EAPPLIED MATERIALS

INTERFACES

www.acsami.org

Well-Defined Star-Shaped Conjugated Macroelectrolytes as Efficient
Electron-Collecting Interlayer for Inverted Polymer Solar Cells

Weidong Xu, Zhipeng Kan,* Tengling Ye,i’” Li Zhao, Wen-Yong Lai*" Ruidong Xia, *T
Guglielmo Lanzani,fF Panagiotis E. Keivanidis,*’i’l and Wei Huang*’T‘§

"Key Laboratory for Organic Electronics and Information Displays & Institute of Advanced Materials(IAM), Jiangsu National
Synergistic Innovation Center for Advanced Materials (SICAM), Nanjing University of Posts & Telecommunications, 9 Wenyuan
Road, Nanjing 210023, China

*Center for Nano Science and Technology@PoliMi, Istituto Italiano di Tecnologlia, via G. Pascoli 70/3, 1-20133 Milano, Italy

SKey Laboratory of Flexible Electronics (KLOFE) & Institute of Advanced Materials (IAM), Jiangsu National Synergistic Innovation
Center for Advanced Materials (SICAM), Nanjing Tech University (NanjingTech), 30 South Puzhu Road, Nanjing 211816, China

© Supporting Information

ABSTRACT: A star-shaped monodisperse conjugated macro-
electrolyte grafted with cationic side chains, TrNBr, was designed,
synthesized, and utilized as efficient electron-collecting cathode
interlayers for inverted polymer solar cells. A neutral one
composed of identical star-shaped conjugated backbone, TrOH,
was also investigated for comparison. The surface properties and
the function as interfacial layers on modulating the work function
of bottom electrode (indium tin oxide) were systematically
studied. Both interfacial electron-selective materials show strongly
thickness-dependent performance for inverted polymer solar cells,
and the best performance could be achieved via optimizing the
thickness with 2.4 nm of TrNBr and 8.7 nm of TrOH. Parallel
investigations of optimized TrNBr and TrOH interlayer in
inverted architecture with active blend layer of poly(3-hexylthiophene):indene—Cg, bisadduct (P3HT:ICBA) demonstrated a
remarkable power conversion efficiency (PCE) enhancement (PCE of 4.88% for TrNBr and 4.74% for TrOH) in comparison
with those of conventional noninverted devices using Ca/Al cathodes (3.94%) and inverted devices with sol—gel ZnO buffer
layer (4.21%). In addition, the inverted devices using the TrNBr and TrOH interlayer exhibited improved device stability in
contrast to conventional noninverted devices using Ca/Al cathodes.
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1. INTRODUCTION and Ag, have been confirmed as one promising approach for
long-term stability by avoiding the use of environmental
unstable metals and acidic PEDOT:PSS.”'® Another reason for
exploring the BHJ films in iPSCs is that it undergoes the
desired vertical phase separation with a composition gradient
that favor charge transport and collection, which can
significantly improve photovoltaic device performance.'’ In
typical inverted geometry, a high work function metal oxide

Organic photovoltaic technology is a promising method to
utilize solar energy because of its low-cost, high throughput
fabrication, lightweight physical characteristics, and the lucrative
possibility of integration directly into flexible devices. During
the past decade, the most widely investigated organic
photovoltaic device architecture is a bulk heterojunction
(BHJ) active layer on top of a poly(3,4-

ethylenedioxythiophene):poly(polystyrene sulfonic acid) (PE- (MO) layer (?'g" V,05 and MoO;) is usc?d as the hole selective
DOT:PSS) hole-collecting (HC) layer coated on indium tin layer and lc;}iglcal spacer between the active layer and the HC-
oxide (ITO), capped by a low-work-function metal electron- electrode.” > At the EC-electrode side, bare ITO is not an
collecting (EC) layer such as Ca, Ba, etc.!™® These kinds of ideal electron extraction electrode because its high work
devices suffer from poor air stability and short operational function.(~4.7 eV) hinders' the ohmic contact with the lowest
lifetime, and thus strict encapsulation is required to prevent unoccupied molecular orbital (LUMO) of the fullerene. To
degradation under oxygen and moisture atomosphere.” achieve high-performance inverted devices, interface modifica-
Considering the practical aspects for commercialization,
inverted polymer solar cells (iPSCs) consisting of an organic Received: ~September 20, 2014
semiconductor layer between the bottom ITO EC layer and the Accepted: December 15, 2014
air-stable high-work-function metal HC electrodes such as Au Published: December 15, 2014
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“Chemical structures of (a) star-shaped interlayers used in solar cell fabrication; (b) the active layer components employed: electron-donor (P3HT)

