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ABSTRACT: Fullerenes are currently the most popular
electron-acceptor material used in organic photovoltaics
(OPVs) due to their superior properties, such as good
electron conductivity and efficient charge separation at the
donor/acceptor interface. However, low absorptivity in the
visible spectral region is a significant drawback of fullerenes. In
this study, we have designed a zinc chlorodipyrrin derivative
(ZCl) that absorbs strongly in the visible region (450—600
nm) with an optical density 7-fold higher than a Cq, film. ZCl
efficiently transfers absorbed photoenergy to Cg, in mixed
films. Application of ZCl as an energy sensitizer in OPV

devices leads to an increase in the photocurrent from the acceptor layer, without changing the other device characteristics, i.e.,
open circuit voltage and fill factor. For example, Cgy-based OPVs with and without the sensitizer give 4.03 and 3.05 mA/cm?,
respectively, while both have V¢ = 0.88 V and FF = 0.44. Our ZCl sensitization approach improves the absorbance of the
electron-acceptor layer while still utilizing the beneficial characteristics of Cg, in OPVs.

B INTRODUCTION

Organic solar cells, or organic photovoltaics (OPV), are a
promising energy source as they offer potential advantages over
the conventional inorganic photovoltaics, including lightweight,
flexibility, and low cost roll-to-roll production. A typical OPV
device consists of separate electron-donor and -acceptor
materials, which are responsible for light absorption and charge
generation, as excitons dissociate at the donor/acceptor (D/A)
interface.' > While research has largely focused on the
development of new donor materials, fullerenes remain the
most popular acceptor materials because of their good electron
conductivity*™® and ability to promote efficient D/A charge
separation.”® Fullerenes have been shown to perform well with
a variety of donor materials,® and all of the reported high
efficiency OPV devices utilize fullerene acceptors.” A key
drawback of the most commonly used fullerene Cqj is its low
absorption in the visible part of the spectrum, due to the
symmetry forbidden nature of the lowest energy electronic
transition, 4 = 670 nm. A neat C4; film shows a high optical
density between 400—500 nm assigned to an intermolecular
charge-transfer (CT) absorption.'® The poor overlap of this Cq,
absorption with the AM1.5G solar flux (Figure 1) requires that
the donor material(s) collect the majority of the incident
photons. As absorption of the donor material is extended to the
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Figure 1. Absorption spectra of C60 in neat films (black circles),
toluene solution (blue squares), and AM1.5G solar photon flux (red).

near-infrared (NIR), the green-to-orange part of the spectrum
is left unabsorbed due to the relatively narrow absorption bands
of organic dyes."' ™"

In order to efficiently harvest solar energy, it would thus be
desirable to have new acceptor materials that strongly absorb
visible light, while also retaining the favorable electron mobility
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and charge separation efficiencies found in fullerenes. In this
way, light absorption could be more equitably distributed
between the donor and acceptor materials, potentially allowing
the device’s photoresponse to be fully extended into the NIR.
Unfortunately, the performance of nonfullerene acceptors is
generally inferior to that of fullerenes.”®***" Energy sensitiza-
tion of fullerenes is an alternative method to improve both the
breadth and the efficiency of visible light absorption in
fullerene-based acceptors.

The sensitization of phenyl-Cq)-butyric acid methyl ester
(PCBM) using a perylene diimide (PDI) derivative has been
recently reported by Hesse et al.”* It was shown that the
PCBM-PDI blend worked well with the UV-absorbing
hexabenzocoronene donor but not with a red-NIR-absorbing
polymer donor.** This dependence on donor material might be
the result of dissimilarities between the molecular shapes of
PDI (flat) and PCBM (ball-like), leading to unfavorable phase
separation between the two acceptors. Moreover, while the
singlet energy of PDI is h%gher than that of PCBM, the triplet
energy of PDI (1.2 eV)**** is lower (PCBM triplet = 1.55 eV).
Thus, it is possible that singlet energy passed from PDI to
PCBM can, after intersystem crossing (ISC), undergo triplet
transfer back to PDI as was previously observed in a PDI-Cg,
dyad. >’ From the energetic standpoint, this energy ping-
pong effect (illustrated in Figure 2a) is an undesirable process
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Figure 2. Energy diagram showing sensitization pathways in two cases:
(a) a sensitizer (e.g, PDI or DCV3T) having higher singlet energy but
lower triplet energy than C4, and (b) a sensitizer having both singlet
and triplet energies higher than that of Cg. There are three possible
pathways for sensitization: A, singlet transfer; B, triplet transfer; and C,
electron transfer to form a CT state, which decay to triplet state of Cq,
if the CT state energy is higher than Cg, triplet. If the energy of the
CT state is lower than Cg triplet, it will act as a trap state (CT trap).

because the absorbed light energy is not confined to the
fullerene, causing energy loss due to the low energy of
sensitizer’s triplet. In addition, even though a photoresponse
from PDI was observed in a device using a blended PCBM-PDI
acceptor layer, it remains unclear whether the observed
photocurrent comes from energy sensitization of PCBM or
from direct charge separation between PDI and the donor at
the D/A interface. A similar energy ping-pong effect in a
dicyanovinyl-terthiophene (DCV3T)-Cg, acceptor blend has
been intentionally utilized in OPV devices®®”” where it was
postulated that the triplet of DCV3T induced charge separation
at the D/A interface.”® Even though, as stated above, triplet
transfer back to the sensitizer is undesired, in this case the
conductivity and fill factor (FF) of OPV devices using these
blended acceptors were improved compared to the devices
using a neat DCV3T acceptor.

