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ABSTRACT Interface carrier recombination currently hinders the performance of hybrid organic—silicon hetero-
junction solar cells for high-efficiency low-cost photovoltaics. Here, we introduce an intermediate 1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane (TAPC) layer into hybrid heterojunction solar cells based on silicon nanowires (SiNWs)
and conjugate polymer poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS). The highest power
conversion efficiency reaches a record 13.01%, which is largely ascribed to the modified organic surface morphology and
suppressed saturation current that boost the open-circuit voltage and fill factor. We show that the insertion of TAPC
increases the minority carrier lifetime because of an energy offset at the heterojunction interface. Furthermore, X-ray
photoemission spectroscopy reveals that TAPC can effectively block the strong oxidation reaction occurring between

Hybrid Solar Cell

PEDOT:PSS and silicon, which improves the device characteristics and assurances for reliability. These learnings point

toward future directions for versatile interface engineering techniques for the attainment of highly efficient hybrid photovoltaics.
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s photovoltaics have garnered sig-
Aniﬁcant attention due to rising con-

cerns with petroleum scarcity and
global warming effects, its operation price
is still not as competitive as others based on
fossil fuels and hence not as widely de-
ployed. Within current photovoltaic tech-
nologies, silicon-based solar cells dominate
the market with over 80% share owing to
high efficiency, reliability, and nontoxic
earth-abundant resources.' The cost of sili-
con solar cells mainly arises from energy-
intensive wafer purification and fabrication
processes, which make for ~50 and ~25%
of the total cost, respectively.? While the
silicon photovoltaic industry is refining on
several thin-wafer or thin-film technologies
to reduce the material cost,? there are very
limited solutions to cut down the fabrica-
tion processes significantly. Recently, the
emergence of hybrid organic—silicon solar
cells offers a practical means to reduce cost
by adopting low-temperature, scalable, and
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soluble processes of conjugated polymers
to form heterojunctions with silicon at the
interface.* "2 By further adapting a thin film
template, the hybrid heterojunction ap-
proach could make silicon-based solar cells
a very viable option for next-generation
photovoltaics.

Since the device structure of a hybrid
organic—silicon solar cell is rather straight-
forward, normally composed of anode/
p-type organic emitter/n-type silicon base/
cathode, the power conversion efficiency
(PCE) is fundamentally determined by optical
absorption in the silicon absorber, charge
transport associated with organic morphol-
ogy and contact properties,'® as well as var-
ious carrier recombination mechanisms.'*'
Over the past few years, multiple studies
have addressed these issues by using silicon
textures for light harvesting,'®2° surfactant-
treated conductive polymer for high con-
ductivity,?'~?* organic interface passiva-
tion,> 28 etc,, leading to notable efficiency
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Figure 1. (a) Chemical structure of small-molecule TAPC. (b) Energy band diagram of a hybrid heterojunction solar cell based
on silicon and PEDOT:PSS with an intermediate TAPC layer. (c) Fabricated device schematic with insets showing the structure
of pristine silicon nanowires on the left and the morphology of spun-casted TAPC on the right.

improvements with PCEs ranging from 10 to 12%.
According to these reports, it has been identified that
the interface defect density plays a significant role in
device characteristics. A theoretical model has also
suggested that the fill factor and open-circuit voltage
can be increased by another 15—20% if the defect
density of states can be suppressed by 2 orders of
magnitude, which is practical in conventional silicon
solar cell technologies.'”” To maintain the solution
process advantages of hybrid heterojunction solar
cells, herein we introduce an intermediate soluble
1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC)
layer at the organic—silicon interface of hybrid hetero-
junction solar cells based on silicon nanowires (SINWs)
and conjugate polymer poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS).2° The
combination of silicon nanostructures with the highly
conductive conjugated polymer offer excellent light
harvesting, charge transport, and collection capabil-
ities, with the intermediate layer playing a significant
role in mitigating the interface recombination. As a
result, the highest PCE reaches a record 13.01%
(average 12.54%), in comparison to 12.01% (average
11.55%) from the reference counterpart without TAPC.
We further show that the TAPC layer improves the
interface quality by serving three functions to boost
the device performance. First, TAPC modifies the sur-
face morphology of PEDOT:PSS laying atop SiNWs,
which improves lateral carrier transport. Second, TAPC
suppresses the saturation current via a large electron
barrier at the interface, leading to an increased open
circuit voltage. Finally, TAPC can effectively block the
strong oxidation reaction occurring between PEDOT:
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PSS and silicon, showing greater assurances for device
reliability.