and -acceptor (ICBA) materials; (c) the inverted device architecture.

tion has been demonstrated as an effective way in reducing the
work function of ITO and improving electron extraction ability.
Various kinds of interfacial materials including n-type MOs
(ZnO, T10x, MoO;—Al comp051te),14 16 alkali-metal com-
pounds, 718 ross-linked fullerene,'® and self-assembled dipole
molecules,*® have been investigated.

In recent reports, it has been demonstrated that incorporat-
ing a conjugated polyelectrolyte (CPE) interlayer between the
EC electrode and the organic active layer can improve device
performance by changing the electronic and orbital interactions
at the interfaces.”' ~>° The good solubility of CPEs in polar
solvents such as water and alcohol offers good opportunities to
avoid interfacial mixing upon fabrication of multilayer
optoelectronic devices by solution processing, which provide
the potential for simple and large area processing in a roll-to-
roll or inject printing manufacturing.”” Spin-coating a thin film
of CPEs (tethered with different polar groups such as N,N-
dimethylamino and ammonium,”**° phosphonate,®" and
ethylene oxide®?) on bare ITO or ITO/MOs can effectively
reduce the work function of bottom electrodes and improve the
interface contact between the organic active layer and the EC
electrodes, leading to high-performance inverted devices.

It was proposed that the excellent performance of CPEs
originates mainly from the charged or polar groups on the side
chains, which can generate positive interfacial dipole between
EC electrodes and organic active layer, leading to raised
vacuum level close to that of the electrode.’® Very recently, a
nonconjugated polyelectrolyte (PEIE) has been reported, and
the effect of polar pendant groups has been well-discussed.”* In
contrast, the influence of the n-delocalized structures remain
less studied. Chen et al. reported a superbranched CPE
interlayer, which demonstrated a distinctive surface morphol-
ogy and superior performance to linear CPEs in iPSCs
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efficiency.®® Very recently, one metallopolymer interlayer with
high conduct1v1ty and less thickness-dependent performance
was developed.®® These reports encourage the view that the
performance of interlayers might be further improved by
additional tuning of their chemical structures.

Monodisperse well-defined #-conjugated macromolecules,
such as dendrimers and starburst molecules, are well-known for
their definite uniform chemical structures, high purity, excellent
reproducibility, good solution processability, and generally
superior optoelectronic properties.37_42 Such promising
characteristics of monodisperse macromolecules make them
rather attractive as novel backbones for cathode interlayers and
stand out as a novel series of molecular systems to better
understand the structure—function correlations. These have
motivated our recent interest in exploring hydrophilic
monodisperse starburst conjugated macroelectrolytes
(CMEs), which were characterized by a conjugated central
core unit with short conjugated arms grafted with polar
pendant groups, as interfacial layers for organic electronics. Our
recent results showed that such monodisperse starburst CME
performed much better than its polymer analogues as electron
transport/injection layer for organic light-emitting diodes.”
Moreover, this kind of material with monodisperse character-
istics could also effectively avoid the intractable problems met
with their polymer counterparts in terms of molecular weight
and polydispersity, catalyst residues, and poor reproducibility;
their three-dimensional molecular topology is also of benefit for
improving the orthogonal solvent processability.** It therefore
appears to be a promising candidate for interfacial modification.

