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A Polymer/Carbon-Nanotube Ink as a Boron-Dopant/
Inorganic-Passivation Free Carrier Selective Contact
for Silicon Solar Cells with over 21% Efficiency

Jianhui Chen,* Lu Wan, Han Li, Jun Yan, Jikui Ma, Biao Sun, Feng Li,

and Benjamin S. Flavel*

Traditional silicon solar cells extract holes and achieve interface passivation
with the use of a boron dopant and dielectric thin films such as silicon oxide
or hydrogenated amorphous silicon. Without these two key components, few
technologies have realized power conversion efficiencies above 20%. Here, a
carbon nanotube ink is spin coated directly onto a silicon wafer to serve simul-
taneously as a hole extraction layer, but also to passivate interfacial defects.
This enables a low-cost fabrication process that is absent of vacuum equipment
and high-temperatures. Power conversion efficiencies of 21.4% on an device
area of 4.8 cm? and 20% on an industrial size (245.71 cm?) wafer are obtained.
Additionally, the high quality of this passivated carrier selective contact affords
a fill factor of 82%, which is a record for silicon solar cells with dopant-free
contacts. The combination of low-dimensional materials with an organic pas-

sivation is a new strategy to high performance photovoltaics.

1. Introduction

Silicon solar cells continue to be an important technology and cur-
rently occupy =90% of the worldwide photovoltaics market.2
This is despite the rapid development and increasingly high power
conversion efficiency (PCE) of emerging technologies such as
those from perovskites! or organic-electronic materialsl! and their
market dominance is predicted to persist over the coming dec-
ades.” Fundamentally, light is absorbed by a silicon wafer that is
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bound asymmetrically on either side by car-
rier selective contacts to provide a built in
potential for electron/hole separation. The
unrivaled success of silicon photovoltaics
can mostly be attributed to the aluminum
back surface field (Al-BSF) cell due to its
simple and low-cost manufacture through
use of an Al paste/ink hole-selective con-
tact. The AI-BSF cell currently accounts for
=70% of the total crystalline silicon (c-Si)
photovoltaic (PV) market, but recombina-
tion losses at the metal-silicon contact limit
the design to a PCE of =20%.2 To further
increase efficiency toward a theoretical
maximum of 29%,*7] strategies for inter-
face passivation and complicated architec-
tures are required. Current high-efficiency
technologies, such as the passivated
emitter and rear cell®! the tunnel-oxide passivating contact,!
and the silicon heterojunction (SHJ)% have achieved PCEs over
25% and these are enabled by boron dopant and dielectric passi-
vation layers. For example the SHJ cell employs a thin dielectric
passivation interlayer such as intrinsic hydrogenated amor-
phous silicon (a-Si:H(i)), overlaid with highly doped a-Si:H(n* or
p*) (phosphorous, n* or boron, p*) as a carrier selective contact.
Passivation of surface defects is key to high open circuit voltage
(Voo), but a large absorption coefficient of a-Si:H means that
even a few nanometers have significant parasitic photon absorp-
tion and lead to reductions in current (J ). There are several
geometric variations to the SHJ cell, but the best known is the
interdigitated back contact architecture, which avoids the use of
a front side doped a-Si:H layer or metallization and currently
holds the world record PCE for c-Si cells of 26.3%./1]

Despite the high efficiency of these cells, complicated
manufacturing steps involving high temperature (=900 °C)
dopant diffusion followed by lithographic patterning and the
requirement of capital-intensive processes such as plasma
enhanced chemical vapor deposition (PECVD) combined with
toxic boron/phosphorous gas precursors do little to address
the levelized cost of the architecture.l'”l To this end research
has been directed toward the replacement of the a-Si:H(n* or
p!) layer with dopant free hetero-contacts that can be depos-
ited using simple low temperature (<200 °C) processes such
as thermal evaporation, spin and spray coating or sputtering.
Materials such as lithium fluoride (LiF,),>*) magnesium
oxide (MgO,),Bl cesium carbonate (Cs,Co3)l"®l and titanium
oxide (TiO,)!">1>"l have been shown to form an electron selec-
tive contact, whereas transition metal oxides (MoO,,[!t131418]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202004476&domain=pdf&date_stamp=2020-07-12

