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Kwun-Bum Chung, c Jung Hwa Seo *a and Bright Walker *d

We have investigated a series of non-conjugated polyelectrolytes (NPEs) which are based on

a polyethylenimine (PEI) backbone with various counterions, such as Br� I� and BIm4
�, as interfacial

layers at the electrodes of solar cells and transistor devices to improve the power conversion efficiency

(PCE) and device performance. This new series of NPEs with different counterions are capable of

forming electric dipoles at NPE/metal electrode interfaces; as a consequence tuning of the energy levels,

and work function (WF) of the electrodes is possible. Using this approach, the PCE of organic solar cells

could be improved from 1.05% (without NPEs) to 6.77% (with NPEs) while the charge carrier mobility and

on/off ratio of FET devices could be improved, showing the broad utility of this type of material. This

study provides a novel approach towards investigating the influence of ions on interfacial dipoles and

electrode WFs in solution-processed semiconducting devices.
Introduction

Bulk heterojunction (BHJ) organic solar cells (OSCs), which
consist of conjugated polymers and a fullerene acceptor may be
regarded as next-generation solar cells due to their advantages
such as cost-efficiency, printability, light weight, exibility,
semitransparency and the potential for large area fabrication at
low cost.1–4 The most important advantage of OSCs is their
solution processability, which enables mass production
through economical and large-scale processing technologies
such as roll-to-roll manufacturing.5–7

However, in order to be commercially successful or practical
in terms of compatibility with low-cost manufacturing tech-
nologies, power conversion efficiencies (PCEs) must be
comparable to those of silicon solar cells. Extensive research
relating to the development of novel donor and acceptor
materials, interfacial materials for better charge-carrier collec-
tion, morphology control and processing additives, phase-
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separation morphology via diversied strategies, have
improved PCEs up to 15%.8–18

In order for charges to be extracted efficiently, interfacial
materials that minimize energy barriers between semi-
conducting layers and electrodes are necessary. In this context,
organic molecules as well as metal oxides can be used.
Currently, the most commonly used oxides include TiO2, and
ZnO; alkali metal compounds, such as Cs2CO3, may also be
used to control the interfacial properties of junctions formed
between electrodes and the photoactive layer.19–22 These inor-
ganic oxides are considered to be excellent interfacial materials
due to their superior stability and electrical properties. These
interfacial materials facilitate the extraction of n-type charge
carriers from the active layer and act as effective cathode
interlayers. Interestingly, oxides like TiO2 recently can be used
in combination with other materials as well.23 Sn doping of the
TiO2 layer has been observed to improve diode characteristics
and overall solar cell performance; the PCE of the inverted
PTB7-based devices increased from 6.7% to 7.6%.24

ZnO is a semiconducting oxide which has also been used
extensively as an electron transport layer (ETLs). In the case of
inverted organic solar cells (IOSCs), interfacial ZnO layers depos-
ited on ITO electrodes are designed to reduce ohmic loss which
occur during movement of electrons from the active layer to the
electrode by adjusting the conduction band energy near the elec-
trode to match that of the photoactive layer. Lim and coworkers
developed a ZnO layer with a rippled texture, which was improved
signicantly when an additional [6,6]-phenyl C61 butyric acid
methyl ester (PC61BM) layer was inserted between the ZnO layer
and active layer. Using a PTB7-derived copolymer blended with
This journal is © The Royal Society of Chemistry 2019
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[6,6]-phenyl C71 butyric acid methyl ester (PC71BM) as the active
layer in inverted devices, a PCE of up to 7.7% was achieved.25

Conjugated polyelectrolytes (CPEs) are one of the most
widely used ETLs in organic semiconductor devices, including
solar cells as well as organic light emitting diodes and transistor
devices.26–29 The high electron affinity of CPEs can provide
excellent energy alignment and facilitate electron transfer and
collection at the cathodes of OSCs.30,31 Cao and coworkers, for
example, have recently reported a series of tunable n-type CPEs
with counterions which allow interfacial engineering of the
cathode band structure. This interlayer was applied in various
polymer solar cells and yielded up to 10.5% efficiency using an
active layer comprising NT812 : PC71BM.32

Although CPEs have repeatedly been demonstrated to
provide excellent control over the band structure at different
interfaces in semiconducting devices, the fundamental mech-
anisms by which they alter electronic band structures of semi-
conducting devices aren't completely understood. Some general
class of materials have proven to be effective, (such as poly-
uorenes with pendant quaternized ammonium ions), however,
the reasons why these materials work especially well remains
somewhat of a mystery, and it still isn't possible to predict what
effects new ionic materials will have on semiconductor band
structures.