RESULTS AND DISCUSSION

TAPCis a soluble, small-molecule material (Figure 1a),
which has been widely used in organic light emitting
diodes as the hole transport layer because of a relatively
high hole mobility of ~1072 cm? V™' s™' at room
temperature.3°~32 Compared to other materials with
high hole mobilities, TAPC possesses a small lowest-
unoccupied-molecular-orbital (LUMO) value of 2.0 eV
and a highest-occupied-molecular-orbital (HOMO) of
5.5 eV comparable to that of PEDOT:PSS.33 Therefore,
the insertion of TAPC into the organic/silicon interface
of a hybrid solar cells results in an energy band diagram
as shown in Figure 1b. Here, the amount of surface
band bending and the ionization energy of TAPC on
SiNWs have been experimentally determined by X-ray
and UV photoelectron spectroscopy (XPS and UPS) (see
Supporting Information). Since the energy offset with
respect to the conduction band of silicon is as large as
2.03 eV, TAPC can also function as an electron blocking
layer to suppress electron injection from the anode
under reverse bias, leading to a reduced dark current in
the device. The fabricated device schematic is illu-
strated in Figure 1¢, where the insets compare the
morphology of pristine SiNWs (left) and those with
spun-casted TAPC (right). It can be observed that the
small-molecule material is capable of reaching into the
spacings of SiINWs, forming a conformal thin-film coat-
ing on the side walls. The scanning electron micro-
graphs (SEMs) of the hybrid solar cells with and without
the TAPC layer are also investigated in tilted top and
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Figure 2. (a) Surface and (b) cross-sectional morphology of PEDOT:PSS coated on silicon nanowires (SiNWs). (c,d)
Corresponding images for the device structure an intermediate TAPC layer. The scalar bar is 100 nm.

Figure 3. (a) High-resolution TEM image of individual Si/TAPC core—shell nanorod, which is confirmed by the single
crystalline structure of a selective-area diffraction pattern as shown in the inset. The scalar bar represents 20 nm in length. (b)
The interface of TAPC and Si is indicated by yellow dashed line for clarity, where TAPC is indicated by the amorphous region,
approximately 6—8 nm in thickness. The scalar bar represents 5 nm in length.

cross-sectional views. As seen in Figure 2a, the spun-
coated PEDOT:PSS layer on top of the nanowire cluster
with a spin rate of 8000 rpm is quite thin and appears to
sink halfway into the nanowire gap (Figure 2b). In this
core—sheath junction configuration, lateral hole trans-
port to the silver finger grid is likely impeded by surface
recombination due to complex conducting routes.
Moreover, it is difficult to examine the organic surface
coverage on the tips of nanowires because of nanoscale
dimensions. In contrast, as seen in Figure 2¢, the surface
morphology of PEDOT:PSS with a TAPC layer under-
neath appears to be thicker than that of the reference
sample. The morphology at the tips of SiINWs is more
rounded, instead of pointy, which assures the complete
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PEDOT:PSS coverage on the nanotextured surface. It is
also evident, from the side view, that a relatively planar
PEDOT:PSS thin film lays on top of the nanowires,
indicating a shorter charge transport route than the
reference to lateral electrical contacts. By comparing
Figure 2b to 2¢, the heterojunction area and organic
layer thickness of the solar cell without TAPC are larger
and thinner than those with TAPC. Although a large
junction area may be beneficial for charge separation
and carrier collection, it is also accompanied by dete-
riorated surface recombination and increased sheet
resistance due to the thin organic thickness. Moreover,
incomplete organic surface coverage at the tips of
nanowires may give rise to additional device
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degradation.>*~3¢ From these points of view, the mor-
phology modification induced by TAPC is advanta-
geous to the photovoltaic characteristics of hybrid
solar cells.

