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Bulk heterojunction (BHJ) polymer solar cells (PSCs) on the basis of polymer:fullerene blends have delivered
numerous impressive results in the last decade and thus have drawn much attention of the scientific and
industrial communities. However, BHJ PSCs often suffer from several intrinsic problems, such as the low
open-circuit voltage (V,.), energetically-unfavorable and chemically-incompatible interfaces, and
morphological phase separation of the polymer:fullerene blend driven by thermal treatment, hindering
further advancement. In this review, we summarize the recent progress on applications of fullerene-
based materials in the BHJ PSCs. Bis-adduct fullerenes possessing high-lying LUMO energy levels can
substitute for mono-substituted fullerenes and higher V. values can thus be achieved. Incorporation of
an n-type fullerene interlayer between inorganic and organic active layers in either inverted or
conventional PSCs can help in minimization of charge recombination losses at the interface and
improvement of charge transfer from the active layer to the inorganic layer, thus resulting in superior
PCEs. The optimal active-layer morphology can be maintained through several approaches, such as in
situ polymerization of cross-linkable fullerenes, suppression of large-scale PCgBM aggregation by a
polyethylene glycol-functionalized fullerene, supramolecular pentafluorophenyl-fullerene stabilization,
and light-induced oligomerization of fullerenes. The morphological phase separation of the active-layer
materials can thus be minimized. The research of employing fullerene materials will continue playing a
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Broader context

Since bulk heterojunction solar cells were developed in 1995, fullerene derivatives have been dominating in n-type materials due to their low-lying lowest
unoccupied molecular orbital (LUMO) energy levels, fast photo-induced electron-transfer and high intrinsic electron mobility. The intrinsic molecular prop-
erties of fullerene materials can be custom-tailored by covalently incorporation of functional groups on the buckyballs. The electronic and steric effects exerted
by the attached adducts could be used to modulate the optical properties, frontier orbitals, intermolecular interaction, and recrystallization of the fullerenes.
Double functionalization of fullerenes has been an effective strategy to arise the LUMO energy levels with greater V,, values of the devices. With the aid of the
functional groups to ensure solution processability, the fullerene materials can also act as an electron-selective buffer layer in either regular or inverted devices.
More importantly, the functional groups can form chemical interaction/bonding with the metal oxides or electrodes to strengthen interfacial characteristics and
facilitate electron-transportation, leading to the improvement of the device performance. Through covalent cross-linking or noncovalent interactions to
suppress the aggregation of fullerenes, the optimized morphology of active layers can be permanently preserved against long-term thermal heating. The
incorporation of well-designed functional groups has provided fullerene derivatives with versatile functions to achieve highly efficient and stable solar cells.

correlated electron-hole pair diffuses to the donor-acceptor (D-
A) interface, where exciton dissociation occurs. Since the
Research on polymer solar cells (PSCs) consisting of organic p- limited lifetime scale only allows excitons to diffuse a short

1. Introduction

type polymer (donor) and n-type fullerene (acceptor) semi-
conductors has attracted tremendous scientific and industrial
interest in recent years.”” The general working principle for
PSCs first involves photoexcitation of the donor material by
absorption of light energy to generate excitons. This Coulomb-
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distance (5-14 nm),*® donor excitons created remote from the
heterojunction interface decay to the ground state before they
reach the D-A interfaces, leading to the loss of absorbed
photons and quantum efficiency. In order to increase the D-A
interfacial area for efficient charge separation, bulk hetero-
junction (BH]J) is thus adopted to establish an interpenetrating
network of donor and acceptor materials.*?

A conventional BHJ PSC with an active layer sandwiched by a
low-work-function aluminum cathode and a hole-conducting
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poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonic  acid)
(PEDOT:PSS) layer on top of an indium tin oxide (ITO) substrate
is the most widely used and investigated device configuration.
The combination of poly(3-hexylthiophene) (P3HT) as electron
donor and [6,6]-phenyl-Cs; butyric acid methyl ester (PC¢;BM)
as electron acceptor in the active layer represents one of the
most efficient BHJ solar cells with power conversion efficiencies
(PCEs) approaching 5%.°** However, in order to achieve the
ultimate goal of commercialization, further optimization is
utterly required. To begin with, we will describe the most critical
difficulties encountered in the research of the PSCs and discuss
the potential solutions towards these challenges.

1.1 Low open-circuit voltage (V,.)

One of the most noticeable restrictions for numerous poly-
mer:fullerene-based devices is the low open-circuit voltage (Voc),
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limiting further advancement of device performance. It has
been demonstrated that the magnitude of V,. value shows a
linear relationship with the energy difference between the
highest occupied molecular orbital (HOMO) energy level of
polymers and the lowest unoccupied molecular orbital (LUMO)
level of fullerenes.*® From the perspective of adjusting
molecular energy level, either lowering the HOMO energy level
of the p-type polymer (donor) or raising the LUMO energy level
of the n-type fullerene (acceptor) could in principle reach larger
Voe values. Given that fullerene derivatives have been regarded
as irreplaceable n-type materials for high-performance BH]J
solar cells, developing new fullerene-based materials that
possess intrinsically high-lying LUMO energy levels would be a
more practicable alternative to optimize the V,. value.

1.2 Energetically unfavorable and chemically-incompatible
interfaces

Along with high performance, long-term stability is another
primary area of concern for PSCs. Rapid oxidation of the low-
work-function Al cathode and etching of ITO by the acidic
PEDOT:PSS layer are the most common causes of instability in
conventional unencapsulated solar devices. An effective
approach to solving these problems and improving the device
lifetime is to fabricate inverted PSCs.”° By reversing the
polarity of charge collection in a regular cell, air-stable Ag
combining with an adjacent hole-transporting layer, such as
PEDOT:PSS or MoQOgj;, can substitute for air-sensitive Al as the
anodic electrode for efficient hole collection. In such an inver-
ted configuration, it is often required to insert inorganic metal
oxide (TiO, or ZnO) between ITO and the active layer to function
as an electron-selective contact.”’** However, the energetical
unfavorability and chemical incompatibility existing in inter-
faces may lead to the depreciation of device performance.*® For
instance, surface hydroxyl groups on metal oxide are known to
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act as electron traps, being harmful to the charge transport at
the interface between the metal oxide and the organic layer.””*
Interfacial modification by incorporating an additional n-type
fullerene interconnection layer between the inorganic metal
oxide and the organic active layer can provide a practical solu-
tion for improving the inverted device performance by modu-
lating the electronic and orbital interactions at the upper and
lower interfaces.®® Moreover, it can also be applied to the
conventional configuration. The improvement of device char-
acteristics can be achieved by installation of a fullerene-
based interconnection layer between the active layer and the
cathode, being expected to increase the charge-transporting
efficiency.*

1.3 Morphology evolution

Prudently controlling the phase separation between two
components in the bulk to reach ideal D-A morphology plays an
significant role in the success of various polymer:fullerene
systems. For example, thermal annealing of a P3HT:PC4,BM
composite drives P3HT to reorganize and self assemble,
resulting in the enhancement of crystallinity of P3HT. Through
this morphological evolution, a featureless and homogeneous
blend gradually reaches a bicontinuous interpenetrating D-A
network with optimal D-A domain size.” Accordingly, maximal
D-A interfacial area for efficient charge separation and optimal
D-A arrangement for superior charge transportation can be
achieved.** Unfortunately, this optimal morphology is a kineti-
cally trapped intermediate which readily moves toward a more
thermodynamically stable state if thermal annealing at elevated
temperatures is applied constantly.***° As illustrated in Fig. 1,
the P3HT domain continues to undergo further crystallization,
while the spherical PC¢;BM, with its high molecular mobility,
tends to diffuse out of the polymer matrix and aggregate into
larger clusters.*®***' Such progressive phase segregation
between P3HT and PCg;BM eventually leads to the reduction of
the percolating electron transport pathways within the mixed
regions and thus adversely augments charge recombination
losses. Generally speaking, given that a photovoltaic device
must be exposed to long-term sunlight irradiation, the accu-
mulated heat generated by long-term sunlight irradiation may
destroy the optimal D-A morphology and deteriorate the device
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performance.”” To reduce the crystallinity of polymers** or
fullerene derivatives**** can help in maintaining the active-layer
morphology. However, from the perspective of general appli-
cability, stabilizing the optimal D-A morphology by introducing
a compatibilizer to impart secondary interactions between
donor and acceptor constituents or in situ chemical cross-link-
ing between components in active layers are a more straight-
forward strategy. In comparison to the plentiful p-type
materials, n-type materials are still dominated by fullerene-
based derivatives. Therefore, incorporation of compatibilizer or
cross linker moieties into fullerene-based materials is consid-
ered to be a feasible approach to stabilize the active-layer
morphology.