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

NiO,,1 vO,,12% and WO,)2! and polymers such as PEDOT?2
and P3HT2 have been shown to be hole selective. In addition
to processing simplicity, many of these materials have a high
optical transparency compared to doped a-Si:H and thus reduce
parasitic light absorption.! In the meantime, the doped silicon
layers have been replaced on both sides of the cell in a design
known as the dopant free asymmetric hetero-contact (DASH)
cell and PCEs over 20% have been reported.3* Although
these cells are dopant free, they are still reliant upon a thin
dielectric interlayer such as in the work of Bullock et al.l®! with
a-Si:H(i)/LiF, /Al and a-Si:H(i)/MoO,, hetero-contacts, and these
still remain capital intensive in their deposition. The ultimate
advancement of the DASH concept is to combine both pas-
sivation and carrier selective transport into a single layer and
thereby remove the need for thin dielectric interlayers. In this
way high-temperature processes and vacuum equipment can be
eliminated entirely from the production line.

In a burgeoning field, organic materials containing the sul-
fonic functional group have been shown to afford a high quality
surface passivation rivaling SiO, or Si:H(i), but with the advan-
tage of being processable at low temperatures at ambient pres-
sures.?*»! The solution processability of these materials offers
the possibility of combination with nanomaterials such as gra-
phene,?®) MXenes,”) carbon nanotubes CNTs,*®%%] or transition
metal dichalcogenides,% which have all been shown to form
carrier selective contacts to c-Si. From these nanomaterials many
proof-of-principle solar cells, without surface passivation, but
with nevertheless promising PCEs have already been demon-
strated. For example, CNT:Si solar cells have been developed from
1.4% PCE in first reports to 172% and 18.9% for front- and back-
junction devices with 1 and 3 cm? device areas, respectively.?:32
However, the obtainment of industrial sized cells and PCEs over
20% have been precluded by CNT film inhomogeneities and
transfer processes required during fabrication. In the ideal
strategy, cues for improvement can be taken from the Al-BSF cell
that uses a solution-processable ink to coat a single layer, which
achieves both highly-efficient hole-selectivity and interface defect
passivation simultaneously. This ink should also be cost effective
and have the potential large-scale production.

In this work we now show that CNTs and Nafion can be
combined into an ink to form a “passivated charge selective
contact” (PCSC) that can be spin coated directly onto c¢-Si. This
process omits the requirement of vacuum equipment, high
temperatures and a tunnel dielectric layer. Device performance
is shown to be dependent upon the ink composition and record
high efficiencies of 21.4% for 4.8 cm? and 20.1% on an indus-
trial sized wafer (245.71 cm?) are shown. This work provides
a “low-D + organic passivation” strategy to achieve high-effi-
ciency silicon solar cells, which are dopant and dielectric free
and which are made with a simple and cost-effective process. In
addition, the polymer has been extensively applied in PV filed
due to multiple functions including highly-efficient absorp-
tion,? crystallization adjuvant,3* carrier transport layer,3’
electrolytes,*! flexible substrates,*’] protection layer, and so on.
Polymers also have advantages in photovoltaics in that they are
lightweight, easily disposable and have a low cost for fabrica-
tion.138 Here it is important to state that the terms “dopant- and
“dielectric- free” refer to the absence of a boron/phosphorous
dopant and inorganic passivation materials such as silicon
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oxide and amorphous silicon, which are energy intensive and
are unlike the doping provided by the Nafion to the CNTs.[*’]

2. Results and Discussion

Single walled carbon nanotubes (SWCNTs) with an average
diameter of 1.5 nm and Nafion polymer were shear force mixed
for 2 h to afford the CNT:Nafion ink used throughout this work,
Figure 1a. The polar side chain of Nafion allowed for the CNTs
to become individualized and well dispersed without the need
for surfactants and the ink was found to remain stable for at
least 6 months. Unlike CNT inks made from nanotube solu-
tions previously in our group, CNT:Nafion solution can be
fabricated at the ambient atmosphere without the glove box.
The CNT:Nafion ink wet silicon with a small contact angle
(11.1°) and was found to be amenable to spin coating. A 150 nm
layer, consisting of a random network of CNTs infiltrated by
Nafion polymer was cast onto 4.8 and 245.71 cm? wafers in a
back-junction solar cell architecture, Figure 1b. Further details
on the experimental determination of film thickness versus
spin speed can be found in Figure Sla, Supporting Informa-
tion. Importantly, the CNT:Nafion film was smooth and closed,
Figure 1c, and thus formed a physical blocking layer to pre-
vent metal infiltration during deposition of the back electrode
(Figure S1b, Supporting Information). SEM of the CNT/Nafion
layer, Figure S1b, Supporting Information, reveal a random net-
work of CNTs intermixed with Nafion.

