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Silicon phthalocyanines as ternary additives are a promising way to increase the performance of organic
photovoltaics. The miscibility of the additive and the donor polymer plays a significant role in the
enhancement of the device performance, therefore, ternary additives can be designed to better interact
with the conjugated polymer. We synthesized N-9'-heptadecanyl-2,7-carbazole functionalized SiPc
((CBzPho),-SiPc), a ternary additive with increased miscibility in poly[N-90-heptadecanyl-2,7-carbazole-
alt-5,5-(4",7'-di-2-thienyl-2',1’,3'-benzothiadiazole)] (PCDTBT). The resulting additive was included into
PCDTBT and [6,6]-phenyl C7; butyric acid methyl ester as bulk (PC7,BM) heterojunction OPV devices as
a ternary additive. While the (CBzPho),-SiPc demonstrated strong EQE >30% contribution in the range of
650-730 nm, the overall performance was reduced because (CBzPho),-SiPc acted as a hole trap due to
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Introduction

Organic photovoltaics (OPVs) are proving to be an exciting,
flexible, semitransparent light harvesting technology with the
potential to reduce power requirements and provide clean
energy. The typical OPV requires complimentary donor/
acceptor semiconductors to harvest photons and convert them
into current. A strategy to improve device performance is to use
functional ternary additives, which can be added to existing
donor-acceptor systems while providing additional function-
ality such as increased stability or increased photogeneration.™
Silicon phthalocyanines (SiPcs) are a promising class of ternary
additive due to their low manufacturing cost, industrial abun-
dance and ability to efficiently transport electrons.*” Bis(tri-
hexylsilyl) SiPcs ((3HS),-SiPc) and bis(tri-butylsilyl) SiPcs
((3BS),-SiPc) were previously employed as a ternary additive in
poly(3-hexylthiophene):phenyl-C4;-butyric acid methyl ester
(P3HT:PC¢BM) bulk heterojunction (BHJ) OPV devices and
provided a 20% increase in power conversion efficiency due to
the additional absorption at 685 nm®*® Following these initial
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and energy level engineering of the ternary additive when designing organic photovoltaic devices.

studies, researchers have explored engineering new SiPcs
through increasing the conjugation of the axial groups with
pyrenes to improve absorption in the UV region'®'* as well as
increasing the conjugation of the macrocycle to increase
absorption in the NIR region.”* SiPcs have even been modified
to impart both additional photogeneration and increased
device stability through active layer crosslinking.> Our group*®
and others'"” have also found that the length of the axial
groups and the resulting change in solubility play a critical role
in the effectiveness of the ternary additive in a P3HT:PC4;BM
system. Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7'-di-2-
thienyl-2',1’,3’-benzothiadiazole)] (PCDTBT, Fig. 1), is another
conjugated polymer of interest due to its high potential for
indoor lighting applications, it's chemical scale-up potential
and its ability to be easily printed on large areas.®" Recently,
our groups reported (3HS),-SiPc to also be an effective ternary
additive in PCDTBT:PC,;BM BH] devices, leading to an
increased photogeneration efficiency compared to the baseline
devices without additive. In this study we reported that the
choice of processing technique such as blade coating versus
spin coating led to different optimal (3HS),-SiPc loadings;
further suggesting the molecular structure of the ternary addi-
tive and the film formation process are critical for improving
the performance of the device.>® However, increased miscibility
between donor polymer and ternary additive could lead to better
phase separation between domains, which would improve
exciton dissociation, charge transport and potentially enhance
overall device performance.>?* (3HS),-SiPc has been charac-
terized to be preferentially located at the interface of P3HT/
PC¢BM rather than the bulk phases, leading to favourable
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Fig. 1 Synthesis of bis(N-9'-heptadecanyl-2,7-carbazole-phenoxy) silicon phthalocyanine ((CBzPhO),-SiPc) in addition to the chemical

structure of PCDTBT and PC,,BM.

device performance due to enhanced charge and energy transfer
between (3HS),-SiPc and P3HT/PCs;BM interfaces.'” However,
when using PCDTBT:PC,,BM the locations of SiPc based addi-
tives in the corresponding ternary thin films yet to be explored.

We believed that improving miscibility between the SiPc
ternary additive and the PCDTBT domain would potentially
improve the device performance. Therefore, in this study we
designed and synthesized a N-9'-heptadecanyl-2,7-carbazole
functional SiPc (Fig. 1), which contains the same functional
group found in PCDTBT as a repeat unit. By matching the donor
polymer with the axial groups of the additive, we surmise
improved miscibility will improve the device performance.
While the miscibility increased through surface energy calcu-
lations, the device performance did not. Cyclic voltammetry
measurement showed that the HOMO energy level of the new
additive is around —5.1 eV, which is located above PCDTBT
(—5.4 eV). As a result, the new additive could function as hole
traps in the devices.