Non-conjugated polyelectrolytes (NPEs, also known simply
as polyelectrolytes), do not possess the conjugated polymer
backbones which are present in CPEs; this greatly reduces the
amount of synthetic effort required to prepare them compared
to CPEs. Additionally, NPEs make an excellent platform to study
the purely ionic effects of interfacial electrolytic materials
without introducing an additional semiconductingmaterial (i.e.
the conjugated backbone in CPEs) which may convolute the
effects of the ionic functionalities.

NPEs are also generally water soluble and can be deposited
from aqueous solutions, making them an environmentally
friendly approach to control the work function (WF) of electrode
such as ITO.33 NPEs such as polyethyleneimine (PEI) and poly-
allylamine (PAA) have been used as interfacial layers on ITO,
creating a polarized surface with a reduced WF and allowing
ITO to function effectively as a cathode. In this context, NPEs
are able to align the lowest unoccupied molecular orbital band
(LUMO) level of the active layer with the Fermi level at the
cathode to create an ohmic contact which allows efficient
extraction of electrons from the photoactive layer. An efficiency
of 6.3%was reported for inverted devices based on a PTB7 active
layer, comparable to results using CPE interfacial layers.36

Although it appears that the ionic character of NPEs allows
them to have similar effects on the band structure of semi-
conducting devices as CPEs, the range of NPE materials studied
so far has remained very limited and further studies are
necessary to understand how different ionic functionalities in
NPEs affect the band structure of semiconducting devices.

In this contribution, we've prepared a series of NPEs with
different counterions to investigate the effect of counter-ion
identity on the band structure and properties of semi-
conducting devices including solar cells based on P3HT and
PTB7 active layers as well as transistor devices based on Indium
This journal is © The Royal Society of Chemistry 2019
Zinc Oxide (IZO). The inuence of NPEs on the WF of electrodes
and band structures of semiconducting layers was investigated
by ultraviolet photoelectron spectroscopy (UPS). Finally, NPEs
were introduced as interfacial layers between the ITO substrate
(cathode) and the photoactive layer in solar cell devices, and
between the transport channel and source – drain electrodes to
investigate the inuence of the anion identity on solar cell and
transistor parameters.

Experimental details

Non-conjugated polyelectrolytes (PEIH+Br�, PEIH+I�,
PEIH+BIm4

�) were synthesized following previously reported
procedures as described in the ESI (Fig. S1 and S2†).34,35

Patterned ITO substrates (1.5 � 1.5 cm, 7 U sq�1) were cleaned
by ultra-sonication in deionized water, acetone and isopropanol
(IPA) for 20 minutes each. The cleaned ITO substrates were then
treated with ozone using a UV–ozone cleaner to remove trace
organic residues remaining on the surface, followed by drying
in an oven at 100 �C immediately prior to use. NPE layers were
deposited by spin coating NPE solutions based on the PEI
backbone with variable concentration (0.1–0.005%). The coun-
terions included bromide (PEIH+Br�), iodide (PEIH+I�), and
tetrakis(imidazolyl) borate (PEIH+BIm4

�); these layers were
deposited by spin-coating solutions in methanol at 2000 rpm.

Active layers comprised BHJ mixtures of PTB7 (1-Material)
and PC71BM (Aldrich) and were used as received from the
vendors. Active layers were deposited by spin coating a mixed
solution of PTB7 : PC71BM (1 : 1.5) in chlorobenzene (concen-
tration of 10 mg mL�1) containing 3% DIO additive at 1300 rpm
for 60 s on top of the NPE treated ITO substrates to obtain BHJ
lms with thicknesses of approximately 80 nm. Samples were
then brought under vacuum (about 10�7 Torr), and MoO3 (8
nm) and Ag electrodes (100 nm) were deposited on top of the
BHJ layers by thermal evaporation.

