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ARTICLE INFO ABSTRACT

Keywords: Extensive studies have been performed to improve the environmental stability of perovskite solar cells (PSCs)
Perovskite solar cells with the use of inorganic charge transport layers (CTLs). However, for n-i-p structures, it is difficult to deposit p-
CISe type inorganic nanocrystals onto perovskites to form the CTLs because they are usually prepared in polar sol-
(Sgtl;abr:ltllt];l dots vents. In this regard, hydrophobic nanoparticles dispersed in nonpolar solvents would be beneficial for their

deposition onto the perovskites, thus leading to the formation of a hole transport layer (HTL). In this work, we
report on the preparation of monodispersed Culn; sSe; (CISe) quantum dots (QDs) (diameter = 4 nm) for the
design of PSCs based on all-inorganic CTLs. By means of efficient hole injection and transfer process through the
CISe-HTLs, impressive power conversion efficiencies (PCEs) of 13.72% and 12.19% for active areas of 0.12 cm?
and 1.0 cm? are achieved, respectively, and the devices exhibit hysteresis-less behaviors. Furthermore, the de-
vices show excellent PCE retentions of 89.2% and 74.9% after 30d relative to their initial values at relative
humidity of 25% and 50%, respectively. The hydrophobic QDs effectively suppress the penetration of moisture

Organic ligands
Active area

such that the device maintains its stability in humid environments.

1. Introduction

Perovskite solar cells (PSCs) have been considered as a promising
energy supplier and an alternative to conventional solar cells [1-3].
Their power conversion efficiencies (PCE) have increased to 23.7% via
the interface and compositional engineering of perovskites, and have
become comparable to the values of polycrystalline silicon solar cells
[4-8]. Furthermore, perovskites fabricated using low-temperature so-
lution processes exhibit high feasibility in diverse optoelectronic de-
vices, including field-effect transistors, light-emitting diodes, photo-
detectors, and memory devices, owing to their excellent charge carrier
mobility and light absorption coefficients [9-18]. However, environ-
mental stability issues in PSCs have continued to increase owing to the
poor intrinsic stability of perovskites and organic charge transport
layers (CTLs) [19-23].

Additives in organic CTLs comprising metal salts and electrolytes
increase the hydrophilicity and severely degrade perovskites [24,25].

* Corresponding authors.
E-mail addresses: thyeon@snu.ac.kr (T. Hyeon), mwpark@sm.ac.kr (M. Park).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.apsusc.2019.143610

Even though the application of molecular engineering of organic
semiconductors has been proposed to improve their stabilities, it cannot
be an ultimate solution since the molecules are degraded eventually
[26,27]. In this regard, dopant-free organic CTLs are more desirable for
maintaining the stability of the device, but they have rarely yielded
PCEs that are comparable to those of devices that employ Li- and Co-
doped organic CTLs [28-30]. Furthermore, encapsulation of devices
with a photocurable polymer has been considered as an effective
method to preserve all the layers [31]. However, the encapsulation film
is vulnerable to mechanical damages, thus allowing moisture and re-
active species to easily infiltrate within the devices [32]. Additionally,
residual moisture within the encapsulated devices eventually degrades
the perovskite and organic CTLs [33]. Therefore, these devices require
the use of inorganic CTLs to improve their intrinsic stabilities and
prolong the lifetimes.

Metal oxides are an essential constituent material for CTLs, which
leads to an excellent device performance and stability. Additionally, the
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thin, nanocrystalline, and pinhole-free metal oxide films efficiently
transfer charge carriers, and protect the perovskite from moisture. The
metal oxide-based CTLs are typically prepared using solution deposition
protocols, such as spin coating and printing techniques [34-43]. The
nanocrystals are closely packed, and are deposited on the top or bottom
part with respect to the perovskite layer, thereby suppressing the pe-
netration of moisture [34]. Nevertheless, most of the metal oxides ex-
hibit n-type characteristics with the exception of a few suitable p-type
metal oxides (CuO, and NiO,) used for the CTLs of PSCs [44-47].
Therefore, for the design of devices with a normal structure (n-i-p), n-
type metal oxides have been used as electron transport layers (ETLs),
while hole transport layers (HTL) have still employ p-type organic
semiconductors, such as 2,2,7,7-tetrakis  (N,N-di-p-methox-
yphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) and poly(triar-
ylamine) (PTAA). This is owing to the dissolution of the perovskite
based on the coating of metal oxide nanocrystals or precursors dis-
persed in hydrophilic solvents. To design all inorganic CTL-based de-
vices, inorganic nanocrystals should be dispersed in a nonpolar solvent.