Experimental section

Materials

PCDTBT (M, = 36 kDa and M,, = 110 kDa) and PC,,BM (>99%)
were purchased from PCAS Canada Inc. and Nano-C, respec-
tively, and used without any further purification. ZnO nano-
particles were prepared according to previous reports.>
Molybdenum oxide (MoO3) (>99.5%) was purchased from Sigma-
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Aldrich and used with no further purification. The carbazole SiPc
based derivative was synthesized according to Fig. 1.

Synthesis of bromo-N-9'-heptadecanyl-2,7-carbazole (1)

The following procedure was adapted from previously reported
synthesis.>® p-Toluenesulfonyl chloride (1.49 g; 7.80 mmol),
heptadecan-9-ol (2.00 g, 7.80 mmol) and 4-dimethylaminopyr-
idine (DMAP, 1.43 g; 11.70 mmol) were placed in a flame-dried
100 ml flask under N, to which 40 ml of anhydrous CH,Cl, was
added. After stirring the reaction mixture overnight at room
temperature, it was poured onto water and washed three times.
The organic phase was separated, dried over MgSO,, then
concentrated in vacuo. The resulting residue was purified by
silica-gel column chromatography (90% hexanes/10% ethyl
acetate as eluent) to give 2.4 g (75%) of a colorless oil. The oil
was redissolved in 15 ml DMSO and added dropwise to a flame-
dried round bottom flask under N, containing bromocarbazole
(500 mg; 2.03 mmol) and KOH (570 mg; 10.16 mmol) in 10 ml
DMSO. After stirring overnight at room temperature, water
(=100 ml) was added and the reaction mixture was extracted
with hexanes three times. The organic phase was separated,
then washed with water before being dried over MgSO, and
concentrated by rotary evaporation. The resulting residue was
purified by silica gel column chromatography using hexanes as
eluent providing 667 mg (66%) of a colorless oil. '"H NMR (4,
CDCl;, RT, 300 MHz): 8.10 (m, 1H), 7.98 (m, 1H), 7.73 (m, 1H),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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7.58 (m, 1H), 7.45 (m, 1H), 7.36 (m, 1H), 7.29 (m, 1H), 4.51 (m,
1H), 2.27 (m, 2H), 1.95 (m, 2H), 1.17 (m, 24H), 0.86 (t, 6H).

Synthesis of phenoxy-N-9'-heptadecanyl-2,7-carbazole (2)

Boronic acid (250 mg; 1.82 mmol), Pd(PPh;), (19 mg; 16.51
mmol) and K,CO; (342 mg; 2.48 mmol) were placed into
a 250 ml Schlenk flask and degassed under vacuum. (1) (100 mg;
0.204 mmol) and solvents (NMP : H,O; 9 : 1 v/v; 100 ml) were
placed into a separate flask and degassed by nitrogen bubbling.
After 30 min, the liquid phase was transferred to the Schlenk
flask via cannula. The reaction mixture was then immersed into
an oil bath and stirred at 90 °C overnight under a nitrogen
atmosphere. After cooling to room temperature, the reaction
mixture was poured into water (=400 ml) and stirred at room
temperature for 30 min. The aqueous phase was extracted three
times with hexanes. The organic phase was then washed with
water, dried over MgSO, and the solvent was removed by rotary
evaporation. The obtained residue was purified by silica gel
column chromatography using DCM as eluent leading to
290 mg (35%) of a colorless oil. "H NMR (4, CDCl;, RT, 300
MHz): 8.11 (dd, 2H), 7.68 (m, 1H), 7.61 (m, 1H), 7.58 (m, 1H),
7.51 (m, 1H), 7.38-7.41 (m, 2H), 7.22 (m, 1H), 6.96 (dt, 2H), 4.60
(m, 1H), 2.31 (m, 2H), 1.94 (m, 2H), 1.12-1.26 (m, 24H), 0.83-
0.79 (t, 6H).

Synthesis of bis(N-9'-heptadecanyl-2,7-carbazole-phenoxy)
silicon phthalocyanine ((CBzPhO),-SiPc)

Dichloro silicon phthalocyanine (Cl,-SiPc) was prepared
according to previous reports.”” Cl,-SiPc (120 mg; 196 mmol)
and (2) (290 mg; 588 mmol) were added to a 100 ml RBF with
30 ml chlorobenzene and the reaction mixture was stirred at
130 °C for 2 days under a nitrogen atmosphere. After cooling to
room temperature, the solvent was removed by rotary evapora-
tion. The crude material was purified by silica gel column
chromatography using DCM as eluent affording 150 mg (40%)
of a dark blue powder. "H NMR (4, CDCl;, RT, 400 MHz): 9.65-
9.67 (m, 8H), 8.35-8.37 (m, 8H), 7.73-7.94 (ddd, 4H), 7.28-7.45
(m, 4H), 7.09-7.12 (m, 2H), 6.66-6.83 (m, 2H), 6.56-6.58 (m,
2H), 5.91-5.94 (m, 4H), 4.23-4.37 (m, 2H), 2.55 (dt, 4H), 1.70-
2.11 (m, 8H), 1.03-1.14 (m, 48H), 0.75-0.84 (m, 12H).

