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As the essential component of a quantum dot-sensitized solar cell (QDSC), the counter electrode (CE) plays
an important role in electron transfer and catalytic reduction acquisition throughout the device. A novel
route to design multilayer functionalized Cu,S thin films as CEs with high catalytic activity and enhanced
stability, as well as large specific surface area and high conductivity, is presented. Firstly, Mo-based films
were prepared by magnetron sputtering on a glass substrate, and then porous CuZnMo conductive films
were formed by etching with hydrochloric acid. Secondly, indium tin oxide (ITO) film was sputtered onto
the porous structure to act as a protective layer, and a porous ITO/CuZnMo structured film was obtained
after optimization. In the third step, multilayer Cu(x)/ITO/CuZnMo structured films were acquired by
sputtering Cu films. Finally, multilayer Cu,S(t)/ITO/CuZnMo functionalized film CEs were obtained via in
situ sulfidation of sputtered Cu films. The functions of conduction and resistance to electrolyte corrosion
were produced and enhanced by annealing an ITO layer at high temperature prior to Cu deposition,
while catalytic activity enabled by Cu,S was realized from Cu film sulfidation. The multilayer Cu,S/
ITO(500 °C)/CuZnMo functionalized films exhibit high catalytic activity and enhanced stability for
resistance to electrolyte corrosion. Taking multilayer Cu,S/ITO(500 °C)/CuZnMo films as CEs, the QDSCs
demonstrated good stability of power conversion efficiency (PCE) after 500 h of irradiation, from an
initial 4.21% to a final 4.00%. Furthermore, the thickness of Cu,S film modulated by the duration of Cu
sputtering was investigated. It was found that the QDSCs using multilayer Cu,S(40 min)/ITO/CuZnMo
functionalized film with a Cu,S thickness of 1.2 um as CE exhibit the best performance, and the R value
was 0.57 Q. The best photovoltaic performance with a PCE of 5.21% (Vo = 533.1 mV, Jsc = 18.80 mA
cm™2, FF = 52.84%) was achieved under AM 1.5 radiation with an incident power of 100 mW cm™2. This
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1 Introduction a great deal of attention in recent years." Semiconductor
quantum dots (QDs) as sensitizers are considered to be the best
As third-generation solar photovoltaic devices, semiconductor alternatives for the dye in dye-sensitized solar cells,* and have
quantum dot-sensitized solar cells (QDSCs) have received many excellent properties, including multiple exciton effect,
band-gap energy controllability, high absorption coefficient,
simple preparation method and quantum confinement effect.>”
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film after annealing. See DOI: 10.1039/c9na00654k
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required properties of the CE and electrolyte. The electrolyte is
used as a material for electron and hole transport in QDSCs.*
Organic electrolytes with I /I" redox couples have been widely
used as electrolytes in DSSCs. However, I’ /I” redox couples can
easily corrode QDs, forming cadmium iodide, leading to
a deterioration in QDSC performance.**** Thus, QDSCs mainly
use polysulfide electrolyte S>7/S,>~ as an electrolyte which can
provide a stable environment for QDs.?® Pt-based CEs have been
widely used as electrolytes in DSSCs due to their high catalytic
ability with I*" /1" redox couples.”” However, Pt-based CEs can
adsorb sulfur atoms, leading to a decrease in surface activity
and conductivity of CEs.”®*® In recent years, a variety of CEs has
been used on QDSCs to substitute for Pt-based CEs, such as
metal electrodes, metal chalcogenides, polymers, or composite
CEs. Chalcogenides have been applied to CEs with high-
conductivity catalytic activity for polysulfide electrolytes.?*-*

As a catalytic reduction regeneration medium for electron
transport and the realization of an electrolyte redox couple in
QDSCs, CEs are mainly composed of a conductive substrate and
a catalytic material.**** Therefore, an excellent CE should have
the following merits: (1) good electrical conductivity; (2) high
catalytic activity; (3) a large specific surface area to provide more
active sites for the electrolyte; (4) corrosion resistance to the
electrolyte. Like the photoanode, there are many materials
which can be selected as a conductive substrate material, such
as metal, FTO conductive glass, ITO-PET, ITO-PEN, etc.>*3*
Currently, the commonest CE for QDSCs is the traditional
brass-based CE.**** The brass-based CE is made by hydrochloric
acid etching of the active metal, forming a porous construction,
and then polysulfide electrolyte being added to form a compact
Cu,S film.*” However, the polysulfide electrolyte continues to
corrode the CuZn alloy, resulting in unstable performance of
the QDSCs. In order to improve the corrosion resistance of the
substrate material, researchers have used a non-metallic
material as a conductive substrate material. Wang et al
coated Cu,S films on FTO glass with DMSO as a template by an
electroplating method to achieve an efficiency of 4.32% of
QDSCs.” Zhong et al. used a highly conductive titanium mesh
as the conductive substrate, coated with a layer of activated
mesoporous carbon (MC/Ti) to improve conductivity and cata-
lytic performance. They found that the performance of QDSCs
was greatly improved with PCE = 11%.** Prabakar et al. coated
an FTO layer onto glass by a screen-printing method, and
prepared hexagonal CuS film by chemical bath deposition to
achieve a better performance.*” Meng et al. deposited a thin
copper layer on the surface of FTO by an electroplating method,
and then immersed the copper layer coated glass in polysulfide
solution to form a Cu,S CE. The favourable porous structure of
the film promoted better catalytic ability, and QDSCs assembled
with the CE and CdS QD based photoanode exhibited a PCE of
2.6%.* Wang et al. prepared nanosheet-structured Cu,S thin
films as CEs, and the corresponding CdS/CdSe QDSC achieved
the best PCE of 3.67%.* However, suffering from continuous
sulfidation by polysulfide electrolyte, the aforementioned CEs,
including brass/Cu,S, CuS/FTO, and MC/Ti, have shortcomings,
such as poor stability, low resistance under pressure, and easy
detachment from the Ti mesh. Therefore, it still remains
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a challenge to find a suitable CE with high conductivity and
resistance to electrolyte corrosion.