As such, functionalization of inorganic nanocrystals with hydro-
phobic molecules can be beneficial for their homogeneous dispersion in
nonpolar solvents, thus allowing their deposition onto the perovskites
and the formation of the HTLs. Recently, hydrophobic HTLs comprising
PbS and CulnS, (CIS) quantum dots (QDs) have been employed to im-
prove the stability of PSCs [48-50]. The surface of CIS QDs were capped
with oleylamine, which exhibited a PCE retention of 85% relative to
their initial value at a humid atmosphere (relative humidity,
RH = 50%) for 24h [49]. Therefore, this result demonstrates high
feasibility in improving device stability given the use of hydrophobic
QDs. However, efficient hole extraction and transfer were not allowed
when only the CIS-HTL was employed, thus exhibiting a low PCE of
6.57% [48]. Even though the additional deposition of spiro~OMeTAD
onto the CIS-HTL led to an improved PCE of 13.8%, the PCE of the
devices decreased again within a short time interval owing to the de-
gradation of spiro-OMeTAD due to moisture [49]. Accordingly,
QD-HTLs possessing high conductivity and hydrophobicity would be
required to attain excellent device performance and stability char-
acteristics without any supporting organic HTLs. Furthermore, the
QD-HTLs on the perovskite should be thin and pinhole-free. These
features will allow them to suppress direct contacts between the per-
ovskite and metal electrodes, and also provide the facilitation of charge
extraction and transfer by means of the minimized contact resistance
between the QD layers.

Herein, we report on the development of the hydrophobic and
conductive Culn; sSez QD-HTLs (CISe-HTLs) for the implementation of
highly efficient and stable PSCs. The monodispersed CISe QDs in a
nonpolar solvent have average diameters of 4 nm. The pinhole-free,
smooth, and thin CISe-HTLs, are simply prepared by the spin coating of
a colloidal solution of CISe. Furthermore, SnO, thin films are also
employed as an efficient ETL. Therefore, all inorganic CTLs significantly
improve the environmental stability of the devices without any en-
capsulation. The device has an impressive PCE of 13.72%, and shows
excellent PCE retentions of 89.2% and 74.9% for 30d relative to the
initial values at RH = 25% and 50%, respectively. These are the best
performing devices among all chalcogenide QD-based PSCs.

2. Experimental
2.1. Materials

Cul (99.998%), Inl; (99.999%), Pbl, (99.9985%), Li-bis(tri-
fluoromethylsulfonyl)imide (Li-TFSI) (> 98%), SnO, colloidal solution
(15% in H,0), and anhydrous dimethylformamide (DMF) (99.8%),
were purchased from Alfa Aesar. Anhydrous dimethylsulfoxide (DMSO)
(99.9%), 4-tert-butyl pyridine (tBP) (96%), Se (99.99%), anhydrous
ethylacetate (EA) (99.8%), anhydrous toluene (> 99.8%), and trioc-
tylphosphine (TOP) (97%), were purchased from Sigma Aldrich.
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Oleylamine (OA, approximate C18 content 80-90%) was purchased
from Acros. Methylammonium iodide (MAI) (99.98%) was purchased
from GreatCell Solar, and Sprio-OMeTAD (> 99.5%) was purchased
from Lumtec. The CH3NH3PbI; precursor solution was prepared by
dissolving 461 mg of Pbl,, 159 mg of MAIL, and 78 mg of DMSO in
600 mg of DMF. The spiro-OMeTAD solution was prepared by dissol-
ving 56 mg of spiro-OMeTAD, 5.6 mg of Li-TFSI, and 28 mg of tBP in
1 mL of CB.

2.2. Synthesis of CISe QDs

All steps were performed using the standard Schlenk technique in an
Ar atmosphere [51]. First, 0.5 mmol of Cul and 0.5 mmol of Inl; were
dissolved in 15 mL of oleylamine, followed by heating at 120 °C under
vacuum for the formation of metal-amine complexes. Furthermore,
oleylammonium selenocarbamate was prepared by dissolving 5 mmol
of Se in 10 mL of oleylamine under bubbling of carbon monoxide (CO)
gas. Subsequently, 1 mmol of oleylammonium selenocarbamate was
injected into the metal-amine solution at 70 °C. The solution was heated
at 180 °C for 20 min and produced CISe QDs. The ethanolic solution,
which contained TOP as a nonsolvent, was injected into the colloidal
solution of CISe to induce the precipitation of CISe QDs. Finally, after
centrifugation of the solution at 12,000 rpm for 10 min, the resulting
powder was dispersed in 10 mL of anhydrous toluene (Fig. S1, ESIY).
The stabilities of the CISe-QD solutions were retained up to two weeks.