On the front of the solar cell a state-of-the-art design used by
industry was implemented. This consisted of a phosphorous-
diffused front surface field (FSF), silicon nitride (SiN,) antire-
flection layer and a screen-printed silver grid on the front sur-
face. Figure 1c shows a photograph of the front and back of a
solar cell made on a pseudo-square (245.71 cm?) industrial-type
n-type Czochralski-grown silicon wafer. A typical H-pattern of
busbars and fingers is used on the front. Prior to deposition
of the back electrode, a homogenous CNT:Nafion coating can
be seen and is testament to the processability of the ink. Spin
coating of the CNT:Nafion ink enables its direct industrializa-
tion. Using this approach device fabrication consisted of only
six main steps: silicon surface texturing; front phosphorus dif-
fusion; SiN,, deposition; screening printing of the front fingers;
CNT:Nafion coating and Ag metallization on the back. The sim-
plicity of this approach rivals that of the AI-BSF cell as shown in
Figure S2, where a direct comparison is made.

Figure 2a shows the illuminated J-V curves of the solar cells
with the corresponding solar cell parameters in the insert. The
small-area (4.8 cm?) cell achieved a high PCE of 21.4% and
yielded an open-circuit voltage (V,.) of 654 mV, a short-circuit
current density (Jy) of 39.9 mA cm™ and a fill factor (FF) of
82%. As shown in Figure S3, Supporting Information, these
PV parameters rival boron doped and dielectric passivated
n-type silicon cells. Notably, a FF of 82% is not only a record for
CNT-Si heterojunction solar cells, but also for dopant-free con-
tact architectures, including MoO,, and PEDOT based Si solar
cells.*l Furthermore, a FF of 82% compares well to the best
value (82.3%) obtained by traditional Si solar cells.[*} We specu-
late that this high FF is related to the CNTs themselves, having
a high carrier mobility™ and an appropriate band alignment

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Carbon nanotubes and Nafion are shear force mixed to form an ink that can be spin coated onto the back of an b) industrial n-type silicon
solar cell. ¢) Photograph of the back and front of the solar cell. The back is shown before and after CNT:Nafion coating and prior to deposition of the
back electrode (Ag). The size of the light spot used for EQE is shown relative to the front Ag fingers.

with silicon. For the large area (245.71 cm?) solar cells a PCE
of 20.1% was obtained. Figure 2b shows an EQE measure-
ment for the solar cell with an integrated current density of
39.5 mA cm™2. The slight reduction of integrated current com-
pared to Ji is an underestimation due to the partial overlap of
the light spot on the contact fingers for EQE. The extent of the
overlap is shown in Figure 1c. In total 28 solar cells with device
areas of 4.8-245.71 cm? were fabricated and their PV parame-
ters are displayed in Figure 2¢,d. As can be seen by the small
variation in parameters, the use of a CNT:Nafion ink is a robust
approach. This reproducibility is enabled by the spin-coating
method, stable back surface wet chemistry and the preparation
of the ink with the accurate CNT-Nafion ratio.

At the silicon surface, a mixed CNT/Si and Nafion/Si PCSC
junction was formed, where the CNTs were used to extract holes
and the sulfonic groups of the Nafion were used for interfacial
passivation.*>324] Because of the unsorted raw material con-
taining CN'Ts with different bandgaps and electronic types, it is
difficult to identify its physical nature of the junction simply as
a Schottky, metal-insulator-semiconductor or p-n junction®>4%l
but the Barden model including the interface of density fits the
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device physics well.?? Uniform interfacial contact between the
silicon and the CNT:Nafion film is therefore highly important
for high performance solar cells. During fabrication the silicon
wafer is textured in a KOH bath to afford pyramids on both
sides of the wafer as shown in Figure 3a. Spin coating of the
CNT:Nafion ink directly onto this highly rough surface led to
poor surface coverage of the film and thus poor device perfor-
mance, Figure 3b. To aid spin coating and increase interfacial
contact of the film, a mixed HNO3;/HF solution was used to
etch the pyramids and planarize the rear of the solar cell prior
to film deposition, Figure 3c. The smoother surface allowed
for a better coverage of the CNT/Nafion layer and was essen-
tial to high performance, Figure 3d. The PV parameters of V,,
Jso» FF, and PCE with increased etch time for a 4.8 cm? cell are
compared in Figure 3e. An etch time of 270 s was found to be
optimum and a comparison of illuminated J-V curves with
and without etching is shown in Figure 3f. For reference, the
unetched solar cell had a V,. of 403 mV, a J, of 173 mA cm™2, a
FF of 43% and a PCE of 3.4%.