In view of the great potential and applicability of the
fullerene derivatives in the further improvement of the BH]J
device performance and long-term stability, we review the
recent research progress on applications of fullerene-based
materials in the BHJ PSCs. The discussion will be focused on
three topics: bis-adduct fullerenes, fullerene-based interlayer
modification, and morphological stabilization. It should be
noted that the synthetic complexity and efficiency are important
issues for commercialization. The synthetic approaches for
most fullerene materials mentioned in the following sections
are rather easy and straightforward, which is advantageous to
the ultimate goal of commercialization.

2. Bis-adduct fullerenes

Incorporation of electron-donating groups (EDGs) on the
peripheral side of pristine Cg, has been utilized to elevate the
LUMO energy level of fullerenes.*****” However, owing to no
direct conjugation between the EDG and the core Cg, the
through-space electronic effect is relatively weak. Therefore, the
variations in the LUMO energy level of fullerene derivatives are
not significant enough to affect the V.. Recently, bis-adduct Ce,
derivatives have emerged as new materials with higher-lying
LUMO energy levels than their corresponding mono-adduct Cgo
analogues.*** The second functionalization on the core struc-
ture of the mono-substituted Cg, further reduces the m-conju-
gation and electron delocalization in the Cgo. The formed
bis-adduct Cgo derivatives can in principle have larger

PC,BM—
Thermal
Annealing

Optimized Morphology

Continuous
Heating

Fig.1 Morphological evolution of the P3HT:PCgBM blend under thermal treatment. Reprinted with permission from ref. 129. Copyright 2013,

Wiley-VCH Verlag GmbH & Co. KGaA.
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electrochemical reduction potentials and thus higher-lying
LUMO levels.

2.1 BisPCBM

BisPCBM is the bis-adduct analogue of PC¢BM (Scheme 1). The
LUMO level of bisPCBM is ca. 100 mV higher than that of
PCs,BM. Owing to its structural similarity to PC¢;BM, bisPCBM
was tested in conventional PSC devices.*® A device on the basis
of ITO/PEDOT:PSS/P3HT:bisPCBM (1 : 1.2, w/w)/Sm/Al config-
uration gave a PCE of 4.5% (Entry 1, Table 1). This PCE value is
about a factor of 1.2 larger than that of the reference
P3HT:PC;BM cell (3.8%).** As expected, this improvement is
mainly due to the increase of the V. value.

2.2 ICBA, IC,BA, and IPCBM

Subsequent to the development of bisPCBM, Li and co-workers
designed and synthesized another Cg, bis-adduct, ICBA
(Scheme 1).* The LUMO level of ICBA is raised by 0.17 eV and
0.07 eV, respectively, in comparison to that of PCs;BM and
bisPCBM. The PCE value for the P3HT:ICBA blend was initially
determined to be 5.44% based on the ITO/PEDOT:PSS/
P3HT:ICBA (1 : 1, w/w)/Ca/Al configuration (Entry 2, Table 1). By
solvent and thermal annealing of the P3HT:ICBA blend, the PCE
value was further improved to 6.48% (Entry 3, Table 1).°* Again,
in comparison to the P3HT:PC¢BM reference cell (Entry 4,
Table 1),* the improvement in PCE mainly comes from the
significant increment in V.

It is acknowledged that Cs, derivatives have weak visible-
light absorption than their C,, analogues. An indene-C5, bis-
adduct IC,(BA (Scheme 1) was thus developed in order to
enhance the absorption ability of the active layer.>® As expected,
IC;oBA has enhanced visible-light absorption and its LUMO
energy level is ca. 0.19 V higher than that of PC¢;BM. Initially, a

View Article Online

Energy & Environmental Science

device based on P3HT:IC,,BA furnished a high V,. of 0.84 Vand
a PCE of 5.64% (Entry 5, Table 1).*® Further device optimization
resulted in a PCE of 6.69% (Entry 6, Table 1) with 3-methyl-
thiophene as a processing additive® and 6.68% (Entry 7, Table
1) with MoOj; to replace PEDOT:PSS as an anode buffer layer.*
More importantly, when 1-chloronaphthalene was adopted to
be the processing additive for the P3HT:IC,,BA blend, an
impressive PCE of 7.40% (Entry 8, Table 1) was obtained.”®

A PCg;BM derivative, indene-PCBM (IPCBM, Scheme 1) was
also developed.”” It is highly soluble in common organic
solvents and its LUMO energy level is 0.12 eV higher than that of
PC¢;BM. In comparison to ICBA and IC,,BA, the slightly lower
LUMO energy level of IPCBM is beneficial for charge separation
from donor to acceptor, especially for small bandgap polymers.
A device based on P3HT:IPCBM delivered a V,. of 0.72 V and a
PCE of 4.39% (Entry 9, Table 1).” By installing an electron
transportation layer of PFCn6:K" (Scheme 1) between the active
layer and the cathode, the PCE was further improved to 6.63%
with a V,. of 0.86 V, a Js. of 10.93 mA cm ™2, and an FF of 70.6%
(Entry 10, Table 1).%®

2.3 Bis-TOQC

A thieno-o-quinodimethane functionalized Cg, bisadduct (bis-
TOQC, Scheme 1) also shows potential in enhancing the PSC
performance.”* A conventional device based on the ITO/
PEDOT:PSS/P3HT:bis-TOQC (1 : 0.6, w/w)/Ca/Al configuration
delivered a good PCE of 5.1% under simulated 86 mW cm > AM
1.5G illumination (Entry 11, Table 1). Compared to a
P3HT:PC¢;BM-based  regular device, the performance
enhancement mainly comes from the increment of the V,,. value
that is directly linked to the high LUMO energy level of bis-
TOQC. It should be noted that the attempt to install solubilizing
groups at the 5-position of thiophene of bis-TOQC degraded the

OO,

PFCn6:K*

bis-TOQC

DMPCBA

Scheme 1 Structures of bisPCBM, ICBA, IC7oBA, IPCBM, PFCn6:K*, bis-TOQC, and DMPCBA.
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Table 1 Device characteristics of the P3HT-based PSCs with different acceptors

Weight ratio

Electron mobility

Entry Active layer (in wt%) Voe (V) Jse (MA cm™?) FF (%) PCE (%) (em*Vv~ts™)
1 P3HT/bisPCBM®**8 1:1.2 0.72 9.14 68.0 4.50 7.0 x 107*
2 P3HT/ICBA>*® 1:1 0.84 9.67 67.0 5.44 N/A"

3 P3HT/ICBA>%! 1:1 0.84 10.61 72.7 6.48 N/A

4 P3HT/PCs,BM>*° 1:1 0.58 10.8 62.0 3.88 N/A

5 P3HT/IC,,BA>"? 1:1 0.84 9.73 69.0 5.64 N/A

6 P3HT/IC,,BA>*%* 1:1 0.86 10.79 72.1 6.69 N/A

7 P3HT/IC,,BA%®® 1:1 0.85 10.61 741 6.68 N/A

8 P3HT/IC,BA?>¢ 1:1 0.87 11.35 75.0 7.40 N/A

9 P3HT/IPCBM?*’ 1:1.5 0.72 9.49 64.0 4.39 N/A

10 P3HT/IPCBM®™8 1:1 0.86 10.93 70.6 6.63 N/A

11 P3HT/bis-TOQC?/*>° 1:0.6 0.86 7.70 66.0 5.10 N/A

12 P3HT/DMPCBA?®! 1:1.2 0.87 9.05 65.5 5.20 9.0 x 10™%
13 P3HT/PCq,BM?'% 1:1 0.60 9.65 67.4 3.90 1.3 x 107%

¢ ITO/PEDOT:PSS/P3HT:bisPCBM/Sm/Al. * ITO/PEDOT:PSS/P3HT:acceptor/Ca/Al. © Thermal annealing of the active layer at 150 °C for 10 min.
4 ITO/M0O;/P3HT:acceptor/Ca/Al. ° With 3 vol% 3-methylthiophene as the processing additive. fWith 3 vol% 1-chloronaphthalene as the
processing additive. ¢ ITO/PEDOT:PSS/P3HT:acceptor/PFCn6:K'/Ca/Al. " N/A = not available. ’ Based on ITO/Al/P3HT:acceptor/Ca/Al device by
using SCLC theory.’ Device parameters were characterized under simulated 86 mW cm™> AM 1.5G illumination.

