Energy &
Environmental
Science

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Energy & Royal Society of Chemistry peer review process and has been
Environmental accepted for publication.
Science Accepted Manuscripts are published online shortly after

acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

&;ﬁm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/ees


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page1ot7 Tournal Name

2

2

3

3

4

4

o

o

0

S

0

&

0

o

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX

Energy & Environmental Science

Dynamic Article Links »

ARTICLE TYPE

High Efficiency Hybrid PEDOT:PSS/Nanostructured Silicon Schottky
Junction Solar Cells by Doping-Free Rear Contact

Yunfang Zhang,”” Wei Cui, Yawen Zhu, “ Fengshuo Zu, “ Liangshen Liao, “ Shuit-Tong Lee, “ Baoquan

Sun* ‘¢

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

A high doping technique has been widely used for record-
efficiency crystalline silicon (Si) solar cells to minimize the
series resistance losses and to form a back surface field.
However, it requires high temperatures (up to 1000 °C) and
involves toxic gases, which may not be compatible for hybrid
organic-silicon solar cells. Here, we report that a high power
conversion efficiency (PCE) of 13.7% with a device area of 0.8
cm’® has been achieved for organic-nanostructured Si hybrid
solar cells by inserting a cesium carbonate (Cs,CO;) layer
between Si and rear electrode aluminium (Al), which is
realized by a solution process under low-temperature
annealing (<150 °C). Transient and constant current-voltage,
capacitance-voltage, and scanning Kelvin probe microscope
measurements are used to characterize the effect of the
Cs,CO; layer on the device performance. The insertion of
Cs,CO; not only decreases the contact resistance, but also
generated a built-in electric field on the rear electrode. The
recombination rates are suppressed at the back surface due to
the deflection of minority carriers. These findings show a
promising strategy to achieve high performance organic-
silicon solar cells with a simple, low temperature and cost
effective process.

Introduction

Transparent conducting polymer/silicon (Si) hybrid Schottky
solar cells have attracted wide research interests due to their
simple device structure compared with Si-based traditional p-n
junction photovoltaics."'® One of the most important advantages
of organic-Si hybrid solar cells is that it allows the stacking of
different materials without the severe requirements on lattice
matching in Si heterojunctions. Poly(3,4-ethylenedioxythiophene)
/poly(styrenesulfonate) (PEDOT:PSS) has been extensively
investigated for the hybrid solar cells due to its high transparency
and conductivity.” '""'* Various approaches have been made to
enhance the performance of this kind of the devices, such as Si
surface passivation,'® '*'® surface morphology controlling
719 and property tuning of PEDOT:PSS.* ™ 222 A power
conversion efficiency (PCE) of over 13% has been achieved for
the PEDOT:PSS/Si solar cells.® 2 2*In addition, carbon nanotubes
(CNTS)-Si heterojunction photovoltaics with efficiencies up to
15% by coating a TiO, antireflection layer and doping CNTs with
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oxidative chemicals as transparent window have been
demonstrated. 2 However, to the best of our knowledge, there
has hardly been any investigation on rear electrode, which plays a
critical role on device performance.” ®> Generally, the cathode is
either Ga:In eutectic, aluminum (Al) or Ti/Pd/Ag.® '“ ' The
physical mechanism of the rear electrode has not been a popular
topic of research for the hybrid solar cells. > '*

Traditionally, the Si-metal ohmic contact is synthesized by
highly p- or n-doping at high temperatures (up to 1000 °C)* to
form the back surface field. This process requires the use of
hazardous doping gases, such as diborane (B,Hg) and phosphine
(PH;), which poses operational and environmental issues. Doping
has a detrimental effect on the quality of crystalline Si because it
results in the creation of additional Si dangling bonds. Due to the
high temperatures required and the complicated process, the
doping method may be not compatible for organic-Si hybrid solar
cells.

