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1. Introduction

Great breakthroughs have already beenmade in the power conver-
sion efficiency (PCE) of conventional crystalline silicon (c-Si) solar
cells in recent years, and the record PCE is getting close to the
theoretical efficiency limit.[1] However, either high-temperature
diffused p–n homojunction solar cells or doped amorphous
silicon-based heterojunction solar cells cannot avoid the Auger
recombination and free carrier recombination loss in the heavily
doped layer, which restricts the theoretical efficiency limit of
the c-Si solar cells.[1–4] The amorphous silicon layers in the
heterojunction solar cells also face serious parasitic optical

absorption.[5] In addition, from the per-
spective of device manufacturing, the com-
plex fabrication processes, toxic dopants,
high-temperature energy consumption, as
well as the expensive equipment limit the
further development of the process
technology of c-Si solar cells. Therefore,
developing simpler device structure and
eliminating the use of heavily doping layer
have an important impact on the further
improvement of device efficiency. One of
the potential candidates to overcome these
drawbacks is the dopant-free carrier-selective
contacted c-Si heterojunction solar cells.[6,7]

Taking n-type c-Si for example, the typi-
cal dopant-free carrier-selective c-Si hetero-
junction solar cells should contain the
following layers: the holes and electrons

transporting layers with high and low work functions matching
the valence band and conduction band of the n-type c-Si, c-Si
absorption layer, passivating layers, and the conductive electro-
des.[8,9] On the hole contact side, when the hole transporting layer
(HTL) is contacted with n-type c-Si, the large mismatch of work
function between HTL and c-Si will induce a large upward band
bend (built-in potential) on the c-Si surface, forming a strong
inversion layer and driving the hole to HTL and the electron
to the c-Si. Transition metal oxides (e.g., molybdenum oxide,
tungsten oxide, and vanadium oxide), organic polymer
(e.g., poly(3,4-ethylene dioxythiophene): poly(styrenesulfonate), and
poly(3-hexylthiphene)), low-dimensional carbon materials
(e.g., carbon nanotube and graphene) have been used as HTL.[10–21]

On the electron contact side, the main function of the
electron transporting layer (ETL) is to eliminate the Schottky
barrier caused by directly metal–semiconductor contact. Two
approaches are generally used, and have already been success-
fully demonstrated in c-Si solar cells. One is to insert a thin
ETL with very low work function (lower than metal electrode,
e.g., Al) between the c-Si and metal electrode. This low work
functional ETL will be able to make a downward band bend at
c-Si side, and thus allow the transport of electrons from c-Si side
to metal electrode side. Metal fluorides (e.g., lithium fluoride and
magnesium fluoride), metal carbonates (e.g., cesium carbonate,
potassium carbonate, and calcium carbonate), low work function
metals (e.g., calcium and magnesium), and organic polymers
(e.g., quinhydrone, poly(ethylene oxide), C60 pyrrolidine tris-acid,
and phenyl-C61-butyric acid methyl ester) have been proven to be
effective ETLs.[22–29] The other approach to realize effective
electron-selective contact is to passivate the surface state density
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Crystalline silicon (c-Si) solar cells with carrier-selective passivating contacts have
been prosperously developed over the past few years, showing fundamental
advantages, e.g., simpler configurations and higher potential efficiencies, com-
pared with conventional c-Si solar cells using highly doped emitters. Herein,
solution-processed cesium halides (CsX, X represents F, Cl, Br, I) are investigated
as electron-selective contacts for c-Si solar cells, enabling lowest contact resis-
tivity down to about 1 mΩ cm2 for slightly doped n-type c-Si/CsF/Al contact. After
inserting a thin intrinsic amorphous silicon (a-Si:H(i)) passivating layer, the
contact resistivity can still be kept in a low value, about 10 mΩ cm2. With full area
rear-side a-Si:H(i)/CsF/Al electron-selective passivating contacts, record power
conversion efficiencies of about 21.8% are finally demonstrated for n-type c-Si
solar cells, showing a simple approach to realize high-efficiency c-Si solar cells.
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at c-Si/metal interface. For example, some metal oxides
(e.g., titanium oxide, magnesium oxide, and tantalum oxide)
and metal nitrides (e.g., titanium nitride, titanium oxynitride,
and tantalum nitride) can form effective electron-selective
contacts with n-type c-Si even if they do not have low work
function.[30–38] This is mainly attributed to the thin silicon oxide
(SiOx) layers formed during the deposition processes, which can
produce effective passivation on c-Si surface. Although high
PCEs about 20% have been reported using these ETLs in c-Si
solar cells, there is still room for further improvement. For exam-
ple, low contact resistivity ρc can be easily achieved using low
work functional ETLs, however, these ETLs always have poor pas-
sivation to the c-Si surface, which limits the further improvement
on the open-circuit voltage (VOC) of the c-Si solar cells. As to the
metal oxides or metal nitrides that can support good passivation
to c-Si surface, the low conductivity, as well as their poor work
functions make it difficult to achieve low contact resistivity, and
thus limit the fill factor (FF) of the c-Si solar cells. Cesium
salts, e.g., CsCO3, and metal fluorides, e.g., LiFx, have been
proven to be effective electron-selective materials, even with
well-passivated c-Si architecture (e.g., a-Si:H(i)/c-Si).[23,39] In this
article, solution-processed cesium halides (CsX, X represents
fluorine (F), chlorine (Cl), bromine (Br), and iodine (I)) are inves-
tigated as effective electron-selective contacts on well-passivated
intrinsic amorphous silicon/c-Si (a-Si:H(i)/c-Si) architecture.
A low contact resistivity ρc of about 10mΩ cm2 is realized for
n-type c-Si/a-Si:H(i)/CsF/Al contact, combined with a satisfied
surface passivation (effective surface recombination velocity

