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43 Abstract

47 Quantum dot sensitized solar cells (QDSSCs) are a promising photovoltaic technology due to
49 their low cost and simplicity of fabrication. Most QDSSCs have an n-type configuration with
electron injection from QDs into TiO,, which generally leads to unbalanced charge transport
54 (slower hole transfer rate) limiting their efficiency and stability. We have previously

56 demonstrated that p-type (inverted) QD sensitized cells have the potential to solve this problem.
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Here we show for the first time that electrodeposited CuSCN nanowires can be used as a p-type
nanostructured electrode for p-QDSSCs. We demonstrate their efficient sensitization by heavy
metal free CulnS,Se,  quantum dots. Photophysical studies show efficient and fast hole injection
from the excited QDs into the CuSCN nanowires. The transfer rate is strongly time dependent
but the average rate of 2.5 x 10° s is much faster than in previously studied sensitized systems
based on NiO. Moreover, we have developed an original experiment allowing us to calculate
independently the rates of charge injection and QD regeneration by the electrolyte and thus to
determine which of these processes occurs first. The average QD regeneration rate (1.33 x 10° s~
'Y is in the same range as the hole injection rate, resulting in an overall balanced charge
separation process. To reduce recombination in the sensitized systems and improve their
stability, the CuSCN nanowires were coated with thin conformal layers of Al,O3 using atomic
layer deposition (ALD) and fully characterized by XPS and EDX. We demonstrate that the
alumina layer protects the surface of CuSCN nanowires, reduces charge recombination and
increases the overall charge transfer rate up to 1.5 times depending on the thickness of the

deposited Al,O; layer.

Introduction

An increasing number of energy-related applications rely on nanostructured wide band gap
semiconductors. Due to their optical transparency and capacity to transport charges they find use
in photovoltaics, photocatalysis, light-emitting devices, energy storage and other fields. The vast
majority of semiconductors used are of n-type, such as TiO, and ZnO, which are responsible for

the electron transport in various devices.'™ Transparent nanostructured p-type semiconductors
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are much less studied primarily because of the scarcity of inorganic materials suitable for
electronic applications compared to the n-type materials.* The main problems of p-type materials
for sensitized photoelectrochemical devices are related to their low transparency and/or low
conductivity.” A classic example is widely used nickel oxide, which can be made transparent, but
with low conductivity. Its conductivity can be improved by doping by increasing the
concentration of Ni(Ill) species, which in turn leads to the loss of transparency. In addition,
many preparation methods suffer from a lack of control over the NiO stoichiometry, affecting the
reproducibility. All factors together critically limit to date the performance of this material in
optoelectronic devices.

Copper (I) thiocyanate, CuSCN, represents a promising alternative to NiO as an inorganic p-
type material.® This molecular inorganic semiconductor has high transparency combined with
decent hole-transporting properties: the hole mobility and the conductivity of the bulk material
are 0.01-0.1 cm” V"' s™ and 0.1-1 S/cm, respectively. Additionally, the stoichiometry of CuSCN
can be better controlled than for many types of oxides, it can be relatively simply chemically

modified”® and its thermal stability is excellent.”'

Finally, CuSCN is inexpensive and easily
adaptable for large area applications. Recently, thin films of CuSCN have been successfully used
as hole-transporting layers in organic solar cells to replace traditionally used PEDOT:PSS
material leading to improved performance in terms of power conversion efficiency and

11-14

stability. With the recent boom of hybrid perovskite photovoltaics, solution-deposited

CuSCN has found several applications as hole-transporting and/or electron blocking layer. In
these perovskite cells CuSCN replaced either spiro-OMeTAD in the case of n-i-p cells”">? or

PEDOT:PSS in p-i-n ones,”® outperforming the organic films even though some concerns about

the stability of the cells at the interface level have been raised.'® CuSCN was earlier used in dye-
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sensitized solar cells (DSSCs) as a hole-transporting material in solid state cells in combination

