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A B S T R A C T

One of the challenges in the !eld of perovskite solar cells (PSC) is the development of inorganic hole-trans-
porting-materials (HTM) suitable for solution-processed deposition, in order to have cheaper, more stable and
scalable devices. Herein, we report the synthesis and characterization of p-type copper sul!de nanoparticles for
their application for the !rst time as a low-cost, fully-inorganic HTM in mesoscopic n-i-p PSC. By employing CuS
combined with two di"erent perovskites, CH3NH3PbI3 (MAPbI3) and (FAPbI3)0.78(MAPbBr3)0.14(CsPbI3)0.08
(CsFAMAPbIBr), very high current densities and !ll-factors are observed, suggesting an e"ective hole-extraction
happening at the CuS interface. Noticeable, our cells exhibit one of the highest power conversion e#ciencies
(PCE) in n-i-p con!guration employing a sole solution-processed inorganic HTM via non-toxic solvents, leading
to 13.47% and 11.85% for MAPbI3 and CsFAMAPbIBr, respectively. As a remark, such PCE values are only
limited by a reduced open-circuit voltage around 0.8 V, due to di"erent phenomena occurring at perovkite/CuS
interface such as an increased non-radiative recombination, caused by considerable di"erence in valence band
value, and the e"ect of CuS metallic character. Overall, these !ndings highlight CuS as an extremely cheap
alternative to common organic HTMs and pave the way to new improvements employing this material in full-
inorganic blocking layers PSC.

1. Introduction

Since the !rst demonstration of solar devices comprising metal
halide perovskites [1], perovskite solar cells (PSCs) have been the
subject of an intense investigation in the photovoltaic !eld, yielding
certi!ed power conversion e#ciencies (PCE) over 23% at laboratory
scale [2]. Their outstanding performance, comparable to polycrystalline
silicon solar cells, together with their facile fabrication methodologies,
convert these materials in a very promising alternative for low cost
photovoltaics [3,4]. Nevertheless, to ensure an e#cient hole and elec-
tron extraction, PSCs require the presence of additional charge-trans-
port layers, which usually represent the major bottleneck towards low-

cost commercialization [5]. In particular, the hole-transport materials
(HTMs) generally employed in high e#cient devices are mostly limited
to octakis(4-methoxyphenyl)-9,9!-spirospirobi[9H-$uorene]- 2,2!,7,7!-
tetramine (spiroOMeTAD) [6], few conjugated small molecules [7–9]
and polymers [10,11], which exhibit limited long-term stability and
considerable materials cost [12–14]. In addition, due to their low hole
mobility, organic HTMs usually require the incorporation of hygro-
scopic additives, typically lithium and/or cobalt salts, to enhance the
charge carrier-transport properties. However, they also promote addi-
tional degradation in the photoactive material [15]. Hence, searching
for an e#cient, stable, and low-cost HTM has become vital to accom-
plish a future large-scale commercialization.
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In this context, inorganic HTMs represent a promising alternative
due to the combination of low-cost, high hole mobility and con-
ductivity, as well as their high chemical and thermal stability [16].
Despite few examples are present in the literature, which includes CuI
[17], CuSCN [18], NiO [19], Cu2O [20], graphene oxide [21], carbon
nanotubes (CNTs) [22], CIGSSe nanocrystals [23] or FeS2 [24], many of
them require high temperature to properly crystalize, while those
processed at low temperatures are often applied in combination with
Spiro-OMeTAD [25,26]. Consequently, very few reports employ the
sole inorganic material as HTM. In addition, these materials are reg-
ularly processed in polar solvents that can easily damage the perovskite
layer, further limiting their application to the n-i-p device con!gura-
tion.

Among the above restrictions, few interesting inorganic alternatives
have appeared in literature. For example, recent investigation demon-
strates a promising e#ciency of ~ 16% for a mesoscopic n-i-p con!g-
uration employing CuSCN [27] which further improves to 20.2% when
including reduced graphene oxide [28]. Unfortunately this material
requires the use of toxic and dangerous solvents such as diethyl sul!de,
highly undesirable for scaling up and industrial processes. Similar ef-
!ciencies have been also obtained for CNTs composites when they are
functionalized with poly (3-hexylthiophene), yet the insertion of such
organic semiconductor increases considerably the materials cost [22].
As a consequence, it is mandatory to develop low-temperature, stable
and e#cient inorganic HTMs which are compatible with low-cost and
large scale deposition methods.