To further understand the material property of the
TAPC layer, the coating on the side wall of a single
nanowire is examined by a high-resolution transmis-
sion electron microscope (HR-TEM). The sample is
prepared by scraping the nanowires off the substrate
after spin-casting with TAPC at a rate of 4000 rpm.
Figure 3a shows the core—shell Si/TAPC structure of
a single nanowire. The single crystalline structure of
nanowires is confirmed by a selected-area-diffraction
(SAD) pattern as shown in the inset. The interface of
TAPC and Si is indicated by yellow dashed line for
clarity. It has been reported that silicon nano-
wires fabricated by metal-assisted chemical etching
(MACE) have rough side wall surfaces> 3° which
can be identified from the atomic ordering zone as
seen in Figure 3b. Outside the ordering regime, the
amorphous region shows the TAPC layer with a thick-
ness of approximately 6—8 nm. Since the HOMO level
of TAPC is slightly lower than that of PEDOT:PSS by
0.3 eV,*?? it is essential that the surface coating of TAPC
onto the side wall of silicon nanowires be very thin
in order to facilitate hole transport across the TAPC/
PEDOT:PSS interface. The TEM images confirm that
solution-processed TAPC fulfills the purpose as a thin
intermediate layer.

Next, the current density—voltage (J—V) character-
istics of the best-performing devices in light and dark
conditions are respectively plotted in Figure 4a,b for
samples with and without the intermediate TAPC layer,
whereas the overall device statistics, including aver-
age and standard deviation for short-circuit current
density (Jso), Voo, FF, and PCE are summarized in Table 1.
As shown in Figure 4a, the best hybrid heterojunction
cell demonstrates a record PCE of 13.01% with a high
Jsc of 34.76 mA/cm?, both of which are superior to the
reference counterpart of 12.01% and 34.46 mA/cm?.
We note that the enhancement also results from an
improved V.. from 0.52 to 0.54 V, and a FF from 66.4 to
69.5%. The increase of V. from the device with the
TAPC layer is justified by the reduced saturation cur-
rent in the dark J—V curve by almost an order of
magnitude lower than the reference counterpart. Since
the source of dark reversed current is originated from
thermionic emission of electrons and holes from the
anode and cathode, the large electron barrier pre-
sented by TAPC at the PEDOT:PSS/silicon interface is
useful to block electrons and hence reduce the satura-
tion current. On the other hand, when the device is
forward biased and under illumination, the energy
offset of TAPC can also block electron injection from
the cathode, leading to a reduced recombination loss
atthe interface and increasing the shunt resistance and
FF. We reckon that the hole transport under dark and

YU ET AL.

n
o

—=— SiNWs/PEDOT 4
—— SiNWs/TAPC/PEDOT

-
o
T

SN
o o
——
1 1

—~
Current Density (mA/cmz) e),
8 °

01 00 0.1 02 03 04 05 06
Bias Voltage (V)

(b)1000 T T T

<2 100 —=— SiNWs/PEDOT ]
5 —e— SINWSs/TAPC/PEDOT
E 10 r 3
2
Z ]
c
[0
a -
z
o
= 3
]
o
r L 1 1 1
-1.0 -0.5 0.0 0.5 1.0
Bias Voltage (V)
(C) 100
80}
g 60}
Ll
e
W gop
x —=— SiNWs/PEDOT
20k —e— SiNWs/TAPC/PEDOT

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 4. (a) Current density—voltage characteristics of the
hybrid solar cells under a simulated AM1.5G illumination
condition. (b) Dark current density—voltage characteristics
in semilogarithm plot. (c) Reflectance (R), and external
quantum efficiency (EQE) spectra of the fabricated devices
with and without the TAPC layer.