In the present study, a novel star-shaped macro-electrolyte
grafted with ammonium moiety named TrNBr was successfully
synthesized and utilized as an EC interlayer in iPSCs with the
active blend layer of poly(3-hexylthiophene):indene—Cq,

DOI: 10.1021/am506470b
ACS Appl. Mater. Interfaces 2015, 7, 452—459


http://dx.doi.org/10.1021/am506470b

ACS Applied Materials & Interfaces

Research Article

Vacuum Level

08ev :]: \. Vacuum Level

L] L} L} L} L] L) LI L}
He (a)
(b)

2
c
35
e}

‘6 ITO/TrOH
-
>
=
7

5 ITO/TrNBr
2
£

E Bare ITO

1 1 L Il L 1 1 1

19 18 17 16 15 14 8 6 4 2 0

[ 17eV
Binding energy (eV)

-3.2eV

(c)

<0
9,

-3.2eV

-4.3 eV

7.0eV TrNBr

-7.0 eV

Figure 1. (a) UPS for bare ITO and after TtNBr and TrOH deposition (S nm). (b) Energy-level diagrams of the inverted device components under
flat band condition. (c) Ilustration of VL shift and reduced work function of ITO electrode after the deposition of star-shaped interlayer (TrNBr).

The data for the energy levels except those of TrNBr interlayer are cited from literature.

14,47

bisadduct (P3HT:ICBA). The high LUMO level of ICBA is of
great benefit for achieving large Vi and good device
performance in incorporating P3HT as donor.** Its counterpart
comprising identical star-shaped conjugated backbones with
diethanolaminohexyl as side chains (TrOH) was studied as well
(see Scheme 1 for the chemical structures and device
conﬁguration).37 Conventional Ca/Al-based devices and
inverted geometry with sol—gel-derived ZnO as the EC layer
were fabricated as reference devices.'* We demonstrate that
incorporating the star-shaped EC interlayer between the active
layer and ITO electrode leads to a significant enhancement of
power conversion efficiency (PCE) and stability.

2. EXPERIMENTAL DETAILS

NMR spectra were recorded on a Bruker Ultra Shield Plus 400 MHz
NMR ("H: 400 MHz). The UV—visible absorption and transmittance
spectra were recorded using a Shimadzu UV-3600 UV—vis—NIR
spectrophotometer. Atomic force microscopy (AFM) measurements
of surface morphology were conducted on the Bruker ScanAsyst AFM
in auto scan (AC) mode. Film water contact angles were measured
with a CAM 200 (KSV Instrument LID), and the photos were taken
with a BASLER A602f-2 camera. Ultraviolet photoelectron spectros-
copy (UPS) measurements were conducted in a Kratos AXIS Ultra
DLD ultrahigh-vacuum (UHV) surface analysis system. UPS analysis
with an unfiltered Hel (21.2 V) gas discharge lamp was performed to
characterize the valence states and the vacuum level, showing a total
instrumental energy resolution of 100 meV. Small-angle X-ray
diffraction pattern (XRD) of the interlayer materials was recorded
by Bruker D8 advance.

The glass/ITO substrates were precleaned with acetone,
isopropanol, and a special detergent and dried under a flow of dry
nitrogen. Before the deposition of the organic layers the ITO
substrates were cleaned in O, plasma for 10 min. Inverted PSCs were
fabricated with structure ITO/interlayer/P3HT:ICBA/V,0s/Ag and
conventional PSCs with structure ITO/PEDOT:PSS/P3HT:ICBA/
Ca/Al For the inverted PSCs, TrNBr and TrOH were spin-coated
from their various concentration solutions onto pretreated ITO
substrates at 2000 rpm baked at 60 °C for 10 min in air. The sol—gel-
derived ZnO films were prepared according to the literature."* For
reference PSC structures, a thin layer (30 nm) of PEDOT:PSS was
spin-coated onto pretreated ITO substrates and annealed at 150 °C for
30 min in air.