Seff about 5.7 cm s�1). Using this electron-selective passivating
contact, a satisfied PCE of 21.8% is finally realized for n-type
c-Si solar cell, demonstrating an effective approach to fabricate
high-efficiency c-Si solar cells with simplified fabrication
processes.

2. Results and Discussion

The contact property of the CsX film on slightly doped n-type c-Si
substrate was evaluated by measuring the contact resistivity ρc of
n-type c-Si/CsX/Al contact. Figure 1a shows the current–voltage
(I–V ) curves of n-type c-Si/Al contacts with and without CsX
interlayers. For direct c-Si/Al contact, a typical rectification curve
was shown in Figure 1a (black dotted line), which is resulted by
the Fermi-level pinning of c-Si/Al contact. While spin-coating a
thin CsX layer between c-Si and Al, the contact property is well
improved, leading to a linear Ohmic contact. Figure 1b shows the
CsX thickness (defined by the concentration of CsX from 0.5 to
20mgmL�1) dependent contact resistivity ρc for c-Si/CsX/Al
contacts. With the increase in the CsX concentration, a reduced
contact resistivity ρc can be observed for all of the CsX layers,
which is likely attributed to the reduced work function and effec-
tive electron tunneling of CsX films. Further increasing the con-
centration of CsX films will lead to a higher contact resistivity ρc,
possibly due to the bulk resistivity of CsX films. For all of the CsX
films explored in this work, the incorporation of the CsX layers
can effectively reduce the contact resistivity ρc to the magnitude

Figure 1. a) Current–voltage curves of n-type c-Si/Al contact with and without CsX interlayer. b) Contact resistivity ρc of n-Si/CsX/Al contacts as a
function of CsX concentration. c) Effective minority carrier lifetime of symmetrically passivated a-Si:H(i)/c-Si/a-Si:H(i) and CsX/a-Si:H(i)/c-Si/a-Si:
H(i)/CsX. The effective surface recombination velocity Seff of these contacts were noted in panel (c) with the same color. d) Contact resistivity
ρc of n-Si/a-Si:H(i)/CsX/Al contacts as a function of CsX concentration.
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of about 10mΩ cm2. Especially, a minimized contact resistivity
ρc down to about 1mΩ cm2 is realized for c-Si/CsF/Al contact.