. .o . 21-23
with sensitized TiO, or ZnO mesoporous electrodes,”

and lately in nanostructured form as a
p-type semiconductor scaffold in traditional liquid-junction cells.***> While considerable
progress has been achieved using CuSCN deposited on top of n-type semiconductors, its
application as a hole acceptor from the adsorbed dye has met only limited success for several
reasons: (i) the absence of an appropriate electrolyte system, as the iodide/triiodide redox couple
is known to dissolve thiocyanates, while cobalt based electrolytes are less suitable because of
faster recombination processes; (ii) the absence of appropriate dyes having suitable energy levels
and capable of efficient and fast hole injection into CuSCN.*> Another concern is the dye
chemisorption: because of the soft Lewis acid character of the copper thiocyanate surface,
traditional anchors, such as carboxylic and phosphonic acids developed for hard Lewis acidic
TiO, electrodes, are not efficient. Therefore, alternative anchors for the dyes need to be
developed for CuSCN.** Recently, using first-principles DFT and molecular dynamics
calculations, a series of molecular anchors have been tested for the adsorption on CuSCN
showing that most of the molecules have only moderate binding strength.

Quantum dot sensitized solar cells (QDSSCs) appear as a promising photovoltaic technology
because of the low production cost of quantum dots, their high absorption coefficients, and easily
adjustable energy levels.”” Moreover, the progress in the performance of QDSSCs is very fast
with a current record power conversion efficiency of 12%, which is almost on par with their
conventional dye-sensitized counterparts having a much longer history.”® One of the factors still
blocking further progress in this field is unbalanced charge transfer because of the slower hole
regeneration compared to the fast electron injection into TiO, or similar materials.”>° With the

goal of balancing both charge transfer processes and inspired by well-studied p-type DSSCs,*'
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inverted (or p-type) QDSSCs have been developed. They are based on the principle that faster
hole injection into a p-type material combined with slower electron regeneration by the redox
electrolyte can lead to similar transfer rates for both types of carriers. An additional advantage

3233 comes from their

over organic dyes, especially when using ternary chalcopyrite nanocrystals,
naturally long-lived excited states allowing for more efficient charge injection and smaller
recombination rates. Typically, NiO nanoparticles are used as mesoporous scaffold for the
deposition of PbS, CdSe or chalcopyrite-type QDs.>*’ The best cells, reaching 1.5% efficiency
and reported by our group,®® are based on eco-friendly CulnS,Se,., QDs. In this previous work
we showed that the hole injection from QDs into NiO occurs on a similar timescale as electron
injection into TiO; in n-type systems, confirming the general feasibility of sensitization of p-type
materials by QDs. At the same time, because of the above-mentioned limitations of NiO, it is
important to develop alternative nanostructured materials for p-QDSSCs. To date only a handful

of working systems of this kind exists.**’

To the best of our knowledge, copper thiocyanate has
never been used in QDSSCs, although a recent article demonstrated an efficient hole transfer
from a thin layer of electrodeposited PbS to nanostructured CuSCN.*!

In this work, we investigate electrodeposited CuSCN nanowires (NWs) as p-type
semiconductors for sensitization with heavy metal-free CulnSsSe,.x QDs for applications in p-
QDSSCs. One important advantage of CuSCN NWs over thin films is their much higher hole
concentration; an increase by a factor of 8 has been reported.* Previously, we have optimized
the deposition of CuSCN NWs on various substrates,”*** investigated their structural properties*
and successfully integrated them into organic photovoltaic devices.!' Here, we present strategies

for the efficient assembly of QDs on the surface of NWs and study the light harvesting properties

of the sensitized electrodes. Time-resolved photoluminescence studies are used to estimate the
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hole transfer rate between photoexcited CulnSiSe,.x QDs and CuSCN NWs. In addition, for the
first time the electron regeneration rate of the reduced QDs in the presence of a redox electrolyte
has been calculated and the photophysical description of the complete system has been achieved.
CuSCN NWs are sensitive to the pH of the medium and turned out to be incompatible with the
polysulfide electrolyte commonly used in QDSSCs. An alternative electrolyte is proposed as
well as a passivation strategy aiming at both NW protection against degradation and the
suppression of charge recombination processes at the interface with the electrolyte. In the case of
standard QDSSCs, passivation is typically achieved by coating thin layers of wide band gap ZnS
or CdS onto the sensitized electrodes using successive ionic layer adsorption and reaction
(SILAR). However, this method is not compatible with some materials.***® Alternatively,
atomic layer deposition (ALD) can be used to deposit highly conformal layers of metal oxides
(e.g. Al,O3, HfO, TiO,, ZnO) with tightly controllable thickness and composition.*’ This method
has been previously used to coat TiO, and ZnO electrodes and indeed resulted in reduced

recombination losses and improved QDSSC performance.’® >

Here we present the deposition
and X-ray photoelectron spectroscopy (XPS) analyses of thin Al,O3 layers on CuSCN NWs and

study the influence of this passivation layer on the efficiency of the hole transfer.

