Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 04 May 2017. Downloaded on 1/21/2026 5:26:20 AM.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Self-assembled diblock conjugated
polyelectrolytes as electron transport layers for
organic photovoltaics{

i '.) Check for updates ‘

Cite this: RSC Adv., 2017, 7, 24345

Dan Zhou,?® Jinliang Liu,? Lie Chen, & *2 Haitao Xu,?° Xiaofang Cheng,?
Fangying Wu @2 and Yiwang Chen®?

Interfacial morphology is not only paramount for charge extraction and transport but also dramatically
affects the morphology of the upper active layer, thereby influencing the ultimate power conversion
efficiency. However, detailed investigation of the instinctive self-assembly of conjugated polyelectrolytes
(CPEs) as the electron transport layers (ETLs) in polymer solar cells (PSCs) has rarely been investigated.
Meanwhile, the correlations between the structural assembly of CPEs ETLs on the crystalline ordering,
morphology of the upper active layer and the final photovoltaic performance are mystical stories. Herein,
two water/alcohol-soluble diblock CPEs with different backbone PFeo-b-PCNBr and PFeo-b-PTNBr are
synthesized via Kumada catalyst transfer coupling reactions as ETLs for inverted bulk-heterojunction
PSCs. Both PFgo-b-PCNBr and PFgo-b-PTNBr offer an ohmic contact between the ITO electrode and
the active layer by substantially reducing the work function of the ITO via modulating the interfacial
dipoles. More intriguingly, the spontaneous self-assembly of the diblock polymers can act as a template
to induce the upper active layer to form ordered wide nanowire and nanofiber morphology. The more
ordered morphology is beneficial for charge extraction and transportation. Consequently, the devices
based on poly(3-hexylthiophene) (P3HT):(6,6)-phenyl-Cg; butyric acid methyl ester (PCg:BM) with ZnO/
PFeo-b-PCNBr and ZnO/PFgo-b-PTNBr as ETLs deliver notable power conversion efficiencies (PCEs) of
3.6% and 3.8%, respectively, which is distinctly enhanced compared to 3.0% for the device with pure
ZnO as an ETL. These findings indicate that the self-assembled diblock CPEs ETLs provide a novel
strategy for optimization of the morphology of the upper active layer and performance of the PSCs.
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the nanostructure domain.'®" Good interfacial contact and
superior morphologies of the interlayer and active layer are very
crucial for efficient charge separation and transportation and
collection. If an interfacial layer can simultaneously tune the
interfacial barrier and improve the morphology of the active
layer, that may be the most promising strategy. Conjugated
polyelectrolytes (CPEs) are composed of a delocalized 7 conju-
gated backbone and functional polar ionic side chain. Owing to
the existence of the polar ionic groups on their side chains,
CPEs can realize environmentally friendly water and alcohol
processing. In addition, CPEs could avoid intermixing with the
upper hydrophobic active layer owing to the orthogonal solu-
bility. Meanwhile, owing to the electrostatic interaction at the
interface of CPEs/metal electrode, an aligned interfacial dipole
assembly can be formed, which can lower the work function

Introduction

Bulk heterojunction (BHJ) polymer cells (PSCs) have received
increasing attention owing to their advantages, such as
mechanical flexibility, low-cost and large-scale roll-to-roll
production.’” Recently, PSCs have achieved tremendous prog-
ress, and the power conversion efficiency (PCE) has been
boosted to over 11%.%° However, several scientific issues and
challenges, such as efficient charge carrier separation, transfer,
and collection, must be overcome before large-scale commercial
production. To solve these problems, the electrode and the
active layer need to form good ohmic interfacial contact and the
morphology of the light-harvesting layer can self-assemble into

“College of Chemistry, Nanchang University, 999 Xuefu Avenue, Nanchang 330031,

China. E-mail: chenlie@ncu.edu.cn; Fax: +86 791 83969561; Tel: +86 791 83968703
Key Laboratory of Jiangxi Province for Persistent Pollutants, Control and Resources
Recycle, Nanchang Hangkong University, 696 Fenghe South Avenue, Nanchang
330063, China

t Electronic supplementary information (ESI) available:
experimental details of the synthetic procedures and characterization. The 'H
NMR, UV-vis-NIR, optical transmittance spectra and table of energy levels of the

electron transport layer are included. See DOI: 10.1039/c7ra03154h

The text gives

This journal is © The Royal Society of Chemistry 2017

(WF) of the cathode electrode, facilitate the electron extraction
and collection, and enhance the PCE of the device.