device efficiency significantly. The presence of aliphatic side
chains may hamper the intermolecular stacking between
fullerenes and thus result in inferior electron transport ability,
bringing negative effect on the PSC performance.*®

2.4 DMPCBA

The function of bis-adduct fullerenes is not merely limited in
the increment of V,.. We recently developed a di(4-methyl-
phenyl)methano-Cg, bis-adduct, DMPCBA (Scheme 1).°* Similar
to other bis-adduct fullerenes, DMPCBA has a higher LUMO
energy level by ca. 100 mV over PCq; BM. Noticeably, differential
scanning calorimetry (DSC) measurements revealed that
DMPCBA doesn't exhibit melting thermal transition, while a
sharp melting point at 280 °C was detected for PCs;BM. The
absence of the melting transition for DMPCBA indicates that it
is an amorphous glass that has no tendency toward thermal-
driven crystallization. Wudl and co-workers have demonstrated
that the planes of the two phenyl rings in diphenylmethano-
fullerene prefer to lie parallel to the fullerene surface.®* There-
fore, the geometry of the two germinal diphenyl groups in
DMPCBA can sterically protect and shield the core Cg structure
from severe intermolecular aggregation, rendering it intrinsi-
cally amorphous and highly soluble. It can thus be anticipated
that progressive phase segregation to micrometer-sized D-A
domains may thus be alleviated with DMPCBA as the donor
material in the active layer.

The possibility of employing DMPCBA in BHJ solar devices
was then examined.*® A conventional device based on ITO/
PEDOT:PSS/P3HT:DMPCBA (1 : 1.2, w/w)/Ca/Al exhibited a Vo,
of 0.87 V, aJ,. of 9.05 mA cm 2, and a high FF of 65.5%, yielding
a high PCE of 5.2% (Entry 12, Table 1). Yet again, the improved
PCE in the P3HT:DMPCBA cell to that of the P3HT:PCs;BM
reference device (Entry 13, Table 1) mainly results from the
significant enlargement of V.. Furthermore, the morphological
stability was also tested. The devices were isothermally heated

1870 | Energy Environ. Sci., 2014, 7, 1866-1883

at 160 °C for 10 and 20 h prior to the deposition of the top
electrode. The efficiency of the P3HT:PCs;BM reference device
decreased dramatically, from 3.9% to 0.7% after 20 h of
isothermal heating. In sharp contrast, the DMPCBA-based cell
exhibited much more stable device characteristics and the PCE
smoothly degraded to 4.7% after 10 h of heating and to 4.2%
over 20 h of heating. Optical microscopy revealed that thermal
annealing of the P3HT:PC4;BM blend induced a severe macro-
graphic alteration, forming needle-shaped PCsBM crystals
hundreds of micrometers in length.*** Nevertheless, the
morphology of the PSBHT:DMPCBA (1 : 1.2, w/w) blend remains
almost unchanged before and after the thermal annealing. The
high thermal stability is ascribed to the amorphous nature of
DMPCBA that preserves the device characteristics.

3. Fullerene-based interlayer
modification

Hashimoto and co-workers have demonstrated that self-orga-
nization of a fluorinated PC¢;BM buffer layer on top of a
P3HT:PC¢;BM active layer is able to improve the photovoltaic
performance of a regular PSC.** Moreover, Jen and co-workers
have synthesized a series of Cg, derivatives having acid or
alcohol groups, which can form a self-assembled monolayer
(SAM) on the TiO, or ZnO surface in an inverted PSC and the
corresponding device efficiency was then improved.®**® Subse-
quently, much research effort has evolved in the area of inter-
facial modification by incorporating an additional n-type
fullerene interlayer between inorganic and organic active layers.
In this section, we will discuss the recent development on the
fullerene-based interfacial modification in regular as well as
inverted devices. The discussions are classified according to the
functional groups covalently attached to the fullerenes. Gener-
ally speaking, the capabilities of these fullerenes can be sorted
into two categories: one is to enhance the interfacial charge-

This journal is © The Royal Society of Chemistry 2014
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transport efficiency and the other is to modify the work function
of cathodes.

3.1 Acid and alcohol groups

It was found that the Cq,-SAMs with various anchoring groups,
i.e., carboxylic acid (Cgp-acid, PCBM-acid, and Cgy-acid_2),
phosphonic acid (Ce-PA), and catechol (Cg-catechol), can be
formed onto the surface of ZnO or TiO, by simple solution-
based process (Scheme 2).°°°® TFor instance, inverted
P3HT:PCq,BM-based BH] solar cells with intercalation of the
Ceo-acid or Cgo-catechol SAM between the active layer and ZnO
were fabricated. Under optimized SAM assembly conditions, the
device efficiency improved from 3.47 (without C¢,SAM) to ca.
4.4% (with Cgp-acid) and 4.19% (with Cgp-catechol) (Entry 1-3,
Table 2).*® The PCE improvement when modified with a Cgo-
SAM is mainly attributed to the enhancement of J,. and FF
(Entry 1-3, Table 2). The C4,-SAM interlayer acts as an electron
selective and hole blocking layer, and its presence can help in
minimization of charge recombination losses at the interface
owing to the improved charge transfer from the active layer to
the ZnO layer. The larger photocurrent can thus be achieved.
Not merely limited in inverted solar devices, acid or alcohol
functionalized fullerenes can also be utilized in conventional
devices. Nevertheless, potential difficulties derived from solu-
tion processing of the fullerene-based interlayer need be taken
into account. Active-layer organic materials, e.g., PSHT:PC4;BM,
are usually soluble in common organic solvents. Organic
solvents that dissolve the active-layer materials must be avoided
when incorporating the fullerene-based interlayer on top of the
active layer in the regular devices. Otherwise, severe intermixing
between the two layers may occur, leading to the structural
deterioration of the active layer. Accordingly, we developed two
hydrophilic fullerene derivatives, bis(triethylene glycol) malo-
nate Cgo (EGMC-OH) and bis(triethylene glycol phthalic acid)-
malonate Cgy (EGMC-COOH), with hydroxyl and acid groups as
the outmost moieties respectively (Scheme 2).°> With the aid of
triethylene glycol-based side chains, these Cg, materials with
enhanced hydrophilic nature can be dissolved in the polar 2-
ethoxyethanol/H,O solvent and then spin-cast to form an
interlayer without destroying the underneath active layer. BHJ
solar devices on the basis of ITO/PEDOT:PSS/P3HT:PC¢;BM/
interlayer/Ca/Al were then fabricated. The power conversion
efficiency (PCE) was increased from 3.61% to 3.71% and 3.80%
by using EGMC-OH and EGMC-COOH as the electron-selective
modification layer (EML) materials, respectively (Entry 4-6,
Table 2). Moreover, the electron transporting properties of
EGMC-OH and EGMC-COOH can be further enhanced by the
incorporation of alkali carbonates as the n-dopants. Regardless
of the counter ions, Cs,CO;, Li,CO;3, as well as K,CO; are all
effective in obtaining high PCEs. The device using EGMC-COOH
doped with 40 wt% Li,CO; achieved a highest PCE of 4.29%
(Entry 7, Table 2). The alcohol/water soluble EGMC-COOH is
applicable to other conventional devices as well. With the
incorporation of the EGMC-COOH EML doped with 40 wt%
Li,CO3;, the PCDCTBT-C8 (Scheme 2):PC,;BM-based device
exhibited a superior PCE of 4.51%, which outperformed the

This journal is © The Royal Society of Chemistry 2014
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corresponding non-modified device with a PCE of 3.63% (Entry
8-9, Table 2).