Materials characterization

UV-Vis absorption spectra of (CBzPho),-SiPc in solution and
ternary films and the total absorption spectra of OPV devices
were measured using a PerkinElmer LAMBDA 950 UV/Vis/NIR
spectrophotometer. The PCDTBT:PC,;BM binary solution was
prepared in 1,2-dichlorobenzene (0-DCB, HPLC grade) with
weight ratio of 1: 3 and a total concentration of 16 mg ml "
The solution was stirred at 100 °C for 24 h. Ternary solutions
were prepared by adding (CBzPho),-SiPc into the binary solu-
tion with various weight contents ranging from 3 to 20 wt% and
stirred for an additional 24 h at 70 °C.

Cyclic voltammograms (CV) were obtained using a Versa-
STAT 3 potentiostat, a polished platinum disk as the working
electrode, a coiled platinum wire as the counter electrode, and
a Ag/AgCl electrode as the reference.’ These experiments were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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carried out in dichloromethane (DCM) solutions with tetra-
butylammonium perchlorate as the supporting electrolyte.
The highest occupied molecular orbital (HOMO) energy levels
were estimated according to the empirical correlation Eygomo
(eV) = _(on, onset — on Fc/Fc', onset) —4.80 eV, where on, onset
and Eox reret, onset are the onset oxidation potentials of the
sample and the ferrocene standard, respectively.'® Lowest
occupied molecular orbital (LUMO) levels were estimated from
combining HOMO from CV with onset of the UV/Vis absorp-
tion spectra (either solution or solid phase). Tapping-mode
atomic force microscopy (AFM) images were acquired with
a Veeco scanning probe microscope using a Nanodrive
controller with MikroMasch NSC-15 AFM tips and resonant
frequencies of ~300 kHz. Water contact angle was measured
on a spin-coated film of corresponding material by Folio
instruments using pure water. The surface energy of all the
pristine and ternary films were estimated from the contact
angle.

Device fabrication

The blade-coated devices were fabricated on flexible ITO-coated
polyethyleneterapthalate (PET) sheets with dimension of 12 X
15 ecm?, purchased from Sigma Aldrich. The PET sheet thick-
ness, sheet resistance and thickness of the ITO are 125 um, 60 Q
sq " and 130 nm, respectively. The ITO sheets were patterned
using a screen printable etching paste (SolarEtch AXS Type 20).
The etching paste was printed using an EKRA X1-SL flatbed
screen printer with a 350-mesh stainless steel screen. After
curing the paste at 120 °C for 10 min, the underlying ITO was
etched, and then the paste was removed with deionized water.
The patterned ITO sheets were afterward scrubbed with
a detergent solution and then rinsed with DI water, followed by
an additional 5 min sonication in acetone (purity 99.5%), and
isopropyl alcohol (IPA, purity 99.999%) sequentially. The ITO
sheets were then blown dry with a nitrogen air gun. The cleaned
ITO/PET sheets were treated with an oxygen plasma for 30 s. A
thin layer of ZnO (~15 nm) was blade coated at a speed of
2.5 mm s~ ' with a blade gap of 0.3 mm by dropping 250 ul of
ZnO nanoparticle solution at the beginning of substrate area.
The resulting films were then dried on a hot plate at 110 °C for
10 min in air. The binary baseline and ternary additive films
were blade coated at a speed of 15 mm s~ ' with a blade gap of
0.3 mm by dropping 150 pl of blended solutions. The temper-
ature of the blade stage was set at 40 °C during the deposition
process, resulting in a film thickness of 75-80 nm. The blade
coating of ZnO and active layers was carried out in air under
laminar flow hood. The OPV device structure was completed by
vacuum deposition (base pressure ~2 x 10”7 Torr) of 10 nm of
MoO, and 100 nm of silver (Ag). All the OPV devices have an
active area of 1 cm®. The thickness of films was measured by
a Dektak profilometer and a ZYGO 45 NewView 7300 optical
profiler.

Electrical characterization

All the OPV device characterizations were performed in ambient
air. The photovoltaic parameters were extracted from the

RSC Adv, 2022, 12, 10029-10036 | 10031
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current density-voltage (J-V) characteristics measured using
a Keithley 2400 digital source meter under AM 1.5G irradiation
of 100 mW cm > (Science Tech SS 500 W solar simulator). A
calibrated Si photodiode with a KG-5 filter, purchased from PV
measurements Inc, was used to adjust the light intensity of
solar simulator. The external quantum efficiency (EQE) spec-
trum was measured using a Jobin-Yvon Triax spectrometer,
a Jobin-Yvon xenon light source, a Merlin lock-in amplifier,
a calibrated Si UV detector, and an SR570 low noise current
amplifier. The short-circuit current density (Jsc) of all the blade-
coated devices reported in this study were verified from the
wavelength integration of the product of the EQE curve and the
standard AM 1.5G solar spectrum.