Experimental section

Materials fabrication. CuSCN nanowires were fabricated on glass/ITO substrates by
electrodeposition from aqueous solutions according to our previously published procedures.'"*
Colloidal CuInS,Se;..:Zn*" QDs with 1-dodecanethiol/trioctylphosphine/ oleylamine ligands
were synthesized similarly to previous works and used after the purification without the ligand

exchange.**
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Atomic layer deposition. ALD of Al,O; thin films were carried out using trimethylaluminum
(TMA) and H,O as precursors in a Fiji200 reactor (Cambridge Nanotech). The deoxidized
samples were placed in the deposition chamber under 100 °C, 10 Torr, argon purge gas and an
automated recipe alternating 4 steps (0.06 s TMA, 30 s purge, 0.06 s H,O and 30 s purge) was
performed until the desired amount of cycles was attained. The deposition rate was estimated to
be roughly around 0.9 A/cycle, thus 1 and 3 nm thick layers were obtained using respectively 11
and 33 ALD cycles.

Characterisation. Air Photoemission Spectroscopy (APS) measurements were performed
using a KP Technology APS03 Kelvin Probe setup. The sample was grounded and a gold tip was
held ~100 microns above the sample. The sample was illuminated with monochromatic UV light
in the energy range 4 — 6.5 eV and the resultant photoelectrons were collected by the tip, which
was held at a constant +10V potential. The cube root of the number of photoelctrons was plotted
against the energy of the incident photons, and the HOMO energy was calculated by
extrapolating the straight line part of the graph to zero. The work function of the sample was
measured before and after the APS measurement, using the APS03 setup in Kelvin Probe
configuration, in order to ensure that the sample was not degraded by the high energy UV light.
X-ray Photoelectron Spectroscopy (XPS) analyses were carried out with a Versa Probe II
spectrometer (ULVAC-PHI) equipped with a monochromated Al Ka source (hv = 1486.6 eV).
The core level peaks were recorded with constant pass energy of 23.3 eV. The XPS spectra were
fitted with CasaXPS 2.3 software using Shirley background and a combination of Gaussian
(70%) and Lorentzian (30%) distributions. Binding energies are referenced with respect to the
adventitious carbon (C 1s BE = 284.6 eV). Scanning electron microscopy (SEM) images were

acquired with a ZEISS Ultra 55+ Electron Microscope equipped with EDX detector.
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Solar cells fabrication. QD sensitized solar cells were prepared using various electrolytes:
polysulfide (1.0 M Na,S, 1.0 M S, 0.1 M NaOH in water), cobalt (0.1 M [C02+(dtb-bpy)3](PF6)2,
0.1 M [Co®"(dtb-bpy)s](PFs); where dtb-bpy is 4,4' -diterbutyl-2,2"-bipyridine, and 0.1 M LiClO,4
in propylene carbonate)35, ferrocyanide/ferricyanide (0.01 Ks;Fe(CN)s, 0.2 M K4Fe(CN)g in
water).”* As a counter electrode for polysulfide electrolytes, brass plates was activated in 1.0 M
HCI solution at 85°C for 30 min followed by rinsing with water. For cobalt and ferrocyanide
electrolytes, platinum counter-electrodes (Solaronix SA, Switzerland) were used. Sensitized
CuSCN NWs grown on glass/ITO substrates were assembled with counter-electrodes using
parafilm spacers and the electrolyte was injected in the cavity. The device active area was 0.6 x
0.6 cm (that is 0.36 cm?). The solar cells were measured using a Keithley 2400 unit and 1000
Wm™ air-mass 1.5G simulated solar light generated by a Newport class AAA solar simulator. A
calibrated monocrystalline silicon solar cell (P/N 91150V from Oriel) was used as a reference.