3.2 Phosphoric ester groups

An alcohol soluble fullerene material, B-PCPO (Scheme 2) was
developed and used in PSCs owing to the fact that it has the
properties of good alcohol processability, ITO modification
function, and good electron transporting ability.” An inverted
device in the absence of EML by using the ITO/PCDTBT
(Scheme 2):PC,;BM/Mo00j3/Al configuration gave a PCE value of
4.83% with a V, of 0.71 V, a J,. of 10.20 mA cm ™2, and an FF of
56.1% (Entry 10, Table 2). By using B-PCPO as the EML between
ITO and the active layer (PCDTBT:PC,,BM), the corresponding
device delivered a high PCE of 6.20% with a V,. of 0.89 V, a J. of
9.50 mA cm ™2, and an FF of 61.7% (Entry 11, Table 2). As listed
in Table 2, with the assistance of B-PCPO, V,. and FF were both
enhanced, leading to a higher overall performance, even though
Jse was slightly decreased. X-ray photoelectron spectroscopy
(XPS) revealed that the work function of ITO is decreased by
~0.4 eV by introduction of a thin B-PCPO layer, which may
result from the dipole formation in the ITO/active layer inter-
face.””> The lower work function of ITO is beneficial for
increasing the built-in potential of PSCs, in turn leading to the
enhanced V,..”»”* Moreover, the decrease of ITO work function
can also offer better energy level alignment with the LUMO level
of PC;;BM and thereby facilitate the electron transporting and
collection, transforming to the enhancement of FF.

3.3 Polyethylene glycol groups

High work function metals, such as Ag, have been used as
cathodes to substitute for Al in conventional PSCs on account of
their high stability to ambient conditions. However, the high
work function often results in low V,. and poor device perfor-
mance.”*”® Two polyethylene glycol (PEG)-based fullerene
surfactants, ETL-1 and ETL-2 (Scheme 2), were found to be
effective in tuning the work function of metal cathode and also
increasing the photocurrent generation when used as an
interfacial layer between the active layer and the metal
cathode.”””® Besides, the presence of PEG renders these two
compounds highly soluble in alcoholic solvents, which is good
for utilizing orthogonal solvent-processed strategies.”* ETL-1
and ETL-2 with the cationic tetrahydro pyrrole and PEG addend
can up-shift the work function of Ag by 0.8 eV.”® The device
configuration of ITO/PEDOT:PSS/PIDT-PhanQ  (Scheme
2):PC;;BM/interlayer/Ag was tested. In comparison to the
reference cell without interlayer (Entry 12, Table 2), significant
improvement of PCE was observed for devices with installation
of ETL-1 or ETL-2 between the active layer and the Ag cathode
(Entry 13-14, Table 2). The presence of ETL-1 or ETL-2 can
simultaneously improve V., Js., and FF, thus resulting in high-
performance PSCs using the high work-function Ag cathode.
Calcium is known to be highly reactive to moisture and
thermal evaporation under vacuum is an inevitable step for
processing Ca in solar devices. A solution processable PEG-
modified Cgo (PEGN-Cgy, Scheme 2) was thus proposed to
replace Ca in conventional solar devices.*' It was tested under the
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PCBE-OH

PCDTBT PIDT-PhanQ

PDITTDTBT

PBDTTT-C

PBDTTT-C-T

PTB7 PTB7-Th

Scheme 2 Structures of fullerene derivatives — Cgg-acid, PCBM-acid, Cgg-acid_2, Cgo-PA, Cgo-catechol, EGMC-OH, EGMC-COOH, B-PCPO,
ETL-1, ETL-2, PEGN-Cgo, DMAPA-Cgq, PCBS, PCBO, TSMC, PCBSD, C-PCBSD, PCBOD, C-PCBOD, PCBE-OH, and ZnO-Cgq precursor and low
band-gap polymers — PCDCTBT-C8, PCDTBT, PIDT-PhanQ, PBDTTT-C, PBDTTT-C-T, PCPDTBT, PDITTDTBT, PTB7, and PTB7-Th.

ITO/PEDOT:PSS/active layer/interlayer/Al device configuration,
where the active layers are P3HT:PCq;BM, PBDTTT-C®** (Scheme
2):PC;;BM, and PBDTTT-C-T* (Scheme 2):PC,;BM and the
interlayer is either Ca or PEGN-Cgy. As listed in Table 2 (Entry 15-
20), the PEGN-Cg, based devices all demonstrated comparable
device efficiencies to the Ca-based devices. Hence, PEGN-Cg, can
be considered a promising alternative to Ca in conventional PSCs.

3.4 Amine groups

Subsequent to the success of PEGN-Cg, an amine-functionalized
Ceo (DMAPA-Cg(, Scheme 2) was employed as well in regular PSCs
to substitute for Ca.®** The tested active-layer materials are
P3HT:PCy;BM, PBDTTT-C:PC,,BM, and PBDTTT-C-T:PC,,BM
and the corresponding devices using DMAPA-Cq as the interlayer

This journal is © The Royal Society of Chemistry 2014

gave comparable PCE values to those fabricated by use of Ca on
the basis of ITO/PEDOT:PSS/active layer/interlayer/Al device
structure.® (Entry 21-23, Table 2) Moreover, the combination of
DMAPA-Cg, with high work-function metal cathodes, such as Ag,
also yielded decent device efficiency (Entry 24, Table 2), offering
more flexibility for cathode selection in device fabrication.

3.5 Styrene groups

To realize a multilayer inverted device by cost-effective solution
processing, the deposited fullerene derivative interlayer must
possess sufficient resistance against the organic solvent used in
processing the sequential active layer to prevent interfacial
erosion.***® Development of a fullerene material that can be
solution-deposited on a substrate and readily undergo chemical
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Table 2 Device characteristics of the polymer-based solar cells with interlayer modification

Weight ratio

Entry  Active layer Interlayer (in wt%) Voo (V) Jse(mMAcem™?)  FF (%)  PCE (%)
1 P3HT/PCq;BM“®® None 1:0.7 0.60 10.07 57.7 3.47
2 Ceo-acid 1:0.7 0.62 11.17 64.1 4.40
3 Cgo-catehol? 1:0.7 0.61 11.21 61.0 4.19
4 P3HT/PCgBM“*° None 1:1 0.60 9.02 67.0 3.61
5 EGMC-OH 1:1 0.60 9.43 66.0 3.71
6 EGMC-COOH 1:1 0.60 9.61 66.0 3.80
7 EGMC-COOH doped with 40% Li,CO;  1:1 0.60 10.90 66.0 4.29
8 PCDCTBT-C8:PC,,BM“*°  None 1:3 0.72 8.72 57.0 3.63
9 EGMC-COOH doped with 40% Li,CO;  1:3 0.72 11.10 56.0 4.51
10 PCDTBT:PC,,BM®”° None 1:4 0.71 10.2 56.1 4.83
11 B-PCPO 1:4 0.89 9.50 61.7 6.20
12 PIDT-PhanQ:PC,,BM*7”® None 1:3 0.74 10.92 57.0 4.61
13 ETL-1 1:3 0.87 11.28 64.0 6.28
14 ETL-2 1:3 0.88 11.41 66.0 6.63
15 P3HT:PCy,BM®! Ca N/A% 0.63 9.01 67.5 3.80
16 PEGN-Cg, N/A 0.63 9.21 66.6 3.84
17 PBDTTT-C:PC,,BM/®! Ca N/A 0.73 13.80 60.6 6.13
18 PEGN-Cqgo N/A 0.74 13.99 60.5 6.22
19 PBDTTT-C-T:PC,,BM/%! Ca N/A 0.79 14.83 62.4 7.28
20 PEGN-Cqg N/A 0.79 14.79 63.4 7.45
21 P3HT:PCq,BM** DMAPA-Cg, 1:0.8 0.63 9.14 67.8 3.88
22 PBDTTT-C:PC,,BM/® DMAPA-Cgq N/A 0.72 14.08 61.8 6.29
23 PBDTTT-C-T:PC,,BM/%* DMAPA-C, 1:1.5 0.79 14.89 62.9 7.42
24 PBDTTT-C:PC,,BM*5* DMAPA-Cgo N/A 0.73 14.26 59.5 6.20
25 P3HT:PCBM“72 None 1:1 0.58 11.60 52.0 3.50
26 C-PCBSD 1:1 0.60 12.80 58.0 4.40
27 PCPDTBT:PC,,BM“"? None 1:2 0.48 12.10 32.0 1.90
28 C-PCBSD 1:2 0.66 14.50 35.0 3.40
29 P3HT:ICBA“"° None 1:1 0.82 10.60 55.0 4.80
30 C-PCBSD 1:1 0.84 12.40 60.0 6.22
31 P3HT:ICBA“'%® C-PCBSD nanorods 1:1 0.84 12.07 72.3 7.30
32 Planar C-PCBSD 1:1 0.84 11.17 66.0 6.20
33 P3HT:PCq,BM/"11? None 1:1 0.58 10.65 57.76 3.60
34 SA-PCBO 1:1 0.60 11.14 60.73 4.10
35 ' C-PCBOD 1:1 0.61 12.25 61.26 4.50
36 P3HT:PCq,BM"'*? None 1:1 0.58 9.87 55.00 3.20
37 SA-C-TSMC 1:1 0.60 10.42 61.70 3.90
38 PDITTDTBT:PC,,BM"1?2  None 1:4 0.87 9.94 50.27 4.30
39 SA-C-TSMC 1:4 0.91 11.54 55.02 5.80
40 PTB7:PC,,BM"'?* ZnoO 1:1.5 0.70 13.75 69.00 6.65
41 ZnO-Cgy 1:15 0.73 15.41 73.00 8.21
42 PTB7-Th:PC,,BM'** ZnoO 1:1.5 0.79 14.02 69.10 7.64
43 ZnO-Cgq 1:15 0.80 15.73 74.30 9.35