Results and discussion
Synthesis and characterization of (CBzPhO),-SiPc

(CBzPhO),-SiPc was synthesized by phenoxylation of Cl,-SiPc
through standard conditions (Fig. 1).>® The custom phonoxy
derivative was designed to mimic the solubilizing carbazole
repeat unit of PCDTBT with the intention to increase miscibility
with the donor phase in the resulting BHJ OPVs. A yield of 40%
was obtained for the phenoxylation, which is typical for
coupling reactions of Cl,-SiPc.*®* the chemical structure was
verified by 'H NMR and electrospray ionization (ESI) mass
spectra (Fig. S1-S47). The (CBzPhO),-SiPc was characterized by
UV-Vis absorption spectroscopy revealing a characteristic peak
at 714 nm in chloroform solution and 720 nm in a neat thin film
(Fig. 2a). These values correspond to the Q-band of the silicon
phthalocyanine core, which is slightly red shifted by 42-45 nm
compared to typical silyl functional SiPcs with a Ay = 669 to
672 nm.*® The UV-Vis spectra of (CBzPhO),-SiPc also present an
additional broad peak between 300 and 400 nm (Fig. 2a), which
is typically not present in silyl functional SiPcs and is likely due
to the carbazole axial groups. A similar hump was observed in
pyrene functional SiPc derivatives.’ The HOMO-LUMO or
energy band gap (Egap) for (CBzPhO),-SiPc was estimated from
the onset of the UV-Vis spectra and found to be equal to 1.73 eV
and 1.85 eV from solution and thin film, respectively, which is
similar to previous reports of silyl functional SiPcs with Egap =
1.80-1.82 eV (solution) and Egap = 1.85 (film).>*
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Fig. 2
mograms for (CBzPho),-SiPc.
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Cyclic voltammetry was performed on (CBzPhO),-SiPc in
DCM solvent. The oxidation of the derivative was measured
relative to Ag/AgCl reference electrode using a platinum
working electrode.'® An oxidation of potential of E,x = 0.36 V
and a reduction potential of E..q = —0.96 V were obtained
(Fig. 2b). The highest occupied molecular orbital energy level,
Epomo = —5.1 €V was obtained for (CBzPhO),-SiPc which is
relatively shallow compared to typical silyl functionalized SiPcs
with Eyomo = —5.3 eV (Table S41).*° The lowest unoccupied
molecular orbital energy level, Eyymo, was calculated through
the addition of Eyomo and solid state Egap and found to be
equal to —3.3 eV which is also relatively shallow compared to
typical silyl functional SiPcs with Eyyyo = —3.5 €V.%°

Miscibility and film morphology

We performed water contact angle measurements on neat films
of PCDTBT, PC,;BM, and (CBzPho),-SiPc as well as blended
ternary films with various weight contents of (CBzPho),-SiPc to
explore their relative hydrophobicity and draw insight on
respective miscibility. The surface energy was estimated using
the Neumanss's method.** Table 1 tabulates water contact
angles and surface energy values of pristine thin films prepared
on quartz substrates. It has been reported that additives with
a surface energy value intermediate between that of the donor
and acceptor materials will migrate to the interface*>* As
designed, the surface energy of (CBzPho),-SiPc is almost iden-
tical to that of PCDTBT (~24 N mm ') where the contact angles
of (CBzPho),-SiPc and PCDTBT are 97° and 96°, respectively. As
a comparison, the previously reported (3HS),-SiPc has a contact
angle of ~101°.*> We performed the same measurements on
ternary blends of PCDTBT, PC,;BM, and (CBzPho),-SiPc and
found that the addition of (CBzPho),-SiPc led to a slight
increase in the contact angle from 93.2° for 3wt% to 95.3° for
20 wt% and a slight drop in the corresponding surface energy
from 26.5 N mm ™" to 25.4 N mm™ " (Table 1 and Fig. S71). The
surface energy of (CBzPho),-SiPc is decreased and almost
matching with PCDTBT. This suggests an enhanced miscibility
and a decreased likelihood of phase separation between
(CBzPho),-SiPc and PCDTBT. The atomic force microscopy
(AFM) images (Fig. 3) show an increase in the feature size and

b) 0.09
(CBzPho),-SiPc
0.06 4
E 0.03 4
€
o
5 0.00
o
-0.03 4
-0.06 T T T T T
-2 -1 0 1 2
Potential (V)