TABLE 1. Photovoltaic Characteristics?, Including Short-
Circuit Current Density (J;), Open-Circuit Voltage (V,),
Fill Factor (FF), and Power Conversion Efficiency (PCE) of
Hybrid Heterojunction Solar Cells with and without the
Intermediate TAPC Layer

devices Jic (mA/em?) Ve (V) FF (%) PCE (%)

w/o TAPC 3434 £ 014 052 £ 0005 6415+ 283 11.55 4050
W/TAPC 3481+ 0.05 05440005 67.08 £ 227 1254 £ 049

“Values are obtained by averaging three devices with a calculated confidence
interval of 95%.

illuminated conditions is not affected for this device
with TAPC, as the hole barrier is small and the TAPC
layer is very thin. This hypothesis is confirmed by the
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Figure 5. (a—d) Spatial mapping of the minority carrier lifetime from four different samples with corresponding structures
schematically shown on the right. The planar silicon wafers are prepared with a 3 x 3 cm? surface area.

similar light currents of the two devices, both reaching
a high photocurrent level above 34 mA/cm? Moreover,
the reflectance (R) and external quantum efficiency
(EQE) spectra (Figure 4c) also show nearly identical
values for all wavelengths. Figure 4c further showcases
the advantages of hybrid heterojunction device char-
acteristics. First, the surface reflection of the device is
extremely low with the SiNW template ~7—8% and
shows nearly flat spectral responses due to its excellent
light harvesting capability. Second, the EQE demon-
strates very high efficiencies above 90% across the
broad spectral range (375—825 nm), particularly in the
blue wavelength regime, demonstrating low surface
recombination in the heterojunction device architec-
ture based on silicon and PEDOT:PSS.

To investigate the organic—silicon interface quality
with TAPC, we conduct a spatial mapping of minority
carrier lifetime measurement based on a microwave
photoconductance decay (u-PCD) technique (WT-
2000PVN, Semilab). The minority carrier lifetime in a
silicon solar cell depends on surface and bulk recom-
bination and is dominated by the faster process,?® as
expressed in eq 1.

L M

Touk W

Tmeas

where Tmeas is the measured lifetime, 7y is the bulk
recombination lifetime, S is the surface recombination
velocity, and w is the wafer thickness. Here we assume
that both front and rear wafer surfaces have the same
recombination velocities and neglected the time for
carrier diffusion to the surface from the middle of the

YU ET AL.

wafer. Since the bulk lifetime of the silicon wafer is on
the order of a few hundred microseconds to 1 ms, the
measured lifetime of a silicon wafer without any sur-
face passivation reflects the surface recombination
rate. We first prepare four different samples in ambient
conditions using the same n-type planar silicon wafer
for devices and same cleaning procedures. The sam-
ples include (a) a planar silicon wafer as reference and
three planar silicon wafers with (b) spun-casted PEDOT:
PSS only, (c) spun-casted TAPC only, and (d) both TAPC
and PEDOT:PSS on both sides of silicon. The lifetime
mappings of the four samples are presented in
Figure 5a—d, which correspond to an average lifetime
of 66, 84, 39, and 88 us, respectively. As seen in
Figure 5b, once the PEDOT:PSS and silicon form a
heterojunction on the frontal surface, the minority
carrier lifetime is increased from 66 to 84 us, as the
built-in field swipes off carriers to prevent recombina-
tion at the interface. This observation is also supported
by the high EQE in the short wavelength range. How-
ever, the silicon sample with TAPC suffers from severe
surface recombination, where the average lifetime
of 39 us is much worse than that of the reference
(Figure 5¢). It is clear that TAPC does not have any
passivation or junction formation effects on the silicon
surface, and may act as the recombination center if
present alone. However, the sample with both TAPC
and PEDOT has the longest lifetime of 88 us (Figure 5d),
which is ascribed to heterojunction band offsets that
mitigate interface recombination. Since the surface
area of SiNWs is much larger than the planar wafer,
we think that the interface band engineering is critical
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Figure 6. The X-ray photoemission spectra of silicon 2p
core level from the silicon surface of four samples prepared
in different surface conditions, as schematically shown on
the right. The samples are exposed in ambient conditions
for 12 h and then stripped off the organic TAPC and PEDOT
materials prior to the measurement. The spectra were
measured with a magnesium Ko (1253.6 eV) photon line.