2.3. Solar cell fabrication

Etched ITO/glass (2.5cm X 2.5cm) substrates were rinsed for
10 min with acetone and 2-propanol (1:1 volume ratio) during ultra-
sonication. They were then rinsed with deionized (DI) water and dried
in a N, atmosphere. Subsequently, they were treated with UV ozone for
20 min. The dilute SnO, solution with a composition of 6.5:1 (w/w) in
DI water was deposited onto the ITO/glass substrates by spin coating at
3000 rpm for 30s. After thermal annealing at 150 °C for 30 min, the
perovskite was deposited onto the SnO,-ETLs at 4000 rpm for 15s, and
50 ul of EA was dripped on the rotating sample during the remaining
5s. The samples were annealed immediately at 100 °C for 3 min. After
cooling the samples, the CISe and spiro-OMeTAD solutions were spin
coated onto the sample at 2500 rpm for 30s. Au electrodes were de-
posited using a thermal evaporator with a constant rate of 0.5 Ass.

2.4. Characterization

Ultraviolet-visible (UV-Vis) spectra of CISe-HTLs were obtained
with a UV-Vis spectrometer (Scinco S-3100). The morphologies of
CISe-HTLs were investigated using an atomic force microscope (AFM,
Innova, Bruker). The transmission electron microscopy (TEM) images of
the CISe QDs were obtained with the JEM-F200 (JEOL) microscope. X-
ray diffraction (XRD) analyses were performed with an X-ray dif-
fractometer (Rigaku Ultima IV). The atomic ratio of Cu, In, and Se, was
obtained using inductively coupled plasma mass spectrometry
(ICP-MS) analyses. The steady state photoluminescence (PL) spectra
were obtained with a spectrometer (FLS 980). X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS)
analyses were performed using a scanning XPS microprobe (AXIS
SUPRA, Kratos Inc.). The contact angles and interfacial tensions were
measured with a contact angle analyzer (SmartDrop, FEMTOBIOMED
Inc.). Time-resolved PL (TRPL) measurements were performed at the PL
maxima of the perovskite (760nm) using a time-correlated single
photon counting module (TCSPC, MPD-PDM Series DET-40 photon
counting detector, and a Pendulum CNT-91 frequency counter). This
module was combined with a monochromator and a second-harmonic-
generated 400 nm laser derived from a 800 nm Ti:Sapphire laser (Mai
Tai, Spectra—Physics), and served as a detector and as an excitation
source. The current-voltage (I-V) and photocurrent density-voltage
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Fig. 1. Schematics of the perovskite solar cell employing a CISe-HTL. The scheme shown in higher magnification indicates that hydrophobic oleylamine ligands
linked to the CISe QDs prevent moisture from infiltrating into the perovskite. The magnified single QD displays its tetragonal chalcopyrite structure.

(J-V) curves were obtained with the use of a Keithley model 2400
source meter unit. The conductivities of HTLs were measured using a
four-point probe. A 300 W arc xenon lamp (Newport) in a solar simu-
lator was used as the light source. The light intensity was adjusted to
AM 1.5G with the use of an NREL-calibrated Si solar cell equipped with
a KG-1 filter. The active areas of 0.12 cm?, 0.5 cm?, and 1.0 cm? were
defined using metal masks. External quantum efficiency (EQE) spectra
were obtained at wavelengths which ranged from 300 nm to 850 nm
using IPCE equipment (PV Measurement, Inc.).

3. Results and discussion

Fig. 1 shows the schematic of the device architecture and CISe-QD
model. The PSCs employing CISe-HTLs (CISe-PSCs) are composed of an
indium-doped tin oxide (ITO) electrode, SnO,-ETL, perovskite
(CH3NH3PbI3), CISe-HTL, and an Au electrode. The QD model is pre-
sented briefly in the magnified scheme, indicating a tetragonal chal-
copyrite structure of CISe. Since hydrophobic OA ligands are linked to
the surface of the CISe QDs, perovskite is protected from moisture and
long-term stability of the devices can be achieved. As the thickness of
the CISe-HTLs increases, the penetration of moisture would be more
effectively suppressed. However, increasing thickness of the CISe-HTLs
inhibits the charge transport due to long alkyl chains. Therefore, the
thickness of the HTLs was thoroughly controlled in this study.