Diblock conjugated polymers are composed of two different
blocks in the backbone, which can self-assemble into ordered
nanostructures spontaneously driven by the immiscibility of the
blocks and/or crystallinity differences.’*® If the advantages of
diblock conjugated polymers and CPEs are merged, the
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resulting diblock CPEs (DBCPEs) can possess novel function-
alities, such as forming ordered nanostructures, lowering the
WF and interfacial barrier, environmentally friendly fabrica-
tion, and so on. The obtained self-assembled DBCPEs can not
only decrease the interfacial barrier, but also act as a diblock
template to induce the upper active layer to form a more
ordered nanostructure. However, DBCPEs as the cathode
interlayer to modulate the morphology of the upper active layer
and diminish the interfacial barrier have rarely been reported.
In addition, Maes et al. reported that the nonionic polar oxyalkyl
side chains are beneficial for the improvement of the compat-
ibility of the interlayer and the photoactive layer. Meanwhile,
the presence of an ionic pendant interlayer leads to the
formation of a capacitive double layer, boosting the charge
extraction and device efficiency.'* Cationic ammonium ions can
endow the polymer with water/alcohol processing and induce
the formation of large interfacial dipoles between the active
layer and the high work-function metal cathodes.”*”* Based on
the above reasons, we designed and synthesized a novel diblock
CPE with ethylene oxide and ammonium cationic side chains
polar groups, and fluorine and carbazole as blocks, named
as poly[(9,9-bis(2'-(2'-(2"-methoxyethoxy)ethoxy)ethyl)-2,7-fluo-
rene)]-block-poly[3-(((6'-N,N,N-trimethylammonium)hexyl)-2,7-
carbazole)] (PFgo-b-PCNBr). To explore the detailed relationship
between the structural assembly of CPE ETLs on the crystalline
ordering, the morphology of the upper active layer and the
device photovoltaic performance, the diblock CPE PFgo-b-
PTNBr synthesized from our previous literature*” has been used
for comparison. Both diblock CPEs PFgo-b-PCNBr and PFgo-b-
PINBr have ethylene oxide and a quaternary ammonium
cationic polar side chain; the main difference is the former has
fluorine and carbazole diblocks, but the latter has fluorine and
thiophene diblocks. In comparison to the bare ZnO ETL, ZnO/
PFro-b-PCNBr and ZnO/PFgo-b-PTNBr ETLs can not only form
a more aligned interface dipole to decrease the interfacial
energy barrier, but can also act as diblock CPE templates to
induce the upper active layer to form well-assembled nanofiber
and wide nanowire morphology, which can promote electron
extraction and transportation. Consequently, introducing the
DBCPEs-modified ZnO as ETLs into the inverted PSCs based on
the poly(3-hexylthiophene) (P3HT):(6,6)-phenyl-Cg; butyric acid
methyl ester (PC4;BM) system can dramatically enhance the
photovoltaic parameters of the solar cells simultaneously,
including the open-circuit voltage (V,), short-circuit current
density J,, fill factor (FF) and power conversion efficiency (PCE).
The enhancement of the photovoltaic property should be
ascribed to the improved morphologies of the interlayer and
active layer, as well as the good interfacial contact.