A satisfied carrier-selective passivating contact requires
not only low contact resistivity but also high-quality surface
passivation. To achieve high-performance surface passivation,
a-Si:H(i) passivating layer with optimized thickness of about
6 nm is deposited on the c-Si surface.[6,10,38] Figure 1c shows
the effective minority carrier lifetime of symmetrically structured
a-Si:H(i)/c-Si/a-Si:H(i) and CsX/a-Si:H(i)/c-Si/a-Si:H(i)/CsX
contacts. After depositing thin a-Si:H(i) passivating layers
(�6 nm) on the both sides, well-passivated interface with a low
effective surface recombination velocity (Seff ) of about 3.9 cm s�1

is achieved. However, after spin-coating CsX films on c-Si/a-Si:
H(i) surface, the c-Si surface passivation is slightly degraded,
showing the Seff values reduced from 3.9 to 5.7, 6.4, 10.5, and
18.0 cm s�1 after spin-coating CsF, CsCl, CsBr, and CsI films,
respectively. The best passivation quality is achieved by c-Si/
a-Si:H(i)/CsF stack structure. The CsX thickness related to contact
resistivity ρc on c-Si/a-Si:H(i) surface is also shown in Figure 1d.
Similar trend can be found compared with c-Si/CsX/Al contact.
Eventually, an optimized contact resistivity of about 10mΩ cm2

can be extracted for the c-Si/a-Si:H(i)/CsF/Al contact, showing
that this kind of spin-coated CsF film will be effective electron-
selective material for the application of c-Si solar cells.

The ultraviolet photoelectron spectroscopy (UPS) spectrum
was used to analyze the optoelectronic properties of the CsX
films. Figure 2a shows the UPS secondary electron cutoff of
the CsX films, showing low work function values of 2.96,
3.10, 3.30, and 3.52 eV for the CsF/Al, CsCl/Al, CsBr/Al, and
CsI/Al interface, respectively. Compared with the work function
of directly Al contact (about 4.2 eV), these low work function
values of CsX films play a crucial role in forming Ohmic contact
between n-type c-Si substrate and Al electrode. Figure 2b shows
the UPS valence band spectrum of the CsX films. For the CsF

films, the valence band is measured to be about 5.10 eV from the
Fermi energy. However, for CsCl, CsBr, and CsI films, narrower
gaps were measured, showing worse hole-blocking performance
of these films. The X-ray photoelectron spectroscopy (XPS) core-
level spectrum of Cs 3d is shown in Figure S1, Supporting
Information, for all of the CsX films. Doublet peaks located close
to�724 eV (3d 5/2) and�739 eV (3d 3/2) can be found for all the
four halides.[40] However, gentle peak shift can be observed for
these CsX films. The Cs element in CsCl film is measured
to have the highest binding energy of about 727.1 eV, whereas
the CsF film shows the lowest binding energy of about
725.1 eV. The slight shift of the binding energy is likely attributed
to the difference of halogen anions.[40]

Figure 2c presents the energy band alignments of c-Si/Al
contact with and without CsF electron-selective layer. As for
the c-Si/Al contact, a Schottky barrier could be found at the
interface according to Mott–Schottky theory and Fermi pinning
effect, which blocks the electrons transport from c-Si to metal
electrode.[33] After inserting a low work function CsF film
between the c-Si and Al, a downward energy-band bending
appears at the c-Si interface which enables electrons to easily
transport from c-Si to Al. However, there are still large numbers
of density of states at the contact interface due to the lack of pas-
sivation of CsF film, which results in serious carrier recombina-
tion at the interface. After further inserting a thin a-Si:H(i)
passivating layer between the c-Si and CsF film, the carrier
recombination at the interface can be well suppressed.

Thermal evaporation deposited CsF film has been proven to be
effective electron-selective contact material in c-Si solar cells.[6]

Compared with the CsF film deposited by thermal evaporation,
the solution-processed CsF film shows better contact property to
c-Si, as well as better long-term stability, as shown in Figure 3a.
Even after about 1000 h storage, the contact resistivity ρc still
keeps a low value of about 5mΩ cm2 for the spin-coated samples

Figure 2. a) Work function value of CsX films extracted by UPS secondary electron cutoff spectrum. b) Valence band spectrum of the CsX films.
c) Energy band diagrams of the direct n-type c-Si/Al contact, n-type c-Si/CsX/Al contact, and n-type c-Si/a-Si:H(i)/CsF/Al contact.
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while the contact resistivity ρc degraded to about 35mΩ cm2 for
the thermal-deposited CsF film. Figure 3b shows the UPS spectra
of the spin-coated CsF film and thermal-deposited CsF film,
displaying the work function values of 2.90 and 3.10 eV for
the spin-coated CsF film and thermal-deposited CsF film, respec-
tively. The valence band is measured to be about 5.10 eV from
the Fermi energy for the spin-coated CsF film while that is
about 4.40 eV for the thermal-deposited one, showing that the
spin-coated CsF film has much better performance in electron
collection as well as hole-blocking property. To explore the differ-
ence in these two films, the XPS spectra are shown in Figure 3c
and Figure S2, Supporting Information. For Cs 3d spectra, the
results seem almost the same as shown in Figure S2a,b,
Supporting Information. However, for F 1s core-level spectra,
a weaker peak can be found for the thermal-deposited CsF film
at the binding energy of about 683 eV.[40] Based on core level
peak areas shown in Figure 3c,d, the stoichiometry of the CsF
films can be extracted. For spin-coated CsF film, stoichiometric
film with F to Cs atomic fraction close to 1 can be found. How-
ever, the thermal-deposited CsF film shows nonstoichiometric
with F to Cs atomic fraction less than 1.