Cesium carbonate (Cs,COs3) has been used as an effective
electron-injection (and hole-blocking) layer at the cathode
interface in organic devices.”” *® This is mainly ascribed to the
decreased work function (WF) of Cs,COs/Al due to Cs,COs
decomposing into cesium oxide (Cs,O) when annealed.”’ In
addition, an Al-O-Cs structure is formed when thermally
evaporating Al, which further lowers the WF of AL** A solution
fabrication process can be used to avoid any physical and
chemical stresses at the interface, thus leading to better junction
properties.*

Here, we develop an alternative back contact method by
inserting a Cs,CO; layer between the rear side of n-Si and Al for
a Si/PEDOT:PSS solar cell. Nanostructured Si is used to increase
the light harvesting capability. When the Cs,COj; layer is inserted
between nanostructured Si and the rear electrode Al, a high PCE
of 13.7% 1is achieved, which is a 27% improvement in
comparison to a Si/Al direct contact device (PCE: 10.8%).

Experimental section
Preparation of nanostructured Si

The nanostructured Si was prepared by a metal ion-assisted
electroless chemical etching process.’’ Planar Si substrates (n-
type Si (100)) with resistivity of 0.05~0.1 Qecm were immersed
in a solution of hydrofluoric acid (HF) (4.8 M) and silver nitride

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



4

4

Energy & Environmental Science

(AgNO;3) (0.02 M) at room temperature for 5 min. Then they
were rinsed with deionized water and dipped in a nitric acid
(HNO;) solution. To reduce surface/volume ratio, the substrates
were immersed in a solution of HF (4.8 M) for 10 min and

s anisotropic tetramethyl ammonium hydroxide (TMAH)/DI water
(V/V=1:25) for 30 s.

Device fabrication

Cs,CO; and polyethylenimine (PEI) were dissolved in 2-
methoxyethanol with a concentration of 0.5 mg/mL and 1
o mg/mL, respectively. A Cs,CO;/PEI (V/V=1:1) mixture solution
was spin coated onto the rear of nanostructured Si substrates and
then annealed with infrared radiation for 20 min. A highly
conductive PEDOT:PSS (CLEVIOS PH 1000) solution mixed
with 5 wt.% dimethyl sulfoxide (DMSO) and 1 wt.% Triton
s (from Aldrich) was spin-coated onto the front side of the
nanostructured Si substrates. Then, the substrates were annealed
at 125 °C for 30 min in a nitrogen atmosphere. A silver grid
electrode was deposited on top of the PEDOT:PSS layer through
a shadow mask. A 150-nm-thick Al film was deposited onto the
o rear Si substrates by thermal evaporation (Mini-SPECTROS,
Kurt J. Lesker Co.). The active area of the device was 1 cm x 0.8
cm.

Device characterization

The photovoltaic characterization was conducted in ambient
s condition. A Newport 91160 solar simulator equipped with a 300
W xenon lamp and an air mass (AM) 1.5 filter were used to
generate a simulated solar spectrum irradiation source. The
irradiation intensity was 100 mW/cm?, which was calibrated with
a Newport Si solar cell 91150. A Newport monochromator 74125
o and power meter 1918 with a Si detector 918D were used in the
external quantum efficiency (EQE) measurement. All of the
electrical data were recorded by a Keithley 2612 source meter.
Capacitance versus voltage (C—V) measurement was carried out
with a Wayne Kerr 6500B impedance analyzer. Reflection
spectrum was measured by a spectrometer (Perkin-Elmer Lambda
750) with an integrating sphere. Morphology and scanning
Kelvin probe microscopy (SKPM) were characterized with an
atomic force microscopy (AFM, Veeco, Multimode V). The
nanostructured Si was characterized with a high-resolution
scanning electron microscope (SEM) (Carl Zeiss, Supra 55).
Optical microscope images were obtained from a fluorescence
optical microscope (Laica, DM4000M). Regarding to the
transient electric output characteristic setup, the devices were
connected to a digital oscilloscope with an input impedance of 1
s MQ. The intensity of white light, which was referred to hereon as
a “light bias”, was used to control the open-circuit voltage (V)
of the devices. A laser with a wavelength of 532 nm was used as
optical perturbation, pulse duration was set to 1 us and frequency
was set to 100 Hz, which resulted in a voltage transient with a
o peak value of 10 mV (<<V,). The frequency, light intensity and
pulse duration were kept constant, with the photocurrent transient
at an impedance of 50 Q.
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Fig. 1 Energy alignment and electron/hole distribution of (a) Si/Al; (b)
Si/Cs,CO3/Al (c) Si/n**Si/Al under illumination. For Si directly contacts
with Al in (a), there is a large energy barrier for electrons to be collected
by the Al electrode. The electron and hole concentrations are equal at the
rear interface of Al and Si. After inserting a Cs,CO; layer to make (b)
Si/Cs,CO5/Al, the effective barrier is reduced due to the lowering of the
work function of Al In traditional (c) Si/n"'Si/Al devices, the barrier is
only slightly reduced, generally tunnelling effect is dominant.