In all cases, the spin-coated structures were then transferred into a
nitrogen-filled glovebox (<0.1 ppm of O, and H,0). P3HT:ICBA (1:1
by weight, 250 nm thickness) was then spin-coated on top as per from
44 mg/mL o-dichlorobenzene (0-DCB) solution at 1000 rpm and
annealed at 150 °C for 15 min inside glovebox. Top electrodes were
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then thermally evaporated through a shadow mask onto the
P3HT:ICBA. The 2.0 nm V,Oy followed by 80 nm Ag or 15 nm
Ca followed by 80 nm Al top electrodes were thermally deposited in
vacuum at a base pressure of 2 X 107® Torr. Finally, all the devices
were encapsulated in glovebox with the epoxy and hardener (1:1 in
volume) mixture and covered with a glass slide. For all devices, the
active area of the pixels as defined by the overlap of anode and cathode
area was 0.0525 cm’. Eight individual PSC devices were prepared
simultaneously on each substrate.

The current density—voltage (J—V) characteristics were measured
using a Keithley 2400 source measure unit. The photocurrent was
measured under AM 1.5G illumination (through the glass substrate) at
100 mW/cm? using a Newport Thermo Oriel 91192 1000W Solar
Simulator. Incident photon conversion efficiency (IPCE) spectra were
recorded using the monochromated (Bentham) output from a
tungsten halogen lamp calibrated with a Newport UV-181 photodiode;
phase-sensitive detection with a lock-in amplifier was used to increase
the signal-to-noise ratio.

3. RESULTS AND DISCUSSION

The synthetic procedures of TrNBr and TrOH are shown in
Scheme S1 in the Supporting Information and were well-
described in our previous work.>” Both TrNBr and TrOH
comprise a truxene core and oligofluorene arms, tethered with
cationic ammonijum groups or neutral diethanolamino polar
groups, respectively. One advantage of these dendronized
molecules is that they show excellent solubility (more than 30
mg/mL for TrNBr in methanol and 25 mg/mL in ethanol for
TrOH) in polar solvents compared to many linear CPE-based
interlayers in literature, which is attributed to the effective
reduction of aggregation in polar solution due to their
multidimensional architectures.*>*® For TrNBr, a good
solubility of nearly 8 mg/mL in water makes it really attractive
for the possibility of being solution-processed by aqueous
solution. To certify their orthogonal-solvent properties, the
optical absorption spectra of these interlayer films before and
after rinsing with 1,2-dichlorobenzene (0-DCB) were recorded.
As shown in the Figure $4 (see Supporting Information), both
absorption spectra show no obvious variation, indicating these
interlayers will not be damaged by the subsequent active layer
solution.

Figure la presents UPS data of star-shaped interlayer
materials deposited on ITO and of the pristine ITO. The
shift of the secondary electron cutoff (Eg;) in the high binding-
energy region after 5 nm of interlayer deposition indicates a
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vacuum level (VL) shift of nearly 0.6 and 0.5 eV for TrNBr film
and TrOH film, respectively. On the basis of the UPS results,
the energy diagrams for BH]J solar cells with the star-shaped EC
layer are sketched in Figure 1b,c. The work function of ITO
was reduced to 4.1 and 4.2 eV, which is closer to the LUMO
level of ICBA (3.7 eV) in contrast to ZnO (4.4 eV).'* In both
cases, the deposition of the interlayer creates a strong dipole at
the interface and makes a VL shift, leading an ohmic contact
with the LUMO level of ICBA. Therefore, TrNBr and TrOH
can be utilized as EC interlayer for iPSCs to facilitate transport
and collection of photogenerated charge carriers.

Then we investigated the interface properties of these
starburst interlayers. Water contact angle (6) measurements
were performed on TrNBr- and TrOH-coated ITO surfaces
with various thickness (the spin-coating condition is identical to
device fabrication; see Figures S6 and S7, Supporting
Information). TrNBr exhibited a strong hydrophilic property
with contact angle ranging from 33.9° (0.05 mg/mL, 1.40 +
0.16 nm) to 21.5° (0.5 mg/mL, 4.8 + 0.09 nm). Different from
its cationic counterpart, TrOH exhibited an amphiphilic
property with a relatively larger contact angle from 78.3°
(0.25 mg/mL, 5.0 + 0.11 nm) to 68.6° (1.00 mg/mL, 12.10 +
0.32 nm). The contact angle of both interlayers was increased
with increase of thickness, most probably due to the increased
charge or polar pendant groups exposed on the interlayer
surface.