To take full advantage of the superior electron transport
properties of Cy, while minimizing possible energy loss by back
triplet energy transfer from Cg, to the sensitizer, the sensitized
energy is confined to C4,. We have designed a blended acceptor
layer where Cg, is used as the host material that conducts both
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excitons and electrons and a sensitizer that serves as a light
absorbing guest. Upon excitation of the sensitizer, energy is
transferred to the Cg, host and subsequently transported to the
D/A interface where, after charge separation, electrons are
conducted by the C, host to the electrode. In our sensitization
approach, metal dipyrrin complexes are employed to enhance
the ability of a C4 based acceptor layer to generate
photocurrent from absorption in the green-to-orange part of
the solar spectrum. Energy sensitization to fullerenes has been
previously explored in solution by studying covalently linked
dyads containing fullerene and dipyrrins.*>>" However, these
compounds have not been used as sensitizers in solid state
devices, such as OPVs, where the CT absorption band of Cg,
dominates the photoresponse.

B RESULTS AND DISCUSSION

Molecular Design for Sensitizers. Three possible path-
ways to sensitize Cg, via photoexcitation of a sensitizer are
shown in Figure 2b: (A) singlet energy transfer, (B) triplet
energy transfer, or (C) electron transfer from sensitizer to Cg,
followed by charge recombination to the triplet state of Cg,. It
is important that all three pathways be viable for the
sensitization of Cg, because the nonviable pathway can act as
an exciton or charge trap in the mixed Cg, film. The three
pathways impose several requirements for an efficient
sensitizer: (1) Both singlet and triplet energies of the sensitizer
need to be greater than Cg, to guarantee efficient energy
transfer to Cy. (2) the oxidation potential has to be sufficiently
high to ensure that the energy of the CT state (i.e., Sen Cq,*),
if formed, is greater than that of the triplet state of Cgo, Eqoy

triplet
To a first approximation, the CT energy is given by —q(E%
EC60

ox
red

— AE(, where g is the elementary charge, E3;" and ESP
are the oxidation potential of sensitizer and reduction ;)otential
of Cg, respectively, and AE. (estimated ~0.3 V)™ is the
Columbic interaction between the sensitizer cation and Cg,
anion. Given a Cg, reduction potential of —1.06 V (vs Fc/
Fc'),>® EX" must be >0.74 V to satisfy this criterion. If the
energy of the CT state Sen"Cyg,~ is lower than Cqj triplet state,
it will serve as a net electron donor to Cg,>* forming a charge
trap state in our host—guest acceptor layer (Figure 2b). This
type of charge trapping is a potential problem in previous works
that involved blending an additional donor material into Cg,
layer.*>*® (3) In order to maintain good electron conductivity
by the Cg, host, the reduction potential of the sensitizer has to
be lower (more negative) than Cg, to ensure that electrons are
conducted by C4, without being trapped by the sensitizer. (4)
In addition, it is desirable that the molecular size and shape of
the sensitizer should be similar to Cg, so as to not severely
disrupt the molecular packing and thus maintain good electron
conductivity in the Cgybased acceptor layer. It should be
emphasized that our design strategy is different from the
previous works with PDI or DCV3T,** as all energy absorbed
in the acceptor layer will ultimately be located on the Cq, host.

Singlet and triplet energies as well as reduction and oxidation
potentials of Cy, are summarized in Table 1. While there are
many organic dyes that have strong absorption in the visible
spectrum and higher singlet energy than Cg, there are only a
few classes of organic compounds exhibiting higher or similar
triplet energy to Cgo as well. Dipyrrins (Ep = 1.82 eV)*” and
porphyrins (1.60—1.65 eV)***® meet these criteria, however
the flat molecular shape of forphyrins is very different from
Cyo- Zinc dipyrrin complexes™® have a quasi-spherical shape and
size similar to Cg,. Both singlet40 and triplet®” energies of
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Table 1. Photophysical and Electrochemical Properties of
ZH, ZCl, and C; in Solution and Thin Films

solution thin film
Eg  Er E, EX QE t_ E  E
(V)* (V) (V)" W' (%) () (V) (eV)
ZH 2.54 1.82° +0.71 —1.94 41 3.9 2.33 -
ZCl 2.37 1.75° +1.22 —1.30 18 2.2 2.22 1.65
Co 186 1557  +126° -106 — - 184 150,
1.444

“Determined by the midpoint between the normalized absorption and
emission spectra recorded in cyclohexane. “vs Fc*/Fc. “Measured in 2-
MeTHEF at 77K. “Ref 45. “Ref 33.”In cyclohexane.

dipyrrin complexes are higher than those of Cg, Another
benefit of the dipyrrin complexes over porphyrins is that the
energy levels of zinc dipyrrins complexes are readily tunable via
chemical modification of pyrrole rings or substituents at the
meso position and prepared by straightforward synthetic
procedures.* Zinc dipyrrins have been used as linkers and/or
light absorbers in multichromorphoric light absorbing**** or
charge separating systems* in solution, but have not been used
in OPV devices.