The organic-inorganic hybrid device was generally assumed to
be a Schottky junction between n-Si, PEDOT:PSS, and the rear
electrode.> PEDOT:PSS acted as a window electrode, which
allowed light to reach Si. The PEDOT:PSS film displayed good
light transparency (300-1100 nm, >90%) with high conductivity
(up to 1000 S-cm™).** In order to improve hole collection
efficiency, a silver grid electrode was deposited onto the
PEDOT:PSS film. PEDOT:PSS with a WF of ~5.1 eV*’ was used
for hole collection and Al as the rear metal for electron collection.
Light was harvested by the Si substrate and a built-in electric
field was formed in Si to sweep the charges towards the proper
direction. For the rear contact of the most hybrid organic-silicon
devices, a metal layer (e.g. Al) is directly deposited on Si,” as
shown in Figure 1(a). In an ideal metal-semiconductor Schottky
barrier, the barrier height was mainly determined by the
properties of the metal and the metal-semiconductor interface.
For Si, the barrier height was nearly independent of doping
concentration. There was a large energy barrier between Al and
Si, electrons have to pass through this barrier to be collected by
Al In addition, there was an equal amount of electrons and holes
at the Si interface, and charge recombination become a serious
issue. If the rear contact was ohmic, then the electrons could be
effectively collected by Al and total charge recombination is
minimized. A few methods were used to tune the barrier height of
metal and silicon interface.” Traditionally, a thin highly doped
layer (<10 nm) was incorporated, and the effective barrier height
for a given metal-semiconductor interface was tuned, as shown in
Figure 1(c). For the contact with a thin n"'Si layer, the barrier
was dramatically reduced due to tunneling effect. In addition, an
electric field was formed at the rear interface, which suppressed
holes that flow to the rear surface. The hole concentration was
thus maintained at higher levels in the bulk of the device and the
recombination velocity decreased. Cs,CO; was inserted between
Si and Al in order to decrease the barrier height, as shown in
Figure 1(b). In addition, charge recombination was also
suppressed, which was similar to a thin n""Si layer. A device
without Cs,CO; was used as a reference.
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Fig. 2 Optical microscope images (a) without PEI, (b) with PEI; AFM
images of the Cs,COs film (c) without PEL (d) with PEI on Si, the inset
figures in (c) and (d) show the RMS values, respectively; and the element
mapping images by energy-dispersive X-ray spectroscopy of cesium (e)
without PEI, (f) with PEL