Fig. 2A exhibits the TEM image of monodispersed CISe QDs with an
average diameter of 4nm. The out-of-plane X-ray diffraction (XRD)
analysis of the CISe-HTL indicates that the observed peaks correspond
to the tetragonal chalcopyrite structure (Fig. 2B). After the spin coating
of the solution onto a glass substrate, slightly transparent, dark brown
and smooth thin film was formed (Fig. S2, ESI{). Fig. 2C and D show the
AFM image and the corresponding height profile of the CISe-HTL. The
highly flat surface does not contain aggregated QDs or small pinhole.
The average surface roughness (R,) of the film was found to be 2.91 nm,
and was advantageous for the minimization of the contact resistance,
even though oleylamine ligands were supposed to hinder the hole
transport process from the perovskite to the Au electrodes. Further-
more, the dramatic effect of the hydrophobic CISe QDs on the water
repellency was clearly demonstrated by the contact angles of the water
droplets. Fig. 2E and F show photographs of water droplets on the CI-
Se-HTL and conventional HTL composed of spiro-OMeTAD, Li-TFSI,
and tBP (spiro-HTL). The contact angles for the CISe-HTL and spir-
o-HTL were found to be 102.3° and 65.8°, respectively, demonstrating
that the interfacial tension at the solid-liquid interface (yy) of the CI-
Se-HTL is much higher than that for the spiro-HTL. The vy values were
found to be 29.3 mN m™! and 14.4 mN m ™! for the CISe-HTL and
spiro-HTL, respectively. Furthermore, the spreading parameter (S) was

also calculated in accordance with the following equation,
S=Ye—(a+n €8]

where vy, and vy, are the interfacial tensions at the solid-vapor and
liquid-vapor interfaces, respectively. This quantitative result provides
the degrees of wettability of the water droplets on the CISe-HTL and
spiro-HTL. The S values were found to be —73.2 mN m~" and —47.1
mN m ™! for the CISe-HTL and spiro-HTL, respectively. The smaller S
value of the CISe-HTL compared to that for the spiro-HTL suggests that
the hydrophobic oleylamine ligands suppressed the contact of water
molecules. In the absence of Li-TFSI and tBP, the contact angle of the
water droplet on the spiro-HTL increased to 72° (Fig. S3, ESI{). The
additives in spiro-OMeTAD decrease the contact angle of the water
droplet because the spiro-OMeTAD is hygroscopic [24]. Therefore, the
additives would accelerate the degradation of both the perovskite and
spiro-OMeTAD, leading to the deterioration of the stability of the de-
vices.

We characterized the atomic bonding of CISe QDs using XPS ana-
lysis. Fig. 3A shows the XPS spectrum of CISe QDs over the entire range.
The spectrum was calibrated by centering the C 1 s peak at 284 eV. The
magnified XPS spectra in Fig. 3B, C and D clearly exhibit the char-
acteristic peaks corresponding to Cu 2p, In 3d, and Se 3d, respectively.
The atomic ratio of our QDs was revealed using ICP-MS analyses. From
the stoichiometry of the CISe QDs, it has been known that the atomic
concentration of In determines their band gap (E,) and electrical con-
ductivity [52]. Even though a lower concentration of In (ex. Cu:
In = 1:1) compared to that of the QDs slightly increases the con-
ductivity, the E; becomes narrow [53]. This does not result in a suitable
band alignment of the CISe-HTL with the perovskite. Therefore, we
controlled the atomic ratio of CISe QDs to 1:1.5:3 to broaden E,. It has
been known that the preferential coordination between Cu?* and Se?~
induces the ionic segregation in the CISe QDs as their core and shell
regions tend to be Cu-rich and In-rich, respectively [54,55]. Therefore,
the smaller CISe QDs have a higher ratio of In to Cu, since In atoms are
strongly driven to the surface of the QDs as their sizes are reduced.
Based on our previous study, we selected the reaction temperature of
180 °C to obtain the target size, composition, and Eg of the CISe QDs
[54].