Results and discussion
Synthesis and characterization

The chemical structures of the diblock polymers Fgo-b-PCNBr
and PFgo-b-PTNBr are shown in Chart 1 and the detailed
synthetic routes of the dibolck polymers are presented in
Scheme S17} (the detailed synthetic information is provided in
the ESIT). The diblock polymer PFgo-b-PTNBr was synthesized
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Chart 1 Structures of the diblock conjugated polyelectrolytes PFgo-
b-PCNBr and PFeo-b-PTNBr.

according to our previous literature.”> The diblock polymer
PFro-b-PCBr was first prepared by Kumada catalyst transfer
coupling polymerization between 2,7-dibromo-9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9H-fluorene and 2,7-dibromo-9-(6-
bromohexyl)-carbazole. The weight average molecular weight
(M,,) and number-average molecular weight (M,,) of PFgo-b-PCBr
were estimated by size exclusion chromatograms (SEC) to be
14 800 and 11 800 g mol *, respectively, with a dispersity index
of 1.25. Based on 'H NMR (Fig. S17), the final obtained ratio
between the two blocks polyfluorene and polycarbazole is 1 : 2.
The ionized diblock polymer PFgo-b-PCNBr was obtained
through quantitative quaternization of the diblock PFgo-b-PCBr
with excess trimethylamine in tetrahydrofuran (THF) solution
under —78 °C with liquid nitrogen. The NMR spectrum of PFgo-
b-PCNBr is shown in Fig. S2.f Thanks to the polar pendant
groups, quaternary ammonium salt and alkoxy group, all the
ionized diblock CPEs PFyo-b-PCNBr and PFgo-b-PTNBr can be
easily dissolved in polar solvents, such as water, methanol
(CH30H), N,N-dimethylformamide (DMF), and dimethyl sulf-
oxide (DMSO). In addition, all the intermediates and the final
diblock polymers have been thoroughly purified, and the
chemical structures of the products are confirmed by nuclear
magnetic resonance spectra (NMR).

Diblock conjugated polymers composed of two different
conjugated blocks are well known to self-organize spontane-
ously at the nanometer scale both in solution and the solid state
due to the immiscibility of the blocks and/or crystallinity
differences.>*** Transmission electron microscopy (TEM) was

This journal is © The Royal Society of Chemistry 2017
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carried out to understand how the introduction of self-
assembled templates of diblock CPE ETLs would affect the
upper active layer film morphology behavior. Intriguingly,
compared with the morphology of pristine ZnO (Fig. 1a), both
diblock CPEs modified ZnO show more ordered morphologies
as presented in Fig. 1b and c. Obviously, from Fig. 1a for the
bare ZnO, we just see the classical ZnO nanoparticles
morphology, while for the Fig. 1b, ordered self-assembled
dendritic morphology has been observed in ZnO/PFgo-b-
PCNBr. ZnO/PFgo-b-PTNBr film is shown in Fig. 1c, and we can
find ordered nanofibers morphology. These more ordered
morphologies should be ascribed to the self-assembly of the
diblock CPE itself and the electrostatic interaction between the
diblock CPE and ZnO. More interestingly, in contrast to the
morphology of P3HT:PCs;BM deposited on bare ZnO (Fig. 1d),
insertion of the diblock CPE interlayer between the ZnO and the
active layer can realize well optimize the morphology of the
upper layer P3HT:PCq;BM. As depicted in Fig. 1, on account of
the more ordered ZnO/PFgo-b-PCNBr and ZnO/PFgo-b-PTNBr,
ETLs can serve as a structural template to induce the upper
active layer to form regular molecular orientation, a large
amount of ordered wide nanowires and narrow nanofibers are
clearly observed in the morphology of P3HT:PCs;BM blend
films deposited on ZnO/PFgo-b-PCNBr and ZnO/PFgo-b-PTNBr
ETLs, respectively (Fig. 1e and f), while no linear structure has
been observed for the ZnO/P3HT:PC4BM film. The nanofiber
morphologies of the active layers are very favorable for charge
separation.