In this framework, earth abundant and extremely cheap copper
sul!de derivatives (Cu2-xS, 0 > x > 1) represent an interesting class
of p-type semiconductors with tunable optical properties and high
charge-transport mobility, conductivity and chemical stability [29,30].
Among the di"erent stable phases with variable Cu:S ratio, covellite
(CuS) presents the highest concentration of valence-band-delocalized
holes, resulting in an unusual p-type metallic-like character with dual
semiconductor-plasmonic nature [31]. Due to such electronic proper-
ties, CuS has been successfully employed for di"erent optoelectronic
applications, including the tuning of the ITO work function [32], or the
passivation of the HTM/metal interface via CuS sublimation [25].
Moreover, CuS behaves as inorganic barrier against environmental
moisture [25], which could prevent perovskite materials from de-
gradation. However, despite all these bene!ts, CuS has not been yet
employed as a sole inorganic HTM, mainly due to the lack of precursor
solutions compatible with the perovskite material [33]. In addition, CuS
synthesis normally require the use of high temperatures (200–500 °C)
[34,35] or highly toxic materials, and due to its narrow thermodynamic
stability domain, its selective growth can be more restrictive compared
to other phases, hindering its fabrication [36].

In this article, we present the synthesis and characterization of
stable CuS nanoparticles (CuS NPs) suitable for being used as low-cost
HTMs. The colloidal dispersion can be stabilized in non-polar and ha-
logen-free solvents that are fully compatible with the perovskite layer,
extending its application to either the p-i-n or n-i-p cell con!guration.
In addition, such versatility is combined with a low-temperature solu-
tion based fabrication method which is fully scalable to printing role-to-
role (R2R) and large scale industrial processes. By using this facile
approach, we present here a !rst demonstration of PSCs with n-i-p
device con!guration based on CuS NPs, which leads to short circuit
currents (Jsc) and !ll factor (FF) values comparable to the state-of-the-
art devices (Jsc > 20mA·cm!2; FF > 0.7). Noteworthy, despite such
optimal results, the open-circuit voltage (Voc) remains far below the
values reported in literature (~0.8 V), limiting the PCE to ~13.5%. We
have further investigated the origin of such low Voc by analyzing the
energy band alignment and charge extraction capability at the per-
ovskite/CuS interface by using UPS and bias induced photo-
luminescence spectroscopy (PL). Our results demonstrate an e"ective
hole-extraction happening at the CuS, yet followed by increased non-
radiative recombination induced by a non-proper energy level

alignment at the interface. Interestingly, such a behaviour could be
easily avoided by using a proper interlayer to passivate the perovskite/
CuS interface, a suitable strategy that might be consider in future ex-
periments.

2. Experimental section

2.1. Synthesis of CuS nanoparticles

In a typical procedure two separated precursor solutions were pre-
pared. One with 0.120 g of sulfur powder (S, 99.9%; Sigma Aldrich) and
the other with 0.425 g of copper chloride dihydrate (Sigma Aldrich,
99.999%) dissolved in 20ml and 10ml of oleylamine (Sigma Aldrich,
70%), respectively. The latter solution was heated to reach 150 °C and
then sulfur solution was rapidly added. Reaction was maintained for
3min and then the mixture was cooled down to room temperature.
Product was collected by centrifugation at 5000 rpm for 3min, washed
!ve times with ethanol to remove oleylamine remnants and !nally
dispersed in toluene to obtain a 47mg/ml stable dispersion.