(@) UV-Vis spectra of (CBzPho),-SiPc in a chloroform solution (dashed line) and thin film (solid line), (b) redox scans of cyclic voltam-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Surface characterization of thin films
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Sample® Contact angle (°) Surface energy’ (N mm ") Ref.
PCDTBT 96.7 (+£0.4) 24.3 (+£0.3) This work
PC,,BM 85.5 (+0.5) 31.3 (£0.3) This work
(CBzPho)2-SiPc 97.3 (+£0.4) 23.6 (+£0.4) This work
(3HS)2-SiPc 100.8(40.5) 21.8 (+£0.4) Ref. 32

3 wt% (CBzPho)2-SiPc” 93.2 (+£0.3) 26.5 (+£0.3) This work
20 Wt% (CBzPho)2-SiPc? 95.3 (+£0.4) 25.4 (+£0.3) This work

“ Pristine thin films spin casted on quartz substrates. ° Ternary thin films spin casted on quartz substrates. ¢ Surface energy was estimated using the

Neumann's method.

root-mean square roughness (RMS) of ternary films as the
(CBzPho),-SiPc concentration increased from 0 to 10%. While
an increased RMS of 2.5 nm was measured when 10 wt% of
(CBzPho),-SiPc is added, no large islands are present in the
phase images, suggesting the SiPc additive is not phase sepa-
rating into a distinct third phase.

Organic photovoltaic device characterization

(CBzPho),-SiPc was used as a ternary additive in BH]J
PCDTBT:PC,;BM inverted devices with the following structure:
ITO-PET/ZnO/PCDTBT:PC71BM:(CBZPhO)Z-SiPC/MOOx/Ag.

(CBzPho),-SiPc was added at four different concentrations 3, 5,
10 and 20 wt% relative to PCDTBT:PC,,BM binary blend. Fig. 4a
shows the J-V characteristics of the OPV devices as a function of
(CBzPho),-SiPc concentrations, and the corresponding device

parameters are summarized in Table S2.1 The PCDTBT:PC,,BM
baseline device (0% of (CBzPho),-SiPc) exhibited an average
PCE of 4.5% with an open circuit voltage (Vo) of 0.84 V, a short-
circuit current density (Jsc) of 9.4 mA cm ™2, a fill factor (FF) of
56.6%, which is consistent with previous reports.>***3¢ The
addition of (CBzPho),-SiPc compound as a ternary additive,
resulted in a consistent decrease in overall device performance
compared to the baseline devices. The addition of as little as
3 wt% of (CBzPho),-SiPc led to a drop in Jsc and FF values. This
reduction is likely due to energy offset between PCDTBT and
(CBzPho),-SiPc (Fig. S51). Although (CBzPho),-SiPc has shown
better miscibility with PCDTBT, the cascade energy transfer at
the interface of PCDTBT and (CBzPho),-SiPc is no longer
favorable. The devices exhibit significant charge recombination
losses, as investigated by light intensity-dependant measure-
ments (Fig. S8, S9, and Table S37), which is in correlation with

f)  10wt%

Fig. 3 Tapping mode AFM height (above) and corresponding phase (below) images of PCDTBT:PC,,BM:(CBzPho),-SiPc ternary blends with
various (CBzPho),-SiPc contents deposited by blade-coating (a and d) 0 wt% (rms roughness = 0.71 nm); (b and e) 5 wt% (rms roughness =

0.91 nm); (c and f) 10 wt% (rms roughness = 2.5 nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) J-V characteristics of PCDTBT:PC5;BM:(CBzPho),-SiPc ternary BHJ OPV devices fabricated by blade coating on ITO/PET substrates,

(b) corresponding EQE curves and (c) UV-Vis total absorption spectra of OPV devices.

the coarse texture observed in the AFM images. This charge
recombination loss has been previously associated to the SiPc
additives not being present at the interface which is consistent
with our contact angle measurements."”

External quantum efficiency (EQE) spectra show that the
addition of the (CBzPho),-SiPc compound significantly
enhanced the photon conversion in the wavelength region of
680-730 nm, corresponding to the (CBzPho),-SiPc peak
absorption (Fig. S6t). However, the addition of (CBzPho),-SiPc
decreased the PCDTBT:PC,;BM contribution in the region of
400-650 nm, which is consistent with the drop in Jsc likely due
to the disruption of desired BHJ morphology from the segre-
gation at donor phase.*®” The total absorption spectra of the
devices (Fig. 4c) show about the same pattern as the EQE
spectra. At loadings of 3-10 wt% of (CBzPho),-SiPc, we observe
a small drop in absorbance between 450 nm and 600 nm,
probably due to the thickness optimization (~75 nm), but its
drop is much smaller than the drop in the EQE spectra, which
indicates that more excited excitons failed to contribute to the
photocurrent with increasing (CBzPho),-SiPc content, probably
due to a hole trapping effect in the BHJ by (CBzPho),-SiPc.
When loading 20 wt% of (CBzPho),-SiPc, we notice a shoulder
peak appearing in the total absorption spectra at 650 nm, sug-
gesting that (CBzPho),-SiPc is disrupting the PCDTBT domain
but remains blended in the PCDTBT domain unlike in previ-
ously reported P3HT systems using (3HS),-SiPc,**® which led to
a tendency to aggregate into a third unique SiPc domain at high
loadings.