The band structure of the CISe-HTLs should be suitable for per-
ovskite to allow efficient hole injection and transfer. When the hole
injection barrier becomes low, the hole injection process from the
perovskite to the CISe-HTL would be greatly facilitated, simultaneously
increasing the open-circuit voltage (V,.) of the devices. This is because
the V,. can be controlled by the valence band maximum (VBM) position
of the CISe-HTLs when the other energy levels are fixed [56,57].
Therefore, the optical properties and the band structure of the
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Fig. 2. (A) TEM image of as-synthesized CISe QDs. (B) Out-of-plane XRD spectrum of the CISe-HTL. (C and D) AFM image of the CISe-HTL and corresponding height
profile. (E and F) Photographs indicating the respective contact angle of water droplets which contact the CISe-HTL and spiro-HTL. The measurement of contact

angles was performed at room temperature and at a RH = 35%.

CISe-HTLs are of importance in the optimization of the performance of
the device. Fig. 4A shows the steady state PL spectrum of the CISe-HTL.
A single spectral peak was found at 944 nm, which suggests that the size
of the CISe QDs is uniform. Fig. 4B shows an ultraviolet-visible
(UV-Vis) spectrum of the CISe-HTL. The broad absorbance of the CI-
Se-HTL was observed from 400 nm to 1000 nm, and the wavelength
cutoff was found to be 960 nm. The Eg of the CISe-HTLs was found to be
1.3 eV from the extrapolation of the Tauc plot as depicted in the inset of
Fig. 4B. The E; of QDs strongly depends on the exciton Bohr radius (rg).
In- and Se-rich CISe QDs synthesized in this study have shown the de-
crease in rg from the conventional CISe QDs (atomic ratio = 1:1:2),
which leads to the increase in E; owing to the quantum confinement
effect. Therefore, the increasing E; value from the conventional CISe
QDs (1.04 eV) was responsible for the downward shift of their VBM,
leading to the suitable band alignment with the perovskite. Fig. 4C and

D show the UPS spectra of the CISe-HTL. The Fermi level (Eg) was
found to be —4.23 eV in the high-binding energy regime, which was
calculated from the difference between the binding energy cutoff
(16.97 eV) and ionization energy of He (21.2eV) (Fig. 4C) [58]. Ad-
ditionally, the Fermi edge (Ef cqge) Was found to be 1.19 eV, calculated
from the binding energy cutoff in the low-binding energy regime
(Fig. 4D) [58]. As the result, the VBM of the CISe-HTL was found to be
—5.42 eV by subtracting 1.19 eV from the Eg [58]. Further, since the E,
of the CISe-HTL was 1.3 eV, the conduction band minimum (CBM) was
found to be —4.12 eV. Considering the VBM of the perovskite (—5.4 to
—5.5eV), the hole injection from the perovskite to the CISe-HTL would
be facilitated owing to the low-hole injection barrier, as described in
the inset of Fig. 4D.

Fig. 5A shows the cross-section SEM image of the PSC that employs
a 40nm thick CISe-HTL. Recently, SnO, nanoparticles have been
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considered as a promising material for use in the ETLs in PSCs because
they exhibit excellent PCEs (> 20%) [59-61]. The SnO>-ETLs are thin
(~30 nm), smooth, pinhole-free, and highly conductive, and efficiently
transfer the electrons from the perovskite. In addition, the fabrication
process of the SnO,-ETLs is simple, and only requires the spin coating
of the SnO, colloidal solution and the thermal annealing at low tem-
perature (< 150 °C). Therefore, SnO,—ETLs were employed in our de-
vices. A 500 nm thick perovskite was deposited onto the SnO,-ETLs
using several droplets of ethyl acetate (EA), and was used as an

Binding energy (eV)

antisolvent to form homogeneous Pbl,—MAI complexes [62]. Following
the thermal annealing process at 100 °C, a 40 nm thick CISe-HTL layer
was deposited onto the perovskite by spin coating. Finally, Au elec-
trodes were deposited using a thermal evaporator. The energy diagram
in Fig. 5B shows the charge transfer from the perovskite to the
SnO,-ETL, CISe-HTL and the electrodes. The device performance was
characterized as a function of the thickness of the CISe-HTLs, which
ranged from 20nm to 60 nm. The morphologies and charge transfer
behaviors of the CISe-HTLs would be strongly affected by their film
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devices (thickness of HTL = 40 nm).