2.2. Fabrication of perovskite solar cells

Chemically etched FTO glass (Nippon Sheet Glass) was sequentially
cleaned by sonication in a 2% Helmanex soap solution, acetone and
ethanol for 15min each, followed by a UV-ozone treatment for 15min.
Then a solution of 0.045 g/ml titanium diisopropoxide bis(acet-
ylacetonate) (Sigma-Aldrich) in anhydrous ethanol was sprayed at
450 °C to deposit a 30 nm thick TiO2 compact layer. To form a 200 nm
mesoporous TiO2 layer a 0.11 g/ml ethanol solution of a commercially
available TiO2 paste (Dyesol 30NRD) was spin-coated at 2000 rpm and
substrates were annealed at 500 °C for 30min. Afterwards, a 0.1M
solution of Li-TFSI in acetonitrile was deposited at 3000 rpm for 10 s,
followed by a sintering at 500 °C for 30min. MAPbI3 precursor solution
was prepared by mixing 1.5M PbI2 and 1.5M CH3NH3I in DMSO.
CsFAMAPbIBr solution was prepared by mixing 1.15M PbI2, 0.19M
PbBr2, 1.1M formamidinium iodide (FAI) and 0.19M methylammo-
nium bromide (MABr) in a mixture of DMF and DMSO with a 4:1 vo-
lume ratio (solution A). Subsequently, a solution B was fabricated by
mixing 1.15M CsI and 1.15M PbI2 in DMSO. Then solution A and B
were mixed in a volume ratio of 10:1 to have the triple cation per-
ovskite precursor. MAPbI3 was then deposited at 1000 rpm for 10 s
(500 rpm s!1, !rst step) and 4000 rpm for 30 s (2000 rpm s!1, second
step). 10 s prior to the end of the program, 100 !l of chlorobenzene
were dropped. For the CsFAMAPbIBr perovskite we used 2000 rpm for
12 s (200 rpm s!1), and 5000 rpm for 25 s (2000 rpm s!1). In this step
chlorobenzene was dropped 9 s before the end of the process.
Afterwards, !lms were annealed at 100 °C for 60min. A 47mg/ml CuS
NPs dispersion was then dynamically spin-coated. Finally, the gold
electrode (70 nm) was deposited by thermal evaporation.

2.3. Characterization

Transmittance of CuS NPs !lms were taken using PerkinElmer
Lambda 1050 UV/Vis/NIR spectrophotometer. The XRD measurement
was obtained with a Rigaku Ultima III X-ray di"ractometer operating at
40 KV accelerating voltage and 44mA current. For Raman spectra we
used a Horiba Jobin Yvon (Labram HR) equipment with a CCD detector.
Cross-section SEM-images were taken in a Hitachi-4800 UHR SEM. TEM
images were obtained in a Tecnai F20 Super Twin TMP equipment. The
electrical characterization of the devices was performed using a
4200SCS Keithley system at a voltage swept speed around 50mV/s in
combination with an Oriel sol3A sun simulator, which was calibrated to
AM1.5G standard conditions using an Oriel 91,150 V reference cell.
Conductivity measurements were performed with the four point probe
employing 4200SCS Keithley. Photoelectron spectroscopy (PES) mea-
surements were performed in a ultra-high vacuum analysis chamber
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(base pressure of 2! 10!10 mbar) using a He-discharge UV source
(Omicron) with an excitation energy of 21.2 eV for ultraviolet photo-
electron spectroscopy (UPS) and a Al K" X-ray source with an excitation
energy of 1486.6 eV for X-ray photoelectron spectroscopy (XPS). The
photoelectron spectra were recorded using a Phoibos 100 (Specs)
hemispherical energy analyzer at a pass energy of 5 eV for the valence
band, 20 eV for the core level spectra, and 50 eV for the survey scans.
For work function determination, the secondary electron cut-o" (SECO)
was recorded by applying a !10 V sample bias to clear the analyzer
work function. A mixed Gaussian/Lorentzian peak shape and a Shirley
type background were employed for XPS peak !tting with the XPS Peak
4.1 software. Samples were illuminated under white halogen lamp at a
power of 150mW·cm-2 (daylight rendering spectrum).

3. Results and discussion

The CuS nanocrystals were prepared by using a modi!ed version of
the synthesis reported by Zhang et al. [37], in order to achieve a stable
and high concentrated dispersion in non-polar solvents. In brief, we
prepared two separated precursor solutions containing sulfur powder
and copper chloride respectively, both dissolved in oleylamine. The
latter was !rst heated to 150 °C and then sulfur was rapidly added,
completing the reaction after only few minutes. CuS nanoparticles were
then collected from centrifugation and dispersed in toluene. The de-
tailed crystal analysis and size-morphology are shown in Fig. 1. The X-
ray di"raction (XRD) pattern of the as prepared material deposited by
drop casting is present in Fig. 1a. In agreement with previous works,
our results demonstrate several di"raction peaks at 27.21°, 29.36°,
32.35°, 33.52°, 48.09°, 52.33° and 59.05° corresponding to the hex-
agonal CuS phase previously reported in literature [38]. No additional
peaks related to other Cu2-xS phases were further detected, suggesting a
pure CuS phase with a 1:1 stoichiometry. Fig. 1b shows the size-mor-
phology of the crystalline nanoparticles observed by electron trans-
mission microscopy (TEM). As observed in the TEM-images, the nano-
crystals exhibit a 2D disk-like shape with a maximum size of 20 nm and