In response to these challenges, herein we provide a route to
design functionalized CEs achieving a large specific surface area
arising from the porous structures of an etched alloy layer,
improved conductivity and resistance to electrolyte corrosion
originating from an annealed ITO layer, and high catalytic
activity provided by cuprous sulfide. The design adopts a four-
step process method. Firstly, Mo-based films were prepared by
magnetron sputtering, and then porous CuZnMo conductive
films were obtained by hydrochloric acid etching. Secondly,
a layer of ITO film was sputtered onto the porous structure as
a protective film, and a porous ITO/CuZnMo structured film was
prepared after optimization. Thirdly, multilayer Cu(x)/ITO/
CuZnMo structured films were sputtered with different thick-
nesses of Cu films. Finally, multilayer Cu,S(¢)/ITO/CuZnMo
functionalized film CEs were obtained via one-step in situ sul-
fidation of Cu films. A schematic description of the preparation
process is presented in Fig. 1. The annealing of the ITO/glass
films at 500 °C reduced electrical resistivity from 1.06 x 10>
Q cm to 2.28 x 10~* Q cm. The multilayer Cu,S/ITO(500 °C)/
CuZnMo functionalized films used as CEs exhibited high cata-
Iytic activity and enhanced resistance to electrolyte corrosion, in
which fabricated QDSCs demonstrated a stable PCE after 500 h
of irradiation, from an initial 4.21% to a final 4.00%. The
multilayer Cu,S(40 min)/ITO/CuZnMo functionalized film
exhibited the best performance with a Cu,S thickness of 1.2 pm,
and an R value of 0.57 Q. The best photovoltaic performance of
the QDSCs was achieved with a PCE of 5.21% (V,. = 533.1 mV,
Jse = 18.80 mA cm %, FF = 52.84%) under AM 1.5 radiation with

an incident power of 100 mW cm ™.

2 Experimental
2.1 Materials

All chemicals were used as received without further purifica-
tion. Mo target (¢ 50.8 x 5 mm, >99%), CuZn target (¢ 50.8 X 5
mm, >99.99%), ITO target (¢ 50.8 x 4 mm, >99.99%), Cu target
(€ 50 x 5 mm, >99.995%) were purchased from ZhongNuoX-
inCai company (Beijing, China). Copper diethyldithiocarbate
(Cu(dedc),, >97%) and indium nitrate (In(NO3);, 99.9%) were
obtained from Alfa Aesar; sodium diethyldithio-carbamate tri-
hydrate (Na(dedc), 99%), n-hexane (95%) and 3-mercaptopro-
pionic acid (MPA, 99%) were obtained from J&K; oleylamine
(OLA, >80%) was obtained from Acros.

2.2 Preparation of porous CuZnMo conductive films

Soda lime (SL) glass was cleaned in ethanol and acetone solu-
tion using an ultrasound bath for 30 min, and rinsed with
ethanol and deionized water, and blow dried with nitrogen.
Magnetron sputtering was used to pre-sputter Mo for 30 min on
SL-glass at an Ar pressure of 1.0 Pa and power of 100 W. The Mo
target was sputtered for 30 min at low pressure and high
temperature, and then the Mo and CuZn alloy targets were co-
sputtered for 30 min. Finally, the CuZn alloy target was sput-
tered for 1-1.5 h at 0.35 Pa and 100 W to obtain CuZnMo

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic diagram for preparing multilayer Cu,S(t)/ITO/CuZnMo functionalized film CEs.

conductive film. Then, the CuZnMo conductive film was etched
in concentrated hydrochloric acid for 5-10 min, rinsed with
deionized water and ethanol, and blown dry with nitrogen to
obtain a porous CuZnMo conductive film.

2.3 Preparation of porous ITO/CuZnMo structured films and
ITO/glass films

Due to the fact that the porous CuZnMo conductive film ob-
tained after acid etching has poor corrosion resistance to the
electrolyte, the film falls off easily and the surface metal is easily
oxidized when it is exposed to air for a long time. To avoid this,
an additional protective layer must be added onto the porous
conductive film. Lower contact resistance between the applied
protective layer and the porous conductive film would be better
for electron transportation. In consideration of these require-
ments, ITO film was selected as the protective layer. ITO film
was prepared by magnetron sputtering. The effects of gas
atmosphere, coating time and substrate temperature on the
resistivity of ITO film were optimized. Suitable conditions can
be listed as follows: room temperature, Ar pressure of 0.20 Pa
and power of 100 W. The films coated on SL-glass and on the
porous CuZnMo conductive film were solely annealed at 200 °C,
300 °C, 400 °C, 500 °C for 2 h, and were respectively named ITO/
glass-(7T) films and ITO(T)/CuZnMo structured films.