thicknesses. For the 20 nm thick HTLs, small pinholes were generated,
while thick films (40 nm and 60 nm) did contain any pinholes (Fig. S4,
ESIT). In spin coating of the CISe-QD solutions, the thickness of HTLs
(20 nm, 40 nm, and 60 nm) is controlled by adjusting the concentration
of CISe QDs to be 10 mg/mL, 15 mg/mL, and 25 mg/mL, respectively.
For the dilute solution (10 mg/mL), the CISe QDs cannot be fully cov-
ered on the perovskite due to their low density, in turn, many pinholes
are generated certainly. The similar result has been reported in the
previous work, demonstrating the generation of small pinholes in the
thin film (< 20 nm) during spin coating of a TiOx—nanocrystal solution
(diameter of TiO, = 6 nm) [35]. Therefore, the pinhole-free HTLs can
be obtained when the film thickness becomes at least 40 nm. For the
60 nm thick HTLs, the transfer path of holes became longer, and ac-
companied the suppression of the hole transfer by oleylamine ligands at

the QD interlayers. It should be noted that the hole transfer in the de-
vices is significantly affected by the tunneling barrier generated within
the CISe-HTLs. Since the alkyl chains adhered to the surface of the CISe
QDs play a role of the hole transfer barrier, the control of the CISe-HTLs
with optimal thickness is significant to attain the efficient hole transfer
and pinhole-free morphologies simultaneously [63,64]. In this study,
the optimized thickness of the CISe-HTLs was found to be 40 nm.
Fig. 5C shows the J-V curves of the devices corresponding to different
CISe-HTL thickness (in devices with respective thickness values of
20 nm, 40 nm, and 60 nm). The device with the best performance was
the 40 nm—device, which exhibited a V. of 0.979 V, a fill factor (FF) of
0.685, a current density (Js.) of 20.46 mA cm ™2, and yielded an im-
pressive PCE of 13.72% for the backward sweep at a scan delay time of
200 ms. This was the highest value among all the devices that employed
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Table 1
Photovoltaic parameters of CISe-devices measured with a standard AM 1.5 G illumination of 100 mW cm™2.*
Thickness of CISe-HTLs [nm] Scan direction Voe [V] Jse [mAcem™2] FF PCE [%]
20 Backward 0.857 (0.842) 17.84 (16.93) 0.581 (0.530) 8.88 (7.56)
Forward 0.796 17.67 0.513 7.21
40 Backward 0.979 (0.965) 20.46 (20.32) 0.685 (0.654) 13.72 (12.83)
Forward 0.967 20.42 0.662 13.07
60 Backward 0.954 (0.935) 18.72 (17.58) 0.604 (0.589) 10.79 (9.68)
Forward 0.918 18.59 0.523 8.92
@ The values in brackets are the average values calculated from 20 devices.
A B_.25 C10 Fig. 6. The characterization of CISe-devices at the
E 0.5 o’ large active areas of 0.5cm? and 1.0cm? (A)
: .§ 8 : Photograph of the CISe-device with single active area
E > 6 of 0.5 cm?. (B) J-V curves of the devices measured at
= 5 the active areas of 0.5cm? and 1.0 cm?® They were
§ 107 =33 gmiﬂg?giﬁj{ 84 obtained under 1 sun condition. (C) Histogram of
£ s § > twenty CISe-devices for the active areas of 0.5 cm?
£ I and 1.0 cm®.
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chalcogenide QD-HTLs. In the case of the best performing device, a
stabilized PCE of 13.14% was also achieved from a steady state pho-
tocurrent density of 17.97mAcm™2 at a maximum power voltage
(Vimax) of 0.731V (Fig. S5). The PCE of this device was found to be
13.07% for the forward sweep at a scan delay time of 200 ms. The slight
hysteresis behavior observed following the backward and forward
sweeps was attributed to the charge accumulation at the interface of
perovskite/CISe-HTL. The oleylamine ligands linked to the surface of
CISe QDs may hinder the reversible transfer of charge carriers, and may
thus lead to the charge recombination and the performance degradation
of the device. The 20nm- and 60 nm-devices also exhibited a sig-
nificant decrease in device performance (PCE = 8.88% and 10.79%,
respectively) with more predominant hysteresis owing to the pinholes
or the short conductive paths within the HTLs. For the 20 nm thick
CISe-HTL, the pinholes in the HTL provide the path of direct contact
between the Au electrode and perovskite. Therefore, the charge re-
combination at their interfaces becomes dominant, which leads to the
severe degradation of device performance [65]. The device parameters
are listed in Table 1.