Photophysical studies. Varian Cary 300 UV-Vis spectrophotometer was used to measure the
absorption spectra of samples and Edinburgh Photonics Instrument FLS980 was used to measure
the photoluminescence decays. For lifetime measurements, the samples were excited with a 470
nm PicoQuant picosecond pulsed laser and PL was measured at 770 nm using time correlated

single photon counting (TCSPC). The instrument has a time resolution of ~200 ps.

Results and Discussion
Deposition of QDs onto CuSCN nanowires. CuSCN NWs with 1 um length and 100 nm
diameter have been fabricated by electrodeposition from aqueous solutions to yield uniform

layers on ITO-coated glass substrates (Figure 1). It is worth noting that it is generally challenging
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to obtain an image of CuSCN nanowires by electron microscopy as the probing beam rapidly
modifies the morphology of the NW arrays rendering the aspect ratio of nanowires progressively
lower and ultimately resulting in tapered structures. Deposition of a thin layer of a conducting

material such as carbon or Pt is thus necessary to get high quality images.

CuSCN

Redox
QDs  electrolyte

Figure 1. Scanning electron microscope (SEM) image of CuSCN nanowires array coated with Pt

(left). Hypothetical energy level alignment (right).

While the electronic properties, such as energy level positions, charge mobility and
conductivity of spin- or dip-coated films of commercial CuSCN are relatively well studied,”
little is known about the nanowire form of this material having completely different crystallinity
and morphology. The band gap value of 3.6 eV, having an indirect contribution in the case of the
NWs, is close to that of bulk CuSCN.""* The absolute position of the valence band (VB) has
been determined by ambient pressure photoemission spectroscopy (APS), by investigating a plot
of cube root of the photoelectron yield as a function of photon energy for a CuSCN layer on ITO
electrodes. The intercept and fit of the curve allowed calculating the position of the VB at -5.16
+ 0.10 eV, while the work function (WF) is situated at roughly the same value: -5.17 £ 0.01 eV

(see Fig. S1). For comparison, the VB and the WF of flat electrodeposited CuSCN films were
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measured under the same conditions at -4.81 eV and -4.85 eV, respectively. In a recent work the
WF of spin-coated commercial CuSCN films was determined as -5.35 + 0.11 eV.”

Alloyed CulnSsSe; x QDs have been used as photosensitizers in this work. Taking into account
the levels of their VB and conduction bands recently determined by differential pulse
Vol‘[ammetry,38 one can establish the scheme of the energy level alignment of the
CuSCN/CulnS4Se,x QDs junction (Figure 1). The proposed alignment is beneficial for hole
injection from the VB of the excited QDs into the VB of CuSCN with an energy difference of
0.27 eV acting as an efficient driving force. Moreover, the deep-lying VB of the CuSCN NWs
gives the possibility of attaining high open-circuit voltages (Voc) in solar cells. In p-type
QDSSCs the Voc is defined by the difference of the VB of the p-type semiconductor and the
redox potential of the electrolyte. At the same time, the wide band gap of CuSCN is essential for
limiting its direct light absorption and avoiding QD quenching.

By using molecular linkers higher QD loading on the nanostructured electrodes can be
achieved because of the increased deposition density due to specific binding. One of the most
efficient linkers developed for TiO, sensitized by various QDs are mercaptocarboxylic acids,
such as 3-mercaptopropionic acid (MPA). According to the Pearson acid base concept, the
carboxylate group, having hard acid character, will preferably bind to Ti** sites, while the soft
thiol group will selectively bind to the soft base cations of the QDs. Although working well for
TiO,, this concept has previously proved incompatible with ZnO nanowires®’ and less efficient
for NiO.*® In the present case, the functionalization of CuSCN nanowires with MPA to improve
the QD loading turned out to be counterproductive because of the gradual dissolution of the NWs
in the acidic medium. Interestingly, the dissolution proceeds through flower-like structures of

high surface area and the diffraction peaks corresponding to vertically oriented CuSCN NWs
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(JCPDS 04-017-0744) are strongly diminished giving rise to others, probably related to the

copper sulfides, as observed by the XRD (Figure 2).

N
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2 ﬁwza‘tiﬁsﬁ;“% 2 20
Figure 2. SEM (left) and powder XRD diffractograms (right) showing the influence of 3-
mercaptopropionic acid (MPA) treatment (I M in water) on the morphology of CuSCN

nanowires. * - ITO substrate peaks.