2.4 Preparation of Cu,S/ITO(T)/CuZnMo CEs, Cu(t)/ITO/
CuZnMo films, Cu,S(¢)/ITO/CuZnMo CEs and brass-based CEs

(1) Cu,S/ITO(T)/CuZnMo CEs. The Cu film was sputtered
on the surface of the porous ITO(T)/CuZnMo structured film
obtained in the previous step. The multilayer Cu,S/ITO(T)/
CuZnMo functionalized film CEs were obtained after soaking
in polysulfide electrolyte solution. The polysulfide electrolyte
solution was obtained by the dissolution of 2.0 M S, 2.0 M Na,S,

This journal is © The Royal Society of Chemistry 2020

and 0.2 M KCl in deionized water and reaction under stirring at
80 °C for 3 hours.*?****

(2) Cu(t)/ITO/CuZnMo film and Cu,S(¢)/ITO/CuZnMo CEs.
Due to the fact that Cu film would be converted into Cu,S as
catalytic material in CEs, the thickness of Cu,S would affect the
catalytic activity of the CE. The sputtering time of Cu film was
controlled in order to study the effect on the thickness of the
Cu,S film. The sputtering time of the Cu film was set to 10, 20,
30, 40, 60 min, and Cu(¢)/ITO/CuZnMo structural films were
obtained. Using an in situ sulfidation method, the multilayer
Cu(t)/ITO/CuZnMo structure films were dropped with 1 mL of
polysulfide electrolyte onto the surface to prepare a multilayer
Cu,S()/ITO/CuZnMo functionalized film CE.

(3) Brass-based CEs. Commercial brass was immersed in
HCl solution (1.0 M) at 70 °C for 10 min and was then soaked in
polysulfide electrolyte solution for 10 min, to obtain brass-
based CEs.***®

2.5 Preparation of CulnS, QD and TiO, photoanodes

The In(dedc); precursors were synthesized using a previously
reported method.***° Briefly, Na(dedc) (6 mmol) and In(NO3); (2
mmol) were dissolved in 100 mL and 50 mL of deionized water,
respectively. The In(NO;); solution was added dropwise to the
Na(dedc) solution under magnetic stirring, forming a white
precipitate. The precipitation was washed 3 times with ethanol
and treated in a vacuum drying oven at 60 °C for 3 h. The
synthesized precursors were stored in a desiccator at room
temperature.

For the typical synthesis of CulnS, QDs, Cu(dedc), (0.5
mmol) and In(dedc); (0.1 mmol) were loaded into a 50 mL
round-bottom flask, followed by the addition of 4 mL of oleyl-
amine. The above mixture was treated ultrasonically and was
then heated in a 180 °C oil bath for 1 h. When the reaction was
complete, the solution was cooled to room temperature. The

Nanoscale Adv., 2020, 2, 833-843 | 835
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dark red product was collected via centrifugation and washed
several times with absolute ethanol and n-hexane. The obtained
CulnS, QDs were dispersed in dichloromethane.

Ligand exchange of oil-soluble CulnS, QDs to water-soluble
QDs can improve adsorption performance. For a typical
ligand exchange, 130 pL of MPA was dissolved in 1 mL of
methanol, and then the pH was adjusted to about 9 using 30%
NaOH solution. The MPA solution was slowly added into 15 mL
of CulnS, QD solution under magnetic stirring. After 30 min,
water-soluble CulnS, QDs precipitated; then 10 mL of deionized
water was added and the mixture was stirred for another
30 min. The aqueous phase containing the MPA-capped CulnS,
QDs was collected. The aqueous dispersion was further purified
by centrifugation and decantation with the addition of acetone.
The precipitation was redissolved in 1.0 mL of deionized water.

The double-layered mesoporous TiO, photoanodes were
fabricated on well-cleaned FTO glass.*”*® Before the 10 um thick
transparent TiO, layer was coated on the FTO substrate by
successive screen-printing of TiO, paste, the cleaned FTO glass
was treated with 40 mM TiCl, aqueous solution for the forma-
tion of a compact TiO, layer on the substrate, followed by
another screen-printing of a 2.0 pum thick light-scattering TiO,
layer. Finally, the film was heated on a hot plate at 500 °C for
30 min.

The CulnS, QD sensitizers were absorbed into the meso-
porous TiO, films by pipetting 30 pL of CulnS, QD aqueous
dispersion (absorbance of 3.0 and pH of 11.0) onto the TiO, film
surface and maintaining it for 2 h before rinsing sequentially
with deionized water and ethanol. The SILAR process immersed
the TiO, films into 0.1 M Zn(NOj3), solution for 1 min, rinsed
with ethanol, and dried with a drier.*” This was followed by
further immersion into 0.1 M Na,S solution for 1 min, rinsing
with ethanol, and drying with a drier. Each two-step immersion
constitutes a single SILAR cycle. This ZnS SILAR procedure was
repeated for three cycles.

2.6 Assembling solar cells

In this paper, three types of CEs were fabricated for comparison:
brass-based CEs, multilayer Cu,S/ITO(T)/CuZnMo CEs and
Cu,S(t)/ITO/CuZnMo functionalized film CEs.

(1) The sandwich-type brass-based CEs cells were con-
structed by assembling the photoanode and the brass-based
CEs using 50 pm thick Scotch spacer. A droplet (10 uL) of pol-
ysulfide electrolyte was injected into the cell device.