a thickness around 4 nm, closely resembling those previously obtained
through water-based synthetic strategies [37] (see also Fig. S1a and
S1b). In addition, two intense Raman active phonon modes around 60
and 475 cm!1 are expected for covellite phase, which can be easily
detected in the as prepared sample, shown in Fig. S1c and Fig. S1d [30].
The peaks, assigned to the stretching vibrational modes of SeS covalent
bonds [39], provide additional support to the formation of CuS.

To verify the exact chemical composition we also performed X-Ray
photoelectron spectroscopy (XPS) measurements. Fig. 1c reports the
core level spectrum of Cu 2p and S 2p obtained for the thin !lms de-
posited on FTO. As observed, the Cu 2p3/2, S 2p1/2 and S 2p3/2 bands
located at 932.8 eV, 162.59 eV and 163.77 eV, respectively, consist of
one contribution each, hence one chemical species. However, we note
here that assessing the chemical state of Cu can be di#cult from the
XPS main peak position. In particular, we highlight the presence of
satellite features (between 940 eV and 946 eV) and the binding energy
position of the LMM Auger peak, as revealed in Fig. S2. The observation
of the Cu shake-up satellite at ca. 943 eV, and the strong peak corre-
sponding to the Cu LMM Auger line at ca. 568.8 eV in the XPS survey
(Fig. S2) are the signature for the presence of Cu(II), instead of Cu(I) in
the material, discarding any additional mixed phase [40,41]. This is
supported by the close to one Cu:S relative ratio estimated from the XPS
results. Moreover, in agreement with previous works, our CuS nano-
disks also exhibit an optical band gap around 2.4 eV [42,43] and a
single, intense extinction band at NIR wavelengths (> 900 nm) (see
Fig. 1d). Such a behaviour has been well documented in CuS nano-
crystals, revealing its characteristic plasmonic-semiconductor dual
nature.

To test CuS as a sole HTM we prepared mesoporous PSCs containing
MAPbI3 and CsFAMAPbIBr as the photoactive material in order to ob-
serve device photovoltaic response and analyze interactions between
CuS and corresponding perovskite at the interface. We employed TiO2

as electron blocking layer and CuS NPs dispersion as the HTM deposited
by spin-coating technique at di"erent rates. A statistical analysis of the
photovoltaic parameters as a function of the HTM thickness is shown in

Fig. 1. Synthesized CuS characterization. (a) XRD di"ractogram of dried CuS nanoparticles showing the characteristic peaks of covellite copper sul!de. Inset: scheme
of crystal structure. (b) TEM image showing the $ake-like shape of CuS nanoparticles. (c) XPS core level spectra of Cu 2p, and S 2p for CuS. The !tting was restricted
to the part of the XP spectra corresponding to Cu 2p2/3 for Cu 2p. The shake-up satellite found between 940 eV and 946 eV (dashed rectangle) is characteristic of Cu
(II). (d) Transmittance spectrum of a CuS !lm deposited on glass and band gap estimation (inset).