and effective to improve the V,. and FF of hybrid
heterojunction solar cells.

Besides carrier recombination, oxidation reaction at
the organic—silicon interface is also of great interest
and often depicts the device performance. The afore-
mentioned four planar samples are prepared again and
exposed in ambient conditions for 12 h to examine the
oxidized interface by the XPS measurement. Therefore,
prior to the measurement, the samples are cleaned
with acetone, isopropyl alcohol (IPA), and deionized
(DI) water in order to strip off the organic materials
and uncover the silicon surface. The samples are then
immediately loaded into the vacuum chamber for
spectroscopy analysis, where the binding energies of
core-level electrons were measured by using a mag-
nesium Ka (1253 eV) photon line. Figure 6 shows the

EXPERIMENTAL SECTION

Solar Cell Fabrication. The fabrication of hybrid heterojunction
solar cells starts with preparing SINW templates by using metal-
assisted electrode-less chemical etching.*! First, n-type mono-
crystalline Si (100) substrates with a thickness of 650 um and a
resistivity of 5 Q-cm were diced into tiles with areas of 3 x 3 cm?
and then immersed in a solution of hydrofluoric (HF) acid and
silver nitride (AgNOs) to etch the structure of nanowire arrays.
The substrates were dipped in aqueous solution of nitric acid
(HNO3) and then rinsed with DI water, giving rise to vertically
aligned nanowire clusters with lengths varying from 350 to
450 nm. The SiINW substrates were subsequently processed into
hybrid solar cells. First, the samples were dipped in dilute
hydrofluoric acid (DHF) for 15 s to remove the native oxide
and attain a hydrophobic surface, followed by the thermal
evaporation of a 100-nm-thick aluminum layer as the back
electrode in the glovebox. 0.3 wt % TAPC was dissolved in
chlorobenzene (CB) and then drop-cast onto the entire nano-
wire surface for 1 min to allow sufficient penetration into the
spacings of nanowires before spin-coating at 4000 rpm for 100 s.
A highly conductive aqueous PEDOS:PSS dispersion (Clevios
PH1000) was employed with 5 wt % dimethyl sulfoxide
(DMSO) as a secondary dopant to increase the conductivity.

YU ET AL.

photoemission spectra from the silicon surface of the
four samples. The binding energy of silicon 2p core
level is around 100 eV,*® which is the dominant peak
in the spectra of Figure 6. It is observed that only
the planar silicon sample with PEDOT:PSS shows an
additional peak around 103 eV, which indicates the
photoelectron emission from silicon dioxide (SiO,).
Additional XPS analyses are conducted for the surface
of bare silicon exposed in ambient atmosphere for
4 days (Supporting Information Figure S3). Itis revealed
that the oxidation rate occurred at PEDOT:PSS/silicon
interface for 12 h in ambient conditions is comparable
to that of bare silicon exposed in air for 4 days. As
clearly seen in Figure 6, the insertion of TAPC is capable
of blocking the strong oxidation reaction occurring
between PEDOT:PSS and silicon, which should be
manifested in the SINW template. Since the oxide layer
impedes charge transport and often degrades the
device performance if not well controlled, the insertion
of an intermediate layer presents a viable approach
to enhance the reliability of hybrid heterojunction
solar cells.