Likewise, passivation and electrical contact are dependent on
CNT/Nafion ratio used for ink formation. Using the technique

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) J-V data for champion solar cells with device areas of 4.8 and 245.71 cm?. Device parameters are provided as an inset. b) EQE and integrated
Jsc data. ¢,d) solar cell performance statistics comparing the FF, V.., Joc and PCE for 28 devices with a device area of 4.8-245.71 cm?.

of transient photoconductance decay, the minority carrier
lifetime (7.g) for silicon wafers coated symmetrically with a
CNT:Nafion film mixed in ratios 0.4-1.6 mg mL™ are shown in
Figure 4a. Intuitively, due to Nafion being responsible for inter-
facial passivation, increased Nafion content led to an increase
in 7.q from 4.8 ms for a mix of 1.6 mg mL™ to 9.7 ms for a mix
of 0.4 mg mL™! (m/v). For comparison, 7.¢ for Nafion and CNTs
alone was 25 ms and 78 ps, respectively. However, as shown
in Figure 4D, in electroluminescence (EL) measurements the
situation is different and the excess Nafion led to a decrease
in intensity. This is because the CNTs are responsible for elec-
trical contact to the silicon and hole extraction. For high perfor-
mance devices it is necessary to balance the quantity of CNT/Si
to Nafion/Si interfacial regions. In this work optimized condi-
tions of 1.3 mg mL™! CNT/Nafion were employed. PV param-
eters for a 4.8 cm? cell made with CNT/Nafion mix of 0.4, 0.7,
1, 1.3, 1.6 mg mL™ (m/v) are plotted in Figure S4, Supporting
Information. A highly spatial resolution of photoluminescence
(PL) mapping was performed on the 245.71 cm? industrial
size solar cell, as shown in Figure 4c, except for some places
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of contamination during fabrication, a homogenous contrast
throughout all measurements can be regarded as the evidence
of minimal variation of the CNT:Nafion film composition.

3. Conclusion

To date the use of low-dimensional semiconductors as dopant-
free contacts (without a-Si:H(p*) layer) to silicon have failed
to enable PCEs above 17%, with most falling below 15%, pre-
dominately due to a lack of surface passivation.?¥! Fabrication
methods, including lamination, filtration, and film transfer
have also limited their development from lab to industry. In this
work, the combination of a low dimensional material (CNTs)
with a passivation agent (Nafion) into a simple ink removes
these barriers to industrialization and an efficiency of 21.4%
was obtained. Furthermore, with the exception of the evapora-
tion of silver, the fabrication process is as simple as that of the
Al-BSF cell. Here, it is envisaged that a low-temperature rear
metallization scheme, such as the use of Ag nanowire inks!*’) or

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scale bar: 2 um. e) Comparison of the PV parameters V., FF, J,c and PCE with increased etching time. f) -V data for cells with (270 s) and without
etching (0 s). Device area: 4.8 cm?.
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Figure 4. a) Transient photoconductance decay measurements of
CNT:Nafion films on lightly doped (4.5 x 10" cm~3) double-side polished
silicon wafers with different CNT/Nafion ratios. b) Electroluminescence
intensity maps of 4.8 cm? solar cells made with 0.4, 1, and 1.6 mg mL™
CNT/Nafion. The dark stripe in the middle of each cell is a bus bar
probe used for device contact. c) Photoluminescence intensity map of a
standard 245.71 cm? solar cell.
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low temperature metal pastes designed by Schmidt et al.,*8 will
completely omit vacuum equipment and high-temperature pro-
cesses in the future. A downside of the current approach is the
long term stability of the CNT:Nafion composite passivated con-
tacts. CN'Ts have been shown to have excellent stability toward
degradation in ambient, humid, hot, or ultraviolet radiation
conditions,*! whereas hygroscopic nature of Nafion is known
to lead to performance reductions.”l In the future the chal-
lenge will be to find improvements or alternatives to Nafion,
which are long term stable and capable of dispersing CNTs and
passivating silicon surface defects.

4. Experimental Section

CNT/Nafion Ink Preparation: Raw electric-arc SWCNT powder (lot
AP-A218, Carbon solution) was mixed in a Nafion precursor solution
(Sigma-Aldrich, 5 wt% in a mixture of lower aliphatic alcohols and 45%
water) in ratios of 0.4-1.6 mg mL™". The solution was shear force mixed
for 2 h in order to prepare uniform CNT dispersions to ensure the good
reproducibility of device performances.