In order to further investigate the self-assembly behaviors of
ZnO/PFgo-b-PCNBr and ZnO/PFgo-b-PTNBr ETLs on the
morphology and crystallization of the upper active layer, the UV-
Vis absorption spectra and X-ray diffraction (XRD) patterns of
the P3HT:PCq;BM active layer with and without CPE substrate
are characterized. As shown in Fig. 2a, the UV spectra of
P3HT:PC¢,BM films deposited on ZnO/CPEs show red-shift
bands with higher intensity than that of the pristine
P3HT:PC¢;BM film. Moreover, a shoulder peak at 604 nm is
detected, indicative of characteristic peaks of the crystalline
P3HT.” In addition, the UV spectrum of P3HT:PC¢BM films
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spin-coated on ZnO/PFgo-b-PTNBr shows a red-shift band
compared to that of ZnO/PFgo-b-PCNBr, which may be because
the structural difference between fluorene and thiophene is
bigger than that of fluorene and carbazole. Diblock polymers
are well known to self-assemble into well-ordered nanoscale
morphologies spontaneously, which is driven by the thermo-
dynamic incompatibility of the two blocks.>**” X-ray diffraction
(XRD) experiments were employed with the aim of further
verifying the superior morphology of P3HT:PC¢;BM films spin-
coated on ZnO/CPEs compared to that of bare ZnO. As
described in Fig. 2b, relative to the pristine ZnO/P3HT:PCq,BM
film, the ZnO/CPEs/P3HT:PC¢;BM films show stronger (100)
reflection peaks at low angle (26 = 5.47°), corresponding to the
lamellar structure of P3HT. Likewise, the P3HT:PCsBM film
deposited on ZnO/PFgo-b-PTNBEr is sharper compared to that on
ZnO/PFgo-b-PCNBr, suggesting that the PFgo-b-PTNBr endows
P3HT with better crystallization property. Meanwhile, reflection
peaks at angle 26 = 21.4° associated with the (010) reflection
peaks of P3HT have been detected. In addition, the reflection
peaks at 26 = 30.22° and 35.38° are assigned to the (100) and
(002) reflection peaks of ZnO, respectively. The XRD results are
well consistent with the UV.

To further clarify the interface interaction and cooperation
assembly between the ZnO and CPEs, the X-ray photoelectron
spectra (XPS) of pristine ZnO and ZnO/CPEs were obtained and
are presented in Fig. 3a. As shown in Fig. 3b, the characteristic
N 1s peak (at ~400 eV) assigned to nitrogen atom in the ZnO/
PFro-b-PCNBr and ZnO/PFgo-b-PTNBr spectra is clearly detec-
ted, suggesting that the CPEs are successfully spin-coated on
the surface of the ZnO. For bare ZnO, N 1s peaks cannot be
observed. The O 1s peak spectra of the bare ZnO and ZnO/CPEs
are shown in Fig. 3c. In contrast to the peak in pristine ZnO
detected at 530.16 eV, the O 1s peaks for ZnO/PFgo-b-PCNBr and
ZnO/PFgo-b-PTNBr are shifted to 529.91 and 529.87 eV, which
are shifted towards lower binding energy by 0.25 and 0.29 eV,
respectively. The shifts to the lower binding energy may be
owing to the higher negative charge density on O*>~ ions, which
originates from the strong interfacial interaction.®* Similarly,
as shown in Fig. 3d, compared to pristine ZnO 1021.7 eV, the Zn

Fig.1 TEM images of (a) bare ZnO, (b) ZnO/PFeo-b-PCNBE, (c) ZNO/PFeo-b-PTNBY, (d) ZNO/P3HT:PCeiBM, () PFeo-b-PCNBY/P3HT:PCq;BM

and (f) PFgo-b-PTNBr/P3HT:PCg:BM films.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3
PCNBr, and ZnO/PFgo-b-PTNBr ETLs on the ITO substrate.

2p3/2 XPS spectra of ZnO/PFgo-b-PCNBr (1021.4 eV) and ZnO/
PFio-b-PTNBr (1021.3 eV) are shifted to lower binding energy by
0.3 eV and 0.4 eV, implying a strong electrostatic interaction
between ZnO and CPEs.