The time-resolved PL (TRPL) analysis provides information of the
charge transfer behaviors at the interface of perovskite/CISe-HTL.
Fig. 5D shows the PL decay curves and the corresponding PL lifetimes in
four samples of the glass/perovskite and glass/perovskite/CISe com-
plexes (20-60 nm). These were fitted with the use of a bi-exponential
decay function. The fitted parameters for the samples are listed in Table
S1 (ESIT). The fast decay corresponds to the quenching of holes be-
tween the perovskite and the CISe-HTLs, while the slow decay is at-
tributed to the radiative decay within the perovskite film [66-68]. The
average PL lifetimes were found to be 70.67, 38.81, 14.89, and
28.50ns, for the glass/perovskite, glass/perovskite/CISe (20 nm),
glass/perovskite/CISe (40 nm), and glass/perovskite/CISe (60 nm), re-
spectively. Based on the shorter PL lifetime for the glass/perovskite/
40 nm-CISe, the hole injection from the perovskite to the CISe-HTL
becomes dominant. The faster hole transfer suppresses the charge re-
combination at the interface of perovskite/CISe-HTL, and improves all
the device parameters and the hysteretic behavior. Fig. 5E shows the
EQE spectra corresponding to the devices with the thicknesses of 20 nm,
40 nm, and 60 nm. For all the devices, the EQE values were retained
from 550 nm to 750 nm, and the spectral peaks were found to be near
640 nm. However, in the case of the 20 nm- and 60 nm-devices, their
EQE values dramatically decreased because the charge recombination
became dominant either by a) the direct contact of the perovskite and
Au electrodes through the pinholes within the thin CISe-HTL, or b) the

10.010.511.011.512.012.513.0 13.5

PCE (%)

retardation of the hole transfer process within the thick CISe-HTLs
owing to the oleylamine ligands. The integrated J,. values were found
to be 15.87mAcm ™2, 19.42mAcm ™2, and 17.34mA cm 2, for the
20 nm-, 40 nm-, and 60 nm-devices, respectively. These values show
excellent agreement with the corresponding J,. values obtained at the
J-V curves. The synergetic PL effect of CISe QDs on the generation of
extra charge carriers was not observed because the thick perovskite
absorbs visible light. The small amount of PL generated by the CI-
Se-HTL at infrared regions cannot contribute to the increase in Js.. We
also evaluated the PCEs of twenty independent devices to demonstrate
the reproducibility. Since the synthesis of monodispersed CISe QDs is
highly reproducible, the similar quality of HTLs was also retained for
each device. The average PCE of the 40 nm devices was found to be
12.83% (Fig. 5E).

We further investigated the feasibility of large-area devices em-
ploying the CISe-HTLs. Beyond the small active area (0.12 cm?) of the
devices, the device performance at the larger active areas (0.5 cm? and
1.0 cm?) was evaluated. Fig. 6A shows the photograph of the CISe-de-
vice (thickness of the CISe-HTL = 40 nm) comprising two active areas
of 0.5 cm? (total area = 1.0 cm?). Fig. 6B exhibits the J-V curves of the
device for the active areas of 0.5cm? and 1.0 cm? Their PCEs were
found to be 13.05% and 12.19% for 0.5 cm? and 1.0 cm?, respectively,
slightly lower than those measured at the small active area. The slight
degradation of the PCEs was mainly attributed to the decrease in the FF.
The FF strongly depended on the contact resistance (Rs) raised by the
interfacial area of the device. This relationship can be expressed by the
following equations [26]:

FF=FF'(1 —r) (2)
R
"R 3
R = Yur
Ivp @

where FF’ is the fill factor without R, r is the normalized R, and R’ is
the ratio of the voltage (Vyp) and photocurrent (Iyp) at the maximum
point. Therefore, the increasing R; degraded the FF of the devices,
which also led to the distinct hysteresis behavior. The PCEs measured at
the forward sweeps were found to be 12.33% and 11.21% for 0.5 cm?
and 1.0 cm?, respectively. However, the small PCE deviations raised by
the increasing active area are encouraging, suggesting that the CISe
QDs are highly suitable for the HTL of the large-area PSCs. Thanks to
the thin and uniform deposition of the CISe QDs, the excellent surface
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Table 2
Photovoltaic parameters of CISe-devices (active area = 0.5 cm? and 1.0 cm?) measured with a standard AM 1.5 G illumination of 100 mW cm™2.?
Active area [cm?] Scan direction Voe [V] Jee [MAcm™2] FF PCE [%]
0.5 Backward 0.962 (0.946) 20.31 (20.18) 0.668 (0.639) 13.05 (12.2)
Forward 0.946 20.31 0.642 12.33
1.0 Backward 0.957 (0.942) 20.03 (19.89) 0.636 (0.613) 12.19 (11.49)
Forward 0.935 19.96 0.601 11.21

@ The values in brackets are the average values calculated from 20 devices.

coverage yielded high reproducibility of the device performance.
Fig. 6C exhibits the histogram for the PCEs of twenty independent de-
vices for active areas of 0.5cm? and 1.0 cm?. The average PCEs were
found to be 12.2% and 11.49% for 0.5 cm? and 1.0 cm?, respectively.
The device parameters obtained at the active areas of 0.5cm? and
1.0 cm? are summarized in Table 2.