Conclusion

We designed and synthesized an N-9'-heptadecanyl-2,7-
carbazole functional SiPc ((CBzPho),-SiPc) with matching
functionality to PCDTBT to improve their miscibility. UV-Vis
absorption spectroscopy and electrochemical characterization
of (CBzPho),-SiPc revealed slightly shallower HOMO and LUMO
energy levels compared to typical silyl functionalized SiPcs. The
thin film contact angle and the resulting surface energy calcu-
lations suggest very similar characteristics between (CBzPho),-
SiPc and PCDTBT suggesting a good miscibility. As a ternary
additive in PCDTBT:PC,;BM OPV devices, CBzPho,-SiPc
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showed a significant EQE contribution from 680 to 730 nm;
however, decreased PCDTBT:PC,,BM contribution, resulting in
a net loss in the short-circuit current density suggested the
additive was not at the interface between donor and acceptor
and that the (CBzPho),-SiPc is likely dispersed in the PCDTBT
domain and acted as hole traps leading to a drop in the device
performance or this drop in performance could simply be
a result of poor ternary film morphology. This study further
suggests the importance of the solubility and miscibility of the
ternary additive when designing organic photovoltaic devices.

Conflicts of interest

The authors have no conflicts to declare.

Acknowledgements

The authors thank Mrs Raluca Movileanu, Dr Stephen Lang,
and Mr Eric Estwick from National Research Council Canada
for technical support. The Natural sciences and engineering
research council of canada (NSERC, RGPIN/2015-50 903 987 to
B. H. L) and the university of Ottawa are acknowledged for the
financial support. This work was supported by the NSERC Green
Electronics Network (GreEN) (grant no.: NETGP 508 526-17 to B.
H. L).

References

1 L. Lu, M. A. Kelly, W. You and L. Yu, “Status and prospects
for ternary organic photovoltaics”, Nat. Photonics, 2015,
9(8), 491-500, DOI: 10.1038/nphoton.2015.128.

2 T. Ameri, P. Khoram, J. Min and C. J. Brabec, “Organic
ternary solar cells: A review”, Adv. Mater., 2013, 25(31),
4245-4266, DOIL: 10.1002/adma.201300623.

3 F. Goubard and G. Wantz, “Ternary blends for polymer bulk
heterojunction solar cells”, Polym. Int., 2014, 63(8), 1362
1367, DOIL: 10.1002/pi.4636.

4 P. Bi and X. Hao, “Versatile Ternary Approach for Novel
Organic Solar Cells: A Review”, Sol. RRL, 2019, 3(1), 1-34,
DOI: 10.1002/s01r.201800263.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra00540a

Open Access Article. Published on 30 March 2022. Downloaded on 4/8/2026 5:59:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

5 B. H. Lessard, “The Rise of Silicon Phthalocyanine: From
Organic Photovoltaics to Organic Thin Film Transistors”,
ACS Appl. Mater. Interfaces, 2021, 13(27), 31321-31330, DOI:
10.1021/acsami.1c06060.

6 T. M. Grant, D. S. Josey, K. L. Sampson, T. Mudigonda,
T. P. Bender and B. H. Lessard, “Boron
Subphthalocyanines and Silicon Phthalocyanines for Use
as Active Materials in Organic Photovoltaics”, Chem. Rec.,
2019, 19(6), 1093-1112, DOI: 10.1002/tcr.201800178.

7 K. Mitra and M. C. T. Hartman, “Silicon phthalocyanines:
synthesis and resurgent applications”, Org. Biomol. Chem.,
2021, 1168-1190, DOI: 10.1039/d00b02299c.

8 M. T. Dang, T. M. Grant, H. Yan, D. S. Seferos, B. H. Lessard
and T. P. Bender, “Bis(tri-n-alkylsilyl oxide) silicon
phthalocyanines: A start to establishing a structure
property relationship as both ternary additives and non-
fullerene electron acceptors in bulk heterojunction organic
photovoltaic devices”, J. Mater. Chem. A, 2017, 5(24),
12168-12182, DOI: 10.1039/c6ta10739g.

9 T. M. Grant, N. A. Rice, L. Muccioli, F. Castet and
B. H. Lessard, “Solution-Processable n-Type Tin
Phthalocyanines in Organic Thin Film Transistors and as
Ternary Additives in Organic Photovoltaics”, ACS Appl.
Electron. Mater., 2019, 1(4), 494-504, DOIL 10.1021/
acsaelm.8b00113.

10 L. Ke, et al, “A Series of Pyrene-Substituted Silicon
Phthalocyanines as Near-IR Sensitizers in Organic Ternary
Solar Cells”, Adv. Energy Mater., 2016, 6(7), 1-13, DOIL
10.1002/aenm.201502355.