Device Fabrication: (100)-oriented n-type CZ wafers with a thickness
of 180 um and resistivity of =2 Q-cm (bulk doping concentration
is =2.4 x 10® cm™) were selected for device fabrication involving
several steps: 1) texturing of the surface by a chemical polish in a
KOH (2-3 wt%, 82 °C, 16 min) bath to yield pyramids with an average
size of 5 um; 2) back surface polishing of the back surface using a
HNO;/HF/H,O (4:1:2) mixed solution, which was highly associated
with the final CNT:Nafion film morphology and hence very important to
get reproducibility of device performances); 3) the formation of a heavy
phosphorus doped n* FSF by single-side POCI; diffusion performed on
the textured surface and subsequent removal of the phosphorus silicon
glass with HF; 4) passivation of the n* surface by a =80 nm SiN, dielectric
layer deposited by PECVD and subsequent metallization of front surface
by screen-printing a Ag paste followed by a standard firing process;
5) spin coating of a =150 nm-thick CNT:Nafion layer onto the planar
back surface using a CNT/Nafion ink at 3500 rpm for 40 s and RT under
ambient atmosphere with a ramp time of 6 s; 6) thermal evaporation of
a 300 nm full contact Ag electrode on CNT:Nafion thin film. Device sizes
include a small =5 cm? and an industrial size (M2+) 245.71 cm?.

Characterization: The lifetime was measured by spin-coating
CNT:Nafion films on both sides of float-zone Si wafers (370 um, n-type,
3-5 kQ- cm) with double-sided mirror-polished surfaces. Solar cells
were characterized by current density—voltage (/-V) measurements
under standard test conditions (AM1.5, 100 mW cm™?, and 25 °C) and
the EQE (R3011, Enlitech). A calibration was done for the light source
using a reference solar cell (Ser. No. 076-2014, Fraunhofer ISE). A Zeiss
Ultra Plus with 2.00 kV EHT and 2.9 mm working distance was used for
SEM imaging. PL/EL mapping was performed with a BT imaging LIS-R1
system.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

J.C., LW, and H.L. contributed equally to this work. B.S.F. gratefully
acknowledges support from the Deutsche Forschungsgemeinschaft
(DFG) under grant numbers FL 834/2-1, FL 834/2-2, FL 834/5-1, and FL
834/7-1. ).C. gratefully acknowledges support from the China Scholarship

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Council, National Natural Science Foundation of China (Grant No.
61804041), and Outstanding Youth Science Foundation of Hebei
province (Grant No. F2019201367). L.W. gratefully acknowledges support
from Postgraduate Innovation Funding Project of Hebei Province
(CXZZ5S2020012).

Conflict of Interest

The authors declare no conflict of interest.

Keywords
energy, Nafion, photovoltaics, single-walled carbon nanotubes, thin films
Received: May 25, 2020

Revised: June 5, 2020
Published online: July 12, 2020

[1] a) L. C. Andreani, A. Bozzola, P. Kowalczewski, M. Liscidini,
L. Redorici, Adv. Phys. X 2019, 4, 1548305; b) C. Battaglia, A. Cuevas,
S. De Wolf, Energy Environ. Sci. 2016, 9, 1552; c) ). Haschke,
O. Dupre, M. Boccard, C. Ballif, Sol. Energy Mater. Sol. Cells 2018,
187, 140.

[2] T. G. Allen, ). Bullock, X. B. Yang, A. Javey, S. De Wolf, Nat. Energy
2019, 4, 914.

[3] Y. Wan, C. Samundsett, |. Bullock, M. Hettick, T. Allen, D. Yan,
J. Peng, Y. L. Wu, J. Cui, A. Javey, A. Cuevas, Adv. Energy Mater. 2017,
7,1601863.

[4] P. Kowalczewski, L. C. Andreani, Sol. Energy Mater. Sol. Cells 2015,
143, 260.

[5] a) E. M. Tennyson, T. A. S. Doherty, S. D. Stranks, Nat. Rev. Mater.
2019, 4, 573; b) Z. Li, T. R. Klein, D. H. Kim, M. ]. Yang, ). J. Berry,
M. F. A. M. van Hest, K. Zhu, Nat. Rev. Mater. 2018, 3, 18017.