Synthesis and Characterization of the Sensitizer. The
unsubstituted bis(S-mesityldipyrrinato) zinc (ZH) was synthe-
sized and characterized following a published procedure.*
Unfortunately, the oxidation potential of ZH (+0.71 V vs Fc*/
Fc) is not sufficient to satisfy requirement (2) above, and a low-
energy CT state is expected, i.e, ZH'Cy,™. Indeed, ZH can be
used as a donor material in OPV devices using Cq, as the
acceptor (see SI). In order to raise the oxidation potential of
zinc dipyrrin, high electron affinity substituents, i.e., Cl atoms,
were added to the pyrrole rings.

The synthesis of a chlorinated zinc dipyrrin is summarized in
Scheme 1. The final product was obtained as an inseparable
mixture of two complexes, having either 11 (ZCl;;) or 12
(ZCly,) chlorine atoms, in a respective molar ratio of 1:3 (17%
yield). The unique site of the residual pyrrolic hydrogen of the
ZCl,; derivative (indicated in red in Scheme 1) was confirmed
by standard and 1D NOESY NMR techniques (SI). Attempts
to separate these derivatives using column chromatography,
recrystallization, or thermal gradient sublimation were un-
successful. The ZCl,:ZCl;; ratio could be increased using
either longer reaction times or elevated temperatures; however,
the yields obtained under these conditions were so
unacceptably low (1—5%) that the 1:3 mixture of ZCl;;:ZCl,,
(abbreviated ZCl) was used for all subsequent experiments. An
X-ray analysis was performed on a co-crystal of ZCl;; and
ZCly,, and the molecular structure is shown in Figure 3 (the
atom marked in red can be either H or Cl with an occupancy
ratio H:Cl = 1:3). The two dipyrrin ligands are held nearly
perpendicular to each other through Zn center with a dihedral
angle of 87.6°, forming a quasi-spherical molecular shape. The

Figure 3. (a) ORTEP diagram of ZCl and (b) space filling models of
ZCl (upper) and Cq (lower) with the proportional sizes as
determined from X-ray single crystal data. The atom marked in red
can be either H or Cl with an occupancy ratio H:Cl = 1:3.

molecular volume of ZCl (1000 A®) is similar to that of Cy,
(725 A3) as estimated from the crystal structure.**
Electrochemical measurements of ZCl carried out in
dichloromethane with Fc"/Fc as the internal standard are
presented in Figure 4. ZCl undergoes irreversible oxidation at
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Figure 4. CV and DPV diagrams of ZCl in dichloromethane (vs Fc*/
Fc). Scan rate = 100 mV/s.

+1.22 V and two reversible reductions at —1.30 and —1.54 V
(vs Bc*/Fc). Since no discernible difference was observed in the
redox potentials of ZCl,; and ZCl,,, the electronic properties of
the two compounds were evaluated using DFT calculations. In
agreement with the experimental data, ZCl;, and ZCl,, have
similar energies for their respective highest occupied molecular
orbitals (HOMO = —6.13 and —6.25 eV), lowest unoccupied
molecular orbitals (LUMO = —3.23 and —3.29 eV), and triplet
states (Ep = 1.70 eV for both).

The absorption and emission spectra of ZCl in cyclohexane
solution and neat film are shown in Figure S; the photophysical
properties are summarized in Table 1. ZCl displays an intense
absorption band between 450—600 nm and is strongly
fluorescent in cyclohexane at room temperature (quantum
yield = 18%, 7 = 2.2 ns). Phosphorescence (4, = 710 nm,
lifetime of ~0.5 ms) of ZCl was observed in 2-methyltetrahy-
drofuran (2-MeTHF) at 77 K (Figure 4a). Chlorination slightly
lowers both singlet and triplet states of ZCl compared to ZH by
170 and 70 meV, respectively. However, the singlet and triplet
energies of ZCl are still significantly higher than Cgj, satisfying
requirement (1) for the sensitizer. Chlorination significantly

Scheme 1
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Figure S. Absorption (blue) and emission (red) spectra of (a) solution
of ZCl in cyclohexane at room temperature, inset is the
phosphorescence of ZCl measured in 2-MeTHF at 77K, excitation =
460 nm and (b) ZCl film at room temperature, excitation = 460 nm.
The thin film absorption spectrum of Cg4 is also shown for
comparison.

increases the oxidation potential from +0.71 (ZH) to +1.22 V
(ZCl). In addition, the reduction potential of ZCl is 240 mV
more negative than that of Cg. Thus, the oxidation and
reduction potentials of ZCl satisfy the sensitizer requirements
(2) and (3), respectively.

The optical density of neat ZCl thin films is nearly 7-fold
greater than that of Cq; in the range between 470 and 570 nm
(Figure Sb). Interestingly, both fluorescence and phosphor-
escence were observed in a neat film at room temperature
(Figure Sb). Despite a 60 nm red shift of the phosphorescence
peak of the thin film compared to that in 2-MeTHF solution at
77K, the triplet energy of ZCl is still 0.15 eV higher than that of
Cgo- Thus, the energy levels of ZCl in the neat films also fulfill
the requirement (1) given above for the sensitizer. Moreover,
significant overlap exists between ZCl emission and Cg,
absorption spectra, assisting singlet energy transfer from the
sensitizer to the Cg, host by the Forster mechanism.

