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Finely Tuned Polymer Interlayers Enhance Solar Cell Efficiency
Yao Liu, Zachariah A. Page, Thomas P. Russell,* and Todd Emrick*

Abstract: Three conjugated polymer zwitterions (CPZs),
containing thiophene-, diketopyrrolopyrrole- (DPP), and
naphthalene diimide (NDI) backbones, were synthesized with
pendant zwitterions, specifically sulfobetaine groups. Diboro-
nate-ester-functionalized bithiophene and benzothiadiazole
monomers were copolymerized with zwitterion-substituted
dibromothiophene, DPP, and NDI monomers by A,+ B,
Suzuki polymerization. The CPZs were incorporated into
polymer solar cells (PSCs) as interlayers between the photo-
active layer and Ag cathode. The thiophene-based CPZs gave
power conversion efficiencies (PCEs) of about 5 %, while the
narrow-energy-gap DPP- and NDI-based CPZs performed
exceptionally well, giving PCEs of 9.49% and 10.19 %,
respectively. The interlayer thickness had only a minor
impact on the device performance for the DPP- and NDI-
CPZs, a finding attributed to their electron-transport proper-
ties. Ultraviolet photoelectron and reflectance spectroscopies,
combined with external quantum efficiency measurements,
provided structure—property relationships that lend insight into
the function of CPZ interlayers in PSCs. NDI-based CPZ
interlayers provide some of the best performing organic solar
cells reported to date, and prove useful in conjunction with
high-performing polymer-active layers and stable, high-work-
function, metal cathodes.

P olymer solar cells (PSCs) provide an avenue to inexpensive
renewable energy by large-scale printing of lightweight and
flexible materials. PSCs are typically composed of multiple
layers, where electronic communication at each interface is
crucial for achieving high efficiency. As such, interfacial
engineering is needed to enhance device performance.? For
example, interlayers located between the active layer and
conductive electrodes improve the selectivity of charge
transport, and minimize series resistance (R,), leading to
PCE values exceeding 9% for single junction PSCs.>" A
blend of poly(ethylenedioxythiophene) and poly(styrene
sulfonate) (PEDOT:PSS) functions as a solution-processible
hole-selective anode modification layer that has proven
generally useful for PSCs. Recent efforts have been devoted
to developing new cathode modification layers to enhance
electron extraction efficiency. Small-molecule organic inter-
layers integrated into PSCs afford noteworthy device
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improvement, including functional fullerenes,**7% perylene

diimides,'”! and oligomeric fluorenes.”! Polymer interlayers
provide advantages of both facile solution processing and
robust film formation, with two recently reported examples
being poly(ethyleneimine) (PEI)!'®' and tertiary-amine-
substituted polyfluorene (PFN).P2"

Cathode modification layers that impart a negative inter-
facial dipole (4) lower the electrode work function and
increase the electrostatic potential across the device.”! This in
turn enables the use of stable, high-work-function metals in
devices, while the enhanced E-field increases the generation
of free charges and extraction efficiency, maximizing short-
circuit current density (Jg¢) and fill factor (FF). The interfacial
dipole increases the anode—cathode work function offset
(@,_c), thus enhancing open circuit voltage (Voc).”? Polar
semiconducting polymers, such as conjugated polyelectrolytes
(CPEs)®*!and conjugated polymer zwitterions (CPZs),?*!
provide large negative A values to metals, with an inherent
tunability of electronic properties. We designed novel CPZs
as neutral, electronically active, hydrophilic semiconducting
polymers, having two pendant sulfobetaine groups per repeat
unit. Such polymers promise to overcome the general short-
coming in most cathode modification layers (i.e., having
aliphatic or p-type backbones) of inefficient electron trans-
port that requires interlayers to be very thin (about 5 nm or
less). To circumvent this, new interlayers with appreciable
electron-transport properties are needed to reduce the
deleterious impact of charge build-up and surface recombi-
nation in devices.

An ideal cathode modification layer would lower the
electrode work function (@), have solubility properties
orthogonal to those of the photoactive layer, exhibit good
film-forming properties (wettability/uniformity), transport
electrons selectivity, possess large electron affinity (£,), and
exhibit long-term stability. No current interlayers satisfy all of
these requirements, but understanding their structure—prop-
erty relationships will enable the rational design of optimized
new materials. Here we report the synthesis and character-
ization of CPZs for organic photovoltaics (OPVs), and
demonstrate how transport properties of CPZ interlayers
influence solar-cell performance.