“ ITO/ZnOfinterlayer/active layer/PEDOT:PSS/Ag. ” The C¢y-SAM was prepared by solution immersion.® ¢ ITO/PEDOT:PSS/active layer/Ca/AlL ? ITO/
interlayer/active layer/MoOs/Al. ¢ ITO/PEDOT:PSS/active layer/interlayer/Ag. / ITO/PEDOT:PSS(40 mm)/active layer/interlayer/Al. ¢ Not available.
" ITO/TiO,/interlayer/active layer/MoO,/Ag. * ITO/TiO,/interlayer/active layer/PEDOT:PSS/Ag.” ITO/interlayer/active layer/MoO,/Ag.

cross-linking to form a robust and immobilized layer could be a
straightforward and ideal strategy. Styrene is known to be a
superb thermally curable group because it can undergo rapid
polymerization in the solid state to form polystyrene without
the use of any initiators.** To this end, a fullerene derivative,
[6,6]-phenyl-Cg;-butyric styryl dendron ester, PCBSD (Scheme
2), that contains a small dendron functionalized with two
thermally cross-linkable styryl groups was synthesized by our
group and the corresponding cross-linked PCBSD (C-PCBSD,
Scheme 2) was then integrated into inverted solar devices.”” A
solution of PCBSD was spin-coated on top of the ZnO surface,
followed by thermal curing at 160 °C for 30 min. This cross-

1874 | Energy Environ. Sci., 2014, 7, 1866-1883

linked network produced a robust and adhesive thin film with
sufficient solvent resistance. A multilayer inverted solar cell
based on the ITO/ZnO/C-PCBSD/P3HT:PC¢BM (1:1, wiw)/
PEDOT:PSS/Ag configuration was fabricated and gave a PCE of
4.4% (Entry 26, Table 2). A reference device without the C-
PCBSD interlayer gave a PCE of 3.5% (Entry 25, Table 2). With
the additional interlayer of C-PCBSD, the PCE was substantially
improved by 26%, which results from the simultaneously
enhanced V., Js., and FF relative to the device without inter-
layer. The use of the C-PCBSD interlayer provides an extra P3HT/
C-PCBSD interface area for ultrafast exciton dissociation, which
is more efficient than the P3HT/ZnO interface.’** Moreover, the
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LUMO energy level of C-PCBSD (3.8 €V) is located between the
LUMO of P3HT (3.3 eV) and the conduction band of ZnO (4.4
eV). Therefore, the C-PCBSD can function as an energy gradient
intermediate, so that electrons can be efficiently transported to
the ZnO through an energetically downhill cascade pathway.*>

The device stability was also examined.” The PCEs of the
unencapsulated inverted solar cell devices were periodically
measured for 35 days to monitor their long-term stability. With
the presence of the C-PCBSD interlayer, the device lifetime was
enhanced by 1.5 time. Device degradation is known to be related
to leakage current caused by the formation of hot spots in bulk or
at the interface.”® The coverage of a three-dimensional C-PCBSD
network on ZnO might passivate the hot spots generated in the
ZnO to suppress the leakage current, thus improving the opera-
tional lifetime. Additionally, without this interlayer as a dense
and robust spacer, gradual mutual penetration between the ZnO
and the active layer may alter their chemical or physical prop-
erties as the operational time increases.

This strategy was also applied to other blending systems. A
inverted device based on ITO/ZnO/C-PCBSD/PCPDTBT***
(Scheme 2):PC;BM (1 : 2, w/w)/PEDOT:PSS/Ag was fabricated
and exhibited a V,. of 0.66 V, a J. of 14.50 mA cm ™2, and an FF
of 35%, leading to a PCE of 3.4% (Entry 28, Table 2), which has a
considerable improvement of 78% compared to the reference
device without the C-PCBSD interlayer (Entry 27, Table 2).
Moreover, the utilization of n-type bis-adduct fullerenes in an
inverted device with the C-PCBSD interlayer modification was
also carried out.”® ICBA was selected as the n-type materials on
account of its high-lying LUMO level that has been demon-
strated to be beneficial for the enhancement of V,..** A device on
the basis of ITO/ZnO/C-PCBSD/P3HT:ICBA (1:1, w/w)/
PEDOT:PSS/Ag configuration exhibited a V,,. of 0.84 V, J;. of 12.4
mA cm 2, and FF of 60%, achieving a high PCE of 6.22% (Entry
30, Table 2), which is a 29% increase over the reference device
without the C-PCBSD interlayer (Entry 29, Table 2).

To provide a direct path for charge transport while main-
taining a large interfacial area in BHJ solar cells, the ideal
architecture of the donor and acceptor is the periodic, vertically
aligned, and interpenetrating ordered bulk heterojunction
(OBH])."**"*** C-PCBSD combined with the anodic aluminum
oxide (AAO) template-assisted approach'®*™** was employed to
construct a well-organized nanostructured interface. A device
on the basis of ITO/ZnO/C-PCBSD nanorods/P3HT:ICBA/

PEDOT:PSS

P3HT:ICBA
C-PCBSD nanorods

ITO-coated glass substrate
Fig. 2 Schematic representation of the nano-structured device

architecture. Reprinted with permission from ref. 105. Copyright 2011,
Wiley-VCH Verlag GmbH & Co. KGaA.
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PEDOT:PSS/Ag configuration was completed (Fig. 2).'* Under
otherwise identical conditions, a control device, by using the
ITO/ZnO/planar C-PCBSD/P3HT:ICBA/PEDOT:PSS/Ag configu-
ration (without the C-PCBSD nanostructure), was fabricated for
comparison. The device with the C-PCBSD nanorods exhibited
an exceptional PCE of 7.3%, with V,. = 0.84 V, J;. = 12.07 mA
em 2, and FF = 72.3% (Entry 31, Table 2). The control device
without the C-PCBSD nanostructure exhibited an inferior PCE
of 6.2%, with a V,. of 0.84 V, a Jo of 11.17 mA cm ™2, and an FF of
66% (Entry 32, Table 2). The efficiency enhancement could be
ascribed to the fact that the array of C-PCBSD nanorods pene-
trating into the BH] layer offers substantial P3HT/C-PCBSD
interfacial area for extra exciton dissociation, thereby gener-
ating a higher photocurrent, which was supported by steady-
state photoluminescence (PL) measurements.'”® Furthermore,
the introduction of C-PCBSD nanorods enhanced the electron
mobility from 9.4 x 107* to 2.6 x 10> cm® V' s while
maintaining the hole mobility value of approximately 3 x 10 ~3
em”® V7' 57, thus leading to more balanced charge transport.
Such an enhancement in electron mobility has also been
demonstrated in previous studies, showing that nanostructured
organic semiconductors can possess superior charge-transport
properties than their planar counterparts.®®'%071%

The stability of the devices without encapsulation was also
evaluated. The device stability was enhanced significantly with
the help of the C-PCBSD nanorods. As suggested by optical
microscopy, the macrographic alteration of the active-layer
morphology is the primary reason causing the reduction of effi-
ciency of the devices. Considering that a part of the P3HT:ICBA
BH] infiltrated into the C-PCBSD nanorods and is thus sur-
rounded and confined between the rods, nanostructure-assisted
morphological stability could be rationalized by the spatial
confinement effect, which might suppress the thermal-driven
crystallization of ICBA and P3HT upon thermal annealing.