(2) The sandwich-type cells based on multilayer CEs were
constructed by assembling the photoanode and the multilayer
Cu,S/ITO(T)/CuZnMo CEs and Cu,S(¢)/ITO/CuZnMo function-
alized film CEs, respectively, using a 60 pm thick Sarin film
spacer. 10 pL of polysulfide electrolyte was injected into the cell
device using a pipette in a vacuum, melting the Sarin film with
a heat gun to form a sandwich-like cell to complete the solar cell
packaging. The area of the cells was 0.25 cm?. The Cu,S/ITO(T)/
CuZnMo CEs were used to optimize the annealing temperature
of the sputtered ITO films. The Cu,S(¢)/ITO/CuZnMo function-
alized film CEs were used to optimize the sputtering time of the
Cu films, and the annealing temperature of the sputtered ITO
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films was fixed at 500 °C, in accordance with the former step. In
each case of preparing QDSCs, several cells were produced and
tested in parallel.

2.7 Characterization

X-ray diffraction patterns (XRD) of the prepared samples were
recorded with a Bruker D8 advance X-ray diffractometer using
graphite monochromatized Cu Ka. (A = 1.5405 A) radiation with
a step of 0.02° in 26 ranging from 10° to 80° (4° min~"). Scan-
ning electron microscopy (SEM) images were taken with an FEI
Nova NanoSEM200 microscope. Atomic force microscope (AFM)
images were taken using a Veeco Nanoscopellla microscope.
Resistivities of the ITO films were measured with a Lucas Labs
PRO4-EEON with an ASTM F84 in line four-point probe
configuration. A Keithley 2400 digital source meter (Keithley,
USA) was used to measure the photocurrent density—photo-
voltage curves (J-V) of the QDSCs under AM 1.5G illumination
(100 mW cm™>) with an Oriel Sol 3A Solar Simulator (94023A,
Newport Stratford Inc., USA), calibrated with a standard crys-
talline silicon solar cell. A solar cell quantum efficiency
measurement system (QEX10, PV Measurements, Inc.) was
adopted to record incident photon-to-current conversion effi-
ciency (IPCE) curves, and was calibrated with an NREL-certified
Si diode before measurement.

3 Results and discussion

In order to explore the formation process of the multilayer
Cu,S(¢)/ITO/CuZnMo functionalized film on SL-glass, the
growth of the films at different stages was monitored by the
XRD analyses shown in Fig. 2. There is a conspicuous diffrac-
tion peak differing from Mo-based film at 26 degrees of 40.5°
and 73.6° for the magnetron sputtered film on SL-glass, which is
assigned to cubic Mo (JCPDS file no. 42-1120). After co-
sputtering Mo and CuZn alloys to obtain the CuZnMo film,
two obvious diffraction peaks of CuZnMo film appear at 26 of
42.59° and 49.69°, which correspond to the (110) and (202)

CulsS  CuZn

Cuz8/1TO/CuZnMo

Cu/ITO/CuZnMo

11T0/CuZnMo

CuZnMo-ctched

CuZnMo

Mo Mo

Intensity (a.u.)

ICu 1.758:JCPDS 23-0958

.||I|ll||. Il Ly
|

) In203: JCPDS 06-0416
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| Mo: JCPDS 42-1120
L 1

T T

10 20 30 40 50 60 70 80
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Fig. 2 XRD patterns of prepared multilayer Mo, CuZnMo, CuZnMo-
etched, ITO/CuZnMo, Cu/ITO/CuZnMo and Cu,S/ITO/CuZnMo films.

This journal is © The Royal Society of Chemistry 2020
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peaks of the alloy CuZn crystal (JCPDS file no. 25-0322). There is
no significant change in XRD pattern after the CuZnMo film is
etched, since the active metal Zn is not completely etched due to
too short an etching time. The film is prone to pitting corrosion,
which affects the subsequent performance, if the etching time is
increased. No obvious change is detected in XRD patterns
between the porous ITO/CuZnMo structured film and the
multilayer Cu/ITO/CuZnMo structured film, since only Cu metal
was added. For the multilayer Cu,S/ITO/CuZnMo functional-
ized film obtained after in situ sulfidation, a clear diffraction
peak is observed at 2§ = 46.83°, which corresponds to the
bottom monoclinic phase Cu;,sS (JCPDS file no. 23-0958;
crystal plane of (086)). There are no other obvious diffraction
peaks present since the peak of the metal substrate is too strong
to allow other diffraction peaks to be shown. It should be noted
that the copper-sulfur chemical composition is complex, as
several stable and metastable phases of varying stoichiometries
exist between the ideal compositions of Cu,S and CuS. To
simplify the description, the abbreviation Cu,S is used in the
following work.

The large specific surface area in the multilayer CEs is
designed to arise from the porous structures of the etched alloy
layer. The evolution of the morphology and thickness of the
films at different stages, magnetron sputtering, etching, and in
situ sulfidation, was investigated and is shown in Fig. 3. The
CuZnMo alloy layer and the Mo-based film have uniform
thickness and a smooth interface, and the upper and lower
layers have good adhesion (Fig. 3a and f), which is favourable
for maintaining the overall composition and morphologies in
the subsequent etching process. After the CuZnMo film was
etched with hydrochloric acid, a flat porous CuZnMo conductive
film was obtained with a large pore size and an average thick-
ness of about 1.2 pm (Fig. 3b and g). Benefitting from the high
electrical conductivity and corrosion resistance of the sputtered
ITO layer, ITO/CuZnMo structured film could be used as
a protective film (Fig. 3c and h). ITO grows along the direction of
the hole and acts as a protective layer in three-dimensional
directions. After 20 min of magnetron sputtering deposition,