To demonstrate the film-forming ability of these well-defined
star-shaped interlayers, the topography of these TrNBr and
TrOH films (3.0 mg/mL in methanol and ethanol,
respectively) coated on Si wafer with native SiO, were studied
by AFM (Figure 2ab). For the TrNBr surface, a relatively
smooth surface with a few sharp raised islands was found, giving
a small root-mean-square (RMS) roughness of 0.56 nm.
Different from its cationic counterpart, the surface of TrOH
showed significant aggregation with much more raised islands
distributed over the film, leading to an increased RMS

~TrN'I3r3{>_h,S1'02’-- X

TrNBr,dn ITO *4,

‘n + %

Figure 2. AFM surface topography of (a) TrNBr on Si/SiO, (b)
TrOH on Si/SiO, (c) TrNBr on ITO (d) TrOH on SiO,. Scan size is
2 pym X 2 pum, and scan rate is 1 Hz for all images. All the solution
concentration was 3 mg/mL, and the spin-casting rate was 2000 rpm.

roughness of 0.90 nm. Such self-assembled nanofeatures arise
from the vesicle formation in ethanol, resulting from the
amphiphilic property of TrOH as well as its molecular structure
containing a hydrophobic core and hydrophilic arms (core—
shell structure). In conventional BHJ solar cells, surface
properties of bottom electrode (e.g, PEDOT:PSS-coated
ITO anode) can significantly affect the morphology of the
active layer, further dictating the light harvesting, excitons
dissociation, charge transport and charge collection.* To
examine the impact of the star-shaped interlayer films on the
morphology of P3BHT:ICBA active layer, we monitored their
pristine surfaces on ITO. For the ultrathin layers for device
fabrication (0.5 mg/mL), the roughness and topography of the
interlayer film are predominantly influenced by the ITO
(Figure S9a,b, Supporting Information). Hence, the RMS
roughness of the TrNBr- and TrOH-coated ITO films are
similar to that of bare ITO (3.11 nm). Note that even using a
relatively high concentration (3.0 mg/mL), the topography of
ITO/interlayer was still influenced by the bottom electrode,
leading a reduced RMS of 1.68 and 1.56 nm for TrNBr and
TrOH films, respectively (Figure 2c,d). These results indicate
that the insertion of the ultrathin film of interlayer in inverted
geometry could not have a significant impact on the surface
morphology of bottom surface, which is similar to previously
reported ITO/ZnO/interlayer cathode surface.’® Thus, similar
surface topography was found on P3HT:ICBA films coated on
ITO/TrNBr and ITO/TrOH, with RMS roughness of 3.94 and
3.88 nm, respectively (scan size is S yum X S pm, Figure S10,
Supporting Information).

Our previous research has demonstrated that the interlayers
(e.g, PEN) show strongly thickness-dependent performance.”
We first fabricated a series of inverted devices with increasing
thickness of both type of interlayers. The inverted devices
comprised an ITO-coated glass substrate as the EC electrode,
various thickness of interlayers, 250 nm P3HT:ICBA (1:1)
photoactive layer, and 2.0 nm evaporated V,0O; capped with 80
nm evaporated silver as the HC electrode. Photocurrent
density—voltage (J—V) characteristics under AM 1.5G irradi-
ation (100 mW/cm?) are shown in Figure 3a. Detailed device
parameters are summarized in Tables S4 and SS (see
Supporting Information). No photovoltaic behavior was
found in devices with bare ITO and ITO after only alcohol
rising. After deposition of a thin film of interlayer, a significantly
improved photovoltaic device performance was achieved. For
the inverted devices with TrNBr as the EC interlayer, the
device performance was really sensitive to interlayer thickness.
The highest PCE (5.15%) was achieved in using an ultrathin
film of TrNBr (2.40 + 0.16 nm, 0.13 mg/mL in methanol). For
TrOH-based devices, however, the optimized interlayer thick-
ness was 8.7 + 0.47 nm (0.50 mg/mL in ethanol) with the
highest PCE of 4.54%. Further increase of the interlayer
thickness did not help the performance of the devices but
resulted in the reduction of Jsc, which can be attributed to the
low conductivity of the interlayer and to the reduced EC
electrode/interlayer transmittance in UV region. On the other
hand, with thinner star-shaped interlayers, an “S-shaped” -V
curve with lower fill factor (FF) was found. We suggest that this
is because of a nonuniform coverage of interlayer on ITO.