Current density–voltage (J–V) measurements were collected
using a Keithley 2635 source measure unit, carried out inside
a nitrogen lled glove-box using a high quality optical ber to
guide the light from a xenon arc lamp to the solar cell devices.
Solar cell devices were illuminated with an intensity of 100 mW
cm�2, which was calibrated using a standard silicon reference
cell immediately prior to testing. External quantum efficiency
(EQE) measurements were carried out using a QEX7 system
manufactured by PV Measurements, Inc.

Foreld effect transistors (FETs) 10 nm IZO channel layers were
deposited by sputtering onto cleaned Si/SiO2 substrates. The lms
were annealed at 250 �C for an hour in air. PEIH+BIm4

� solutions
were prepared in methanol at different concentrations (0.005%,
0.01%, 0.05%and 0.1%) to control the lm thickness. PEIH+BIm4

�

lms were spin coated at a spin rate of 2000 rpm for 60 s. Finally,
about 70 nm thick Au source and drain electrodes were deposited
under vacuum by thermal evaporation on top of the channel
layerusing a shadow mask. The channel length (L) and width (W)
were 40 and 2500 mm, respectively. Electrical characterization of
transistor devices was performed in an N2-atmosphere glove box
using a Keithley SCS-4200 semiconductor parameter analyser. For
each condition, 40 devices were fabricated and tested. Average
RSC Adv., 2019, 9, 20670–20676 | 20671
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values are reported with uncertainty intervals (�) corresponding to
one standard deviations for each parameter measured.

Atomic force microscopy (AFM) images were obtained using
a Veeco Multimode microscope operating in tapping mode. X-
ray photoelectron spectroscopy (XPS) and UPS experiments
were carried out using a Thermo Fischer Scientic ESCALAB
250XI.
Fig. 2 Current density–voltage curves of PTB7 : PC71BM solar cells
with the NPE ETL layers (a) PEIH+Br�, (b) PEIH+I�, (c) PEIH+BIm4

�, and
(d) EQE spectra of the devices corresponding to (c).
Results and discussion

Our primary interest in these NPE materials was to understand
their impact on the characteristics and performance of semi-
conducting devices. To investigate their effect on photovoltaic
properties, IOSCs were prepared with NPEs layers deposited at
the semiconductor/cathode interface, as depicted in Fig. 1.
Fig. 1 shows a schematic device diagram of the IOSC architec-
ture used in this study as well as the chemical structures of the
NPEs employed. These NPEs comprise protonated (positively
charged) branched PEI backbones (which lack p-conjugation),
and bromide (PEIH+Br�), iodide (PEIH+I�) or tetrakis (imi-
dazoly) borate (PEIH+BIm4

�) counterions.
AFM was used to characterize the surface morphology and

roughness of the interlayers; topographic images (2 mm� 2 mm)
of each cathode interlayer are shown in Fig. 1b–f. Each sample
was fabricated by spin coating NPE lms onto ITO substrates
using the same conditions used to fabricate solar cell devices.
Pristine ITO substrates (Fig. 1b) exhibited homogenous surfaces
with a root mean square (RMS) roughness of 1.36 nm. Fig. 1c
shows an AFM image of a methanol treated ITO surface. The
lm showed a low RMS of 1.39 nm, similar to the pristine ITO
surface. Fig. 1d shows the topography of a PEIH+Br� (12 nm)
Fig. 1 (a) Device structure and the chemical structures of NPEs used in
the devices fabrication. Surface topographic AFM images having size of
(2 mm � 2 mm) for (b) ITO, (c) ITO/MeOH treatment, (d) ITO/12 nm
PEIH+Br�, (e) ITO/6.4 nmPEIH+I� and (f) ITO/7.1 nm PEIH+BIm4

�
films.

20672 | RSC Adv., 2019, 9, 20670–20676
lm deposited on ITO. The RMS roughness of the surface was
1.35 nm for the PEIH+Br� layer, indicating increased roughness
compared to the pristine ITO substrate. Fig. 1e shows that
PEIH+I� (6.4 nm) deposited on ITO comprised large agglomer-
ates, with an RMS roughness of 6.28 nm, which is the roughest
surface among the different interlayers. The morphology of
a PEIH+BIm4

� (7.1 nm) layer deposited on ITO is shown in
Fig. 1f. This lm exhibited an RMS roughness of 1.41 nm, which
was the lowest among the NPE counterions. The surface of the
thin lm was smooth and showed good morphological char-
acteristics for OPV devices.