porous CuZaMe
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a Cu film composed of Cu nanoparticles was formed on the ITO/
CuzZnMo film. The Cu nanoparticles were not only distributed
uniformly, but were also attached closely to the ITO/CuZnMo
film, forming a Cu/ITO/CuZnMo multilayer film (Fig. 3d and
i). The subsequent polysulfide treatment resulted in the trans-
formation of compact Cu film into a porous Cu,S film with
a thickness of 480 nm, and produced a Cu,S/ITO/CuZnMo
multilayer film, as shown in Fig. 3e and j. Transformed Cu,S
displayed a uniformly distributed porous nanosheet shape,
providing a larger specific surface area for the electrolyte and
providing high catalytic activity to the CE.* It is worth noting
that the adhesion between Cu,S and the substrate is affected by
the flatness of the ITO/CuZnMo substrate. The rougher the
substrate is, the greater the adhesion will be. There are several
reports about Cu,S-based CEs that were prepared by using FTO/
ITO glass as the substrate.’****>#5° The utilization of FTO/ITO
glass as substrates for CE in QDSCs facilitates the whole
process and reduces the cost for commercial accessibility.
However, adhesion forces between Cu,S and the FTO/ITO glass
substrate were simultaneously lowered to some extent because
of their flatness. In the present work, a porous ITO/CuZnMo
film substrate is designed to promote the adhesion of the
following Cu,S film and the resistance of the CE to electrolyte
corrosion.

The roles of conduction and resistance of CEs to electrolyte
corrosion can be enhanced, depending on the sputtered ITO
layer in multilayer CEs. To improve the corrosion resistance of
the final multilayer Cu,S/ITO/CuZnMo functionalized film CEs
to polysulfide electrode solution, heat treatment to sputtered
ITO/glass films was performed prior to Cu deposition by
magnetron sputtering. The average thickness of the film is
approximately 200 nm when the ITO deposition time is 30 min,
as shown in Fig. S1.1 It is found that the ITO film has good
adhesion to glass, and large particles are distributed upon the
ITO film, which grows mainly in columns and has small bulges
at the top. Fig. S21 shows the XRD patterns of the obtained ITO/
glass films after annealing at different temperatures under an
atmosphere of pure nitrogen. The diffraction peaks of the ITO/

CuSTTOCuZnMo

ITO/CuZaMo Iy

glass glass

2 pm

S 3pm

Fig. 3 SEM micrographs of surface and cross-section of (a and f) CuZnMo conductive film, (b and g) porous CuZnMo conductive film, (c and h)
porous ITO/CuZnMo film, (d and i) Cu/ITO/CuZnMo film, (e and j) Cu,S/ITO/CuzZnMo film.
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glass film prepared at room temperature are weak. By compar-
ison, sharper diffraction peaks of (211), (222), (400), (440), and
(622) planes are present for the annealed ITO/glass films, con-
firming a cubic phase after annealing at a temperature higher
than 300 °C. When magnetron sputtering on a glass substrate is
performed at room temperature, the lower mobility of the
deposited atoms causes the deposited particles to grow mainly
as island shapes, and the probability of formation of an impu-
rity phase increases, resulting in structural defects and non-
stoichiometric ingredients of ITO/glass films. The high-
temperature annealing process facilitates the rearrangement
of oxide atoms of nonstoichiometric components, such as
In,0O;_, and SnO,_,. An obvious increase in the intensities of
the diffraction peaks can be observed with higher annealing
temperatures, implying the ITO films are formed with higher
crystallinity.

In order to further investigate the effect of annealing
temperature on ITO/glass films, the surface morphology of the
film was characterized by AFM. AFM 3D diagrams of the ITO/
glass films annealed under nitrogen atmosphere are shown in
Fig. 4. As annealing temperature increases, the surface of ITO/
glass films becomes more compact with less roughness and
the size of grains is increased, indicating that heat treatment
under a higher temperature is beneficial to the regrowth of the
grains and improves the compactness of the films. In order to
demonstrate that the high-temperature annealed ITO/glass film
has better electrical properties, resistance analysis of the ITO/
glass films annealed at different temperatures was carried out
using a four-probe method. The experimental results are shown
in Fig. S3.1 It is found that the annealing temperature has an
obvious influence on the resistance of ITO/glass films. Origi-
nally, oxygen vacancies exist in ITO films due to the different
deposition rates between cation and anion during the process
of ITO sputtering. Simultaneously, some absorbed oxygen
atoms escape from the surface of the ITO film, when the oxygen

ITO/glass-300 °C

ITO/glass-400 °C ITO/glass-500 °C

Fig. 4 AFM 3D images of ITO/glass films annealed under a pure
nitrogen atmosphere at different temperatures.
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is insulated during the annealing process at high temperature.
The original and escaped oxygen vacancies can serve as two
weakly bound electrons for the donor by itself, making the
defect semiconducting and increasing carrier concentrations.
Finally, the atoms are rearranged to form polycrystalline films
and lowering the resistivity of the ITO films. The sheet resis-
tance of the deposited ITO/glass films falls from about 700 to 10
Q sq~ ', when the annealing temperature increases from room
temperature to 500 °C under a nitrogen atmosphere. Accord-
ingly, the resistivities of the films fall from 1.06 x 10~> Q cm to
2.28 x 10~* Q cm. We also conducted the annealing of ITO/
glass film at as high a temperature as 600 °C, and found that
the final sheet resistance value is about 40 Q sq~*. However, the
higher temperature caused the cracking of CuZnMo films.