To explore surface property and further characterize the
interfacial interaction of the ZnO/CPEs bilayers, the water
contact angle measurements are carried out (Fig. 4). The water of
contact angles for ZnO, ZnO/PFgo-b-PCNBr and ZnO/PFgo-b-
PTNBr are 66°, 56° and 52° (Fig. 4a—c), respectively. Interestingly,
after annealing, the water contact angles of ZnO/PFgo-b-PCNBr
and ZnO/PFgo-b-PTNBr are increased to 67° and 69° (Fig. 4e and
f), which reveals that the hydrophobicity of the ZnO/CPEs
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bilayers been remarkably enhanced upon thermal annealing. As
schematically illustrated in Fig. 4d, the enhanced water contact
angles could be attributed to some hydrophilic polar side chains
of CPEs pointing to the ZnO substrate and hydrophobic diblock
conjugated polymer backbone pointing away from ZnO after
thermal annealing. The substantially improved hydrophobicity
of the ZnO/CPEs could form superior interfacial contact with the
upper photon-harvesting layer compared to that of ZnO, in favor
of the charge transport and collection.

To explore the effect of diblock CPEs on the ZnO ETL, ultra-
violet photoelectron spectroscopy (UPS) was used to study the
energy levels of the ZnO and ZnO/CPEs ETLs. As presented in

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Water contact angle images of the compounds before (a, b, c) and after (e, f) annealing, (a) bare ZnO, (b, €) ZNO/PFgo-b-PCNBr, (d) the
schematic illustration of the side chain orientation of the diblock CPEs ETLs before and after annealing at 150 °C for 10 min, and (c, f) ZnO/PFgo-

b-PTNBr.

Fig. 5a, the high binding-energy cutoffs (E.wofr) of ZnO, ZnO/PFgo-
b-PCNBr and ZnO/PFgo-b-PTNBr are 14.46, 15.11, and 15.18 €V,
respectively. The corresponding binding energy onset Eopget iS
1.07 eV for bare ZnO, 1.21 eV for ZnO/PFgo-b-PCNBr and 1.05 eV
for ZnO/PFgo-b-PTNBr. The highest occupied molecular orbital
(HOMO) energies are calculated from the following equation:*
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where Av is the incident photon energy (hv = 21.22 eV) for He L.
According to the equation, the calculated HOMO energies are
—7.83 eV for bare ZnO, —7.32 eV for ZnO/PFgo-b-PCNBr and
—7.09 eV for ZnO/PFgo-b-PTNBr. The optical gaps of ZnO, ZnO/

1A

2 Ohmic contact 3

-3 -3.30
1 404 -3.81
44 s 1420
] 4m 470
2 -5 TT0 Ag
| 520 g3
-6-
] 6.00
74
s T
-7.83

-8

bare ZnO

4.4

4.3

4.2

41

4.0

Fig. 5 (a) Ultraviolet photoelectron spectroscopy (UPS) spectra of the inelastic cutoff region (left) and the HOMO region (right) of ZnO, ZnO/
PFeo-b-PCNBr and ZnO/PFgo-b-PTNBr. (b) Energy-level diagram of the PSCs and electrical contacts of the diblock CPEs ETLs based on
P3HT:PCg1BM device. (c) Work function images from matrix by Kelvin probe microscopy (KPM). (d) Effective work function bar graph from KPM of