Finally, long-term stability tests of the devices were performed for
30 d at RH = 25% and 50% in dark chambers. To compare the stability
of the devices based on the CISe-HTL (CISe device) and spiro-HTL
(spiro device), the J-V curve of the spiro device was obtained, and
yielded a PCE value of 18.13% (Fig. S6, ESIt). At RH = 25%, the CISe
and spiro devices showed respective PCE retentions of 89.2%
(PCE = 12.16%) and 51.6% (PCE = 9.41%) relative to the initial values
after 30 d (Fig. 7A). Since the hydrophobic CISe-HTLs effectively sta-
bilize the perovskite under a moderate humid atmosphere, the device
performance can be retained for prolonged periods. Larger differences
in the stabilities of the two devices were observed in more humid en-
vironments. At RH = 50%, the CISe and spiro devices showed re-
spective PCE retentions of 74.9% (PCE = 10.23%) and 23.5%
(PCE = 4.25%) relative to the initial values after 30 d (Fig. 7B). Fig. 7C
and D show the conductivity curves of the spiro— and CISe-HTLs at
RH = 25% and 50%, respectively. After 30 d, the conductivities of the
hygroscopic spiro-HTLs significantly dropped from
2.35 x 107 3*Sem ™! to 1.02 x 107 *Sem™! and to
3.37 x 107 °Sem ™! at RH = 25% and 50%, respectively. However, the
conductivity values of the CISe-HTLs slightly decreased from
0.62 x 107 *Sem ™! to 0.37 x 107 3Scm ™! and to
0.12 x 1073Scem ™! at RH = 25% and 50%, respectively. The lower

A

vy}

conductivities of the CISe-HTLs compared to that of a bulk CISe crystal
(6-400 S cm ™ 1) can be attributed to the contact resistance between the
QDs and the oleylamine ligands which are linked to the CISe QDs [48].
Even though the slow degradation of CISe QDs by oxidation is in-
evitable, the degradation of the perovskite by moisture was con-
siderably delayed in humid environments (Fig. S7A, ESI{). In addition
to the decrease of the conductivity values, the penetrated moisture
through the spiro-HTLs dissolves the perovskite and accelerates the
degradation of the performance of the device (Fig. S7B, ESIT). The next
step in our future plan would be the surface modification of CISe QDs
with shorter alkyl chains or inorganic layers to optimize the device
performance and stability.

4. Conclusion

In conclusion, monodispersed CISe QDs were used as dual-function
HTLs for PSCs. Accordingly, they facilitated the hole transport and
protected the perovskite from moisture. They were dispersed in a
nonpolar solvent that enabled the deposition of CISe QDs onto the
perovskite. The suitable VBM position of the CISe-HTLs with respect to
that of the perovskite allowed efficient hole injections. Furthermore,
highly conductive CISe-HTLs drove the hole transfer process from the
perovskite to Au electrodes. Thereby, an impressive PCE of 13.72%
could be achieved, which was well retained for 30 d even at the high RH
level of 50%. In contrast, spiro-devices exhibited poor stability in
humid environment, even though the initial PCE was high. Therefore,
the hydrophobic oleylamine ligands linked to the CISe QDs can effec-
tively suppress the degradation of the perovskite and CISe QDs from

Fig. 7. Long-term stability tests of the CISe- and

spiro-devices, and the corresponding HTLs at

1.01 1.01 RH = 25% and 50% for 30d. (A and B) Normalized
3 EJ) PCEs of the devices obtained at RH = 25% and 50%
a 0.81 a 0.81 for 30d, respectively. (C and D) Electrical con-
8 061 8 06 ductivities of the HTLs obtained at RH = 25% and
N | —a— sprio-device 1 s | spiro-device RH = 50% for 30d, respectively. All measurements
g 0.4 —— ClSe-device (E“ 0.4 —e— ClISe-device were performed at room temperature.
5 RH =25 % 5 RH =50 %
Z0.21 Z 0.2
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moisture. Through the surface engineering yielding such hydrophobic
QDs, highly stabilized PSCs with excellent device performance would
be realized.
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