To demonstrate the electrocatalytic activity and corrosion
resistance of the multilayer Cu,S/ITO(T)/CuZnMo functional-
ized film CEs, the photovoltaic performance of CulnS, QDSCs
based on the CEs was investigated. The /-V curves of the CulnS,
QDSCs under the illumination of an AM 1.5G solar simulator
with an intensity of 100 mW e¢m™> (1 full sun) are shown in
Fig. 5a, and the extracted photovoltaic parameters are
summarized in Table 1. It should be noted that the photovoltaic
performance measurements were conducted on at least five
cells. Swapping of a brass-based CE for the multilayer Cu,S/ITO/
CuZnMo CE reduces the PCE of the QDSCs, if the corresponding
ITO protective layers are annealed below 300 °C. When the
annealing temperature of the ITO protective layers increases to
400/500 °C, the QDSCs based on the multilayer Cu,S/ITO/
CuzZnMo film CEs exhibit a better photovoltaic performance
with a higher Ji., Vo, FF and PCE than those of QDSCs based on
brass-based CEs, partially because of their improved electrical
properties and conductivities of the CEs. A PCE of 4.40% with J.
of 16.81 & 0.04 mA cm ™2, V. of 535.4 + 0.9 mV and FF of 48.84
+ 0.04% is achieved for QDSCs based on a multilayer Cu,S/
ITO(500 °C)/CuZnMo film CE. The PCE of the QDSCs
increases by 13.6% compared with that of a multilayer Cu,S/
ITO(200 °C)/CuzZnMo film CE. As the annealing temperature
of the ITO protective layer increases, the CE films exhibit a more
crystalline structure. Both the resistivity of the ITO films and the
sheet resistance of the CEs decrease, resulting in enhanced
conductivity of the CEs. This probably leads to a better FF and
PCE of the corresponding QDSCs. When the annealing
temperature of the ITO protective layer is higher than 500 °C,
the ITO films begin to crack; hence the sheet resistivity of the
CEs increases, which is consistent with a previous report.*

The IPCE represents the number of photo-generated charge
carriers that contribute to the current of each incident photon.
The IPCE curves of the QDSCs fabricated with different CEs
shown in Fig. 5b are basically similar. QDSCs based on multi-
layer Cu,S/ITO(300 °C)/CuZnMo functionalized film CE show
the maximum IPCE of about 60% in the range from 460 nm to
650 nm, which is higher than the value for the QDSCs based on
a brass-based CE. The difference between current densities
measured from the J-V curves tested under AM 1.5G illumina-
tion and calculated by integrating IPCE spectra is thought to be
caused by the low efficiencies of charge separation and

This journal is © The Royal Society of Chemistry 2020
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Fig. 5
(c) PCE stability of QDSCs assembled with different CEs.

collection under limited light intensity from the mono-
chromator in the IPCE.

To characterize the stability of the assembled QDSCs using
the multilayer Cu,S/ITO(T)/CuZnMo functionalized film CEs,
QDSCs were sealed and tested under successive irradiation via
an AM 1.5G solar simulator with an intensity of 100 mW cm 2 at
room temperature. As shown in Fig. 5c, the annealing temper-
ature of the ITO protective film is positively related to the
stability of the corresponding QDSCs. And the high annealing
temperature is beneficial for improving the stability of the
QDSCs. The PCE of QDSCs assembled with a multilayer Cu,S/
ITO(500 °C)/CuZnMo functionalized film CE degrades from an
initial 4.21% to a final 4.00% with a negligible drop of 5% after
500 h of irradiation. In comparison, the PCE of QDSCs assem-
bled with a brass-based CE had dropped 40% after only 17 h,
and the QDSCs basically failed after 24 h. In fact, the QDSCs
assembled with brass-based CEs are hard to seal because of the
porous surface of Cu,S CEs after sulfidation from etched brass.
It is clear that the multilayer Cu,S/ITO(400/500 °C)/CuZnMo
functionalized film CEs demonstrate improved stability
compared to brass-based CEs, indicating that the multilayer
Cu,S/ITO(500 °C)/CuZnMo functionalized film CE has
enhanced resistance to electrolyte corrosion and good stability.
The improved stability of the corresponding QDSCs was firstly
attributed to the flatter surface of CEs than brass-based CEs,
and also derived from enhanced adhesion strength between
400/500 °C annealed ITO film and porous alloy structures after
HCI etching.

(a) J-V curves and (b) IPCE spectra of QDSCs using different multilayer Cu,S/ITO(T)/CuZnMo functional films and brass-based CEs, and

The catalytic activity derived from Cu,S is enabled by Cu
sputtering and following sulfidation. In this work, the influ-
ence of Cu,S film thickness after in situ sulfidation was further
investigated. Surface and cross-section micrographs of Cu,S(¢)
film on the porous ITO/CuZnMo structured films were char-
acterized and are shown in Fig. 6. The Cu film is sulfated along
the pores to obtain following Cu,S nanosheets. With the
increase in Cu sputtering time, the stacking of Cu,S nano-
sheets greatly improves the thickness of the films. When the
sputtering time is less than 20 min, there are only the spher-
ical nanosheets after sulfidation, due to the sputtering time of
Cu film being too short to maintain the porous structure. The
thickness of the obtained Cu,S layer is about 480 nm at
a deposition time of 20 min. The thickness of the Cu,S layer
increases from about 746 nm to 1.95 um, with the time of Cu
deposition increasing from 30 to 60 min. When the sputtering
time is 40 min, as shown in Fig. 6d and i, Cu,S nanosheet
layers with thickness of about 1.2 pm are obtained after sul-
fidation, which still have good adhesion with the porous ITO/
CuZnMo structured film. The adhesion of catalytic materials
with the resulting conductive substrate determines the
performance of QDSCs.** The catalytic materials in the CE
might fall from the substrate without enough adhesion, which
will thereby weaken the long-term photovoltaic performance
of the QDSCs. In addition, the thickness of the catalytic
materials also determines the catalytic activity of the elec-
trode. A thin Cu,S layer cannot provide sufficient active sites
for the redox couple of the polysulfide electrolyte, while too