the bare ZnO, ZnO/PFgo-b-PCNBr and ZnO/PFgo-b-PTNBr ETLs.
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PFgo-b-PCNBr and ZnO/PFgo-b-PTNBr are obtained from the
UV-vis absorption spectra to be 3.28 eV, as shown in Fig. S3.f
Based on the values of optical gaps and HOMO, the lowest
unoccupied molecular orbital (LUMO) energy levels are
—4.55 eV for bare ZnO, —4.04 eV for ZnO/PFgo-b-PCNBr and
—3.81 eV for ZnO/PFgo-b-PTNBr. The corresponding energy
level data are summarized in Table S1.t The energy-level
diagram of the PSCs and electrical contacts of the diblock
ZnO/CPEs ETLs based on P3HT:PCy;BM device is presented in
Fig. 5b. The shifts of energy levels among ZnO and ZnO/CPEs
demonstrate that diblock CPEs PFgo-b-PCNBr and PFgg-b-
PTNBr can easily modulate the LUMO level of ZnO. Moreover,
after introducing a thin layer of diblock CPEs between ZnO and
the active layer, the ETL-active layer interface can form favor-
able ohmic contact, which is beneficial to charge separation,
transfer and collection. The tuning energy levels of ZnO modi-
fied by diblock CPEs ETLs indicate that favorable interfacial
dipoles are generated between the ZnO and CPEs interface.
Although the structures of PFpo-b-PCNBr and PFgo-b-PTNBr
mainly differ in the backbone, the binding-energy of ZnO/PFge-
b-PTNBr shifts to the lower energy level in comparison to ZnO/
PFo-b-PCNBr, indicating that ZnO/PFgo-b-PTNBr can provide
a stronger interfacial interaction and a larger interfacial dipole
moment than ZnO/PFyo-b-PCNBr does. The results are in
accordance with those of XPS. To further discuss the interfacial
interaction between diblock CPEs and ZnO, Kelvin probe
microscopy (KPM) was used to characterize the effective work
function (WF) of pristine ZnO and ZnO/CPEs. As depicted in
Fig. 5c, the WF of bare ZnO is 4.41 eV. However, the WF
decreased after being modified by diblock CPEs, with a value of
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4.33 eV for ZnO/PFgo-b-PCNBr and 4.20 eV for ZnO/PFgq-b-
PTNBr. In contrast to ZnO/PFgo-b-PCNBr, ZnO/PFgo-b-PTNBr
possesses a lower WF, which is well consistent with the UPS
measurement. In order to more visually understand the varia-
tion of WF between ZnO and ZnO/CPEs, the effective work
function bar graphs from KPM of the bare ZnO, ZnO/PFgq-b-
PCNBr and ZnO/PFgo-b-PTNBr ETLs are shown in Fig. 5d.

To explore whether the insertion of diblock CPEs will affect
the light absorption of the active layer, the optical transmittance
spectra of ZnO and ZnO/CPEs ETLs are investigated as dis-
played in Fig. S4.1 Visibly, the optical transmittance spectra of
ZnO and ZnO/CPEs ETLs are almost the same, suggesting that
the diblock CPEs layers would not hinder the light-absorption
of active layer. To gain insight into the influence of the ZnO/
CPEs as ETLs on the photovoltaic performance of the organic
solar cells, inverted devices based on ZnO/CPEs ETLs were
fabricated with the structure of ITO/ZnO/CPEs/P3HT:PCq,BM/
MoO;/Ag. The illuminated current density-voltage (J-V) curves
of the inverted PSCs based on P3HT:PC,BM active layer with
ZnO and ZnO/CPEs ETLs are shown in Fig. 6a, and the corre-
sponding device data are summarized in Table 1. The error bars
of V., PCE, FF and J,. are shown in Fig. 6c and d. The device
with bare ZnO ETL presents an average PCE of 3.0%, with an
open-circuit voltage (V,.) of 0.598 V, short-circuit current
density J,. of 8.216 mA cm ™2, and a fill factor (FF) of 61.4%.
Delightfully, the PCEs of the devices with ZnO/CPEs ETLs are
dramatically enhanced, with PCE of 3.6% and 3.8% for ZnO/
PFro-b-PCNBr and ZnO/PFgo-b-PINBr, respectively. The
improved device efficiencies by introduction of diblock CPEs as
modified layers originate from the simultaneous enhancement
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Fig. 6 (a) J-V curves of devices based on P3HT:PCg;BM with various ETLs under the illumination of AM1.5G, 100 mW cm™2 (inset: under dark
conditions), (b) EQE characteristics, (c) the error bars of V. and PCE and (d) the error bars of and FF and Js..
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Table 1 Device performance of inverted P3HT:PCg1BM polymer solar cells with various ETLs®

Cathode buffer layer Voe (V) Jse (MA cm™?) FF (%) PCE (%)
ZnO 0.598 £ 0.004 8.216 £ 0.117 61.4 £+ 0.66 3.0 £ 0.054
ZnO/PFgo-b-PCNBr 0.610 £+ 0.002 8.990 + 0.098 65.4 + 0.79 3.6 + 0.055
ZnO/PFgo-b-PTNBr 0.616 £ 0.006 9.260 £ 0.258 66.1 £ 1.16 3.8 £ 0.044