CONCLUSION

In conclusion, interface engineering of hybrid het-
erojunction solar cells via an intermediate TAPC layer is
demonstrated, which achieves a record power conver-
sion efficiency of 13.01%. TAPC improves the morphol-
ogy of PEDOT:PSS laying atop SiNWs, while a large
electron barrier suppresses the interface recombina-
tion and dark saturation current, which leads to an
enhanced open circuit voltage and fill factor. We
further show that TAPC can effectively impede the
strong oxidation reaction occurring at the PEDOT:PSS/
silicon interface, hence facilitating charge transport in
hybrid solar cells.

Meanwhile, 0.3 wt % decaethylene glycol monododecyl ether
(Cy2E+0) surfactant was added to improve the uniformity of the
PEDOT:PSS thin-film. The prepared PEDOT:PSS with additives
was spun-cast onto the top of TAPC layer at a spin rate of
8000 rpm for 100 s and heated to 115 °C for 10 min in ambient
conditions. Finally, a 100-nm-thick silver frontal electrode with a
shading ratio of 16.67% was thermally evaporated through a
shadow mask with four windows, each having an opening area
of 0.5 x 0.5 cm?. A reference counterpart without the TAPC layer
was also fabricated simultaneously.

Characterizations. A field emission scanning electron micro-
scope (FE-SEM, JEOL JSM-7000F), operating at 10 kV, and a
JEM-3000F field emission transmission electron microscope
(FE-TEM) equipped with an energy dispersion spectrometer
(EDS), operating at 300 kV, were used to study microstructures
and surface morphologies. Reflectance spectra were measured
by an UV—vis—NIR spectrophotometer (Hitachi U-4100). Photo-
voltaic characterizations of fabricated solar cells were performed
under a simulated AM1.5G (Air Mass 1.5, Globe) illumination
condition. The measurement system includes a power supply
(Newport 69920), a 1000 W Class A solar simulator (Newport
91192A) with a Xenon lamp and an AM1.5G filter, a probe stage,
and a source-meter (Keithley 2400) using a 4-wire connection
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mode. The spectrum of the solar simulator was calibrated
by a PV-measurement (PVM-154) monocrystalline Si solar cell
(NREL calibrated), and a Si photo diode with KG-5 color filter
(Hamamatsu, Inc.) was used to check the irradiation of the
exposed area (100 mW/cm?). The cell under test was shielded
by a black stainless metal mask with an opening area of 0.3 x
0.3 cm? and the temperature was actively controlled at 25 4 0.5 °C
during the measurements.*?

The external quantum efficiency (EQE) system consists of a
450 W xenon lamp (Oriel Instrument, model 6266) light source,
a water-based IR filter (Oriel Instrument, model 6123 NS), and a
monochromator (Oriel Instrument, model 74,100). The incident
light was focused on to a 1 mm x 3 mm spot size between
finger electrodes. A calibrated silicon photodetector (Newport
818-UV) was used to calibrate the EQE system before measure-
ments. A lock-in amplifier (Standard Research System, SR830)
and an optical chopper controller (SR540) in the voltage mode
were also equipped to lock the output signal, and the photo-
current was converted to voltage using a 1 ohm resistor, which
is in parallel with the sample. The cell's temperature was also
actively controlled during the measurements at 25 + 0.5 °C.*?
X-ray photoemission experiments were carried out in an ultra-
high vacuum chamber with a base pressure of 10~'° Torr. The
energies of core-level electrons were measured by using a
magnesium Kot (1253.6 eV) photon line as the excitation source,
where a double-pass cylindrical mirror analyzer is operated in
retarding mode to measure energy spectra of photoelectrons.
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