Next, we fabricated inverted devices with optimized spin-
casting condition of both interfacial materials at same time. For
reference purposes, inverted devices with a sol—gel-derived
ZnO electron extraction layer and standard (conventional)
devices with configuration of (ITO/PEDOT:PSS/P3HT:IC-
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Figure 3. J—V characteristics of solar cells with various interlayer thickness
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Figure 4. (a) J—V characteristics under AM 1.5G irradiation at 100 mW/cm? and (b) EQE spectra of the reference Ca/Al devices (O0) and the
inverted devices with optimized ZnO (O), TrNBr (A), and TrOH (<) interlayers.

Table 1. Electrical Parameters of the Inverted Devices with Various EC Layers and Reference Ca/Al Cathode Devices

cathode Voc (V) Jsc (mA/cm?) FF (%)
Ca/Al 0.83 7.88 60.3
ITO/ZnO 0.77 10.30 53.1
ITO/TrNBr 0.80 10.75 56.8
ITO/TrOH 0.80 10.60 559

“The series resistance (R,) was calculated using (dJ/dV)™".

best PCE (%) averaged PCE (%) Rg (Q cm™2)?
3.94 3.84 + 0.12 14.2
421 4.17 + 0.05 149
4.88 4.76 + 0.13 10.8
4.74 4.66 + 0.07 16.1

BA/Ca/Al) were also fabricated. The J—V characteristics of
conventional Ca/Al devices and inverted devices with various
interfacial layers (ZnO, TrNBr, and TrOH) under AM 1.5G
irradiation (100 mW/cm?) are shown in Figure 4a. The main
figures of merit of the electrical characterization results are
summarized in Table 1. In the reference devices with Ca/Al
cathodes, typical open-circuit voltages reach Voc = 0.83 V,
short-circuit current densities Joc = 7.88 mA/cm?, and FF =
60.3%, giving a PCE = 3.94%. For iPSC devices with ZnO, a
lower V¢ = 0.77 V, a significantly increased Jgc = 10.30 mA/
cm? and a lower FF = 53.1% were achieved, leading to a PCE of
4.21%, a slightly enhanced relative to the Ca/Al reference
device. The use of TrNBr and TrOH as interfacial layer
resulted in the increase of the V¢ with V¢ = 0.80 V, which is
a 0.03 V difference in respect to the ZnO-based iPSCs. Since
the V¢ of solar cell is usually determined by the difference in
LUMO of acceptor and HOMO of donor, as well as the work
function difference between anode and cathode, the increase in
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Voc can be attributed to the reduced work function of cathode
after TrNBr and TrOH deposition (4.1 eV for TrNBr- and 4.2
eV for TrOH-coated ITO vs 4.4 eV for ZnO). Further, an
overall improvement in Jgc and FF were achieved compared
with ZnO-based interlayer, giving PCE 4.88% for TrNBr and
4.74% for TrOH. The series resistance (Rg) of TrOH-based
device was 16.1 Q cm™ larger than that of TrNBr-based
devices (10.8 Q cm™). The possible reason is that the
optimized thickness of TrOH film (~8.7 nm) was thicker than
that of TrNBr films (~2.4 nm), and consequently enhanced the
device bulk resistance. Dark J—V characteristics (Figure S11,
Supporting Information) verified the good diode behavior of
both devices using TrNBr and TrOH interlayers. Although
these devices showed strong thickness-dependent performance
and high efficiency can only be achieved in ultrathin layers, the
efficient electron-extraction ability and low-temperature
solution processability are highly attractive. Previous works
suggest that this problem can be overcome by using n-type or
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high-mobility conjugated backbones.**** Our findings also
demonstrate that the optimized thickness for the devices is
related to the polar pendent groups.