Our synthesis of sulfobetaine (SB)-functionalized thio-
phene, diketopyrrolopyrrole (DPP), and naphthalene diimide
(NDI) monomers hinged on incorporating tertiary amines
into the aromatic monomer precursors for ring-opening of
1,3-propanesultone (detailed procedures in the Supporting
Information). As shown in Figure 1, CPZs were obtained by
Suzuki-Miyaura (S-M) coupling/polymerization of dibromi-
nated SB monomers with diboronate ester bithiophene to
give poly(trithiophene sulfobetaine) (PT;SB), and poly(bi-
thiophene naphthalene diimide sulfobetaine) (PT,NDISB),
as well as with diboronate-ester benzothiadiazole to afford
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Figure 1. a) Synthesis of PT,NDISB. b) Chemical structures and exper-
imentally determined energy levels for PT,;SB, PT,BTDPPSB, and
PT,NDISB.

poly(bithiophene-benzothiadiazole diketopyrrolopyrrole-sul-
fobetaine) (PT,BTDPPSB). Aqueous tetra-n-butylammo-
nium fluoride (TBAF), selected as base and solvent, proved
crucial for maintaining solubility during the course of the
polymerization. Estimated number-average molecular weight
(M,) values of the resulting polymers were 20-40 kDa
(determined by size exclusion chromatography in 2,2,2-
trifluoroethanol (TFE) relative to PMMA standards).””
CPZs in this molecular-weight range give uniform films
(average roughness of about 1 nm, according to atomic force
microscopy (AFM) analysis following spin-casting onto the
bulk heterojunction active layer; see Figure S1 in the
Supporting Information). The resulting novel PT;SB was
designed to contain a similar density of SB side chains to that
of PT,BTDPPSB and PT,NDISB, in an attempt to impart
comparable CPZ-metal interactions for electrode work
function modification across the different samples studied,
while maintaining good solution processability. The DPP
interlayer was chosen as a bench-mark, given its excellent
performance as a cathode modification layer in PSCs relative
to prior CPZs we have tested.?®*! The novel PT,NDISB was
synthesized and incorporated into PSCs for comparison with
the thiophene and DPP cases, potentially benefiting from the
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n-type electronic properties identified in alkyl-substituted
NDI polymers.[3!

Optical energy gap (E,) values were determined on thin
CPZ films by their absorption onset (Figure S2), noting that
PT,SB had the largest E, (1.91 eV, red), PT,BTDPPSB the
smallest E, (1.22 eV, green), while PT,NDISB was intermedi-
ate between (E,=1.58 eV, blue; Figure 1). Ionization poten-
tial (Ip) values were determined by ultraviolet photoelectron
spectroscopy (UPS) from the low binding energy onset, with
electron affinity (E,) taken as the difference between 7, and
E,. The higher I, (5.46eV) and E, (3.88¢eV) values for
PT,NDISB suggest hole-blocking and electron-extracting
capabilities, respectively, relative to PT;SB and
PT,BTDPPSB. For an interlayer that bridges the active
layer and cathode, a large E, minimizes the barrier to
electron transport from the active layer to the interlayer,
which in turn minimizes R,

OPYV devices were fabricated in a bulk heterojunction
device architecture, using the narrow energy gap donor
polymer, poly(benzodithiophene-a-thieno[3,4-b]thiophene)
with 2-(ethylhexyl)thienyl side chains (PBDTT-TT), pur-
chased from 1-Material Inc., and [6,6]-phenyl C;-butyric
acid methyl ester (PC;;BM) as the acceptor (Figure S3). An
ITO/PEDOT:PSS/PBDTT-TT:PC;BM/CPZ/Ag architecture
was used for all fabricated PSCs. The CPZ was placed
between the active layer and top reflective Ag cathode,
selecting Ag in place of the more commonly used Al to
highlight the utility of stable high-work-function metal
electrodes in conjunction with CPZ interlayers. Figure 2a
shows J-V curves for OPV devices containing no interlayer
(bare Ag control) and PT;SB (ca. 5 nm), PT,BTDPPSB (ca.
8 nm), and PT,NDISB (ca. 5nm) interlayers of optimal
thickness. The bare Ag devices gave a maximum PCE of
3.17%, while incorporation of PT;SB, PT,BTDPPSB, and
PT,NDISB interlayers improved PCE to average/maximum
values of 5.08/5.09 %, 9.39/9.49 %, and 9.94/10.19 %, respec-
tively (averages calculated over six device measurements;
Tables S1-S3). This markedly improved device performance
stems from the substantial increase in Vi (ca. 0.44 to 0.75 V)
and FF (ca. 42 t0 70%), as well as Jqc (ca. 17.5 to 19 mA cm?)
and reduced R, (ca. 9.5 to 3.5 Qcm?) for PT,NDISB.

The effect of CPZ interlayer thickness on device perfor-
mance was investigated by varying CPZ concentration for
spin coating, yielding thicknesses from nominally 1 nm up to
>20 nm (Figure 2b, Figure S4, and Tables S1-S3). The per-
formance of OPVs containing PT;SB was sensitive to
interlayer thickness, with appreciable reduction in PCE
noted for layers exceeding 5 nm because of a large decrease
in FFand Jgc and increased R, (Table S1-S3). In contrast, both
PT,DPPSB and PT,NDISB proved more tolerant to varia-
tion in interlayer thickness, with Vo (0.75 V), FF (70 %) and
R, (3.5 Qcm?) plateauing at 5-10 nm thickness, but maintain-
ing near maximum values at > 20 nm thickness. In addition,
Jsc was not significantly influenced by the CPZ interlayer
thickness, with values exceeding 16 mA cm 2 across the entire
thickness range investigated for PT,DPPSB and PT,NDISB.