As a consequence of the high sensitivity of CuSCN towards the tested bifunctional linkers, a
specific binding route to deposit QDs on the NWs has been abandoned in favor of direct
adsorption, which has been shown to be efficient in a range of systems.”®*”*® Figure 3 shows the
absorption spectra of the QD sensitized CuSCN NWs as a function of the deposition time.
Because of its wide band gap CuSCN is not expected to absorb light above 350 nm. Therefore
the absorption of the uncoated nanowires observed at larger wavelengths is explained by light
scattering due to the high diffusivity of the array. The absorption of the NWs in the visible range

greatly increases upon QD deposition. Assuming that the absorption values are proportional to
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the QD loading onto the nanowires, we can deduce that the loading gradually increases with

time.
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Figure 3. Absorption spectra of CuSCN NWs sensitized with CulnS,Se, x QDs at different

sensitization times.

Hole and electron transfer studies of the assemblies. In order to estimate the hole and
electron transfer efficiency, time-resolved photophysical studies have been carried out taking the
photoluminescence (PL) peak of QDs at around 770 nm as the indicator. First, the PL decay of a
thin film of QDs was measured in the absence of electron or hole accepting materials on a glass
substrate. Then, with the goal to determine the hole transfer rate, the same experiment was
repeated for QDs deposited on CuSCN NWs. However, to get a complete picture of the charge
separation in systems used for the photovoltaic conversion, also electron transfer studies have to
be conducted. It is of prime importance to understand which of both processes takes place first to

identify the rate-limiting one to be able to optimize the system. Their rates should be compared
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in conditions close to those occurring in real solar cells to be able to elucidate and optimize the
full mechanism of charge separation. Only a handful of studies have been focused so far on this

problem.?-%°

We have designed an experiment allowing the estimation of the electron
extraction in the absence of a hole quencher: a simple cell was constructed with a QD film on
glass in contact with a redox electrolyte, mimicking the configuration in a QDSSC. Upon photo-
excitation the charges are extracted by the electrolyte allowing the determination of the rate of
the other electrode half-reaction. Finally, the combined rate constant of hole and electron transfer
of the complete system was determined by QD lifetime measurements on sensitized CuSCN
electrodes in the presence of the electrolyte.

Inspired by the state of the art of QDSSCs we initially intended to use the widely applied
polysulfide electrolyte as a redox shuttle. However, it turned out that it was not compatible with
the CuSCN nanowires. The elevated basicity (pH=11-12) coupled with the presence of active S*
species in the polysulfide electrolyte led to the rapid corrosion of the nanowires (see Fig. S6)
rendering further studies impossible. Consequently, we have selected an alternative organic
electrolyte based on the Co"/Co™ redox couple ((tris(4,4’-ditert-butyl-2,2’-bipyridine)
cobalt(ITI/I1)).*>" This system is more inert and gives also the possibility to access higher Voc
values in solar cells compared to polysulfides.”” The use of cobalt electrolyte significantly
increased the stability of the nanowires.

The QD PL decays of the different systems are shown in Figure 4a. As expected, the QDs
decay is faster in the presence of a quencher (CuSCN, electrolyte or combination of both) than
on glass due to charge transfer processes competing with radiative recombination. The PL

quenching rate is determined by taking the natural logarithm of the ratio of the PL decay of the

QDs on CuSCN to their decay on glass (see Fig. S5 and Eq. 1). This method has proven to be
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well suited for emitters, which do not show monoexponential decay, which is the case for ternary

metal chalcogenide NCs.”” While this procedure would give a flat line in the absence of

quenching (no charge transfer) and a line of a constant slope in the case of constant transfer rate,

our curves show non-linear behavior. This suggests a strongly time-dependent charge transfer

similar to that observed for QDs on NiO, TiO, or ZnO.***” The time-dependent rate constants

were calculated through differentiation of the natural logarithm of the PL ratio using equation 1:

ker(t) = — FT:

d
. loge<

PL of QDs with quencher) 1
PL of QDs on glass M

QD + electrolyte
—— QD/CuSCN

QD/CuSCNH+ electrolyte ]|

(a) 14 T T T T N T 3 (b) 3.5 T
:] Qb 3.0
E) ] : 25
E cuscn, @ R _
F Ty 20+
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S 0.1+ Qo electrolytef ) 3 e
g Qb ] _"3 154
o \
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Figure 4: (a) PL decay profiles of CulnS,Se,x QDs in the absence and presence of electrolyte.