[6] a) Y. Cui, H. F. Yao, ). Q. Zhang, T. Zhang, Y. M. Wang, L. Hong,
K. H. Xian, B. W. Xu, S. Q. Zhang, ). Peng, Z. X. Wei, F. Gao, . H. Hovu,
Nat. Commun. 2019, 10, 2515; b) R. M. Zhou, Z. Y. Jiang, C. Yang,
J. W. Yu, J. R. Feng, M. A. Adil, D. Deng, W. J. Zovu, . Q. Zhang, K. Lu,
W. Ma, F. Gao, Z. X. Wei, Nat. Commun. 2019, 10, 5393.

[7] T. Tiedje, E. Yablonovitch, G. D. Cody, B. G. Brooks, IEEE Trans. Elec-
tron Devices 1984, 31, 711.

[8] M. A. Green, Sol. Energy Mater. Sol. Cells 2015, 143, 190.

[9] A. Richter, ). Benick, R. Miiller, F. Feldmann, C. Reichel, M. Hermle,
S. W. Glunz, Prog. Photovoltaics 2018, 26, 579.

[10] K. Yoshikawa, H. Kawasaki, W. Yoshida, T. Irie, K. Konishi,
K. Nakano, T. Uto, D. Adachi, M. Kanematsu, H. Uzu,
K. Yamamoto, Nat. Energy 2017, 2, 17032.

[11] C. Battaglia, S. M. de Nicolas, S. De Wolf, X. T. Yin, M. Zheng,
C. Ballif, A. Javey, Appl. Phys. Lett. 2014, 104, 113902.

12] X. B. Yang, Q. Y. Bi, H. Ali, K. Davis, W. V. Schoenfeld, K. Weber,
Adv. Mater. 2016, 28, 5891.

[13] ). Bullock, M. Hettick, J. Geissbuhler, A. ). Ong, T. Allen,
C. M. Sutter-Fella, T. Chen, H. Ota, E. W. Schaler, S. De Wolf,
C. Ballif, A. Cuevas, A. Javey, Nat. Energy 2016, 1, 15031.

[14] a) J. Bullock, Y. M. Wan, Z. R. Xu, S. Essig, M. Hettick, H. C. Wang,
W. B. Ji, M. Boccard, A. Cuevas, C. Ballif, A. Javey, ACS Energy Lett. 2018,
3, 508; b) S. H. Zhong, ]. Dreon, Q. Jeangros, E. Aydin, S. De Wolf,
F. Fu, M. Boccard, C. Ballif, Adv. Funct. Mater. 2020, 30, 1907840.

[15] J. Bullock, Y. M. Wan, M. Hettick, Z. Xu, S. P. Phang, D. Yan,
H. Wang, W. Ji, C. Samundsett, Z. Hameiri, D. Macdonald,
A. Cuevas, A. Javey, Adv. Energy Mater. 2019, 9, 1803367.

Adv. Funct. Mater. 2020, 30, 2004476 2004476 (7 of 8)

[16] Y. F. Zhang, W. Cui, Y. W. Zhu, F. S. Zu, L. S. Liao, S. T. Lee,
B. Q. Sun, Energy Environ. Sci. 2015, 8, 297.

[17] G. Masmitja, P. Ortega, J. Puigdollers, L. G. Gerling, I. Martin,
C. Voz, R. Alcubilla, J. Mater. Chem. A 2018, 6, 3977.

[18] C. Battaglia, X. T. Yin, M. Zheng, I. D. Sharp, T. Chen, S. McDonnell,

A. Azcatl, C. Carraro, B. W. Ma, R. Maboudian, R. M. Wallace,

A. Javey, Nano Lett. 2014, 14, 967.

R. Islam, G. Shine, K. C. Saraswat, Appl. Phys. Lett. 2014, 105, 182103.

L. G. Gerling, S. Mahato, A. Morales-Vilches, G. Masmitja,

P. Ortega, C. Voz, R. Alcubilla, J. Puigdollers, Sol. Energy Mater. Sol.

Cells 2016, 145, 109.