Table 1 Photovoltaic parameters of QDSCs based on CulnS, QDs with different multilayer Cu,S/ITO(T)/CuZnMo functionalized film CEs and

brass-based CEs

“CEs Jse (MA cm™?) Voe (V) FF (%) PCE (%)

Brass-based 17.89 + 0.22 534.9 + 4.1 43.62 £ 0.8 4.17 + 0.01
Cu,S/ITO(200 °C)/CuZnMo 17.91 + 0.45 486.1 + 2.3 44.59 +1.75 3.87 + 0.22
Cu,S/ITO(300 °C)/CuZnMo 17.44 + 0.98 486.9 + 2.9 44.45 £ 0.11 3.86 + 0.23
Cu,S/ITO(400 °C)/CuZnMo 17.26 + 0.10 515.3 + 3.5 47.85 + 0.46 4.24 + 0.03
Cu,S/ITO(500 °C)/CuZnMo 16.81 £ 0.04 535.4 £ 0.9 48.84 £ 0.04 4.40 + 0.01

¢ Average values of at least five different cells.
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Fig. 6 SEM micrographs of surface and cross-section of multilayer Cu,S(t)/ITO/CuZnMo functional film prepared at different Cu sputtering
times: (a and f) 10 min, (b and g) 20 min, (c and h) 30 min, (d and i) 40 min, (e and j) 60 min.

thick a Cu,S layer can reduce the adhesion strength that may
cause small amounts of Cu,S nanosheets to fall from the
porous ITO/CuZnMo structured films.

To demonstrate the electrocatalytic activity of the multi-
layer Cu,S(¢)/ITO/CuZnMo functionalized film CEs for the
polysulfide electrolyte, the photovoltaic performance of the
QDSCs fabricated with the multilayer Cu,S(¢)/ITO/CuZnMo
functionalized film CEs at different deposition times were
investigated. The J-V curves of the solar cells under the illu-
mination of an AM 1.5G solar simulator with an intensity of
100 mW cm 2 (1 full sun) are shown in Fig. 7a, and the
extracted photovoltaic parameters are summarized in Table 2.
The QDSCs based on multilayer Cu,S(¢)/ITO/CuZnMo func-
tionalized film CEs exhibit better photovoltaic performance
than those based on brass-based CEs, which suffer from
continuous corrosion of the brass alloy by the electrolyte. A
PCE of 5.21%, with J,. of 18.50 mA cm ™2, V,. of 533.1 mV and
FF of 52.84% is achieved for QDSCs based on the multilayer
Cu,S(40 min)/ITO/CuZnMo functionalized film CE. As the
Cu,S film in the CE becomes thicker, the total amount of the
Cu,S nanosheets increases and the electrode presents more

catalytic sites, probably providing more active sites for poly-
sulfide electrolytes and thus enhancing the performance of the
QDSCs. In contrast, a thinner Cu,S film in a CE cannot provide
sufficient active sites for the redox couple of the polysulfide
electrolyte, resulting in a PCE of 4.17% for QDSCs based on the
multilayer Cu,S(10 min)/ITO/CuZnMo functionalized film CE.
It is also found that too thick a Cu,S layer has worse adhesion
with the porous ITO/CuZnMo structured film and can easily
fall off, which may result in a deterioration of the photovoltaic
performance of the QDSCs.

Fig. 7b shows the IPCE spectra of QDSCs based on different
CEs. The QDSCs based on the nanosheet Cu,S layer display
almost the same spectral response ranges from 400 nm to
1000 nm and close IPCE values, since they have the same
photoanode and electrolyte. The IPCE curve of QDSCs based on
a multilayer Cu,S(40 min)/ITO/CuZnMo functionalized film CE
exhibits a strong photoresponse (maximum 72%) over the
window below 600 nm, higher than those of the other QDSCs
based on Cu,S/ITO/CuZnMo functionalized CEs or brass-based
CE (58%), indicating the better electrocatalytic activity of the
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(a) J-V curves and (b) IPCE spectra of QDSCs using different multilayer Cu,S(t)/ITO/ZnMo functional films and brass-based CEs.
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Table 2 Photovoltaic parameters of QDSCs based on multilayer Cu,S(t)/ITO/CuZnMo functionalized film CEs and brass-based CEs

CEs Jse (MA cm™?) Voe (mV) FF (%) PCE (%)
Brass-based 18.78 + 0.47 494.8 + 3.1 45.92 + 0.26 4.22 4+ 0.01
“Cu,S(10 min)/ITO/CuZnMo 17.88 + 0.05 508.8 £+ 4.7 45.92 £+ 0.16 4.17 + 0.02
“Cu,S(20 min)/ITO/CuZnMo 17.07 + 0.22 535.8 + 3.0 48.26 + 1.67 4.41+0.14
“Cu,S(30 min)/ITO/CuZnMo 18.72 + 0.12 526.6 + 6.8 47.50 £ 0.56 4.64 £ 0.06
“Cu,S(40 min)/ITO/CuZnMo 18.63 + 0.09 532.6 £+ 0.2 52.16 + 0.42 5.18 £ 0.02
“Cu,S(60 min)/ITO/CuZnMo 19.68 + 0.04 532.8 & 4.5 47.69 £ 0.33 5.00 £ 0.09
?Cu,S(40 min)/ITO/CuZnMo 18.50 533.1 52.84 5.21

“ Average values of at least five different cells. © Best performance of QDSCs based on Cu,S(40 min)/ITO/CuZnMo CE.

multilayer Cu,S(40 min)/ITO/CuZnMo functionalized film CE,
which is consistent with the J-V curves.