Photosensitization Study. The photosensitization effi-
ciency was quantified by Stern—Volmer quenching measure-
ments of ZCl:Cy, mixtures in toluene solution (see SI). ZCl
emission is efficiently quenched by Cy, with a rate constant for
luminescent quenching at the diffusion controlled limit. To
examine whether energy transfer processes from ZCl to Cg, will
lead to sensitization in the solid state, absorption, and
photoluminescence (PL) spectra were collected from neat
Cgo and mixed Cg:ZCl films with varied blending ratios (Figure
6). Note that the amount of Cg, in these films is kept constant.
In all blended samples, the fluorescence of ZCl was completely
quenched, and emission bands with spectral profiles identical to
neat C4, were observed between 700—900 nm. The
luminescence from the thin films is assigned to the excited
singlet state of Cg, since the band shape and peak maximum
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Figure 6. Absorption (solid symbols) and emission under excitation at
514 nm (open symbols) of S0 nm Cg, film (black circle) and S9 nm
Cg:ZCl film (blue triangle, 15% ZCl by volume) and 75 nm Cyy:ZCl
film (red square, 35% ZCl by volume). Also shown is an energy level
diagram (eV) for energy transfer from ZCl to Cg.

(Amax = 737 nm) match well with published fluorescence
spectra of Cg,*®*” and differ markedly in peak position from the
phosphorescence of ZCl (Figure S). The fluorescence intensity
increased with higher ZCl content and consequent rise in
absorbance from the blended films. Thus, the PL measurements
indicate that photoexcited ZCl transfers energy to the Cg, host
in the thin films, resulting in increased fluorescence from Cgy.
The luminescent quenching of ZCl could occur via either
Forster energy transfer or through an electron transfer
mechanism to form a ZCI*C4,~ CT intermediate. The energy
of this CT state is estimated to be 2.0 eV, so it would be
expected to transfer energy to Cg, promoting it to its singlet
excited state.>"**

Another sensitization pathway in the Cyy:ZCl blend is triplet
energy transfer from ZCl to Cg, (pathway B in Figure 2b).
Luminescent spectra of ZCl in both solution and neat solid
clearly show competitive ISC to the triplet state. However, the
rate of ISC is at best 3.7 X 10° s, which is orders of magnitude
smaller than the quenching rate constant by C4, determined
from Stern—Volmer quenching experiments. Regardless, any
triplets formed on ZCl can be subsequently transferred to the
lower triplet state of Cg,. Thus, in all possible pathways of
either singlet, triplet, or electron transfers from the ZCl to the
Ceo the triplet energy of Cg, is the lowest state, assuring that
the sensitized energy is cascaded to the Cgq, host according to
the design presented in Figure 2b.

Morphology of Cgy:ZCl Films. Since the blended Cg:ZCl
films will be used in OPV devices, it is important to understand
any effect that the presence of ZCl has on molecular packing of
Cgo in the solid state or phase separation of the mixture. Atomic
force microscopy (AFM) and grazing incident X-ray diffraction
(GIXD) measurements were carried out on thin films of Cg,
(50 nm), ZCl (50 nm), and mixed C4,:ZCl (1:1, 100 nm), and
the results are presented in Figure 7. GIXDs of neat ZCl films
and mixed C4y:ZCl films at different concentrations are
presented in SI. The neat Cg, film shows six diffraction peaks
at 0.77, 1.27, 1.48, 2.01, 2.19, and 2.32 A™!, which are indexed
to the fcc crystal phase as the 111, 220, 311, 420, 422, and 333
peaks, respectively,* whereas the neat films of ZCl are
amorphous. Upon addition of ZCl, the Cg, phase becomes
substantially more disordered as indicated by the dramatic
broadening of the diffraction rings, reduced peak intensity, and
the inability to resolve the 220 and 311 peaks. Thus, the GIXD
measurements show that the mixed films become nanocrystal-
line or amorphous upon addition of the ZCl sensitizer.

dx.doi.org/10.1021/ja4043356 | J. Am. Chem. Soc. 2013, 135, 11920—11928
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Figure 7. GIXD data of (a) neat Cgy and (b) mixed Cg,:ZCl 1:1 films
on Si substrates. AFM images (S X S um) of (c) neat Cq, (d) mixed
Cg:ZCl 1:1 by volume and (e) neat ZCl films on Si substrates.
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Analysis by AFM techniques also supports a decrease in
molecular order in the blended ZCl:Cy, films. AFM images of
neat films of Cq, were found to be rough (rms = 1.85 nm),
whereas neat films of ZCl were smooth (rms = 0.59 nm).
Interestingly, the AFM image of the 1:1 mixed film shows no
sign of phase separation and is quite smooth (rms = 0.39 nm).
The phase sensitive AFM image showed no features, consistent
with homogeneously mixed film. Thus, the AFM and GIXD
data indicate that ZCl guest molecules are homogeneously
dispersed in the Cg, host, which is likely due to similar the sizes
and shapes of both compounds. Homogeneous dispersion of
ZCl into Cg is also beneficial for efficient photosensitization as
the ZCl molecules will be located in close proximity to the Cg
molecules.