M. Bivour, J. Temmler, H. Steinkemper, M. Hermle, Sol. Energy

Mater. Sol. Cells 2015, 142, 34.

a) J. He, P. Gao, Z. Yang, ). Yu, W. Yu, Y. Zhang, |. Sheng, J. Ye,

J. C. Amine, Y. Cui, Adv. Mater. 2017, 29, 1606321; b) D. Zielke,

C. Niehaves, W. Lévenich, A. Elschner, M. Hérteis, J. Schmidt,

Energy Procedia 2015, 77, 331; ¢) ). P. Thomas, L. Y. Zhao,

D. McGillivray, K. T. Leung, J. Mater. Chem. A 2014, 2, 2383; d) |. He,

M. A. Hossain, H. Lin, W. . Wang, S. K. Karuturi, B. Hoex, J. C. Ye,

P. Q. Gao, . Bullock, Y. M. Wan, ACS Nano 2019, 13, 6356.

F. T. Zhang, B. Q. Sun, T. Song, X. L. Zhu, S. Lee, Chem. Mater.

2011, 23, 2084.

[24] ). Chen, Y. Shen, ). Guo, B. Chen, ). Fan, F. Li, H. Liu, Y. Xu, Y. Mai,
Appl. Phys. Lett. 2017, 110, 083904

[25] J. H. Chen, K. P. Ge, C. L. Zhang, ). X. Guo, L. L. Yang, D. Y. Song,
F. Li, Z. Xu, Y. Xu, Y. H. Mai, ACS Appl. Mater. Interfaces 2018, 10,
44890.

[26] a) X. Z. Zhang, C. Xie, ). S. Jie, X. W. Zhang, Y. M. Wu, W. ]. Zhang,
J- Mater. Chem. A 2013, 1, 6593; b) X. M. Li, H. W. Zhu, K. L. Wang,
A.Y. Cao, J. Q. Wei, C. Y. Li, Y. Jia, Z. Li, X. Li, D. H. Wu, Adv. Mater.
2010, 22, 2743; c) K. Ding, X. ). Zhang, L. Ning, Z. B. Shao, P. Xiao,
A. Ho-Baillie, X. H. Zhang, ). S. Jie, Nano Energy 2018, 46, 257,
d) M. F. Bhopal, D. W. Lee, A. U. Rehman, S. H. Lee, J. Mater.
Chem. C 2017, 5, 10701.

[27] a) H. C. Fu, V. Ramalingam, H. Kim, C. H. Lin, X. S. Fang,
H. N. Alshareef, . H. He, Adv. Energy Mater. 2019, 9, 1900180;
b) L. P. Yu, A. S. R. Bati, T. S. L. Grace, M. Batmunkh, J. G. Shapter,
Adv. Energy Mater. 2019, 9, 1901063.

[28] D. D. Tune, B. S. Flavel, Adv. Energy Mater. 2018, 8, 1703241.

[29] D. D. Tune, B. S. Flavel, R. Krupke, ). G. Shapter, Adv. Energy Mater.
2012, 2, 1043.

[30] M. L. Tsai, S. H. Su, J. K. Chang, D. S. Tsai, C. H. Chen, C. I. Wu,
L. ). Li, L. J. Chen, ). H. He, ACS Nano 2014, 8, 8317.

[31] a) J. Q. Wei, Y. Jia, Q. K. Shu, Z. Y. Gu, K. L. Wang, D. M. Zhuang,
G. Zhang, Z. C. Wang, J. B. Luo, A. Y. Cao, D. H. Wu, Nano Lett.
2007, 7, 2317; b) D. D. Tune, N. Mallik, H. Fornasier, B. S. Flavel,
Adv. Energy Mater. 2020, 10, 1903261.

[32] ). Chen, D. D. Tune, K. Ge, H. Li, B. S. Flavel, Adv. Funct. Mater.
2020, 30, 2000484.

[33] C. Zhou, R. Hu, Y. Liu, M.-M. Huo, L. Li, J. Yu, Org. Electron. 2020,
83,105753.

[34] Y. Ren, Y. Hao, N. Zhang, Z. Arain, M. Mateen, Y. Sun, P. Shi,
M. Cai, S. Dai, Chem. Eng. J. 2019, 392, 123805.

[35] F. Bella, L. Porcarelli D. Mantione, C. Gerbaldi, C. Barolo,
M. Gritzel, D. Mecerreyes, Chem. Sci. 2020, 11, 1485.

[36] a) F. Bella, A. Sacco, G. Massaglia, A. Chiodoni, C. F. Pirri,
M. Quaglio, Nanoscale 2015, 7, 12010; b) A. Scalia, F. Bella,
A. Lamberti, C. Gerbaldi, E. Tresso, Energy 2019, 166, 789.

[37] D. Pintossi, G. lannaccone, A. Colombo, F. Bella, M. Vilimaki,
K. L. Véisdnen, J. Hast, M. Levi, C. Gerbaldi, C. Dragonetti, Adv.
Electron. Mater. 2016, 2, 1600288.