To demonstrate the electron-selective properties of the spin-
coated CsF film on the device level, full-area rear-side contacted
proof-of-concept n-type c-Si solar cells were fabricated. Figure 4a
shows the schematic structure of the n-type c-Si solar cell with a
full-area rear a-Si:H(i)/CsF/Al electron-selective contact. On the
front side, conventional diffused pþn junction is used for the
separation of photogenerated carriers. On the rear side, an
a-Si:H(i) passivation layer combined with CsF ETL are used
for the collection of electrons. Cross-sectional high-resolution

transmission electron microscopy (HR-TEM) was used to
characterize the c-Si/a-Si:H(i)/CsF/Al interface, as shown in
Figure 4b, showing a clear hierarchical interface.

Figure 4c shows the characteristic I–V curves of the c-Si solar
cells using directly c-Si/Al contact, c-Si/CsF/Al contact, and c-Si/
a-Si:H(i)/CsF/Al contact under one-sun standard illumination.
Corresponding electrical output parameters are summarized
in Table 1. For direct c-Si/Al contact, due to the poor rear contact,
the c-Si solar cell shows an unsatisfied photovoltaic performance
with PCE of about 16.2%, VOC of 0.588 V, short-circuit current
density (JSC) of 38.3 mA cm�2, and FF of 0.717. After spin-
coating a thin CsF interlayer between c-Si and Al, the c-Si/Al
contact interface is well improved, regarding to a well-improved
photovoltaic performance with the PCE increased to 19.4%, VOC

to 0.621 V, JSC to 38.9 mA cm�2, and FF of 0.803. The internal
quantum efficiency (IQE) measurements are also utilized
to characterize the rear-side contact property, as shown in
Figure 4d. Compared with direct c-Si/Al contact, a significantly
improvement in the quantum efficiency can be found in the near
infrared range (800–1200 nm) for the c-Si solar cell using CsF/Al
electron-selective contact, indicating that the electron collection
efficiency is well improved at rear side. To further improve the
interface passivation, a thin a-Si:H(i) passivating layer was depos-
ited between c-Si and CsF by plasma-enhanced chemical vapor
deposition (PECVD), demonstrating a record PCE of 21.8%,
with a VOC of 0.688 V, JSC of 40.1 mA cm�2, and FF of 0.789.
The IQE results in Figure 4d also indicate that the quantum
efficiency can be further improved in the infrared range by apply-
ing a-Si:H(i)/CsF/Al electron-selective contact, reflecting that the
carrier recombination at rear side is significantly suppressed.

Figure 3. a) Contact resistivity stability of thermal-deposited CsF and spin-coated CsF film with test structure of c-Si/CsF/Al contact. b) The UPS spectra
of thermal-deposited CsF film and spin-coated CsF film. The XPS of the F 1s core-level spectra of c) the thermal-deposited CsF film and d) the spin-coated
CsF film.
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3. Conclusion

In summary, we have investigated solution-processed CsX
(X represents F, Cl, Br, I) films together with high-quality
a-Si:H(i) passivating layer as an effective electron-selective
passivating contacts. Among these candidates, CsF is found
to be the best choice for c-Si solar cells. Optimized n-type
c-Si/a-Si:H(i)/CsF/Al electron-selective passivating contact
provides a low contact resistivity ρc of about 10mΩ cm2 and
an excellent surface passivation with Seff of about 5.7 cm s�1.
A satisfied PCE of 21.8% is finally realized for n-type c-Si solar
cell with a full-area a-Si:H(i)/CsF/Al contact, demonstrating
an effective approach to fabricate high-efficiency c-Si solar cells
with simplified fabrication processes.