Fig. 2 shows the J–V characteristics of inverted BHJ devices
with various cathode interfacial layers (PEIH+Br�, PEIH+I�, and
PEIH+BIm4

�) under AM 1.5G illumination with an intensity of
100 mW cm�2. Photovoltaic parameters of these devices are
summarized in Table 1. Device data corresponding to poly 3-
hexyl thiophene active layers can be found in the ESI (Fig. S3†).
The control device without any interlayer exhibited a low PCE of
1.05% with a short-circuit current density (JSC) of 15.71 mA
cm�2, an open-circuit voltage (VOC) of 0.211 V and a ll factor
(FF) of 29.4%, these characteristics indicate that bare ITO is
a poor n-type contact. Fig. 2a shows the J–V characteristics of the
devices with PEIH+Br� layer, which under optimal processing
conditions exhibited a PCE of 5.96%, including a VOC of 0.703 V,
a JSC of 15.70 mA cm�2 and FF of 54.2% at a lm thickness of
4.8 nm. Fig. 2b shows the J–V characteristics of devices using
PEIH+I�. Optimal processing conditions for this NPE consti-
tuted relatively thin layers; these devices exhibited a PCE of
4.95% including a VOC of 0.635 V, JSC of 15.31 mA cm�2 and FF
of 51.5% at a thickness of 6.4 nm.

When PEIH+BIm4
� was used as the interfacial layer, the PCE

was observed to increase with increasing interlayer thickness.
As shown in Fig. 2c, the J–V characteristics of the device with
a PEIH+BIm4

� thickness of 7.1 nm showed the highest perfor-
mance, with a signicant increase in PCE (6.77%) compared to
control devices, with a VOC of 0.710 V, JSC of 17.34 mA cm�2 and
FF of 55.2%.
This journal is © The Royal Society of Chemistry 2019
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Table 1 Summary of device characteristics of PTB7 : PC71BM solar cells with different NPE thicknesses

Device Concentration (%) Thickness (nm) JSC (mA cm�2) JSC, EQE (mA cm�2) VOC (V) FF (%)

PCE (%)

Average Best

w/o — — 15.71 � 0.08 12.12 0.211 � 0.008 29.4 � 3.1 0.89 � 0.31 1.05
MeOH treatment — — 15.88 � 0.07 12.21 0.226 � 0.006 31.5 � 2.8 0.93 � 0.29 1.09
PEIH+Br� 0.005 1.6 15.64 � 0.05 — 0.471 � 0.009 42.6 � 0.8 2.87 � 0.17 3.09

0.01 3.5 15.79 � 0.09 — 0.497 � 0.011 44.2 � 0.9 3.12 � 0.15 3.45
0.05 4.8 15.70 � 0.13 — 0.703 � 0.003 54.2 � 1.3 5.73 � 0.15 5.96
0.1 12 15.81 � 0.08 — 0.695 � 0.005 52.2 � 0.9 5.45 � 0.14 5.71

PEIH+I� 0.005 1.3 16.10 � 0.05 — 0.523 � 0.005 32.4 � 2.7 2.45 � 0.16 2.69
0.01 2.6 15.25 � 0.09 — 0.541 � 0.009 38.7 � 2.8 3.01 � 0.10 3.13
0.05 3.8 16.14 � 0.07 — 0.544 � 0.006 43.2 � 2.8 3.48 � 0.27 3.77
0.1 6.4 15.31 � 0.52 — 0.635 � 0.003 51.5 � 2.2 4.72 � 0.21 4.95