J. Tirado et al. $SSOLHG�6XUIDFH�6FLHQFH���������������²���

���



Fig. 2a and b and Table 1, which is proportional to the rate employed
during the spin-deposition. Interestingly, the optimal conditions for CuS
were very di"erent depending on the perovskite employed, probably
due to the distinct surface roughness achieved for each layer [44,45]. In
particular, we highlight the di"erent morphology and grain-crystals
observed in the cross-sectional scanning electron microscopy (SEM)
images presented in Fig. 2c and d, which clearly demonstrate a very
smooth and compact surface for MAPbI3 compared to CsFAMAPbIBr.
This allows the use of much thinner HTM layers without the presence of
shunts. Therefore, only 55 nm CuS NPs were necessary to properly
cover MAPbI3 layer, while 120 nm were required for CsFAMAPbIBr. As
a consequence, we achieved a PCE of ~13.5% for MAPbI3 and ~12%
for CsFAMAPbIBr (Fig. S3). For comparison, devices without HTM ex-
hibited extremely low Jsc and Voc values (PCE below 1% in all cases),
con!rming the positive role of CuS as a hole-transporting layer. In
addition, forward and reverse J-V curves of champion devices including
CuS NPs and Spiro-OMeTAD as HTM are shown in Fig. S3. As expected,
some hysteresis is observed for all evaluated systems. This phenomenon
has been reported elsewhere for n-i-p PSC and is attributed to ion mi-
gration inside perovskite material and specially to the formation and
the release of interfacial charges in both electron and hole transporting
layer contacts [46,47]. Stability was evaluated at ambient conditions
(~40% RH and ~20 °C) being clear the strong instability of MAPbI3 to
light-induced degradation [48] as shown in Fig. 3. In particular, devices
containing MAPbI3 perovskite show very poor performance after 192 h,
whereas CsFAMAPbIBr cells retain almost 80% of the initial e#ciency

Fig. 2. Photovoltaic parameters obtained for 80 devices (10 per condition) prepared for the CuS deposition optimization on (a) MAPbI3 and (b) CsFAMAPbIBr
perovskite. Cross-section SEM images of (c) MAPbI3 and (d) CsFaMAPbIBr based PSCs.

Table 1
Photovoltaic parameters of PSCs employing CuS and Spiro-OMeTAD as HTM.
The statistics were extracted from>130 devices (at least 10 per condition). In
parenthesis the maximum PCE obtained with CuS.

Spinner speed
(rpm)

Voc Jsc FF PCE

CH3NH3PbI3 perovskite
Without HTM 0.57 ± 0.03 1.07 ± 0.28 0.69 ± 0.02 0.42 ± 0.18
3000 0.82 ± 0.04 20.46 ± 0.61 0.62 ± 0.06 10.45 ± 1.25
3500 0.87 ± 0.02 20.92 ± 0.31 0.69 ± 0.02 12.49 ± 0.75
4000 0.88 ± 0.01 20.72 ± 0.36 0.71 ± 0.01 13.01 ± 0.29

(13.47)
4500 0.83 ± 0.01 19.83 ± 0.34 0.69 ± 0.01 11.39 ± 0.41
Spiro-

OMeTAD
1.04 ± 0.03 21.77 ± 0.31 0.74 ± 0.02 16.98 ± 0.43

(FAPbI3)0.78(MAPbBr3)0.14(CsPbI3)0.08 perovskite
Without HTM 0.42 ± 0.02 8.16 ± 0.19 0.48 ± 0.03 1.64 ± 0.19
1000 0.72 ± 0.01 21.57 ± 0.33 0.73 ± 0.01 11.37 ± 0.24
1500 0.75 ± 0.02 21.23 ± 0.07 0.74 ± 0.01 11.72 ± 0.12

(11.85)
2000 0.73 ± 0.02 19.95 ± 0.16 0.71 ± 0.02 10.33 ± 0.42
2500 0.71 ± 0.01 20.91 ± 0.18 0.69 ± 0.02 10.35 ± 0.22
3000 0.73 ± 0.01 20.29 ± 0.28 0.68 ± 0.01 10.15 ± 0.27
Spiro-

OMeTAD
0.92 ± 0.01 21.95 ± 0.31 0.76 ± 0.02 15.27 ± 0.23
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after 504 h. The relative low e#ciency loss at the latter case might be
attributed to moisture permeation through CuS NPs layer due to its low
thickness and considerable air humidity during the test instead of CuS
intrinsic factors since di"erent reports show the high chemical stability
of the CuS nanocrystals under similar conditions [32,49]. However,

according to Fig. 3b PCE retention is similar to the one observed in
reference PSC employing CsFAMAPbIBr as light harvester and Spiro-
OMeTAD as HTM. In this system instability can be caused by Spiro-
OMeTAD doping agents which are known for being highly hygroscopic
so that water absorption and subsequent perovskite degradation are
expected [50]. As a matter of fact, it is worth underlining here that
despite the modest e#ciencies obtained compared with the state-of-the-
art, the reported results have high relevance because they imply the use
of a low-temperature and solution-processed HTM which is employed
for the !rst time solely as hole-transporting-layer avoiding the use of
expensive extra electron-blocking materials. In particular, it is due to
the proper precursor we have developed here which allows us to fab-
ricate compact and high performance HTM !lms. Moreover, compared
with Spiro-OMeTAD, the material cost at laboratory scale for the as
prepared CuS-NPs is only 67.47 USD/m2, which is 23 times lower than
Spiro-OMeTAD (1591.17 USD/m2) (see cost assessment in Appendix A).
In addition, CuS as HTM is compatible with friendly halogen-free sol-
vents and printing R2R technology unlike previous reported inorganic
HTMs such as CuSCN [18].