In order to reveal the nature of the better electrochemical
characteristics of the multilayer Cu,S(¢)/ITO/CuZnMo func-
tionalized film CEs compared to brass-based CEs, EIS was per-
formed to analyse charge transfer resistance (R.) in the
interface of the CEs and the electrolyte.”*>* Fig. 8a shows the
Nyquist plots of symmetrical thin-layer cells based on different
CEs measured at zero bias potential over the frequency range of
0.1 Hz to 100 kHz under dark conditions. The illustration shows
the EIS Nyquist enlarged view and equivalent circuit diagram,
and the fitting results are listed in Table 3. R is the series
resistance of symmetrical thin-layer cells, and R, is the charge
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Fig. 8 (a) EIS Nyquist diagram; (b) Tafel polarization curves of
symmetric cells based on multilayer Cu,S(t)/ITO/CuZnMo functional
films and brass-based CEs.
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transfer resistance and CPE in the equivalent circuit represents
the corresponding constant phase angle at the CE/electrolyte
interface and the photoanode/electrolyte interface. It is found
that the multilayer Cu,S(¢)/ITO/CuZnMo functionalized film
CEs have small R values (less than 4 Q) comparable with brass-
based CEs, suggesting good conductivity and close contact
between Cu,S and the porous ITO/CuZnMo structured film. The
R values of all the multilayer Cu,S(¢)/ITO/CuZnMo function-
alized film CEs are far lower than those of brass-based CEs. In
particular, the multilayer Cu,S(40 min)/ITO/CuZnMo function-
alized film CE has an R as low as 0.57 Q. A reduced R.. would
lead to a higher FF, and thereby an enhanced PCE, which are
consistent with the difference in the photovoltaic performance
of QDSCs.

To further verify the electrochemical performance of the
multilayer Cu,S(¢)/ITO/CuZnMo functionalized film CEs,
Tafel polarization curves were also measured and are shown
in Fig. 8b. Here Cu,S(¢)/ITO/CuZnMo in the figure is replaced
by the abbreviation Cu,S(¢)-CE for the convenience of
drawing. The catalytic activity of the CE can be seen from the
current density at equilibrium J,. It is inversely proportional

RT
nFRct)
(where n represents the number of electrons involved in the
polysulfide reduction, F is the Faraday constant, and R is the
gas constant, and J, is related to the steep gradient of the
cathode and anode branches). The steep slope indicates that
the J, value is large, and the electrode has a better catalytic
performance. The multilayer Cu,S(40 min)/ITO/CuZnMo
functionalized film has the largest J, value, implying the
best catalytic activity, which is consistent with the j-V
measurements above, and the regularity is consistent with the
EIS test results.

to R.. in EIS and is calculated from equation (]0 =

Table 3 Fitted impedance values of different electrodes

CEs R (Q) R (Q) CPE

Brass-based 7.36 58.5 3.7 x107°
Cu,S(10 min)/ITO/CuZnMo 16.1 17.3 8.6 x 107>
Cu,S(20 min)/ITO/CuZnMo 1.03 15.1 1.1 x 107°
Cu,5(30 min)/ITO/CuZnMo 0.79 5.81 1.6 x 102
Cu,S(40 min)/ITO/CuZnMo 3.36 0.57 5.9 x 107°
Cu,S(60 min)/ITO/CuZnMo 1.53 5.95 1.8 x 1072
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4 Conclusions

Multilayer Cu,S/ITO/CuZnMo functional film CEs were
prepared by magnetron sputtering, etching, and in situ sulfi-
dation. These CEs achieved a large specific surface area arising
from the porous structures of the etched alloy layer, good
conductivity and resistance to electrolyte corrosion originating
from the annealed ITO layer, and high catalytic activity provided
by the Cu,S layer. The annealing of the ITO/glass film at 500 °C
reduced the electrical resistivity from 1.06 x 107> Q cm to 2.28
x 10~* Q cm. The QDSCs based on multilayer Cu,S/ITO(500 °C)/
CuZnMo functionalized films exhibit enhanced resistance to
electrolyte corrosion, high catalytic activity and good stability
with the PCE maintained at 4.00% after 500 h of irradiation. The
multilayer Cu,S(40 min)/ITO/CuZnMo functionalized films
possess the best performance of Cu,S with a thickness of 1.2 pm
and an R, of 0.57 Q. The best photovoltaic performance of
QDSCs based on multilayer Cu,S/ITO/CuZnMo functionalized
films is achieved with a PCE of 5.21% (V,. = 533.1 mV, J. =
18.80 mA cm™ >, FF = 52.84%) under AM 1.5 radiation (1 full
sun) illumination with an incident power of 100 mW cm™>. The
design strategy on multilayer films could be adapted to other
efficient CEs beyond QDSCs.
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