Figure 4b shows the averaged external quantum efficiency
(EQE) spectra for the same devices. In contrast to the
conventional Ca/Al devices, all the inverted PSCs exhibited an
obvious enhancement in their EQE response across the spectral
range of 350—700 nm, in good agreement with the higher J5. of
the corresponding J—V curves shown in Figure 4a. The
significantly enhanced Jsc and EQE response can be attributed
to their desired vertical phase separation of the inverted device
geometry that is beneficial for charge transport and
collection.""*® The EQE value of TrNBr- and TrOH-based
devices surpasses 70% at ~S50 nm indicating an efficient
photon-to-electron conversion. Transmittance spectra show
that the sol—gel-derived ZnO film utilized in the iPSC devices
exhibits a much stronger incident light energy loss than the
star-shaped interlayer in the wavelength range of 300—600 nm
(Figure S3, Supporting Information). Thus, the incorporation
of the TrNBr and TrOH interlayers in the iPSCs improves the
management of the incident light of 300—600 nm, resulting in
higher EQEs.

We have compared the stability of the inverted cells in
respect to cells with the same photoactive layer but with a
conventional device geometry with Ca/Al top EC electrodes
and PEDOT:PSS bottom HC-electrodes.”® By avoiding the use
of the instable Ca/Al metallic electrodes and of the acidic
PEDOT:PSS component, it is found that the stability of the
inverted cells is increased. Figure S presents the evolution of
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Figure S. Air stability tests on encapsulated P3HT:ICBA devices with

regular Ca/Al structure (00) and inverted structure with ITO/ZnO
(O), ITO/TrNBr (A), ITO/TrOH (<) as the cathode.

the device PCE parameter as a function of the efficiency-device
storage time for the two sets of devices. Both types of devices
were fabricated in a N,-filled glovebox, and they were
encapsulated with epoxy/glass slides. During their storage,
the devices were kept in the ambient dark condition. The
detailed electrical parameters (Jsc, Vo, FF, and PCE) for all
devices, as a function of storage time in ambient air, are
illustrated in Figure S13 in Supporting Information. For the
devices of conventional architecture, the PCE decreased to 68%
after staying in ambient conditions for 75 d. In contrast, the
PCE of all inverted devices remained to more than 90% of the
initial PCE after staying in ambient conditions for 140 d.
Previous studies showed that the inverted cells with
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polyelectrolyte (both for conjugated or nonconjugated)-based
interlayer exhibited comparable device stability to the inorganic
buffer layer.*"*' Particularly for the case of the iPSCs devices
functionalized with the star-shaped interlayers, the device
stability was much better than the case of the conventional
devices but slightly inferior than that of the iPSCs with the ZnO
EC interlayer. One possible reason is that these water/alcohol-
soluble materials may also be sensitive to the moisture,
resulting in slow degradation.

4. CONCLUSION

In conclusion, we have successfully fabricated inverted PSCs
using TrNBr and TrOH, two monodisperse star-shaped
conjugated macroelectrolytes as EC interlayers on the top of
ITO electrode substrates. Simple purification process, well-
defined structures, good film-forming property as well as the
excellent solubility are the attractive advantages of this class of
materials. The thickness of each interlayer was tuned carefully,
exhibiting an optimized PCE for a thickness of ~2.4 nm in the
case of TrNBr and of ~8.7 nm in the case of TrOH. Following
optimization the solar cell devices delivered a maximum PCE of
4.88% (when TrNBr was used) and of 4.74% (when TrOH was
used) with the benefit of avoiding the requirement for reactive
metals to be used as EC electrodes, which is an improvement of
more than 20% in respect to the reference P3HT:ICBA devices.
In comparison to the sol—gel-derived ZnO-based inverted
devices, the enhancement in PCE was of 16% and 13%. The
utilization of the star-shaped conjugated macroelectrolytes as
interlayers in iPSCs resulted in the increase of the device
stability when compared with devices of conventional
geometry. Advantageously, the solution-processable character
of these interlayer materials and their easy processing at low
temperatures in ambient atmosphere offer great promise for
their incorporation in PSC device fabrication for commercial
applications.
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