The black curve is the PL decay of QDs on glass, the blue curve is the decay of QDs deposited

on CuSCN, the green curve is the decay of QDs on glass in the presence of electrolyte and the

orange curve is the decay of QDs in the presence of electrolyte and CuSCN. Inset: Scheme of

deactivation pathways in various systems. (b) Rate constants of charge transfer determined

through differentiation of the natural logarithm of the PL decay ratios.
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The charge transfer rates (Figure 4b) were determined by fitting the natural logarithm of the
PL decay ratios with three exponentials before differentiation. The obtained curves clearly show
that the charge transfer rates are strongly time dependent. It can be seen from Figure 4b that in
the first nanosecond, the transfer from QDs deposited on CuSCN is faster than that from QDs on
glass in the presence of electrolyte, which is in turn faster than QDs the presence of electrolyte
and CuSCN. For comparison, we determine the average charge transfer rate by integrating the

rates over the times for the PL to fall to 1/e of its initial value using equation 2:

(kCT> =

[ Y ken () dt @)
0

1/e

The resulting values (Table 1) show that the hole transfer from QDs to CuSCN is almost twice
as fast as the charge extraction of the excited QDs by the redox electrolyte, occurring on a
timescale of 0.4 ns and 0.75 ns, respectively. We assume that the PL decay rate constant
corresponds to the hole transfer (kyr) in the case of the CuSCN/QD system and to the charge
extraction (kgt) in the case of QDs in the presence of the redox electrolyte. However, at this QD-
electrolyte interface we cannot fully exclude that quenching also occurs via hole extraction from
the reduced form of the redox mediator (cf. energy level alignment in Fig. 1). For the complete
systems with both electron and hole quenchers, the determined constant has arbitrary character
and reflects the averaged influence of both interfaces on the QD PL decay. Noteworthy, the
obtained average hole transfer rate value (2.5 x 10° s is almost 50 times higher than in
previously studied NiO based systems, confirming the benefits of using CuSCN nanowires as
hole acceptor.®® Furthermore, kgr is 10 times higher than the electron injection into n-type

materials in QD assemblies.
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Table 1. Charge transfer rate constants averaged over the first 1/e of the fluorescence decay in

the different systems studied

QD/CuSCN QD + electrolyte QD/CuSCN + electrolyte

ker (10° s 2.50 1.33 0.66

An important criterion for the efficient functioning of the sensitized solar cells is balanced
charge transfer. One of the reasons is that the QDs remain charged between the event of charge
(electron or hole) injection occurring first and the consequent opposite charge injection (or
regeneration) to regain neutrality. If the injection/regeneration rate of one type of charge carriers
is much faster than that of the opposite one, charges will accumulate in the QDs.*® This can lead
to increased recombination or to lower stability, as charged QDs are more reactive. In the case of
n-type QDSSCs hole regeneration can be 2-3 orders of magnitude slower than initial electron
injection, which may lead to undesired photocorrosion.”” In the studied CuSCN/QD/electrolyte
system the hole and electron extraction rates are comparable, resulting in balanced charge
transfer, which is beneficial for the overall performance and stability of the system. The lower
charge transfer rate in the complete systems with electrolyte compared to the QDs on nanowires
alone may indicate some modification of the CuSCN surface in the presence of the cobalt
electrolyte leading to a lower electronic coupling with the QDs.

To validate the approach of CuSCN sensitization by CulnS,Se,.x QDs we have constructed p-
QDSSCs using these systems. The cells using polysulfide electrolyte and vulcanized brass as
counter-electrode developed a Jsc of 0.59+0.08 mA/cm? with a modest open-circuit voltage Voc
of 5348 mV. For comparison, CulnS, QDs without Se additive resulted in a Voc of 159443 mV.