Pristine Cs,CO; was unable to form a continuous film on a Si
substrate through a spin-coating process. As shown in the optical
microscope images in Figure 2 (a), large particles were formed
due to Cs,COs; re-crystallization during the spin-coating process.
The film displayed a discontinuous layer (shown in the AFM
images in Figure 2 (c)), and therefore, uncovered regions still
existed where Al could still directly contact with Si. The film
quality was dramatically improved when PEI was added to the
Cs,CO; solution, which was shown in Figure 2 (b) and (d).
Surface roughness of the both films was characterized by AFM in
terms of root-mean-square (RMS) roughness. PEI, which
exhibited a high number of amine groups (the chemical structure
of PEI was shown in Figure S1), displayed excellent dispersion
properties in a methoxyethanol solution. The incorporation of PEI
formed a uniform film with RMS value of 0.817 nm extracted
from AFM image, while the film based on pristine Cs,COj3;
displayed a rather rough surface with RMS value of 1.88 nm.
Also, it assured that Cs,CO; formed a uniform dispersion on the
Si substrate, which was confirmed by energy-dispersive X-ray
spectroscopy of cesium, as shown in Figure 2 (e) and (f). There
was almost no difference between Figure 2 (e) and (f), which
indicated that the dispersion of Cs,CO; almost did not change
after PEI addition. The energy-dispersive X-ray spectroscopy of
carbon was also measured and shown in Figure S2. The
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concentration of carbon increased with PEI addition, which was
ascribed to the carbon source of PEL. Once Al was deposited on
the uniform Cs,COj; layer, a mild annealing treatment would lead
to form Cs-O-Al complex.”

The devices were fabricated to explore the effect of the
Cs,CO; interlayer on the rear contact. As compared to planar Si,
nanostructured Si displayed much lower light reflectance, which
should dramatically improve the light harvest capability. The
reflectance spectra of planar Si and nanostructured Si coated with
PEDOT:PSS were shown in Figure S3, where nanostructured Si
exhibited average ~15% reflection ratio while planar one
displayed 25% reflection ratio. The morphology of the
nanostructured Si (Figure S4) revealed that the antireflection was
provided by the graded index of refraction in the nanostrucute.
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Fig. 3 Current density versus voltage characteristic of the hybrid solar
cells with and without Cs,CO; under (a) 100 mW/cm? illumination (AM
1.5G), (b) dark; (c) EQE spectrum of the hybrid solar cells with and
without Cs,CO;s.

400

Current versus voltage (J-V) curves of the hybrid solar cells
with and without Cs,CO; under simulated AM 1.5 illuminations
at 100 mWem™ were shown in Figure 3 (a). The photovoltaic
parameters of the short circuit current density (J,.), the V., the
fill factor (FF) and the PCE of the hybrid solar cells with and
without Cs,CO; layer and their statistics (of seven cells for each
type) were summarized in Table 1. The champion device with
the Cs,COs; layer exhibited the highest FF of 68.4%, an V. of
0.621 V, a I, of 32.2 mAcm™ and a record PCE of 13.7%. The
reference device (direct contact of Si and Al) with an V. 0of 0.586
V, a J, of 28.6 mAcm™, a FF of 64.9% yielded a PCE of 10.8%.
The inserted Cs,COj; layer resulted in a 27% PCE enhancement
compared with the reference device. The EQE spectra were
measured, as shown in Figure 3 (c). The device with the
interlayer displayed higher EQE values in the visible and near
infrared region when compared with the reference device, which
was in line with the enhanced J, value.

In order to quantify the improvements in device performance
after inserting the Cs,COs layer between nanostructured Si and
Al, detailed measurements, including constant and transient
output characteristics and Kelvin scanning microscopy were
conducted in the following sections.

This journal is © The Royal Society of Chemistry [year]
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Table 1. Electron output characteristics of the hybrid solar cells with and without Cs,COj; layer.

Rear Voo T FF? PCE" R,"
Electrode” W) (mAcm™) (%) (%) (Qecm?)
0.586 28.6 64.9 10.8 3.46
0.585(x0.007) 28.5(x0.7) 63.5(£1.28) 10.5 (+0.3) 3.42(x0.3)
0.621 32.2 68.4 13.7 2.16
CSzCO3/A1
0.624(+0.003) 31.4(+0.9) 68.8 (+1.14) 13.4 (+0.6) 2.03(x0.7)

® Data and statistics based on seven cells of each condition; ¥ Numbers in bold are the maximum record values.