The J-V curves obtained after optimization are present in Fig. 3a.
Note that the results reveal excellent values for Jsc and FF, closely re-
sembling those obtained with Spiro-OMeTAD (see Table 1). There is
however a remarkable deterioration for Voc, which decreases to 0.89 V
and 0.74 V for MAPbI3 and CsFAMAPbIBr respectively. Such low Voc

values are indeed the ultimate responsible for the lower e#ciencies. To
further understand these observations and shed light into the origin of
the low Voc, we performed UPS measurements. Fig. 4 shows the work
function (!) and valence band spectra for both perovskites and CuS thin
!lms. Interestingly, the valence band spectrum of CuS (Fig. 4b) reveals
some intensity that extends to the Fermi level (Fig. 4b-c). A closer in-
spection at that binding energy region further highlights this tailing
intensity, con!rming a relatively low but distinguishable density of
states (DOS) at the Fermi level (inset in Fig. 4c). This provides addi-
tional support of the CuS NPs metallic character already reported in
literature [51] and corroborated by conductivity measurements in Fig.
S4. In addition, the valence band maxima EVBM of CsFAMAPbBrI and
MAPbI3 are at 1.45 eV and 1.21 eV binding energy relative to EF. Ac-
cordingly, both materials have a strongly n-type character, with the
Fermi level pinned at their conduction band minimum (the optical band
gap extracted from the absorption spectra in Fig. S5 was 1.61 eV and
1.58 eV, respectively).

The energy level diagram deduced from the UPS measurements is

Fig. 3. (a) J-V curves of PSC employing CuS and reference Spiro-OMeTAD as
HTMs in the two tested device architectures. (b) Stability test performed under
1 Sun light illumination (AM 1.5 Standard Spectrum) for PSC using CuS and
Spiro-OMeTAD.

Fig. 4. UPS spectra of CsFAMAPbIBr, MAPbI3 and CuS !lms. (a) Secondary electron cut-o"s (SECO) for work function " determination, (b) large and short binding
energy range valence band spectra of (c) CuS, (d) CsFAMAPbIBr and MAPbI3. The portion of the spectrum taken at smaller energy step in the inset in e) shows the
presence of a density of states at the Fermi level for CuS. (e) Energy level diagram of CsFAMAPbIBr, MAPbI3 and CuS. The work function (!=Evac! EF) and EVBM
relative to the Fermi level EF are extracted from the UPS spectra in a) and c,d). The conduction band minimum position (CBM, in grey) is deduced from the the 2.4 eV
band gap of CuS.
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���



presented in Fig. 4e. The !lled DOS up to the Fermi level and the po-
sition of the conduction band minimum (CBM) in grey, as deduced from
the 2.4 eV optical gap (Fig. 1d), support the suitability of CuS for hole
collection and electron blocking. However, even in this case, there is a
considerable energy gap (~1.2 eV) between MAPbI3 or CsFAMAPbIBr
and CuS EVBM (5.61 eV, 5.71 eV and 4.61 eV, respectively), an im-
portant energy barrier that might favor the electron-hole recombination
at the interface. Interestingly, despite the really small work function
di"erence existing between TiO2 and CuS contacts (0.6 eV), we obtain a
relatively high Voc (~0.9 V in the MAPbI3 case) in fully agreement with
a recent investigation published by Ravishanka et al [52].