3.6 Oxetane groups

Oxetane functional group has been extensively utilized as an
efficient cross-linker for the applications of organic elec-
tronics.**'*¢"'* In comparison to the radical polymerization of
styrene, cationic polymerization of oxetane is less sensitive to
air. Moreover, it is reasonable to postulate that hydroxyl groups
on metal oxide can also serve as nucleophiles to open the ring of
protonated oxetane, thereby forming a monolayer modifier by
covalent bonding."*

We developed a PC¢;BM-based n-type material, [6,6]-phenyl-
Ce;-butyric oxetane dendron ester (PCBOD) (Scheme 2), func-
tionalized with a small dendron containing two oxetane groups
as the cross linkers."** To induce cationic oxetane ring-opening
polymerization, a catalytic amount of photoacid generator
(PAG) is required to generate acidic protons upon UV irradia-
tion. Infrared spectroscopy suggested that when the polymeri-
zation temperature is above the glass transition temperature
(Ty) of PCBOD, the two arms of the dendron can provide
adequate flexibility for the oxetane groups to react in the solid
state to furnish cross-linked PCBOD (C-PCBOD) (Scheme 2). A
plausible mechanism was proposed to account for the self-
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assembled monolayer and cross-linking of PCBOD on the TiO,
surface (Fig. 3)."**'** The anchoring of oxetane groups may take
place by nucleophilic attack of the hydroxyl groups on the TiO,
surface to open the protonated oxetane rings. Further bidentate
anchoring is possible through the etherification condensation.
Once the self-assembled monolayer is formed, the intermolec-
ular cross-linking can efficiently occur through ring-opening
polymerization between the oxetane groups to vertically grow a
multi-molecular interlayer.

Subsequently, inverted solar cell devices based on the
configuration of ITO/TiO,/interlayer/P3HT:PC¢;,BM (1 : 1, w/w)/
MoO;/Ag was fabricated.’® The device with the C-PCBOD
interlayer exhibited a V,. of 0.61 V, a J,. of 12.25 mA cm ™2, and

Y

Self-assembly

cs0 Cc60 monolayer
%wgo %ﬁ@ .
= = g
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OH OH OH
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Fig. 3 Proposed mechanism for self-assembly and multi-molecular
cross-linking of PCBOD on the TiO, surface. Reprinted with permis-
sion from ref. 114. Copyright 2011, American Chemical Society.
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an FF of 61.26%, achieving a PCE of 4.5% (Entry 35, Table 2).
The device without the C-PCBOD layer delivered an inferior PCE
of 3.6% (Entry 33, Table 2). Noticeably, when PCBOD was
replaced with PCBO (Scheme 2) to form a self-assembly PCBO
monolayer (SA-PCBO), the corresponding device gave a PCE of
4.10% (Entry 34, Table 2), which drops by 10% compared to the
C-PCBOD-based device. This result suggests that a dense,
robust, and pinhole-free multimolecular interlayer is capable of
further strengthening the interface characteristics.

3.7 Trichlorosilane

Trichlorosilane moieties are known to readily undergo facile
hydrolysis to produce polysiloxane in ambient air. Because of its
high reactivity and wide availability, it is frequently used to
implement self-assembly and/or cross-linking for the purpose
of surface modification.'">"** We recently have incorporated
trichlorosilane functionalities into fullerene derivatives for PSC
applications. Bis(2-(trichlorosilyl)propyl)-malonate Cg, (TSMC,
Scheme 2) containing two trichlorosilane groups was synthe-
sized and spin-cast on top of the ITO/TiO, surface to form a self-
assembled/cross-linked network of TSMC (SA-C-TSMC).'*>
Atomic force microscopy (AFM) was employed to investigate the
surface morphology. In AFM images, pronounced nano-
structures were found on the surface of the SA-C-TSMC layer
with a RMS roughness of 5.26 nm." These vertically grown
semispherical nanoaggregates comprising the cross-linked
TSMC aggregates are ca. 10-30 nm in height and ca. 20-60 nm
in diameter. In contrast, the surface of the pristine TiO,
exhibited much smooth morphology with a RMS roughness ca.
3.49 nm. A plausible mechanism accounting for the formation
of SA-C-TSMC layer on the top of TiO, surface is proposed in
Fig. 4. Upon spin-coating, the nucleophilic hydroxyl groups on

Ceo Cen
$%) — sl — Co
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Fig. 4 Hydrolysis of the trichlorosilane groups of TSMC: (a) self-assembled reaction on TiO,, (b) intermolecular cross-linking to form multilayer
network. Reprinted with permission from ref. 123. Copyright 2013, American Chemical Society.
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the surface can attack the electrophilic silicon atoms of tri-
chlorosilanes to spontaneously form a self-assembled mono-
layer via the Ti-O-Si linkages (Fig. 4a). In the mean time,
intermolecular cross-linking between the TSMC molecules to
form a multilayer network through the siloxane Si-O-Si link-
ages also proceeds efficiently (Fig. 4b). Considering that
hydrolysis of trichlorosilane groups with moisture is a fast and
energetically favorable process, it is reasonable to expect that
some of the TSMC molecules have started cross-linking and
aggregating into nanoparticles suspended in the solution
before spin-casting. The precross-linked nanoparticles depos-
ited on the surface were integrated into the SA-C-TSMC layer,
thereby forming the vertically aligned nanostructures on the
surface. The nanoaggregates on the SA-C-TSMC layer can
provide extra charge-generating interfacial area and straight
electron transport pathways.

A multilayer inverted device with the configuration of ITO/
TiO,/SA-C-TSMC/P3HT:PC¢;BM (1 : 1, w/w)/PEDOT:PSS/Ag was
fabricated. It exhibited a V.. of 0.60 V, a J,. of 10.42 mA cm ™2, an
FF of 61.70%, and a PCE of 3.9% (Entry 37, Table 2), which
represents a 22% improvement over the device without the SA-
C-TSMC layer (PCE = 3.2%, Entry 36, Table 2). This strategy was
further applied to the devices incorporating various photoactive
materials. A p-type copolymer PDITTDTBT** (Scheme 2) was
chosen to test the general applicability of SA-C-TSMC. The
device with the SA-C-TSMC interlayer (ITO/TiO,/SA-C-TSMC/
PDITTDTBT:PC,BM (1 : 4, w/w)/M0O,/Ag) and its correspond-
ing control device in the absence of the interlayer were thus
fabricated. Compared to the device without SA-C-TSMC (Entry
38, Table 2), the device with SA-C-TSMC exhibited V,. = 0.91V,
Jse = 11.54 mA ecm ™2, FF = 55.02% and PCE = 5.8% (Entry 39,
Table 2), which is a considerable enhancement of 35% in effi-
ciency. Furthermore, this experiment also demonstrates that
the TSMC interlayer is effective not only for the PCy;BM-based
system but also for the PC,;BM-based system.

3.8 ZnO doped with fullerene materials

The combination of fullerenes and metal oxides in PSCs is an
intriguing idea. Lately it has been realized by employing ZnO
doped with PCBE-OH (Scheme 2) as the cathode in inverted
PSCs."* This fullerene-doped ZnO film (abbreviated as ZnO-Cg)
was prepared by spin coating a mixture of PCBE-OH (0.5 wt%)
and Zn(OAc), (99.5 wt%) in 2-methoxyethanol and ethanol-
amine on ITO, followed by sintering at 180 °C under ambient
conditions. It is believed that a condensation reaction would
first occur between Zn(OAc), and PCBE-OH to form a Zn-Cs,
precursor (Scheme 2). Contact angle and XPS measurements
suggest that the formed ZnO-Cq, film is fullerene-rich on its
surface, indicating that the fullerene molecules are mainly sit-
uated at the uppermost part of the ZnO-Cg, film. The HOMO
and LUMO energy levels of the ZnO-Cg, film were determined to
be —7.01 and —4.53 eV by UV-Vis spectroscopy. For the pristine
ZnO film, the HOMO and LUMO energy levels are —7.24 and
—4.14 eV, respectively. It is evident that the doping of PCBE-OH
to ZnO results in smaller energy band gap, accompanied by the
upshift of the HOMO energy and the downshift of the LUMO

This journal is © The Royal Society of Chemistry 2014
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energy. The observed energy variation also reflects with the fact
that the fullerenes are located on the surface of the ZnO-Cg,
film, thus leading to the change of the frontier-orbital energies.
Furthermore, the electron mobility and surface conductivity of
the ZnO-Cgo film were evaluated as well and found to be
appreciably higher than those of the pristine ZnO film.