Application in OPV Devices. OPVs were fabricated with a
common multilayer structure of ITO/MoQ;/donor/acceptor/
buffer/Al. Since the purpose of this work is to explore the
sensitization process in the visible spectrum, the UV absorbing
N,N'-di-[(1-naphthyl)-N,N’-diphenyl]-1,1’-biphenyl)-4,4’-dia-
mine (NPD) was chosen as the donor material. NPD shows
negligible absorption at wavelengths longer than 400 nm, which
allows the photoresponse from the ZCl sensitizer and Cg, to be
unambiguously assigned. MoOj; is used to improve hole
extraction efficiency from the donor layer. The acceptor layer
can be neat Cq, or mixed Cg;:ZCl with various architectures,
and the buffer layer is bathocuproine (BCP). In the reference
device, the optimal thickness of the neat Cg, acceptor layer is
40 nm, increasing Cg, thickness results in the decrease in
photocurrent and subsequently lower device efficiency (see
Table S1). Thus, the thickness of Cg, used in reference devices
is kept constant at 40 nm.

There are several ways to construct the sensitized devices;
one straightforward method is to deposit the mixed
Cgo:sensitizer film with varied sensitizer concentrations directly
on the donor layer, as was done in previous works.***’
Unfortunately, this simple architecture creates ambiguity as to
whether any photoresponse from the sensitizer originates from
photosensitization of Cg, or from direct charge separation
between donor and sensitizer at the D/A interface. Thus,
sensitized devices with a structure ITO/MoO;/NPD/C,/
Cgo:ZCl/BCP/Al were constructed to prevent any direct
contact of ZCl with the donor layer. Current—voltage (J—V)
and external quantum efficiency (EQE) curves of OPV devices
utilizing a Cgo:ZCl layer with 15% (D2) and 50% (D3) of ZCl
by volume on top of a thin Cg, layer (S nm) are presented in
Figure 8. The device characteristics are summarized in Table 2.
The values for the open circuit voltage (V) and fill factor
(FF) in both sensitized devices remain unchanged from those
for the reference device D1. Seeing as all three devices have the
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Figure 8. Structure and characteristics of OPV devices using an NPD
donor layer with and without ZCL (a) Plot of EQE, inset is the device
structure, and (b) J—V curves of devices under 1 sun AM1.SG
illumination.

same NPD/Cy, interface, the thermodynamics and kinetics of
the charge separation/recombination processes at this DA
boundary are identical, and consequently, the V¢ is unaffected.
The unaltered FF value in devices D2—3 indicates that the
charge collection efficiency is well maintained despite the lower
crystallinity of the mixed Cgy:ZCl film. The high conductivity of
Ceo along with the similar size and shape of ZCl and Cg,
allows a homogeneous Cy,:ZCl layer to form with sufficient
percolation pathways in Cg4 to enable good electron
conduction. In a related study, we have investigated the effect
of mixing an inert material, BCP, into C4, and found that the
conductivity of C4, was not affected even in films that had up to
50% BCP by volume, i.e., the same ZCl loading used here.*’

The photocurrents of the devices drop as the ZCl
concentration increases, D1 > D2 > D3. The reduction in
photocurrent can be understood from EQE measurements
(Figure 8a). EQE clearly indicates the contribution of the
sensitizer ZCl (peak maximum at S50 nm) to the photocurrents
in devices D2 and D3, with the ZCI photoresponse
proportional to its concentration. As there is no direct contact
between ZCl and the donor layer, the increased photoresponse
between 500 and 600 nm in D2 and D3 must come from
photoenergy absorbed by ZCl and subsequently transferred to
Ceo- In contrast, the photoresponse from Cg, decreases as ZCl
concentration increases in devices D2 and D3. The loss of Cg,
response is due to the decrease in absorption of Cy; as blending
concentration increases.”” This decrease is slightly larger than
the increase due to ZCl sensitization, resulting in a net decrease
in the photocurrent of D2 and D3.

It is desirable to maintain the photoresponse from Cyq, while
maximizing the photoresponse from the sensitizer ZCl, thus

dx.doi.org/10.1021/ja4043356 | J. Am. Chem. Soc. 2013, 135, 11920—11928
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Table 2. Characteristics of OPV Devices under Spectral Mismatch Factor Corrected 1 sun AM1.5G Illumination®

device structure of the acceptor layers Jsc (£0.05 mA/cm?) Voc (£0.01 V) FF (+0.01) n (£0.04%)
Donor = NPD, 11 nm
D1 Cgor 40 nm 3.04 0.88 0.44 1.19
D2 Cgo § nm/Cp:ZCl (5.6:1), 40 nm 2.92 0.89 0.46 117
D3 Cep 5 nm/Cep:ZCl (1:1), 40 nm 2.51 0.88 0.46 1.06
D4 Cyo 15 nm/Cey:ZCl (1:1), 30 nm 3.87 0.89 0.43 148
DS Cyo 25 nm/Cgy:ZCl (1:1), 20 nm 3.53 0.89 044 135
D6 Cyo 35 nm/Cey:ZCl (1:1), 10 nm 323 0.88 0.44 125
D7 Cyo 15 nm/Cgy:ZCl (1:1), 50 nm 403 0.88 044 1.56
D8 Cep 25 nm/Cey:ZCl (1:1), 50 nm 3.90 0.90 044 148
Donor = SQ, 11 nm
D9 Cgoy 40 nm 5.88 0.76 0.53 2.39
DI0 Cyo 15 nm/Cey:ZCl (1:1), 50 nm 7.07 0.78 0.51 278