To further understand this behaviour we evaluated the charge ex-
traction capability of the device interface employing CsFAMAPbIBr as
light harvester by comparing the photoluminescence (PL) quenching at
Voc and short circuit conditions. Usually, the charge transfer dynamics
are evaluated by comparing the PL quenching between the pristine bulk
active layer and the interface behaviour. However, this gives only
partial information and cannot fully explain the device mechanisms. In
particular, when an HTM is present, di"erent interface mechanisms
causing PL quenching come into play, i.e. hole-transfer or distinct
surface trap density. Therefore measuring the whole device under dif-
ferent operative conditions provides a more robust and easier analysis
[53]. Because perovskites generate free carriers after photoexcitation

[54], the PL intensity will depend on whether the device is at open or
short circuit conditions. In the !rst case, PL is proportional to the
density of electron-holes which radiatively recombine. The larger is this
value, the better would be the device behaviour (minor density of trap
states). However, at short circuit conditions part of the charges deviates
through the external path, decreasing the radiative recombination and
thus, the luminescence intensity. In our case, we compared the PL
quenching induced in devices containing the exact same con!guration
except the CuS and Spiro-OMeTAD (Fig. 5). At Voc conditions, the re-
ference exhibits twice the PL as the CuS device. Given the exact same
thickness of the active layer, this suggests increased intrinsic non ra-
diative recombination for the CuS-device, which can explain the low
experimental Voc values. At short circuiting, we also observe ~20%
lower quenching for the CuS-device than Spiro-OMeTAD, thus a slightly
worse charge injection takes place. However, even in this case the
charge transference is still happening in a considerable good extent.

Noteworthy, if we further analyze our samples by UPS upon light
exposure, we observe a rigid shift of both valence band and work
function by up to ca. 0.7 eV (red curves, Fig. 6a-d), which is fully re-
versible once the light is removed (grey and blue curves). Such situation
is equivalent to the open circuit conditions where bottom and top
electrodes are not in direct electrical contact. This e"ect, particularly
observable due to the rather metallic character of CuS (Fig. 4c), is a
direct evidence of the hole-injection within CuS, which therefore be-
haves like an electrode with regards to the underlying perovskite. Ac-
cordingly, under illumination free charges are generated at the per-
ovskite/CuS interface and holes are accumulated into the CuS layer,
creating a space charge up to the sample surface [55]. Hence, the extent
of the energy shift observed here (0.74 V) is directly related to the Voc,
which is further enhanced by the CuS metallic character.

4. Conclusions

We can therefore conclude that CuS NPs with a $ake-like shape
have been successfully synthesized and stabilized in non-polar solvents,
fully compatible with hybrid lead halide perovskites. This material
behaves for the !rst time as a sole p-type semiconductor in direct PSC
thanks to the development of a proper colloidal precursor, which is a
very cheap option to substitute expensive state-of-the art materials such
as Spiro-OMeTAD (23 times lower in price). Our !rst observations
suggest that when CuS is employed as HTM, very high values of Jsc and
FF are achieved leading to remarkable PCE close to 14%. However, this

Fig. 5. Photoluminescence spectra of PSC employing Spiro-OMeTAD and CuS
as HTM at Voc and 0 V.

Fig. 6. UPS spectra of CuS upon white light illumination: (a)
reversible SECO shift after successive measurements in dark
(black), under light (red), in dark (grey), under light (orange),
and in dark (blue). (b) Large binding energy range and (c)
short binding energy range valence band with reversible shift
upon illumination. In (d) the second measurement in dark
after illumination (dark 3, blue curve) shows the complete
reversibility of the light-induced shift with time. (For inter-
pretation of the references to colour in this !gure legend, the
reader is referred to the web version of this article.)
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!nal e#ciency is compromised by a signi!cant reduced Voc. According
to the analysis we have performed here, the limited Voc is the result of
an increased non-radiative recombination taking place at the per-
ovskite/CuS interface, probably enhanced by the large energy barrier
existing between the perovskite and CuS valence bands but at the same
time Voc seems to be controlled by the metallic character of CuS re-
vealed by UPS upon light exposure. Noteworthy, such a behaviour
could be probably improving by using a proper interlayer to passivate
the perovskite/CuS interface, di"erent to the expensive Spiro-OMeTAD,
a suitable strategy that might be considered in future experiments.
These !ndings contribute to !ll the knowledge gap about the behaviour
of CuS as HTM in PSC due to the previous reported impossibility of
having high performance CuS !lms on perovskite. Moreover, our results
point out CuS as a potential extremely low-cost and stable solution-
process alternative to the state-of-the art organic HTMs in PSC, opening
the door for new improvements and applications of this material to-
wards large-scale low-temperature produced optoelectronic devices.
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