Subsequently, the ITO/interlayer/active layer/MoO;/Ag device
configuration was employed to examine the effect brought by
the ZnO-Cg, film, where the cathodic interlayer is either pristine
ZnO or ZnO-Cg, film and the active layer is PTB7'** (Scheme
2):PC,,BM or PTB7-Th'** (Scheme 2):PC,;BM. The device char-
acteristics are listed in Table 2. Evidently, the device efficiencies
increased significantly when the cathodic interlayer varied from
pristine ZnO to ZnO-Cg,. The best PCE of 9.35% was achieved by
use of the ITO/ZnO-Cez/PTB7-Th:PC;;BM/M00O;3/Ag device
structure. As concluded from the attained experimental data,
the success of this fullerene-dopant strategy mainly lies in the
enhancement of electron collection of the cathode and the
diminution of the interfacial series resistance between the
cathode and the active layer.

4. Morphological stabilization

Morphological instability of PSCs is considered to be one of the
major obstacles hindering their path toward commercializa-
tion. However, the development of practicable strategies to
preserve optimal morphology is rather challenging. Fréchet and
co-workers found that a slight decrease of the regioregularity of
P3HT to weaken the crystallization-driven phase separation not
only retains the device efficiency but also enhances the thermal
stability of morphology in the solar cells.** Moreover, Fréchet
et al. used a diblock copolymer containing fullerene and oli-
gothiophene pendant groups to serve as a compatibilizer to
improve adhesion between the P3HT and PCqBM bound-
aries.”” Wudl and co-workers also used similar strategy to
adjust the interfacial morphology between P3HT and PCgBM
and found a substantial improvement in device performance.**”
Lately, several elegant approaches, including in situ polymeri-
zation,® polyethylene glycol (PEG) end-capped fullerene,'?
supramolecular pentafluorophenyl-fullerene interactions,'*
and light-induced oligomerization of fullerenes** have been
utilized in stabilizing the active-layer morphology and simul-
taneously retaining the device efficiency, providing insight into
the general applicability of morphological stabilization.

4.1 In situ polymerization

One of the most straightforward methods for stabilization of
the active-layer morphology is to lock it by covalent
bonding.****** In situ chemical cross-linking in BHJ films right
after the formation of the optimal morphology is an ideal
strategy to achieve this goal.”***** Crosslinkable PCBSD
(Scheme 2) with two styryl groups can not only be used in
interfacial modification,” but also be utilized in active layers for
morphological stabilization.®* Conventional devices on the
basis of ITO/PEDOT:PSS/active layer/Ca/Al configuration were
manufactured. Various amounts of PCBSD were doped into the
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P3HT:PC¢;BM blend. The blending weight ratio of P3HT to the
total n-type materials (i.e., PC¢;BM plus PCBSD) was fixed at
1:1 and the relative proportion between the PCqBM and
PCBSD was adjusted. Two-stage thermal annealing as the
standard procedure for all blending systems was imple-
mented.® The spin-coated active-layer blend was initially ther-
mally annealed at 110 °C for 10 min to develop suitable
morphology, followed by thermal annealing at 150 °C for
another 10 min to trigger in situ polymerization. It was found
that by doping small amounts of PCBSD into the P3HT:PC4;BM
blend (P3HT:PC¢BM:PCBSD = 6:5: 1 in weight), the initial
morphology of the blend can be fixed and preserved effectively
after polymerization. The device based on this blend showed
highly stable device characteristics, delivering a PCE of 3.70%
during 25 h isothermal heating at 150 °C (Entry 4, Table 3). In
sharp contrast, under otherwise identical conditions, the
P3HT:PC¢;BM blend underwent severe phase separation due to
the crystallization of P3HT and the aggregation of PCs;BM. The
PCE of the P3HT:PCs;BM-based device dropped dramatically
from 4.08% to 0.69% (Entry 1 and 2, Table 3). PCBS (Scheme 2)
with only one styryl moiety, was also used as a dopant in the
active layer. At a low doping concentration of PCBS in the blend
(P3HT:PC¢BM:PCBS = 6 : 5 : 1 in weight), linearly polymerized
PCBS can also stabilize the morphology against heating. This
device exhibited a PCE of 3.61% during 25 h heating at 150 °C
(Entry 6, Table 3).%

4.2 Polyethylene glycol (PEG) end-capped fullerene

Fullerenes are usually insoluble in polar solvent, such as
water.**"” However, when they are functionalized with hydro-
philic PEG groups, the resultant fullerene derivatives often have
high solubility in polar solvents.”*® A PEG-end capped PC4;BM

View Article Online
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derivative, PCBPEG (Scheme 3), was developed and used as a
dopant to stabilize the morphology of the P3HT:PCs;BM blend.
By employing the ITO/PEDOT:PSS/active layer/Al configuration,
when the P3HT/PC¢,BM active-layer blend was doped with 5 wt
% of PCBPEG, the corresponding device gave a V,,. 0of 0.60 V, a J,.
of 11.44 mA cm™?, an FF of 60.0%, and a PCE of 4.15%. After
being heated at 60 °C for 300 h, the device can still maintain
50% of the original PCE value. For comparison, the device
without doping of PCBPEG lost more than 85% of its original
PCE value after 300 h heating at 60 °C. Transmission electron
microscopy reveals that PCBPEG is able to suppress the
formation of large-scale PCqBM aggregation at elevated
temperatures, thus restraining the P3HT/PCq;BM from severe
phase separation at elevated temperatures.

4.3 Supramolecular pentafluorophenyl-fullerene
interactions

It has been reported by Nakamura and co-workers that through
the pentafluorophenyl (Cg¢Fs)-fullerene interaction, 1,4-bis-
(pentafluorobenzenyl) fullerene assembles into an interlocked
one-dimensional zigzag array in the solid state.”®® It is
intriguing to further utilize this C¢F5s—Cs interaction in stabi-
lizing the active-layer morphology in PSCs. To this end, we
developed a new PCqBM-based fullerene, [6,6]-phenyl-Cqq
butyric acid pentafluorophenyl ester (PCq;BPF, Scheme 3) and
tested it in conventional solar devices (ITO/PEDOT:PSS/active
layer/Ca/Al)."*® A series of active-layer blends with different
doping ratio of PCs,BPF were initially thermally annealed at 140
°C for 15 min, and then subjected to isothermal heating at 150
°C for the longest 25 hours prior to the deposition of top elec-
trodes. It was found that by doping small amounts of PCg;BP*
into the P3HT:PCg;BM blend (P3HT:PCg;BM:PC¢;BP* =6 : 5 : 1

Table 3 Photovoltaic parameters of PSCs based on various blends isothermally heated at 150 °C for different time

Weight ratio

Entry Blend (in wt%) Time (h) Voe (V) Jse (MA cm™?) FF (%) PCE (%)
1 P3HT/PCs;BM 1:1 — 0.60 10.26 66 4.08
2 25 0.62 2.27 49 0.69
3 P3HT/PCs;BM/PCBSD 6:5:1 — 0.60 8.44 66 3.32
4 25 0.60 9.35 66 3.70
5 P3HT/PCs,BM/PCBS 6:5:1 — 0.60 9.82 65 3.84
6 25 0.58 9.49 66 3.61

PCg BPF

PCg BP

PCBPEG

PDTBCDTBT

Scheme 3 Chemical structures of PCg;BP", PCg;BP, PCBPEG, and PDTBCDTBT.
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Table 4 Photovoltaic parameters of PSCs (ITO/PEDOT:PSS/active layer/Ca/Al) before and after isothermal heating at 150 °C for 25 h

Entry Blend Weight ratio (in wt%) Time (h) Vo (V) Jse (MA cm™?) FF (%) PCE (%)
1 P3HT:PCg;BM 1:1 0 0.60 —10.26 66.00 4.08
2 25 0.62 —2.27 49.00 0.69
3 PSHT:PC51BM:PC61BPF 6:5:1 0 0.60 —-9.87 65.60 3.88
4 25 0.62 —9.06 65.47 3.68
5 P3HT:PCg;BM:PCg4,BP 6:5:1 0 0.60 —8.92 64.40 3.45
6 25 0.62 —-1.78 41.48 0.44

in weight), the device performance showed highly stable device
characteristics, delivering a PCE of 3.68% (Entry 4, Table 4) after
25 h isothermal heating at 150 °C. In sharp contrast, the PCE of
the P3HT:PCs;BM blend dropped dramatically from 4.08%
(Entry 1, Table 4) to 0.69% (Entry 2, Table 4) after 25 h
isothermal heating. The decreased efficiency is mainly a result
of the decrease of J. value. In comparison to PCg;BPF, PCq;BP
(Scheme 3) with non-fluorinated phenyl group was synthesized
and also used as the doping component in the P3HT:PCs; BM
blend. By using the same doping ratio (P3HT:PCs;BM:PC¢;BP =
6:5:1 in weight), the device yielded a PCE of 3.45% initially
(Entry 5, Table 4). Subsequent to 25 h thermal heating at 150 °C,
it degraded significantly to 0.44% (Entry 6, Table 4). These
results clearly demonstrate that the presence of penta-
fluorophenyl group in PC¢,BP" to exert C4Fs-Cy, interactions
plays a decisive role in controlling and stabilizing the
morphology against thermal heating.