“Common device structure: ITO/MoO; (10 nm)/D/A/BCP (7 nm)/Al

sensitized devices with a high ZCl concentration (50%) were
chosen for further optimization. In order to determine the
thickness of neat Cg, needed to recover the its photoresponse, a
series of devices consisting of a constant thickness of the
acceptor layer (45 nm) and varied thicknesses of the neat Cy,
layer at D/A interface, ITO/MoQO;/NPD/C, (x nm)/Cgy:ZCl
(1:1, 45 — x nm)/BCP/Al, has been fabricated. EQE
measurements of these devices are presented in Figure 9, and

—a—D1:x=40,y=0

40 Ce —e—D4:x=15,y=30

| —a—D5: x =25,y = 20

ZCl ——D6: x =35,y =10

30+ | —

2 Al

S BCP, 7 nm

gzo- CoyiZC1 111, y nm
w C,, X nm
NPD, 11 nm
104 Mo0,, 10 nm

L Imo |

0 prepy

400 500 600 700 800
Wavelength (nm)

Figure 9. EQE measurements of sensitized devices with varied Cq,
layer thicknesses at the D/A interface.

the device characteristics are summarized in Table 2. As the
thickness of the neat layer of Cy, increases from S nm (D3) to
15 nm (D4), the photoresponse of Cg is fully recovered, while
a significant contribution from ZCl is still observed. A further
increase of Cg, thickness to 25 nm (DS) markedly decreases
the ZCl photoresponse along with the same response
photoresponse from Cg. When 35 nm of Cg, is used (D6),
no photoresponse from ZCl is observed despite much higher
optical density of ZCl compared to Cq, (Figure Sb), likely due
to limited diffusion length of the sensitized excitons.
Sensitized devices with a 15 nm of Cg; at the D/A interface,
the minimal thickness necessary for Cg, photoresponse
recovery, were further optimized by varying the thicknesses
of the mixed Cgy:ZCl (1:1) layer. The results are presented in
Figure 10a. Similar to other sensitized devices, the FF and V¢
remains largely unchanged, and only photocurrent Jgc varies as
the thickness of mixed Cgy:ZCl layer changes. The Jsc value
maximizes at a mixed layer thickness of 50 nm. Compared to
the control device D1 using only neat Cg, as acceptor layer, D7
exhibits a markedly higher photocurrent (AJc = 1.0 mA/cm?).
Thus, the improved Jsc, in combination with unchanged V¢
and FF, results in an increase of the power conversion efliciency
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Figure 10. (a) Characteristics of sensitized devices with a neat layer of
Cgo (x = 15 nm) and varied thicknesses (y nm) of the blended Cy,:ZCl
layers; y = O represents the reference device with 40 nm of neat Cq as
the acceptor layer; and (b) plot of EQE of D1 and optimized device
using sensitizer (D7), inset is the device structure.

from 1.16% (D1) to 1.56% (D7). Further increasing the
thickness of neat Cg, at the D/A interface from 15 nm (D7) to
25 nm (D8) results in slight decrease in photocurrent and
subsequent efficiency (Table 2). Thus, the acceptor layer used
in D7 is the optimal structure for the sensitized devices.

As the absorption of donor materials is extended to the red-
NIR part of spectrum, the green-to-orange part is left
unabsorbed; 2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxy-
phenyl] squaraine (SQ)*° and zinc phthalocyanine (ZnPc)
donor-based OPVs illustrate this problem (Figure 11 and SI).
There are minima in the EQE curves at roughly 550 nm in both
SQ/Cg and ZnPc/Cg, devices where neither donor (ZnPc or
SQ) nor Cg, absorb effectively. The absorption of ZCl matches
well with the EQE minima, thus ZCI can potentially be used to
fill up the absorption gap in SQ and ZnPc OPV devices.
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Figure 11. Structure and characteristics of OPV devices using a SQ
donor layer with and without a sensitizer. (a) J—V curves of devices
under 1 sun AM1.5G illumination, inset is the SQ structure (b) plot of
EQE.

Sensitized devices with the optimal acceptor structure have
been fabricated with ZnPc and SQ. As indicated by EQE
measurements (Figure 11), the photoresponses from SQ and
Cgo remain unchanged, while the ZCl response nicely fills up
the dip in the EQE curve, leading to a photocurrent
improvement of 1.0—1.2 mA/cm?® without any other change
in the device characteristics. This increase of photocurrent is
comparable to what was observed in the NPD/Cy, device
(Figure 10). Similar improvement is observed when ZCl is used
in ZnPc/Cg, OPV devices (see SI). Thus, the obtained results
demonstrate that the ZCl sensitizer can be used with a variety
of donor materials.

B CONCLUSION

In summary, we have shown a set of energetic requirements
and molecular design for a Cg, sensitizer. An ideal sensitizer
should have higher singlet and triplet energies than Cq, and
sufficiently high oxidation energy to give a Sen"Cg,~ CT state a
higher energy than the Cq, triplet exciton. A chlorinated zinc
dipyrrin ZCl, which satisfies all requirements for the sensitizer,
was synthesized and fully characterized. Stern—Volmer
quenching experiment and PL measurements of mixed
C¢:ZCl films show that ZCl efficiently transfers absorbed
photoenergy to Cg.