Figure 3 (b) showed the J-V characteristics of the hybrid solar
cells with and without Cs,CO; in dark. It was observed that
s saturation current density (J,) was suppressed significantly after
the Cs,CO; layer was inserted between Si and Al. The dark J-V
curves were simulated according to the thermionic emission
model.** The J; was obtained by fitting

J=J exp[ﬂj—l
nkT

1o where J is the current density value, V is the applied voltage,
T is the absolute temperature (298 K), k is the Boltzmann
constant (1.38x 10 m* kg s K™'), and q is the electronic charge
(1.6x107" C)). The device without Cs,CO5 displayed a J; value of
1.8x10 A/cm?. The device with Cs,CO5 exhibited a J, of 1.4x10°

15 ° A/em?. The J; decreased ~15 times and the V, increased ~40
mV when the Cs,CO; layer was incorporated. The suppressed Jg
was ascribed to a reduced contact barrier by inserting the Cs,COs
layer. The device with a lower J; led to a larger V. according to

the photovoltaic general relation:

nkT
Vo = Sl il
q s
0 The contact between Al and the rear side of Si was

dramatically improved using the Cs,CO; layer. Al pads were
deposited onto Si through thermal evaporation. According to J-V
measurements, shown in Figure 4 (a), it revealed that the contact
between Si and Al was non-ohmic. A transmission line
s measurement (TLM) was conducted to measure the contact
resistance.”> The detailed TLM method was described in
Electronic Supporting Information (ESI). Schematic diagram for
measuring the contact resistance value was shown in Figure S5.
The contact resistance was 3.97x10" Q-cm? for the Al/Si direct
30 contact. A non-ohmic contact resulted in a high contact resistance
between Si and the rear electrode Al, which led to charge
accumulation at the rear electrode interface. A highly doped layer
was used for an improved contact in the traditional Si solar cell,
where the contact resistance was reduced to 10%-107 Q-cm?®*%
3s The highly doped layer also significantly lowered saturation
current density (to as low as 10™"* A/em?) and enhanced the V,,.*°
Here, with the insertion of the Cs,CO; layer between Si and Al,
the current-voltage curve was linear, as shown in Figure 4 (a),

40

=Y
A

70

75

which indicated an improved contact. The contact resistance was
6.18x1072 Q-cm? when the Cs,CO; layer was inserted, which was
similar in value to the contact resistance when the high
temperature and highly doped process was used. The series
resistance (R;) was extracted from the plot of dV/d(InJ) versus J
(the detailed derivation process was described in ESI). Figure
4(b) showed the dV/d(InJ) versus J curves of the hybrid solar cell,
with and without the Cs,COj; layer. The device with and without
Cs,CO; layer displayed R, values of 2.16 Qecm® and 3.46 Qecm?,
respectively, as shown in Table 1. The value of Ry decreased
after inserting the Cs,COj; layer, which was consistent with the
improved back contact.

The insertion of the Cs,CO; layer not only decreased the
contact resistance but also generated a larger built-in electric field
on the rear electrode. This deflected minority carriers and
recombination rates were suppressed at the back surface. The
1/C%-V plots at signal frequency of 1 KHz of the hybrid solar
cells with and without Cs,CO3 were shown in Figure 4(c). C was
the capacitance of the device. Here, 1/C? was linear with the
applied voltage and the intercept corresponded to the built-in
potential. The devices with the Cs,CO; layer yielded a higher
built-in potential than the reference one. A higher built-in
potential effectively deflected electrons from migrating towards
the cathode.
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Fig. 4 (a) Current-voltage measurements between the T-shaped Al pads
deposited by thermal evaporation at the rear side of Si with and without
the Cs,CO; layer; (b) Series resistance values were extrapolated from
dV/d(InJ) versus J curves of the hybrid solar cells with and without the
Cs,CO; layers. (c) 1/C*-V plots of the hybrid solar cells with and without
the Cs,CO; layer; (d) Photovoltage decay measurements on the device
with and without the Cs,COj layer.