One of the possible reasons of the poor solar cell performance is the aforementioned low stability
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of the CuSCN NWs in alkaline solutions of polysulfide electrolyte. On the other hand, using the
cobalt-based electrolyte, which is expected to be less corrosive, similar performances were
obtained (Jsc: 0.54 mA/cm?, Voc: 40 mV). An important limiting factor here is the potential of
the redox couple in the Co"/Co™ electrolyte: the maximum Voc of p-QDSSCs is defined by the
difference between the electrolyte redox potential and the VB level of p-type semiconductor.
Because of losses due to the series resistance and recombination processes, even for the best
reported p-QDSSCs a voltage drop of about 50% (500 mV) has been reported.”® While with the
polysulfide electrolyte this potential difference reaches 1.06 eV (the VB of CuSCN NWs is at -
5.16 eV vs. vacuum and the redox potential of polysulfide is -4.10 eV), it is limited to 0.27 eV
for the organic cobalt electrolyte because of its lower lying redox potential (-4.89 eV) (Fig. 1),
which may critically limit the theoretically attainable Voc in such systems. These issues need to
be addressed in future work; despite these shortcomings, our results demonstrate the first
successful sensitization of CuSCN NWs by QDs.

AL O; coating of CuSCN nanowires. With the goal to protect the NWs against corrosion by
the electrolyte and to passivate their surface to reduce charge recombination, thin layers of Al,O3
of varying thickness were deposited by ALD on their surface. The ALD technique has the
advantage of depositing thin, very conformal coatings of precisely controlled thickness and
composition. As expected, the stability of the NWs in various electrolytes was improved after
such coating.

The elemental composition of the NWs coated by 1 nm of Al,O3; was studied by EDX (Table
2) revealing that the CuSCN material remains intact and close to the nominal stoichiometry with

a small contribution of aluminum in the overall composition.
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Table 2. Chemical composition of CuSCN nanowires coated by 1 nm of Al,O; determined by

EDX.

Cu S C N Al O

Composition, % [27.5+4.6  |19.842.0  28.2+2.0  |19.9+0.1 |0.7£0.2 3.3£0.5

The surface of the coated nanowires is the key interface for the electronic processes such as
charge transfer and recombination. One of the essential methods allowing to probe the surface
composition is X-ray photoelectron spectroscopy (XPS). In the survey spectrum of CuSCN /
Al O3 nanowires the peaks of all expected elements are observable (Figure 5). The aluminum 2p
peaks at 74.4 eV are clearly visible, while the Cu 2p, S 2p and N 1s signals are undoubtedly
attenuated upon deposition of Al,Os layers of increased thickness (see Fig. S3) because the
average probing depth of the surfaces of XPS beam is about 3 nm. This attenuation coupled with
a slight shift of the peaks position confirms the conformal deposition of Al,O; layer onto the
CuSCN nanowires (see also Fig. S7).° The chemical structure of the NWs after the coating
revealed by the XPS remains essentially intact with respect to the previously studied uncoated
nanowires.”> Elemental composition found by XPS is considerably different from that
determined by the EDX analysis: the ratio [Cu]:[Al] is 1:1.44 and 1:5.59 for 1 and 3 nm coating,
respectively, while the ratio measured by EDX is much lower, in the order of 1:0.03. This
difference is explained by the surface sensitivity of XPS technique, while the EDX probes the
full volume of the nanowires: a much higher contents of Al at the surface confirms that Al,O;
material is not incorporated into the CuSCN NWs during the deposition and occurs essentially as

a surface layer.
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Figure 5. XPS spectra of CuSCN NWs coated with Al,Os: survey spectra (left), Cu 2p high

24 resolution region (right).

27 The effect of the deposited Al,Os layer on the charge transfer processes was studied by time-
29 resolved PL spectroscopy. First, we investigated the PL decays of sensitized CuSCN films in the
presence of 1 or 3 nm Al,O; layers in air (Figure 6). For comparison, the PL decay in the
34 absence of the Al,O3 layer was also plotted (black line). The hole transfer rates were determined
36 using eqgs. 1 and 2 and the obtained average values are given in Table 3. Upon the deposition of
the passivation barrier the hole transfer becomes slower, dropping almost by a factor of 3 for an
41 alumina coating of 3 nm, which can be explained in terms of the potential barrier introduced by
43 this wide band gap material. Charge transfer from QDs to CuSCN through the Al,O; layer is not
favorable kinetically albeit remains possible via electron tunneling. With the increasing thickness

48 of the insulator the tunneling expectedly becomes less efficient.
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Figure 6. Photophysical studies of CuSCN/QD systems as a function of Al,O; thickness in air

(left panel) and in the presence of electrolyte (right panel).