4. Experimental Section

Contact and Passivation Measurement: The contact resistivities were
extracted by fitting the resistance with the electrode diameters using
the method devised by Cox and Strack. Single-side polished n-type
c-Si wafers with resistivity of 1–3Ω cm were used. After removing the

natural oxide layer by dilute hydrofluoric acid (HF, �2% concentration),
c-Si wafers were spin-coated with CsX (X represents F, Cl, Br,
I) solution with different concentration from 0.5 to 20mgmL�1 at spin
speed of 3000 rpm. After that, Al electrodes with different diameters were
thermally evaporated on the CsX films with thickness of 200 nm through
a shadow mask. For a-Si:H(i) passivated samples, a-Si:H(i) layers with
thickness of 6 nm were deposited by PECVD before CsX spin-coating.
Double-side polished n-type c-Si wafers with resistivity of 1–5Ω cm
and thickness of 300 μm were used for passivation characterization.
Following standard RCA cleaning and dilute HF dipping, a-Si:H(i) layers
with thickness of about 6 nm were deposited symmetrically on the both
sides of the wafers by PEVCD. CsX films were then symmetrically
spin-coated on both sides of the wafer.

Solar Cell Fabrication: Standard c-Si solar cells were fabricated to
evaluate the electron-selective properties of the CsF film. N-type
(100)-oriented c-Si wafers (Cz, 180 μm thickness, and 1.0Ω cm resistivity)
were used here. Before front-side emitter diffusion, the wafers were
immersed in tetrmethylammonium hydroxide (TMAH), isopropyl alcohol
(IPA), and deionized (DI) water mixed solution at 85 �C for 60min to
fabricate random pyramidic structure for light-trapping. After texturing,
the wafers were cleaned with standard RCA process and boron diffusion
in tube furnace to form the front-side pþ emitter (�120Ω sq�1). Atomic
layer deposition Al2O3 passivation layer (20 nm) and PECVD SiNx (65 nm)
antireflection layer were then deposited on the top of the emitter.
Front-side metal grid electrode were patterned by photolithography and
thermally evaporated with Cr (�10 nm)/Pd (�10 nm)/Ag (�100 nm) stack
and then thickened by Ag electroplating. For the rear undiffused side,
a-Si:H(i) passivating layer (6 nm) was deposited by PECVD and followed
by spin-coating of CsF film. Full-area Al rear contact with thickness of
300 nm was finally deposited by thermal evaporation.

Characterization: Keithley 2400 source-meter was used to measure the
contact resistivity. The effective excess carrier lifetimes of samples were
characterized by photoconductance decay (Sinton WCT 120). XPS
measurements were performed with a Thermo Scientific Escalab 250Xi
spectrometer using the Al Kα X-ray source (hν¼ 1486.6 eV). HR-TEM
was used to characterize the rear-side contact interface. The photovoltaic

Figure 4. a) Schematic of n-type c-Si solar cell with a full-area rear a-Si:H(i)/CsF/Al electron-selective contact. b) Cross-sectional HR-TEM of the
n-Si/a-Si:H(i)/CsF/Al contact. c) Light I–V curves of c-Si solar cells with direct c-Si/Al contact, c-Si/CsF/Al contact, and c-Si/a-Si:H(i)/CsF/Al contact
under AM 1.5G and d) corresponding IQE curves.

Table 1. The photovoltaic performance parameters of the c-Si solar cells
with different rear contacts under AM1.5G one-sun illumination.

Samples Voc [V] Jsc [mA/cm2] FF PCE [%]

c-Si/Al 0.588 38.3 0.717 16.2

c-Si/CsF/Al 0.621 38.9 0.803 19.4

c-Si/a-Si:H(i)/CsF/Al 0.688 40.1 0.789 21.8

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2020, 4, 2000569 2000569 (5 of 6) © 2020 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


performance of the c-Si solar cells was characterized by solar simulator
(Sinton Instruments) with an Xe arc lamp under standard test conditions
(Air-mass 1.5 illumination, 1000Wm�2, 25 �C) with a 4 cm2 shadow
mask. An encapsulated standard reference c-Si solar cells certified
by Fraunhofer CalLab was used to calibrate the illumination intensity.
The quantum efficiency of the solar cells was measured by Protoflex
Corporation QE measurement system.

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