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ABSTRACT: A cross-linkable water/alcohol soluble conju-
gated polymer (WSCP) material poly[9,9-bis(6’-(IN,N-
diethylamino)propyl)-fluorene-alt-9,9-bis(3-ethyl(oxetane-3-
ethyloxy)-hexyl) fluorene] (PFN-OX) was designed. The
cross-linkable nature of PFN-OX is good for fabricating
inverted polymer solar cells (PSCs) with well-defined interface
and investigating the detailed working mechanism of high-
efficiency inverted PSCs based on poly[4,8-bis(2-
ethylhexyloxyl)benzo[1,2-b:4,5-b’]dithio-phene-2,6-diyl-alt-
ethylhexyl-3-fluorothithieno[3,4-b]thiophene-2-carboxylate-
4,6-diyl] (PTB7) and (6,6)-phenyl-C71-butyric acid methyl
ester (PC,;BM) blend active layer. The detailed working

-
o
T

~~~~~~~~~~~~~~~~~
Ty

-
N
—_—

V,=0.75V
FF=74.4% ;
PCE=9.28% \

) 1
0.6 0.8

J=16.6 mA cm? \

Current Density (mA cm?)
» -
x

L
0 0.2 0.4
Voltage (V)

mechanism of WSCP materials in high-efficiency PSCs were studied and can be summarized into the following three effects: a)
PFN-OX tunes cathode work function to enhance open-circuit voltage (Voc); b) PEN-OX dopes PC,BM at interface to
facilitate electron extraction; and c) PEN-OX extracts electrons and blocks holes to enhance fill factor (FF). On the basis of this
understanding, the hole-blocking function of the PFN-OX interlayer was further improved with addition of a ZnO layer between
ITO and PEN-OX, which led to inverted PSCs with a power conversion efficiency of 9.28% and fill factor high up to 74.4%.
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B INTRODUCTION

The polymer solar cells (PSCs) have attracted considerable
research attention from both academia and industry over the
past decade because of such advantages as low-cost fabrication
and mechanical flexibility."> Recently, single-junction PSCs
have broken a power conversion efficiency (PCE) record of
9%, whereas the record PCE for tandem organic solar cells
broke 10%.%” Of particular interest are the so-called inverted
structure PSCs, which exhibit superior efficiency and stability
compared with their conventional structure counterparts.>®~"!
A key component of inverted PSCs is an interlayer able to
extract electrons from the active layer to the indium tin oxide
(ITO) electrode."”"® Commonly used interlayer materials for
inverted PSCs include zinc oxide (ZnO),"*'* cesium carbonate
(CSZCO3),16'17 titanium oxide (TiO,),'® titanium chelate,"
water-/alcohol-soluble conjugated polymers (WSCPs),»*°~**
and water-/alcohol-soluble nonconjugated polymers.** One
outstanding example of such inverted PSCs was developed
through the combination of a poly[4,8-bis(2-ethylhexyloxyl)-
benzo[1,2-b:4,5-b’]dithio-phene-2,6-diyl-alt-ethylhexyl-3-
fluorothithieno[3,4-b]thiophene-2-carboxylate-4,6-diyl] (PTB7,
Scheme 1) and (6,6)- phenyl-C71-butyric acid methyl ester
(PC,,BM, Scheme 1) blend active layer and a WSCP interlayer
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of Poly[9,9-bis(6’- (N,N-diethylamino)propyl)-fluorene]
(PEN).> Although this was an important achievement in the
PSC field, there is ongoing debate over the fundamental
mechanisms by which PEN, or WSCP materials in general,
enhance the performance of PSCs. Most previous reports
ascribed the performance enhancement to WSCP materials’
reduction of the cathode work function (WF) through the
formation of interfacial dipoles at the cathode interface.”>®
This hypothesis is somewhat debatable, however, as the same
dipole theory has been used to explain these materials’
functions in both organic light-emitting diodes (OLEDs) and
PSCs. As OLEDs and PSCs have opposing charge injection/
transporting directions, it could be argued that the dipoles
introduced by WSCP materials would have opposite effects on
OLED and PSC performance. Hence, the dipole theory alone
appears insufficient to explain the function of WSCP materials
in the aforementioned high-efficiency PSCs. Further complicat-
ing the issue is that PFN has non-negligible solubility in the
solvent used to process the active layer of PSCs (e.g,
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Scheme 1. (a) Devices Configuration of Inverted Polymer Solar Cells; (b) Chemical Structure of PEN-OX and Light Absorption
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Figure 1. Cross-section SEM images of (a) ITO/PFN-OX/PTB7:PC;BM and (b) ITO/PFN/PTB7:PC,,BM.

