 1QE is estimated to be as high as ~70%
except for SiPc2. This is a lower limit because the charge transport efficiency is not always
100%, suggesting that most of the dye molecules are located at the interface. Indeed, a
recent transient absorption study has demonstrated that almost all the SiPc6 molecules are
located at the P3HT/PCBM interface.[18] For the device with SiPc2, the IQE is estimated
to be as high as ~50% although it is lower than that for the other dyes, suggesting that the
majority of SiPc2 molecules are located at the interface . We therefore conclude that the
absence of improvement in Jsc of the P3HT:PCBM:SiPc2 solar cell is primarily due to the
decrease in the absorption intensity and secondarily due to less interfacial segregation of
SiPc2.

Finally, we focus on the device performance of ternary blend solar cells.  As shown
in Fig. 6, PCE of the ternary blend solar cells shows a maximum at around n =4 and 6,
suggesting that neither shorter nor longer axial chains are effective for the dye sensitization in
ternary blend solar cells. This is because, as mentioned above, Jsc increases with increasing
alkyl chains and then decreases slightly at longer chains while FF decreases at longer chains.
In other words, it can be said that the maximum PCE results from the balance between Jsc
and FF.  As shown in P3HT:PCBM:SiPc2, dyes with shorter axial chains cause the
aggregation and hence cannot contribute to the improvement in Jsc.  On the other hand, as

shown in P3HT:PCBM:SiPcB18, dyes with longer axial chains are hardly in close contact

13



with neighboring molecules and hence hinder efficient charge transfer or charge transport
resulting in the decrease in FF.  We therefore conclude that SiPc4 and SiPc6 are appropriate
molecules as the light-harvesting dye in polymer solar cells because butyl or hexyl groups are
large enough to suppress the dye aggregation and small enough to maintain close contact with

neighboring molecules.

5. Conclusions

Five SiPc derivatives with different axial groups were synthesized to study how the
axial groups have impact on the dye sensitization of P3HT:PCBM solar cells. Such
different substituents have littile impact on the electronic state of phthalocyanine core unit or
the interfacial distribution in P3HT:PCBM blend films. In contrast, the device parameters
are substantially dependent on the subsituents: Jsc was almost the same at SiPc2, reached the
maximum at SiPc4, and then slightly decreased at longer alkyl chain lengths (SiPc6 and
SiPcB18) while FF was almost the same at shorter alkyl chain lengths (n < 4) but clearly
decreased at the longest chain (SiPcB18). As a result, the devices with SiPc4 or SiPc6 show
a maximum PCE of 4.2%, which is improved by 10% compared to that of the P3HT:PCBM
control cell. Considering the molecular structure obtained by the DFT calculation, the axial
size of SiPc4 or SiPc6 is comparable to the phthalocyanine conjugation plane. In other
words, the butyl or hexyl chain is long enough to suppress dye aggregation and short enough
to be in close contact with neighboring molecules. We therefore conclude that axial
substituents should be modest in length to appropriately cover the conjugation plane of the

phthalocyanine ring.
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Figure Captions

Fig. 1. Synthetic schemes of SiPc[OSi(C,H2n+1)3]2 (SiPcn, n =2, 3, 4, 6) and
SiPc[OSi(iBu),CisH37]2 (SiPcB18).

Fig. 2. Cyclic voltammograms of SiPc6 (solid line) and ferrocene (broken line) in
dichlorobenzene/acetonitrile with TBAP.  The scan rate is 100 mV s ™.

Fig. 3. Absorption spectra of SiPc derivatives: SiPc2 (green lines), SiPc3 (orange lines),
SiPc4 (red lines), SiPc6 (purple lines), and SiPcB18, (blue lines). a) the
absorbance of the dyes in toluene solutions and b) the absorption efficiency of the
dyes in P3HT:PCBM blend films that is estimated from twice the absorbance on the
assumption that the incident light loss at the air/glass interface is 4% and the
reflection at the metal electrode is 100%.[25] The broken line represent the
absorption efficiency of P3HT:PCBM blend films without dye.

Fig. 4. Space-filling structures of SiPc2 (a) and SiPc3 (b) obtained by the DFT calculation.

Fig. 5. a) J-V characteristics of dye-sensitized polymer solar cells of P3BHT:PCBM:dye
ternary blends and the control cell of P3HT:PCBM binary blend under AM1.5G
simulated solar illumination at 200 mW cm 2 in the air: SiPc2 (green lines), SiPc4
(red lines), SiPcB18, (blue lines), and without dye (broken lines). b) EQE spectra

of the P3HT:PCBM:dye ternary blend and P3HT:PCBM binary blend solar cells.
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