By adding the redox electrolyte to the system the effect of the deposited Al,Os layer on the
overall charge transfer (in actual solar cell conditions) has also been investigated. The results are
shown in Figure 6 (right panel). The obtained average values of charge transfer (combination of
both electron and hole transfer) are given in Table 3 and follow the trend observed previously for
the uncoated nanowires: the charge transfer processes occur at similar rates on the CuSCN
quencher and in the presence of the electrolyte. Interestingly, in the presence of the electrolyte
the average charge transfer rates actually become faster with increasing Al,Os layer thickness.
This behavior confirms our interpretation of the lower transfer rate in the complete systems
CuSCN/QD/electrolyte (Table 1). We assume that the cobalt electrolyte slightly modifies

chemical and thus electronic properties of the CuSCN surface (e.g. by shifting its Fermi level)
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leading to a less efficient charge injection from the QDs into CuSCN. Similar behavior has been
previously observed in the case of NiO sensitized with organic dyes in the presence of iodide
electrolyte.* However, when the surface of the NWs is coated with the alumina layers of
increasing thicknesses, the mentioned effects of the electrolyte on the CuSCN NWs are
becoming weaker and consequently the charge transfer becomes faster. In other words, despite
the relative slowing of the charge injection from the QDs into CuSCN, in the complete systems
with the electrolyte Al,Os; plays the role of a protecting barrier leading to an overall
improvement of the charge transfer process.

Table 3. Charge transfer rates averaged over the first 1/e of the fluorescence decay in the

systems based on QDs on CuSCN and on CuSCN/AI,Os

ker (107 s™) No ALO; 1 nm ALO; 3 nm ALO;
[n air 2.50 1.43 0.83
In electrolyte 0.66 0.79 0.99

Solar cells using QD-sensitized nanowires with a 3 nm Al,O3 overlayer demonstrated modest
photovoltaic performance with a Voc of 3015 mV and a photocurrent density of 0.27+0.22
mA/cm?, probably limited again by electrolyte incompatibility issues. An alternative
ferri/ferrocyanide electrolyte® was also tested, however, its deep lying redox potential (-5.0 eV)
and corrosivity towards the NWs render it unsuitable for such type of solar cells. These results
show that the high potential of CuSCN NWs for use as photoelectrodes in QD sensitized solar
cells currently remains unexploited because of the absence of suitable redox electrolytes. The

quest for appropriate redox couples to take full advantage of this promising material is
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underway. Another viable strategy allowing to benefit from promising properties of CuSCN

NWs for sensitized solar cells is to use solid electrolytes as electron transport materials.®

Conclusions

Heavy metal free CulnSsSe,x QDs have been successfully used to photosensitize CuSCN
NWs. The established energy diagram shows optimal alignment of the energy levels for efficient
hole injection from the QDs into CuSCN and regeneration with two electrolytes studied
(polysulfide and organic cobalt complex based redox systems) is also possible. Photophysical
studies confirm efficient hole injection with a strongly time-dependent rate. When averaged over
the first 1/e of decay, an average rate of 2.5 x 10° s is obtained, which is faster than the hole
injection rate into NiO with the same QDs. For the first time we have also studied the
regeneration of the CulnSsSe,.x QDs in presence of the electrolyte and absence of the CuSCN
NWs. The resulting average charge transfer rate of the electrolyte is 1.33 x 10° s™' showing that
hole injection into CuSCN takes place at a faster rate than electron transfer to the redox
mediator. However, both rates are of the same order of magnitude, enabling overall balanced
charge separation. To reduce recombination processes in the sensitized systems, Al,O3 coating of
the CuSCN NWs has been realized using the ALD method. As expected, the presence of an
insulating barrier on the NW surface reduces the hole injection rate from QDs to CuSCN,
measured in the absence of electrolyte. To the contrary, in the presence of the electrolyte the
charge separation dynamics approaches the case of QD/electrolyte systems (without CuSCN)
with increasing alumina thickness. Concluding, our results demonstrate the appealing

fundamental features of QD-sensitized CuSCN NWs for use in photoelectrochemical devices. To
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exploit their full potential in QDSSCs, the development of non-corrosive electrolyte systems

showing appropriate redox levels is required.
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