A rational mechanism for the morphological stabilization of
the P3HT:PCg,BM:PCq;BPF blends is proposed and illustrated
in Fig. 5. For the as-cast thin films with dopant of PCgBP¥,
diffusion of the fullerene molecules dispersed in the mixed
regions is partially restricted by the intermolecular C¢F5—Cgo
interactions, reducing their tendency toward thermal-induced
fullerene aggregation (Fig. 5a). Pre-annealing at 140 °C for 15
min may not be sufficient to achieve optimized morphology,
which depends on the loading amount of PC¢;BP" (Fig. 5b). By
further heating at 150 °C during 25 h, the fullerene molecules in
the mixed regions might gradually overcome the supramolec-
ular attraction and slowly aggregate into fullerene clusters with
concurrent enhancement of P3HT crystallinity (Fig. 5c). DFT

calculations at the wB97XD/6-311G(d,P) level of theory was
employed to investigate the stabilization brought by the pen-
tafluorophenyl group of PCe;BPF.1>® The computational results
reveal that the Cg, core can interact with the pentafluorophenyl
group to form a stable adduct and this intermolecular interac-
tion was estimated to be —10.58 kcal mol *. The presence of
CeF5-Cgp interactions is thus supported by DFT calculations.

This strategy was also applied to other blending systems. A
device on the basis of the ITO/PEDOT:PSS/PDTBCDTBT'*
(Scheme 3):PC,;BM (2:3 in wt%)/Ca/Al configuration was
fabricated. The active layer, thermally annealed at 100 °C for 10
min, achieved a high efficiency of 5.34%. After isothermal
heating of the active layer at 150 °C for 24 h, the efficiency
dramatically degraded to an extremely low value of 0.01%.
Under otherwise identical conditions, the device by adding 10
wt% PCg,BP" into the active layer delivered an initial efficiency
of 5.24%, indicating that the incorporation of PCg;BP* into this
system does not alter the device performance. In sharp contrast,
after thermal annealing at 150 °C for 25 h, this PCgBP™-incor-
porated device still achieved a comparable PCE of 4.24%, that is
about 81% of its original value.

4.4 Light induced oligomerization of fullerenes

Photoinduced oligomerization of fullerenes via [2 + 2] cycload-
dition has been demonstrated.**® Lately, this concept has been
incorporated into PSCs with the aim of ensuring thermally
stable D-A morphology.” The morphological behaviour of
PCDTBT (Scheme 2):PC4;BM blend was investigated. The as-
cast PCDTBT:PC¢;BM blend film was illuminated under

Physical interaction between PC¢;BM
and PC¢,BPF

Intermediate Morphology

Morphology

Fig.5 Morphological stabilization of P3HT:PCg,BM:PCg,BPF blends. Reprinted with permission from ref. 129. Copyright 2013, Wiley-VCH Verlag

GmbH & Co. KGaA.
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nitrogen for various time periods by a moderate fluorescent
lamp with intensity of 10 mW cm 2. No apparent morphological
change subsequent to thermal stress at 140 °C for 1 h was
observed for the blend pre-treated by the above-mentioned light
exposure. In sharp contrast, the blend without light exposure
underwent fast growth of PCq;BM crystallites under otherwise
identical thermal stress conditions. The enhanced morpholog-
ical stability is attributed to the formation of small-domain
PC¢1BM oligomers that minimize the diffusion of PCs;BM out
of polymer matrix. The device stability were then examined on
the basis of the ITO/PEDOT:PSS/PCDTBT:PCs;BM (1 : 2) (with
or without >120 min light exposure)/Ca/Al. The initial efficien-
cies for the devices with or without illumination are about 6%,
suggesting that the illumination step does not have negative
effect on the device performance. Overall, the device stability
under thermal stress at 80 °C was enhanced nearly 10 fold
through the pre-treatment of light exposure. The application of
this approach to other blends, such as DPP-TT-T***/PCs;BM, was
demonstrated as well, suggesting its general applicability.

5. Conclusions

Research effort devoted to the field of bulk heterojunction (BHJ)
polymer solar cells (PSCs) has delivered promising results.
Nevertheless, in order to achieve the ultimate goal of commer-
cialization, further optimization is certainly required. Herein we
reviewed the research progress on applications of fullerene-
based materials in the BH]J PSCs. It was categorized into three
areas: bis-adduct fullerenes, fullerene-based interlayer modifi-
cation, and morphological stabilization. For bis-adduct fuller-
enes, the second functionalization on the core structure of the
mono-substituted Cgo can reduce the m-conjugation and elec-
tron delocalization in the Cg, resulting in the formed bis-
adduct Cg, derivatives with larger electrochemical reduction
potentials and thus higher-lying LUMO levels. These bis-adduct
fullerenes, i.e. bisPCBM, ICBA, IC,,BA, IPCBM, bis-TOQC, and
DMPCBA, were used in BHJ PSCs and found to be effective in
increasing the V,. of the corresponding devices, in turn
enhancing the PCE values. Moreover, the function of bis-adduct
fullerenes is not merely limited in the enlargement of V,.. For
example, due to the amorphous nature of DMPCBA, the
morphology of the PBHT:DMPCBA blend can be preserved after
long-term thermal heating.

As for interlayer modification, incorporation of an additional
n-type fullerene interlayer between inorganic and organic active
layers either in regular or inverted solar cells can help in
minimization of charge recombination losses at the interface
and improvement of charge transfer from the active layer to the
inorganic layer, thus resulting in higher PCEs. To this end,
various functional groups, such as acid, alcohol, phosphoric
ester, polyethylene glycol, amine, styrene, oxetane, tri-
chlorosilane, and ZnO were employed to modify fullerenes,
respectively, and the resultant fullerenes exhibited promising
interfacial electronic properties in the improvement of device
characteristics. Certain fullerene, such as cross-linked PCBSD
(C-PCBSD) can increase the device stability since the hot spots
generated in the inorganic layer (ZnO) may be passivated by the
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cross-linked PCBSD interlayer and the leakage current is
therefore suppressed, giving rise to longer device operational
lifetime. Noteworthily, the incorporation of the anodic
aluminum oxide template with C-PCBSD can not only increase
the device efficiency but also the device stability. The efficiency
enhancement could be ascribed to the fact that the C-PCBSD
nanostructures penetrating into the BHJ layer offer substantial
P3HT/C-PCBSD interfacial area for extra exciton dissociation,
thereby generating a higher photocurrent and PCE. The
morphological stability may result from the spatial confinement
effect, which might suppress the thermal-driven crystallization
of ICBA and P3HT upon thermal annealing.

Lastly, with regard to morphological stability, in situ poly-
merization was applied to lock the optimal morphology by
covalent bonding. Functionalized fullerenes in which the
functional groups are polyethylene glycol and perfluorophenyl
moieties were utilized to suppress the thermal-induced
fullerene aggregation. Light-induced oligomerization of
PCs;BM was demonstrated to be effective in minimizing the
aggregation of PC¢;BM under thermal stress. These strategies
can enhance the device stability significantly since the optimal
active-layer morphologies are more robust and therefore less
sensitive towards thermal heating.

The research of employing fullerene derivatives in BHJ PSCs
has established many valuable landmarks. It is envisioned that
further investigation and advancement in this field can increase
both the device efficiency and stability and ultimately reach the
goal of commercialization.
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