PEIH+BIm4
� 0.005 1.3 14.84 � 0.11 14.23 0.697 � 0.002 31.6 � 1.0 3.02 � 0.11 3.2

0.01 2.8 16.03 � 0.05 15.89 0.706 � 0.006 46.7 � 0.7 5.11 � 0.09 5.2
0.05 3.9 17.04 � 0.08 16.94 0.708 � 0.004 50.2 � 1.1 5.87 � 0.12 6.03
0.1 7.1 17.34 � 0.17 17.09 0.710 � 0.003 55.2 � 0.9 6.59 � 0.09 6.77
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When the NPE thickness became sufficiently thick (>10 nm),
“quantum tunneling” for electron transfer from the photoactive
BHJ layer to the ITO cathode was inhibited due to the wide
bandgap and absence of a conjugated backbone in the NPE
layer, which causes it to act as an electrical insulator and
impose a large energy barrier.37,38 EQE spectra of various devices
are shown in Fig. 2d The EQE spectra for all devices show
similar spectral features, consistent with the identical active
layers used in each device. However, the EQE of the devices with
NPE ETLs show similar spectral shape with higher quantum
efficiencies throughout the spectra. This is consistent with the
Fig. 3 (a) UPS spectra of ITO (black) and ITO/PEIH+BIm4
�
film (red), (b)

energy level diagram of the IOSCs. The XPS spectra of (c) N 1s for
PEIH+Br�, PEIH+I�, and PEIH+BIm4

� (d) Br 3d core level of PEIH+Br� of
having thickness 4.8 nm and (e) I 3d core level of PEIH+I� of having
thickness 6.4 nm.

This journal is © The Royal Society of Chemistry 2019
larger JSC observed in devices with NPE layers and the negligible
absorption/reection of the ultra-thin NPE layers. Although
devices without NPEs have similar optical properties as the NPE
devices, the reduced EQE in this condition is consistent with the
lower built-in potential across the active layer, which reduces
the efficiency with which charge carriers are extracted.38

Since the VOC of BHJ solar cell is usually determined by the
difference in LUMO of acceptor and highest occupiedmolecular
orbital band (HOMO) of the donor, as well as the WF difference
between anode and cathode,39,40 the increase in VOC can be
attributed to a decrease in the WF of the ITO cathode aer NPE
deposition. This effective reduction in WF is mediated by an
interfacial dipole effect caused by the NPE layer. Upon depos-
iting a thin NPE lm, the ionic functionalities in the NPE orient
themselves relative to the lm surface in such a way that
permanent electrical dipole is formed. This surface dipole
reduces the energy which is required to remove an electron
from the lm surface and thus reduces the effective WF, it is an
effect which has been well documented.41,42

Additionally, the NPE layer may block back-diffusion of holes,
a process which leads to carrier recombination at the cathode in
devices without NPE layers. This reduction in effective WF is
mediated by an interfacial dipole effect caused by the NPE layers.
Fig. 4 Transfer characteristics of n-type transistors without and with
PEIH+BIm4

� as a function of the film thicknesses. (1.3, 2.8, 3.9 and 7.1
nm).

RSC Adv., 2019, 9, 20670–20676 | 20673
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Table 2 Summary of characteristics of IZO FETs using PEIH+BIm4
� interlayers

ETL Thickness (nm) me (cm
2 V�1 s�1) Ion/off Vth (V) SS (V dec�1)

w/o — 7.20 � 3.84 4.17(�2.09) � 105 �4.38(�1.34) 3.46 � 0.31
PEIH+BIm4

� 1.3 5.12 � 2.34 4.15(�2.01) � 105 �6.10(�0.92) 3.35 � 0.24
2.8 12.5 � 2.02 2.97(�1.26) � 105 �1.97(�0.63) 2.50 � 0.19
3.9 32.9 � 0.93 8.29(�3.10) � 107 �4.29(�0.52) 2.61 � 0.21
7.1 1.33 � 1.34 8.48(�2.31) � 106 �6.80(�1.25) 5.87 � 0.45
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Upon depositing thin NPE lms, the ionic functionalities in the
NPEs orient themselves relative to the lm surface in such a way
that permanent electric dipoles are formed. This surface dipole
reduces the energy which is required to remove an electron from
the lm surface and thus reduces the effective WF, an effect
which has been well documented.33,36

The electronic structures of the interlayers were further
investigated by UPS. Fig. 3a shows the secondary electron cut-
off regions of photoelectron spectra of various interlayers on
ITO substrates. The secondary electron cut-off allows accu-
rate determination of the WF of interlayers; by measuring the
shi in the edge of these spectra, relative to the substrate
(ITO) it is possible to accurately quantify changes in WF and
the magnitude of the interfacial dipole effect caused by each
interlayer. Our UPS measurements indicate a WF for pristine
ITO to be 4.70 eV, which decreased to 4.47 eV aer the
application of a PEIH+BIm4