chlorobenzene),*”*° which makes it difficult to investigate the

working mechanism of the PEN interlayer in inverted PSCs, as
the ITO/PFN/active-layer stack has poorly defined interfaces.
The partially dissolved PEN interlayer may also have a negative
effect on further optimizing and increasing PSC efficiency.

In this paper, we report a cross-linkable WSCP material,
poly[9,9-bis(6’-(IN,N-diethylamino ) propyl)-fluorene-alt-9,9-bis-
(3-ethyl(oxetane-3-ethyloxy)-hexyl)-fluorene] (PFN-OX,
Scheme 1), suitable for inverted PSC applications. What
differentiates PFN-OX from PEN is that it can be thermally
cross-linked and becomes insoluble in the processing solvent of
the active layer. Notes that, the —OX groups are chemically
bonded on the end of the side chains, and do not affect the
PEN-OX’s energy and band structure. This new interlayer
material allows us to better understand the detailed working
mechanisms of high-efficiency inverted PSCs based on WSCP
interlayer materials and PTB7:PC,;BM active layers. We found
that the PFN-OX interlayer acts as both an electron-extracting,
and hole-blocking interlayer for PTB7:PC,BM-based PSCs.

More importantly, we found PFN-OX has a strong doping
effect on PC;;BM at the PFN-OX/active-layer interface, which
cause its excellent electron-extraction property. These
important findings helped us to understand the working
mechanism of WASPs and further optimize its hole blocking
property in inverted PSCs based on PTB7:PC,BM by
introducing ZnO layer, and we were ultimately able to achieve
high-efficiency PSCs with a PCE of 9.28% and a high fill factor
(FF) of 74.4%.

Bl RESULTS AND DISCUSSION

To investigate the solvent resistance property of the cross-
linked PFN-OX thin film, we washed the cross-linked and
uncross-linked PFN-OX by spin-casting pristine chlorobenzene
onto the thin films and the thickness variations of the resulting
films were monitored by optical absorption measurement. It is
clear shown (see Figure S1 in the Supporting Information) that
cross-linking greatly improved the solvent resistance of PFN-
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Figure 2. ]—V characteristics of inverted PSCs with ITO, ITO/PFN-OX, ITO/ZnO, and ITO/ZnO/PFN-OX as cathodes (a) under illumination

and (b) in dark.

Table 1. Photovoltaic Performance of PTB7:PC,;BM-Based Inverted PSCs with ITO, ITO/PFN-OX, ITO/ZnO and ITO/

ZnO/PFN-OX as Cathodes

active layer cathode Joe (mA cm™) V. (V) FF (%) PCE (%) R, (Q) Ry, (Q)
ITO 1541 0.38 52.1 3.0 40 1800
PTB7:PC, BM ITO/PEN-OX 16.65 + 0.3 0.75 = 0.01 72.0 £ 0.5 8.99 + 0.14 24+ 4 5387 + 2018
ITO/ZnO 1543 + 0.27 0.75 £ 0.01 73.0 £ 0.6 8.45 + 0.20 43+ 6 11587 + 1872
ITO/ZnO/PEN-OX 16.63 + 0.19 0.75 + 0.01 744 + 0.8 9.28 + 0.15 13+4 13473 + 1434
“:Statistic data achieved from 7 independent devices.
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Figure 3. (a) UPS secondary cutoff of ITO substrates with or without a PEN-OX layer on top. (b) Schematic energy levels of the inverted devices

under flat conditions.

OX thin film. 70% of the non-cross-linked PFN-OX thin film
was washed away by chlorobenzene, while no obvious changes
were observed for cross-linked PFN-OX films after washing.
Moreover, the interface properties between the PTB7:PC, BM
active layer and PFN-OX (or PFN) interlayers were
investigated by cross-section scanning electron microscope
(SEM). As shown in Figure 1, there is no clear interface
observed between PFN and PTB7:PC, BM layers because of
the severe interface erosion, whereas the cross-linked PFN-OX
offered a more defined interface between PTB7:PC;BM and
PEN-OX.