“ The device parameters of each device are obtained from 10 devices, and the + refers to the standard deviation.

of device parameters, including V., /., FF and PCE. Compared
to the V,. of bare ZnO 0.598 V, the V,. has been increased to
0.610 V for ZnO/PFgo-b-PCNBr and 0.616 V for ZnO/PFgq-b-
PTNBr. Meanwhile, the FF has been enhanced from 61.4% to
65.4% and 66.1% for ZnO/PFgo-b-PCNBr and ZnO/PFgq-b-
PTNBr, respectively. Compared to ZnO/PFgo-b-PCNBr, ZnO/
PFio-b-PTNBr exhibits preferable photovoltaic performance,
which should be ascribed to the better morphology of the active
layer and the larger interfacial dipole moment. The interfacial
ohmic contact created by the diblock CPEs should be respon-
sible for the enhancement of V,. and J,.. In addition, the
improved FF should be ascribed to the more ordered
morphologies of the interfacial layer and the active layer. The
dark jJ-V curves are presented in the inset of Fig. 6a. Obviously,
the dark current densities of the ZnO/PFgo-b-PCNBr and ZnO/
PFro-b-PTNBr interfacial layers under the reverse bias are
smaller in comparison to that of bare ZnO, suggesting that the
leakage current at negative voltages has been greatly suppressed
by the insertion of diblock CPEs. The dark j~V could also
demonstrate that the favorable interfacial dipole moment and
interfacial contact caused by diblock CPEs can reduce the
leakage current and improve the charge injection efficiency. To
further prove the accuracy of J;. obtained from j-V, the external
quantum efficiencies (EQE) are investigated, as presented in
Fig. 6b. Quite notably, the devices with ZnO/PFgo-b-PCNBr and
ZnO/PFgo-b-PTNBr ETLs exhibit superior EQE values compared
to that of ZnO. Moreover, the device based on ZnO/PFgo-b-
PTNBr bilayer ETL shows the highest EQE. The EQE results are
quite consistent with values acquired from the /-V curves.

Conclusions

To summarize, a novel self-assembly water/alcohol soluble
diblock CPE PFgo-b-PCNBr has been synthesized for the first
time and applied as ZnO/PFgo-b-PCNBr bilayer ETL for inverted
bulk-heterojunction PSCs based on P3HT:PC4;BM. Meanwhile,
in order to explore the correlations between the structural
assembly of CPEs ETLs on the crystalline ordering, morphology
of the upper active layer and device photovoltaic performance,
the diblock CPE PFro-b-PTNBr synthesized from our previous
literature was used for comparison. Although the structures of
PFro-b-PCNBr and PFgo-b-PTNBr mainly differ in the backbone,
polymer  PFgo-b-PINBr  exhibited better performance.
Compared with bare ZnO ETL, ZnO/PFgo-b-PCNBr and ZnO/
PFro-b-PTNBr ETLs not only can form a more aligned dipole
moment to lower the interfacial energy barrier, but can also act
as diblock CPEs templates to induce the upper active layer to

This journal is © The Royal Society of Chemistry 2017

form more ordered nanofiber and wide nanowire morphology,
which can facilitate the electron extraction and transportation.
It should be mentioned that incorporation of the ZnO/CPEs as
the bilayer cathode buffer layer can simultaneously enhance the
device performance, including V., /s, FF and PCE. Meanwhile,
the superior photovoltaic performance of ZnO/PFgo-b-PTNBr
compared to the analogue ZnO/PFgo-b-PCNBr originates from
the stronger interfacial dipole moment and better morphology
of the active layer, which are beneficial for more efficient charge
separation and transfer. Diblock CPEs PFgo-b-PCNBr and PFgo-
b-PTNBr have combined the advantages of block polymers and
conjugated polyelectrolytes, which can simultaneously tune the
interfacial work function and the upper active layer
morphology. By proper design and synthesis, diblock CPEs are
prospected to be promising candidates to apply in roll-to-roll
manufacturing techniques for high performance PSCs.
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