� ETL, indicating that the ETL
facilitated electron extraction relative to the pristine lm,
with a corresponding interfacial dipole (D) of 0.23 eV. It is
well-known that the effective WF of electrodes can be
adjusted by introducing a thin layer of NPE, due to the
formation of interfacial dipoles.43 Fig. 3b shows a schematic
diagram of the interfacial dipole created by a PEIH+BIm4

�,
which lowers the WF of the cathode by 0.23 eV. Although the
magnitude of the dipole is smaller than non-conjugated
polyelectrolytes described in previous reports using other
active layers, the observed trends in data are the same,
showing a decrease in electrode WF and reduced electron
injection barrier.34 The magnitude of the interfacial dipole
and corresponding effects on device performance follow the
size of the anion, where the interfacial dipole created by
PEIH+BIm4

� as the greatest and decreased for I� while the
dipole for Br� was close to zero. This trend is consistent with
trends observed by Do et al. using viologen based cationic
polyelectrolytes with variously sized anions.

In order to investigate the chemical properties of the
different counterions, XPS spectra were collected. Fig. 3c
shows the XPS spectra of PEIH+Br� and PEIH+I� lms and
indicate that the N 1s core level occurs at 403.3 eV in
PEIH+Br� and PEIH+I�, which is consistent with quaternized
N+.44,45 Fig. 3d also shows that the Br 3d emission line at
68.3 eV for the thin PEIH+Br� lm, corresponding to the
anionic bonding state of Br.46 Also, Fig. 3e shows the I 3d
emission lines at 619.2 eV and 630.8 eV comes from the ionic
and covalent bond of PEIH+I� lms respectively. XPS was
additionally used to calculate lm thickness from attenua-
tion of the substrate (Au 4f) signal, detailed data can be found
in the ESI (Fig. S5†).
20674 | RSC Adv., 2019, 9, 20670–20676
In order to conrm the effect of NPE layer at the interface, we
investigated eld effect transistor (FET) devices based on IZO
which is inorganic n-type semiconductor without and with
a variety of thickness of PEIH+BIm4

� layers. (1.3, 2.8, 3.9 and 7.1
nm) Fig. 4 shows the transfer characteristics of n-type FETs. FET
performance of data is summarized in Table 2 and output char-
acteristics are in shown in the ESI (Fig. S4†). IZO FET without NPE
layer exhibited the electron mobility (me) of 7.20 cm2 V�1 s�1.
When using the thin PEIH+BIm4

� layer (1.3 nm), the me was
slightly decreased to 5.12 cm2 V�1 s�1. The mes were gradually
increased 12.5 and 32.9 cm2 V�1 s�1 for devices using
PEIH+Bim4

� processed with thicknesses of 2.8 and 3.9 nm,
respectively. Specially, in case of using 3.9 nm-thick NPE layer,
IZO FET show the optimized me of 32.9 cm

2 V�1 s�1 with high on–
off ratio (Ion/off) of�108.While, too thicker PEIH+Bim4

� layer such
as 7.1 nm led to the low me of 1.33 cm

2 V�1 s�1 and Ion/off of�103.
Conclusions

We investigated IOSC devices using solution-processed organic
interfacial layers and compared their characteristics. All of the
NPE cathode interlayers were effectively used with
PTB7 : PC71BM active layers, demonstrating a universal
increase in performance and suggesting broad applicability for
this type of interlayer.

NPE lms were also found to improve the performance of
thin-lm transistor devices via a decrease in the WF of the
source and drain electrodes. UPS of PEIH+BIm4

�
lms

conrmed a decrease in WF as a result of deposition on the ITO
interface. The observed interfacial dipole and change in Fermi
energy are consistent with n-type doping at the interface.

The RMS roughness values of PEIH+BIm4
�, PEIH+Br� and

PEIH+I� lms were found to be 1.41, 3.35 and 6.28 nm respec-
tively. Such modication of lm morphologies can affect the
performance of OSCs; particularly, the PEIH+I� lms are fairly
rough for application in OPV devices, and the decreased RMS
roughness value upon application of the NPE layers corre-
sponds well with the improved device performance.

These results demonstrate that solution-processed, IOSCs can
be success-fully realized using a variety of organic cathode
interlayers, and that each interlayer has unique properties which
may be optimal for specic applications or active materials.
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