As shown in Figure 2a and Table 1, the open circuit voltage
(V,.) of the PSC device increased from 0.38 to 0.75 V, short
circuit current density (J,.) was also increased from 1541 to
16.65 mA cm™>, FF increased from 52.1% to 72.0% after the
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insertion of PFN-OX between ITO and the active layer, thus, a
PCE of 8.99% was achieved. As a comparison, devices with
PEN and ZnO as cathode interlayer were also fabricated. ZnO-
based devices exhibited a PCE of 8.45%, whereas PFN-based
devices exhibited a comparable device performance (PCE =
9.03%) with PEN-OX based device (PCE = 8.99%), which
means the cross-linking procedure did not destroy the cathode
modification ability of PFN-OX.

Our mechanism study of how the PFN-OX interlayer
functions inside an inverted PSC device consisted of several
parts. First, ultraviolet photoelectron spectroscopy (UPS) was
used to investigate the WF change on ITO substrates with and
without PEN-OX modification. As shown in Figure 3, the WF
shifted from 4.63 to 3.95 eV upon ITO modification with PFN-
OX. The ~0.7 eV shift in the ITO WF introduced by PEN-OX

dx.doi.org/10.1021/am501920z | ACS Appl. Mater. Interfaces 2014, 6, 10429—10435
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Figure 5. Transfer plots of (a) PTB7-based and (b) PC,;BM-based BCTG OFETs; (c) PTB7-based and (d) PC,;BM-based BGTC OFETS.

is similar to the value reported in the case of PFN,* which
suggests that the cross-linking process does not influence the
WE tuning function of WSCP materials. The reduced WF of
ITO increased the built-in potential of the inverted PSCs. Thus,
increased V. was observed in the inverted PSC device relative
to the reference device without PFN-OX.

Second, a series of experiments were carried out to better
understand the electron-extraction and hole-blocking functions
of the PEN-OX interlayer at the ITO/active layer interface. The
concepts of electron transport and a hole-blocking layer (HBL)
or hole transport and an electron-blocking layer had been
widely explored in the OLED and small molecule-based organic

10432

photovoltaic (SM-OPV) fields,*"** but it remains unclear
whether the reported WSCP materials had the functions of a
typical HBL. The first evidence of PFN-OX’s electron-
extraction and hole-blocking property was found in the dark
current density—voltage (J—V) curve (Figure 2b) of the PFN-
OX-based PSCs, which clearly showed an increased current in
the forward direction and reduced current in the reverse
direction. Also, the series resistance of the PFN-OX-based
devices decreased and the shunt resistance increased upon the
insertion of PEN-OX between ITO and the active layer (Table
1). To further explore PFN-OX’s electron-extraction and hole-
blocking functions, bottom-contact top-gate (BCTG) organic

dx.doi.org/10.1021/am501920z | ACS Appl. Mater. Interfaces 2014, 6, 10429—10435
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field-effect transistor (OFET, Figure 4a) devices were fabricated
using PFN-OX as the interlayer. In such BCTG OFET
structures, charges (either electrons or holes) are injected
from the source electrode, via PFN-OX, to the semiconductor
layer and then extracted from that layer to the drain electrode
via PFN-OX again. As shown in Figure Sa, the insertion of
PEN-OX at the electrode/semiconductor interface reduced the
I;; of the p-channel OFET devices based on PTB7, which
indicates that PEN-OX has at least moderate hole-blocking
properties. Figure Sb shows the transfer plots of two PC,;BM-
based n-channel OFET devices with a PEN-OX interlayer or a
4-amino-benzenethiol interlayer. The I of the OFET device
with the PEN-OX interlayer underwent a dramatic increase
compared to that with the 4-amino-benzenethiol interlayer.
Although the 4-amino-benzenethiol interlayer already con-
stitutes a strong electron-injection interlayer,® the PFN-OX
interlayer appears to have an even stronger effect in enhancing
the electron injection/extraction between the electrodes and
semiconductor layer. This evidence, combined with the
previous dark J—V data, strongly supports the proposition
that the PFN-OX interlayer has excellent electron-injection/-
extraction properties and at least moderate hole-blocking
properties. Note that OFET operation involves both electron
injection (at the source electrode) and electron extraction (at
the drain electrode) processes. Therefore, our OFET data
indicate that PFN-OX is capable of both injecting electrons into
and extracting them from PC,;BM.