The electronics of CPZ films were studied by UPS to
determine their interaction with Ag (Figure 3a), and by space
charge limited current (SCLC) measurements to estimate
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Figure 2. Solar-cell performance of OPV devices with the architecture
and composition of ITO/PEDOT:PSS/PBDTT-TT:PC,;BM/(CPZ)/Ag.
a) J-V curves for OPV devices containing no interlayer (bare Ag) and
PT,SB, PT,BTDPPSB, and PT,NDISB cathode modification layers.

b) OPV device metrics as a function of interlayer thickness (£1
standard deviation for each point was obtained from more than six
devices).

electron mobility (Figure 3b). By UPS, the secondary elec-
tron cutoff (Eggc) in the high binding energy region probes
the effect of CPZs on the work function of Ag, where the
difference in Egg for bare Ag and CPZ-coated Ag yields 4
values. Ultrathin (<2 nm) CPZ layers led to an A ranging
from —0.5 to —0.6 eV, corresponding to a reduction in work
function from 4.45 eV (native Ag) to 3.9 eV. Increasing the
CPZ layer thickness led to further work function reduction to
3.8eV for PT,NDISB and 3.6eV for PT;SB and
PT,BTDPPSB (Figure 3a), a finding attributed to better
film uniformity and fewer pinholes.* Interlayer thickness
tracked closely with V. values in the PSCs, with peak
performance at about 8 nm interlayer thickness that remained
nearly constant with increasing thickness.

To better understand these findings, electron only devices
with an architecture of ITO/CPZ/Ca/Al were fabricated to
estimate electron mobility using SCLC and fitting with the
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Figure 3. Electronic characterization of CPZ films. a) Effect of CPZ
thickness on the work function of Ag; b) Relative electron mobilities of
CPZs estimated using the Mott—Gurney law in SCLC regime for device
architecture ITO/CPZ/Ca/Al.

Mott-Gurney law, finding 1 x 10~ cm*V~'s™! for PT;SB, 2 x
107ecm?V~'s™! for PT,BTDPPSB, and 2x10 °cm?*V's™!
for PT,NDISB (Figure 3b). These values were obtained
using dielectric constants (¢) of about 5, determined sepa-
rately by impedance spectroscopy (Figure S5). The higher
electron mobility of PT,BTDPPSB and PT,NDISB explain
their superior performance with increasing interlayer thick-
ness, as these interlayers are less prone to charge accumu-
lation at the active-layer/CPZ interface which would lead to
increased R and reduced FF and Jg (Figure 2b). The small
E, for PT;SB may contribute to its inferior performance
relative to the other polymers. For PT,BTDPPSB and
PT,NDISB, the relatively constant FF for devices with
interlayer thickness exceeding 5 nm suggests that electron
transport is not significantly impeded in these thicker layers,
irrespective of their difference in electron mobility.

Optical characterization of the PSCs distinguished inter-
layer and active layer absorption, providing insight into the
origin of Jg- enhancement. Reflectance spectroscopy per-
formed on OPYV devices containing a 4-8 nm CPZ interlayer
were compared to devices with no interlayer. This revealed
a 4% decrease in reflectance from 650-700 nm, correspond-
ing to enhanced absorption over those wavelengths for
devices containing CPZ interlayers (Figures S6 and S7).
External quantum efficiency (EQE) measurements show
larger photocurrent collection in the active layer absorption
regime (600-740 nm) for devices containing CPZ interlayers
relative to devices with no interlayer (bare Ag control),
corresponding to larger Jyc (Figure 4). Absorption from the
CPZ interlayers (Figure S2) cannot account for the observed
changes in reflectance spectra or EQE. Thus, the CPZs are
considered as optical spacers that redistribute the optical field
within the device and enhance active layer absorption.*”)
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Figure 4. External quantum efficiency (EQE) spectra of optimized OPV
devices containing CPZ interlayers versus devices having no interlayer.

In summary, new CPZs were synthesized and incorpo-
rated into PSCs as cathode modification layers, enhancing
optimized PCE values from 3.17 % for devices containing no
interfacial layer (bare Ag cathode) to 5.09%, 9.49%, and
10.19% for devices containing PT;SB, PT,BTDPPSB, and
PT,NDISB interlayers, respectively. The dramatic improve-
ment in device performance for the DPP and NDI-based
interlayers stems from a combination of their ability to
effectively lower the work function of the metal cathode,
increase the built-in electrostatic device potential, and main-
tain a low R, because of more efficient electron transport
across the interlayer. The CPZs act as optical spacers to
enhance total photocurrent generated within the active layer.
The less efficient electron transport properties of PT;SB leads
to interfacial charge build-up and lower PCE values, while
both PT,DPPSB and PT,NDISB maintain high PCE values
for interlayer thickness exceeding 20 nm, because of their
higher intrinsic electron mobilities. In particular, the NDI-
based CPZ interlayers led to very high efficiencies, even
exceeding 10% PCE. More importantly, the structure—
property relationships uncovered in this work provide guide-
lines for future development of functional interfaces and
interlayers towards further enhancement of polymer-based
solar-cell technology.
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