11 L. Ke, et al.,, “Panchromatic ternary/quaternary polymer/
fullerene BHJ solar cells based on novel silicon
naphthalocyanine and silicon phthalocyanine dye
sensitizers”, J. Mater. Chem. A, 2017, 5(6), 2550-2562, DOLI:
10.1039/c6ta08729a.

12 S. Ito, T. Hirata, D. Mori, H. Benten, H. Ohkita and S. Honda,
“Near-infrared dye sensitization of polymer/polymer thin-
film solar cells”, Mol. Cryst. Lig. Cryst., 2013, 578(1), 19-25,
DOI: 10.1080/15421406.2013.802971.

13 S. Honda, H. Ohkita, H. Benten and S. Ito, “Multi-colored
dye sensitization of polymer/fullerene bulk heterojunction
solar cells”, Chem. Commun., 2010, 46(35), 6596-6598, DOI:
10.1039/c0cc01787f.

14 B. Lim, J. T. Bloking, A. Ponec, M. D. McGehee and
A. Sellinger, “Ternary bulk heterojunction solar cells:
Addition of soluble NIR dyes for photocurrent generation
beyond 800 nm”, ACS Appl. Mater. Interfaces, 2014, 6(9),
6905-6913, DOI: 10.1021/am5007172.

15 T. M. Grant, T. Gorisse, O. Dautel, G. Wantz and
B. H. Lessard, “Multifunctional ternary additive in bulk
heterojunction OPV: Increased device performance and
stability”, J. Mater. Chem. A, 2017, 5(4), 1581-1587, DOLI:
10.1039/c6ta08593h.

16 M. C. Vebber, T. M. Grant, ]J. L. Brusso and B. H. Lessard,
“Bis(trialkylsilyl oxide) Silicon Phthalocyanines:
Understanding the Role of Solubility in Device
Performance as Ternary Additives in  Organic

© 2022 The Author(s). Published by the Royal Society of Chemistry

17

18

19

20

21

22

23

24

25

26

27

28

View Article Online

RSC Advances

Photovoltaics”, Langmuir, 2020, 36(10), 2612-2621, DOI:
10.1021/acs.langmuir.9b03772.

S. Honda, H. Ohkita, H. Benten and S. Ito, “Selective dye
loading at the heterojunction in polymer/fullerene solar
cells”, Adv. Energy Mater., 2011, 1(4), 588-598, DOI:
10.1002/aenm.201100094.

S. Beaupré and M. Leclerc, “PCDTBT: En route for low cost
plastic solar cells”, J. Mater. Chem. A, 2013, 1(37), 11097-
11105, DOI: 10.1039/c3ta12420g.

Z. Zhang, H. Ding, S. Alem, R. Griffin, Y. Tao, G. Xiao,
A. Pardasani, H. Xu, C. Arsenault and G. Newsham,
Printed Sensors for Building Management, 2018
International Flexible Electronics Technology Conference
(IFETC), 2018, pp. 1-3, DOI: 10.1109/IFETC.2018.8583970
C. Sundaresan, S. Alem, C. L. Radford, T. M. Grant,
T. L. Kelly, J. Lu, Y. Tao and B. H. Lessard, Changes in
Optimal Ternary Additive Loading when Processing Large
Area Organic Photovoltaics by Spin- versus Blade-Coating
Methods, Sol. RRL, 2021, 5(10), 2100432, DOI: 10.1002/
solr.202100432.

B. Fan, W. Zhong, X. F. Jiang, Q. Yin, L. Ying, F. Huang and
Y. Cao, Improved Performance of Ternary Polymer Solar
Cells Based on A Nonfullerene Electron Cascade Acceptor,
Adv. Energy Mater., 2017, 7(11), 1602127, DOIL 10.1002/
aenm.201602127.

L. Ye, B. A. Collins, X. Jiao, J. Zhao, H. Yan and H. Ade,
“Miscibility-Function Relations in Organic Solar Cells:
Significance of Optimal Miscibility in Relation to
Percolation”, Adv. Energy Mater., 2018, 8(28), 1-15, DOL:
10.1002/aenm.201703058.

J. W. Jung, et al, “Fluoro-substituted n-type conjugated
polymers for additive-free all-polymer bulk heterojunction
solar cells with high power conversion efficiency of
6.71%”, Adv. Mater., 2015, 27(21), 3310-3317, DOI:
10.1002/adma.201501214.

Q. Fan, et al., “Synergistic effect of fluorination on both
donor and acceptor materials for high performance non-
fullerene polymer solar cells with 13.5% efficiency”, Sci.
China: Chem., 2018, 61(5), 531-537, DOL 10.1007/s11426-
017-9199-1.