Further experiments show that PFN-OX’s electron-injec-
tion/-extraction properties are not solely caused by interfacial
dipole formation, but may also be influenced by electron
doping effect of PFN-OX on PC,BM at the interface. As
shown in Figure Sb, the PEN-OX-based OFETs exhibited a
higher Iz and lower on/off ratio than the reference device,
which led us to speculate that PFN-OX has a doping effect on
PC,BM. As previous research has shown that the surface
chemistry of the back channel to exert a significant influence on
the Iz of OFET devices,>* the higher I ¢ of that in Figure Sb
indicates that there is a doping effect between PFN-OX and
PC, BM. To further confirm this doping effect, we also
fabricated bottom-gate top-contact (BGTC) OFETs (Figure
4b) with the PEN-OX interlayer. Note that the BGTC OFETs
in Figure 4b have an inverted structure compared to the BCTG
OFETs in Figure 4a. The difference is this: in the BCTG
OFETs, PEN-OX is not located at the active channel (the
active channel is the dielectric/semiconductor interface, and
PEN- OX is located at the substrate/semiconductor interface,
referred to as the back channel), whereas in the BGTC OFETs,
it is. Therefore, PFN-OX’s doping effect on PC,BM should
exert a stronger influence on the Iy than in the BCTG OFET
case. Figure 5d shows that the PFN-OX-based BGTC OFETs
are heavily doped, with the I & 3 orders of magnitude greater
than that in the OFET device without the PEN-OX interlayer.
These data provide an additional support for our hypothesis
that PFN-OX has a doping effect on PC,;BM. At the same
time, for similar BGTC OFETs with PTB7 as the semi-
conductor layer, the device with the PFN-OX interlayer
displayed a significantly reduced current compared to the
device without this interlayer in Figure Sc, which suggest that
PEN-OX acts as a hole trap> for p-channel OFETs, thus
proving a partial explanation for its possession of hole-blocking
properties.

Encouragingly, similar phenomena were independently
reported by Bao’s and Jen’s groups recently, who obtained

highly conductive fullerenes through doping.>*~** Chen et al.
found there is a significant electron transfer from PFN-modified
ITO to Cg, through electron tunnelling, as revealed by in situ
UPS measurements,”> whereas in this work, the FET study
results indicate that the charge transfer occurred from PFN-OX
itself to PCBM. Now, it is quite clear that doping of PC,;BM is
the major reason for its enhancement of electron injection/
extraction across the ITO/active layer interface. Interfacial
doping has been widely used to reduce contact resistance and
to enhance charge injection in SM-OLEDs, SM-OPVs,
inorganic solar cells, and the like. The insertion of a doped
interlayer between the electrode and nondoped semiconductor
layer can help to form an ohmic contact at the electrode/
semiconductor interface, which then facilitates either charge
injection (for OLEDs) or charge extraction (for solar cells).*
We believe that the elucidation of interfacial doping in high-
efficiency PSCs presented herein will have a significant
influence of PSCs research.