w

The improved rear contact and increased built-in potential were
ascribed to the Al WF dropping in the presence of the Cs,CO;
layer. The WF change was measured by SKPM in ambient
conditions.’” ** Since our devices were characterized in ambient
air, the SKPM technique should be suitable to interpret the WF
change. The same conductive tip was used during the entire
measurement to ensure that its WF remained constant. The
relationship between the WF of the conductive tip, @, and the
samples, D, is given by

O D

s t
where e is the elementary charge and Vg, is the surface

potential measured by SKPM. A higher surface potential
corresponds to a lower WF of the measured sample. As shown in
Figure 5, the surface potential of Cs,COs/Al decreased when
compared with bare Al. This result was consistent with previous
measurements made by ultraviolet photoemission spectrum
(UPS) in a high vacuum®®?, where a strong chemical reaction
occurred between Cs,CO; layer and thermally evaporated Al. In
the thermal evaporation process, the first layer of Al atoms
formed chemical bonds with the underlying Cs,CO; layer.
Metallic Al could only be detected after deposing a second Al
layer determined by X-ray photoelectron spectroscopy. Many O
atoms bonded to both Al and Cs atoms in the AI-O-Cs
complexes, which was critical in reducing the WF of Al. And the
decreased WF of Al reduced the Schocky barrier height, as
shown in Figure 1(b). As a result, the built-in potential increased,
which would reduce charge carrier recombination.

s The charge carrier recombination kinetics at open circuit
conditions can be explored by transient photovoltaic
measurements according to previous reports.’**' In order to be
consistent with the J-V test, the background light intensity was
set to 100 mWem™. The transient photovoltage (TPV) decay was

o fitted with a mono-exponential decay equation

6V = AVyexp(—t/1)

S
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S 80F
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Fig. 5 Using SKPM to probe the potential difference of Cs,CO; and Al.
(a) Surface potential images. (b) Cross-section line profile of the surface
potential image

where AVj is a constant that fits to the peak height (10 mV), t
is the decay time and tis the carrier lifetime. A steady state of
electron and hole concentration and a stable V. were achieved
under illumination. The concentration of electrons and holes
started to decrease as a result of recombination when the
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illumination was turned off. The decay of V. revealed charge
carriers recombination in the hybrid device. Figure 4(d) showed
transient photo-voltage as a function of time for the devices with
and without Cs,CO;. The reference device showed a charge
carrier lifetime of 53.7 ps, while the champion device with
Cs,CO; displayed longer carrier lifetime of 73.6 ps. This result
indicated the insertion of the interlayer between Si and cathode
suppressed the carrier recombination and lower saturation current,
both the Ji. and the V. were improved.

Conclusion

In conclusion, we developed a dopant-free rear contact for
high performance organic-inorganic polymer/nanostructured Si
solar cells. The rear contact was fabricated by inserting a solution
processed Cs,CO; layer between nanostructured Si and Al. A
champion PCE of 13.7% was achieved by this simple and low
temperature process (<150 °C). The superior device performance
was ascribed to the reduced WF of Al with the Cs,COj; layer,
which resulted in the suppression of the saturation current
density, reduced contact resistance and enhancement of the built-
in potential. The improvement of the rear contact allowed the
minority carrier to be deflected, leading to the suppression of
carrier recombination. This simple, low temperature fabrication
process for the hybrid solar cell promises low cost photovoltaics.
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Graphical Abstract

A champion PCE of 13.7% has been achieved by inserting a
solution processed Cs,COj; layer between nanostructured Si
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