The OPV devices employing the Cg:ZCl host—guest
acceptor layer have been constructed and optimized to
demonstrate the sensitization approach. The optimal acceptor
layer consisting of a neat Cq, (15 nm) and a mixed Cyy:ZCl
(1:1, 50 nm) films has been used to maintain the beneficial
properties of Cy, while taking advantages of ZCl absorption. In
the sensitized devices with various donor materials, efficient

energy transfer from the photoexcited state of ZCl to C4 can
increase the photoresponse of the acceptor layer up to 33%
without changing other device characteristics. The sensitization
approach presented here could potentially be used for multiple
sensitizers to extend the absorption range of the electron-
acceptor layer. While we have focused on the Cg, acceptor layer
in the present study, a similar approach could be used with
other fullerenes as well as sensitized donor layers to broaden
the photoresponse of OPVs.

B EXPERIMENTAL SECTION

Instrumentation. GIXD measurements were performed at the
Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3
with a photon wavelength of 0.0974 nm. The diffraction intensity was
detected on a 2D image plate (MAR 345) with a pixel size of 150 ym
(2300 x 2300 pixels). GIXD images were analyzed using the software
package WxDiff, provided by Dr. Stefan Mannsfeld. The samples were
20 mm long in the direction of the beam path, and the detector was
located 398.8 mm from the sample center. The beam incidence angle
was 0.12° and the beam size was 50 X 150 pm. The data presented
here were corrected for the grazing incidence geometry. NMR
measurements were performed on a Varian Mercury 500 MHz
spectrometer. AFM was performed using a Digital Instruments
Nanoscope Dimension 3100 atomic force microscope. UV—vis spectra
were recorded on a Hewlett-Packard 4853 diode array spectrometer.
Fluorescence lifetime measurements were performed by a time-
correlated single-photon counting method using an IBH fluorocube
lifetime instrument by equipped with a 405 nm LED excitation source.
Quantum efficiency measurements were carried out using a
Hamamatsu C9920 system equipped with a xenon lamp, calibrated
integrating sphere and model C10027 photonic multichannel analyzer.
CV and DPV measurements were performed using an EG&G
Potentiostat/Galvanostat model 283. Dry dichloromethane from
VWR was used as solvent under a N, atmosphere with 0.1 M
tetra(n-butyl)ammonium hexafluorophosphate (Aldrich) as the
supporting electrolyte. A glassy carbon working electrode and a
platinum counter electrode were used, with a silver wire as the
pseudoreference electrodes. The oxidation potential was measured
relative to a ferrocenium/ferrocene (Fc*/Fc) redox couple as an
internal standard.

PL of ZCl in Solution and Thin Film. Steady-state emission
measurements of ZCl in the thin film and solutions at room
temperature and 77 K were performed using a Photon Technology
International QuantaMaster Model C-60SE spectrofluorimeter.

PL measurements of C4 and Cgy:ZCl Films. No emission was
detected from neat Cg and mixed C4y:ZCl films using the Photon
Technology International QuantaMaster Model C-60SE spectro-
fluorimeter. The samples under nitrogen atmosphere were excited
by 514 nm emission lines from a Spectra-Physics Stability 2017 argon
ion laser. PL was measured by imaging the excited area of the sample
onto the entrance slit of an Acton Research Spectrapro 500i
spectrograph coupled to a cooled Hamamatsu CCD detector. The
acquired data were corrected for the responses of the CCD array and
the diffraction grating.

X-ray Data and Collection for ZCl. A metallic intense pink-green
rhombic-like specimen of C;sH,,,5Cly;7sN4Zn, approximate dimen-
sions 0.26 X 0.29 X 0.38 mm, was used for the X-ray crystallographic
analysis. The X-ray intensity data were measured on a Bruker APEX II
CCD system equipped with a TRIUMPH curved-crystal mono-
chromator and a MoKa fine-focus tube (4 = 0.71073 A).

A total of 2520 frames were collected. The total exposure time was
3.50 h. The frames were integrated with the Bruker SAINT software
package using a SAINT V7.68A algorithm. The integration of the data
using a monoclinic unit cell yielded a total of 96 239 reflections to a
maximum 6 angle of 30.56° (0.70 A resolution), of which 12 079 were
independent (average redundancy 7.967, completeness = 98.3%, Ry, =
3.01%, Ry, = 1.81%) and 10440 (86.43%) were >20 (F?). The final
cell constants of a = 8.4166(4) A, b = 23.9579(10) A, ¢ = 20.3078(9)
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A, B = 101.4330(10)°, volume = 4013.7(3) A3, are based upon the
refinement of the XYZ-centroids of 9012 reflections above 20 o(I)
with 4.431° < 26 < 60.92°. Data were corrected for absorption effects
using the multiscan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.901. The calculated minimum
and maximum transmission coefficients (based on crystal size) are
0.6150 and 0.7086.

The structure was solved and refined using the Bruker SHELXTL
software package, using the space group P12,/cl, with Z = 4 for the
formula unit, C34H,,,5Cl;;7sN,Zn. The final anisotropic full-matrix
least-squares refinement on F* with 485 variables converged at R1 =
2.78%, for the observed data and wR2 = 6.65% for all data. The
goodness-of-fit was 1.031. The largest peak in the final difference
electron density synthesis was 0.945 e”/A?, and the largest hole was
—0.619 e™/A® with an rmsd of 0.060 e”/A>. On the basis of the final
model, the calculated density was 1.643 g/cm® and F(000), 1984 e~

Computational Methods. All calculations were performed using
Titan software package (Wave function Inc.). The gas-phase geometry
optimization was calculated using B3LYP functional with the
LACVP** basis set as implemented in Titan. The energy levels and
orbital diagrams of the HOMO and LUMO were obtained from the
optimized geometry of the singlet state. The energy of the triplet state
was calculated from the optimized triplet geometry.