Such elucidation allows us to better understand the device
performance of PSCs based on the PFN-OX interlayer. This
enhanced V. was the result of the reduced WF of ITO and
thus increased built-in potential of the device upon the addition
of the PFN-OX interlayer. The increase in J. can be attributed,
among other factors, to the doping effect of PFN-OX on
PC,BM, as a doped interface can help to extract more
electrons from the active layer. The FF increase can be
explained by the better rectification characteristics of the dark
J—V curve (Figure 2b) and the electron-extracting and hole-
blocking properties of the PFN-OX interlayer. It should be
noted that PEN-OX also exhibited excellent devices perform-
ance in other polymer/fullerene systems besides PTB7.>*' 1t is
important to note that PEN-OX exhibited excellent electron-
injection/-extraction properties but only moderate hole-block-
ing ability, as the hole current (Figure Sc) in the PTB7-based
OFETs was reduced by the insertion of the PEN-OX interlayer,
but not completely eliminated. In an attempt to increase the
hole-blocking ability of PEN-OX, we increased the thickness of
the PEN-OX layer, but found that it reduced PSC performance
because a thicker PFN-OX interlayer increases PSC series
resistance.'’ PFN-OX works particularly well in enhancing
electron injection/extraction not because of the high electron
conductivity of the bulk material, but because of its doping
effect on PC,;BM at the interface. PEN-OX must thus be kept
at a low thickness level to minimize its bulk resistance while
utilizing its interfacial doping effect on PC,BM. We thus
needed to improve the hole-blocking ability of the PFN-OX
interlayer without increasing its thickness or sacrificing its
electron-extraction properties. To do so, we added an
additional ZnO interlayer between the ITO and PFN-OX to
form a double-layer interlayer. As shown in Figure 2b, this
double-layer interlayer further improved the rectification
characteristics of the dark |-V curve of the inverted PSCs,
indicative of its greater hole-blocking and electron-extraction
ability. As a result, the FF of the PSCs increased from 72.0 to
74.4%. Because the ohmic contact has been achieved in ZnO*
and PFN-OX based devices, the devices based on ZnO, PEN-
OX and ZnO/PFN-OX interlayers exhibited similar V,
whereas the PFN-OX and ZnO/PFN-OX-based devices
showed higher ] than that of ZnO-based device because of
the interfacial doping of PCBM by PFN-OX. Consequently, the
PCE of ZnO/PEN-OX-based device was thus improved to
9.28%.

dx.doi.org/10.1021/am501920z | ACS Appl. Mater. Interfaces 2014, 6, 10429—10435
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B CONCLUSIONS

To summarize, we have developed a cross-linkable WSCP
material called PEN-OX. The cross-linkable nature of PEN-OX
allowed us to fabricate inverted PSCs with well-defined
interfaces and to investigate the detailed working mechanism
of high-efficiency inverted PSCs based on PTB7:PC,;BM active
layers. We found the PFN-OX interlayer to exhibit excellent
electron-extraction and moderate hole-blocking properties at
the ITO/active layer interface. PEN-OX’s excellent ability to
enhance electron extraction from the active layer to the ITO
electrode attributed to the combination of two effects: ITO’s
decreased WF upon PFN-OX surface modification and PFN-
OX’s strong doping effect on PC,BM. Inspired by this
understanding, we further improved the hole-blocking ability of
the PFN-OX interlayer by inserting a thin layer of ZnO
between the ITO and PFN-OX. The resulting ZnO/PFN-OX-
based PSCs achieved an impressive FF of 74.4% and PCE of
9.28%. This paper provides a detailed picture of how WSCP
materials function inside high-efficiency inverted PSC devices,
and thus offers important guidance for the design and
optimization of these materials for high-efficiency inverted
PSCs.

B EXPERIMENTAL SECTION

Inverted PSC Fabrication and Measurements. ITO substrates
were rinsed with standard procedure. Ten nm ZnO thin films coated
ITO substrates were obtained according to reported literature.** Then,
PEN-OX was spin-coated onto ITO or ITO/ZnO substrates from its
methanol:acetic acid (100:1 v/v) solution to achieve ~5 nm interlayer
and heated at 150 °C for 20 min to finish the cross-linking. The
PTB7:PC;;BM (1:1.5 w/w) active layer was prepared by spin-coating
a mixed solvent of chlorobenzene/1,8-diiodoctane (100:3 v/v)
solution with concentration of 11 mg/mL, the thickness was 100
nm. Finally, a 10 nm MoOj; and 100 nm Al were thermally evaporated
as anode through a shadow mask (active area was defined) in a
vacuum chamber with a base pressure of 1 X 107 mbar. The current
density—voltage (J—V) curves were measured on a computer-
controlled Keithley 2400 sourcemeter under 1 sun, AM 1.5 G
spectrum from a class solar simulator (Japan, SAN-EI, XES-40S1), the
light intensity was 100 mW/cm? as calibrated by a Newport certified
reference silicon cell (PV Measurements, with KG-S visible filter).
Spectral mismatch factors (M) value of 1.03 was used to obtain the
correct photocurrent and efficiency for the devices according to
previously published paper,> where the measurement condition are
identical. The IPCE spectra were performed on a commercial IPCE
measurement system (Beijing, Zolix, DSR 100UV—B).
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OFET devices fabrication. Figure S1, absorption spectra of
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