S. Alem, J. Lu, R. Movileanu, T. Kololuoma, A. Dadvand and
Y. Tao, “Solution-processed annealing-free ZnO
nanoparticles for stable inverted organic solar cells”, Org.
Electron., 2014, 15(5), 1035-1042, DOI: 10.1016/
j-orgel.2014.02.024.

N. Blouin, A. Michaud and M. Leclerc, “A low-bandgap
poly(2,7-carbazole) derivative for use in high-performance
solar cells”, Adv. Mater., 2007, 19(17), 2295-2300, DOI:
10.1002/adma.200602496.

N. J. Yutronkie, T. M. Grant, O. A. Melville, B. H. Lessard and
J. L. Brusso, “Old molecule, new chemistry: Exploring silicon
phthalocyanines as emerging N-type materials in organic
electronics”, Materials, 2019, 12(8), 5-10, DOI 10.3390/
mal12081334.

B. H. Lessard, et al., “Assessing the potential roles of silicon
and germanium phthalocyanines in planar heterojunction
organic photovoltaic devices and how pentafluoro

RSC Adv, 2022, 12, 10029-10036 | 10035


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra00540a

Open Access Article. Published on 30 March 2022. Downloaded on 4/8/2026 5:59:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

phenoxylation can enhance m-m Interactions and device
performance”, ACS Appl. Mater. Interfaces, 2015, 7(9), 5076-
5088, DOI: 10.1021/am508491v.

29 B. H. Lessard, T. M. Grant, R. White, E. Thibau, Z. H. Lu and
T. P. Bender, “The position and frequency of fluorine atoms
changes the electron donor/acceptor properties of
fluorophenoxy silicon phthalocyanines within organic
photovoltaic devices”, J. Mater. Chem. A, 2015, 3(48),
24512-24524, DOI: 10.1039/c5ta07173a.

30 M. C. Vebber, T. M. Grant, J. L. Brusso and B. H. Lessard,
Bis(trialkylsilyl Oxide) Silicon Phthalocyanines: Under-
standing the Role of Solubility in Device Performance as
Ternary Additives in Organic Photovoltaics, Langmuir,
2020, 36(10), 2612-2621, DOI: 10.1021/
acs.langmuir.9b03772.

31 D. Li and A. W. Neumann, “A reformulation of the equation
of state for interfacial tensions”, J. Colloid Interface Sci., 1990,
137(1), 304-307, DOI: 10.1016/0021-9797(90)90067-X.

32 H. Xu, T. Wada, H. Ohkita, H. Benten and S. Ito, “Molecular
Design of Near-IR Dyes with Different Surface Energy for
Selective Loading to the Heterojunction in Blend Films”,
Sci. Rep., 2015, 5, 1-5, DOI: 10.1038/srep09321.

33 N. Yi, et al, “Miscibility Matching and Bimolecular
Crystallization  Affording High-Performance Ternary
Nonfullerene Solar Cells”, Chem. Mater., 2019, 31(24),
10211-10224, DOI: 10.1021/acs.chemmater.9b03935.

10036 | RSC Adv, 2022, 12, 10029-10036

View Article Online

Paper

34 M. Thambidurai, et al., “High performance inverted organic
solar cells with solution processed Ga-doped ZnO as an
interfacial electron transport layer”, J. Mater. Chem. C,
2013, 1(48), 8161-8166, DOI: 10.1039/c3tc31650€.

35 I. Lee, J. Noh, J. Y. Lee and T. S. Kim, “Cooptimization of
Adhesion and Power Conversion Efficiency of Organic
Solar Cells by Controlling Surface Energy of Buffer Layers”,
ACS Appl. Mater. Interfaces, 2017, 9(42), 37395-37401, DOL:
10.1021/acsami.7b10398.

36 Z. Li, et al., “Toward Improved Lifetimes of Organic Solar
Cells under Thermal Stress: Substrate-Dependent
Morphological Stability of PCDTBT:PCBM Films and
Devices”, Sci. Rep., 2015, 5(October), 1-9, DOI: 10.1038/
srep15149.

37 S. Honda, T. Nogami, H. Ohkita, H. Benten and S. Ito,
“Improvement of the light-harvesting efficiency in polymer/
fullerene bulk heterojunction solar cells by interfacial dye
modification”, ACS Appl. Mater. Interfaces, 2009, 1(4), 804-
810, DOI: 10.1021/am800229p.

38 B. H. Lessard, J. D. Dang, T. M. Grant, D. Gao, D. S. Seferos
and T. P. Bender, “Bis(tri-n-hexylsilyl oxide) silicon
phthalocyanine: A wunique additive in ternary bulk
heterojunction organic photovoltaic devices”, ACS Appl
Mater. Interfaces, 2014, 6(17), 15040-15051, DOIL: 10.1021/
am503038t.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra00540a

	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a

	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a

	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a
	Design of ternary additive for organic photovoltaics: a cautionary taleElectronic supplementary information (ESI) available. See DOI: 10.1039/d2ra00540a