Synthesis of ZCl. Synthesis of S-mesityldipyrromethane (DPM)
was performed following a published procedure.”’ A solution of DPM
(0.62 g, 2.34 mmol) in 60 mL freshly distilled tetrahydrofuran (THF)
was prepared; the solution was cooled down using dry ice/acetone
bath and was bubbled with nitrogen for 5 min. A solution of N-
chlorosuccinimide (3.1 g, 23.4 mmol) in 70 mL THF was prepared
and slowly added to the DPM solution under nitrogen. The reaction
mixture was stirred and allowed to warm up to room temperature
during 2 h. The reaction mixture turned a dark-red color. After stirring
for additional 2 h at room temperature, the reaction was stopped. The
solvent was removed under reduced pressure, and the crude products
were dissolved in 300 mL dichloromethane. The crude products were
washed with NaHCO; solution twice and brine twice. The dark-red
solution of the products in dichloromethane was used without further
purification.

A solution of Zn(OAc),2H,0 (2.5 g) in 30 mL CH;0H was
prepared and added to the solution of the dark-red products. The
reaction turned into dark-green color and emitted a green-yellow color
under UV lamp illumination. The reaction mixture was stirred
overnight. The solvents were removed under reduced pressure. The
solid reaction mixture was dissolved in dichloromethane, and inorganic
salts were filtered off. The solution was washed with Na,CO; solution
twice and brine once. The solvent was removed. The crude product
was passed through short neutral Al,O; flash column using
dichloromethane/hexanes (1/9) as eluent, and the orange-red fraction
was collected. After removing the solvents, a dark-red product was
collected. The product was dissolved in DCM and recrystallized by
layering MeOH on top. Red-green crystals (ZCl) were collected (0.2
g, 17% total yield). ZCl was further purified by gradient sublimation
under vacuum (1075 Torr) at 280, 200, and 140 °C gradient
temperature zones. The sublimed crystals were qualified for X-ray
single crystal structure determination.

The product ZCl is a mixture of two compounds C;sH,,Cl;,N,Zn
and C34H,;Cl N, Zn with a molar ratio of 3:1 (general formula:
Cy4HgoClN Zn,). "H NMR (400 MHz, CDCL,): 8 ppm 695 (s,
4H, mesityl), 6.49 (s, 0.23 H, pyrrole), 2.40—2.35 (m, 6H, mesityl),
2.09—2.04 (m, 12H, mesityl). ®C NMR (500 MHz, CDCL,): § (ppm)
147.00, 143.29, 139.29, 136.04, 135.55, 132.46, 132.33, 130.30, 130.26,
129.74, 129.13, 12843, 119.36, 118.70, 21.34, 21.23, 19.49, 19.42.
HRMS: CyHyp,Cl,N,Zn: caled, 999.7304; found, 999.7333.
C36H,,Cl INyZn: caled, 965.7694; found, 965.770S. Elemental
analysis: theoretical C, 43.55%; H, 2.26%; N, 5.64%. Found: C,
43.54%; H, 1.96%; N, 5.50%.

Device Fabrication and Characterization. Glass substrates
coated with patterned ITO (width of patterned stripes is 2 mm,
thickness = 150 + 10 nmj; sheet resistance = 20 + 5 Q cm™%
transmission 84% at S50 nm; courtesy of Thin Film Devices, Inc.)

were cleaned with soap and boiled in tetrachloroethylene, acetone, and
propanol (S min each). ITO substrates were exposed to ozone
atmosphere (UVOCS T10 X 10/OES) for 10 min immediately before
loading into the high-vacuum chamber. Deposition rates for layers of
neat materials: MoO,, (0.05 nm/s), NPD (0.15 nm/s), SQ (0.1 nm/s),
ZnPc (0.2 nm/s), Cg (0.2 nm/s), BCP (0.15 nm/s), and Al (0.2 nm/
s). Deposition rates for mixed films (% ZCl content by volume):
Ce0:ZCl (15% ZCl) — codeposition Cg, (0.2 nm/s):ZCl (0.03S nm/
s); Cgo:ZCl (35% ZCl) — codeposition Cg (0.1 nm/s):ZCl (0.0S nm/
s); and Cyy:ZCl (50% ZCl) — codeposition Cg (0.0 nm/s):ZCl (0.0S
nm/s). After organic depositions, masks with 2 mm stripe width were
placed on substrates under N,, and 100 nm of Al electrode was
deposited. Area of devices is 4 mm?” Current—density dependence on
applied test voltage (V) measurements were performed in air at 25 °C
using a Keithley 2420 Sourcemeter (sensitivity = 100 pA) in the dark
and under ASTM G173-03 spectral mismatch corrected 1000 W/ m?
white light illumination from an AM1.5G filtered 300 W xenon arc
lamp (Newport Oriel). Routine spectral mismatch correction was
performed using a silicon photodiode (Hamamatsu S1787—04,8RA
filter) calibrated at the National Renewable Energy Laboratory
(NREL). Chopped and filtered monochromatic light (250 Hz, 10
nm fwhm) from a Cornerstone 260 1/4 M double grating
monochromator (Newport 74125) was used in conjunction with an
EG&G 7220 lock-in amplifier to perform all spectral responsivity and
spectral mismatch correction measurements.
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