[38] W. Hou, Y. Xiao, G. Han, J.-Y. Lin, Polymers 2019, 11, 143.

[39] Y. Qian, I. Jeon, Y. -L. Ho, C. Lee, S. Jeong, C. Delacou, S. Seo,
A. Anisimoy, E. I. Kaupinnen, Y. Matsuo, Y. Kang, H.-S. Lee, D. Kim,
J.-). Delaunay, S. Maruyama, Adv. Energy, Mater. 2020, 10, 1902389.

(1]
(20]

(21]

(22]

(23]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[40] a) ). Wang, M. Musameh, Y. Lin, J. Am. Chem. Soc. 2003, 125,
2408; b) H. Li, G. Gordeev, O. Garrity, S. Reich, B. S. Flavel,
ACS Nano 2019, 13, 2567, c) H. Li, G. Gordeev, O. Garrity,
N. A. Peyyety, P. B. Selvasundaram, S. Dehm, R. Krupke, S. Cambre,
W. Wenseleers, S. Reich, ACS Nano 2020, 14, 948.

[41] a) V. A. Davis, A. N. G. Parra-Vasquez, M. J. Green, P. K. Rai,

N. Behabtu, V. Prieto, R. D. Booker, J. Schmidt, E. Kesselman,

W. Zhou, Nat. Nanotechnol. 2009, 4, 830; b) D. D. Tune, A. J. Blanch,

C. ). Shearer, K. E. Moore, M. Pfohl, J. G. Shapter, B. S. Flavel, ACS

Appl. Mater. Interfaces 2015, 7, 25857.

a) ). Zhu, X. Yang, Z. Yang, D. Wang, P. Gao, |. Ye, Adv. Funct. Mater.

2018, 28, 1705425; b) . Dréon, Q. Jeangros, J. Cattin, ). Haschke,

L. Antognini, C. Ballif, M. Boccard, Nano Energy 2020, 70, 104495;

c) J. Geissbiihler, . Werner, S. Martin de Nicolas, L. Barraud,

A. Hessler-Wyser, M. Despeisse, S. Nicolay, A. Tomasi, B. Niesen,

S. De Wolf, Appl. Phys. Lett. 2015, 107, 081601.

M. A. Green, E. D. Dunlop, J. Hohl-Ebinger, M. Yoshita,

N. Kopidakis, A. W. Ho-Baillie, Prog. Photovoltaics 2019, 28, 3.

(42]

(43]

Adv. Funct. Mater. 2020, 30, 2004476 2004476 (8 of 8)

[44] A. Javey, H. Kim, M. Brink, Q. Wang, A. Ural, J. Guo, P. Mclintyre,
P. McEuen, M. Lundstrom, H. Dai, Nat. Mater. 2002,
1, 241.

[45] L. Wan, C. Zhang, K. Ge, X. Yang, F. Li, W. Yan, Z. Xu, L. Yang, Y. Xu,
D. Song, Adv. Energy Mater. 2020, 10, 1903851.

[46] a) K. Cui, Y. Qian, I. Jeon, A. Anisimoy, Y. Matsuo, E. |. Kauppinen,
S. Maruyama, Adv. Energy Mater. 2017, 7, 1700449; b) ). M. Harris,
R. J. Headrick, M. R. Semler, |. A. Fagan, M. Pasquali, E. K. Hobbie,
Nanoscale 2016, 8, 7969; c) J. M. Harris, M. R. Semler, S. May,
J. A. Fagan, E. K. Hobbie, J. Phys. Chem. C 2015, 119, 10295.

[47] A. Teymouri, E. Adabifiroozjaei, R. F. Webster, S. M. Hagh, X. Hao,
M. A. Green, S. Pillai, ACS Appl. Nano Mater. 2020, 3, 3205.

[48] D. Zielke, R. Gogolin, M. U. Halbich, C. Marquardt, W. Lévenich,
R. Sauer, ). Schmidt, Sol. RRL 2018, 2, 17700191.

[49] a) L. Yang, P. Kim, H. M. Meyer, S. Agnihotri, J. Colloid Inter-
face Sci. 2009, 338, 128; b) G. Chen, T. M. Paronyan, E. M. Pigos,
A. R. Harutyunyan, Sci. Rep. 2012, 2, 1; c¢) T. Dirkop, S. Getty,
E. Cobas, M. Fuhrer, Nano Lett. 2004, 4, 35.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



