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  1.     Introduction 

 Perovskite solar cells (PSCs) are emerging 
as one of the promising next-generation 
photovoltaic devices because of several 
advantages such as ease of fabrication, 
low cost, and high effi ciency. [ 1–5 ]  Miya-
saka and co-workers introduced organic−
inorganic hybrid alkylammonium lead 
halide perovskites (R-NH 3 PbX 3 , X = Cl, 
Br, I) as an inorganic sensitizer in liquid-
type dye-sensitized solar cells. [ 6 ]  However, 
the performance of this solar cell was 
signifi cantly degraded because the per-
ovskites were dissolved in a polar liquid 
electrolyte. Park and co-workers reported 
all-solid-state PSCs, which increased the 
power conversion effi ciencies (PCEs) up 
to 9.7%, using 2,2′,7,7′-tetrakis( N , N -di- p -
methoxyphenylamine)9,9′-spirobifl uorene 
(spiro-OMeTAD). [ 7 ]  Recently, the PCE of 
PSCs with solid junctions has rapidly 
improved and a certifi ed PCE of 21.0% 
was reported by the National Renewable 
Energy Laboratory (NREL) in the records 

of the best research cell effi ciency. [ 8–13 ]  
 Although PSCs employing organic hole transport materials 

(HTMs) such as spiro-OMeTAD have demonstrated excellent 
photovoltaic performance, there are still enormous drawbacks 
such as cost and hygroscopic p-type dopants for enhanced con-
ductivity, leading to moisture penetration. The cost of high 
purity spiro-OMeTAD is more than ten times that of gold or 
platinum because materials synthesis and purifi cation of spiro-
OMeTAD is very complicated. [ 14 ]  Furthermore, moisture can 
easily permeate through the spiro-OMeTAD layer since the 
lithium-bis(trifl uoromethane)sulfonamide (Li-TFSI) in spiro-
OMeTAD is hygroscopic. [ 15 ]  Perovskites become unstable when 
they are exposed to polar solvents such as water. This could lead 
to degradation under humid conditions within several minutes, 
resulting in the production of toxic lead compounds. [ 16,17 ]  

 Alternative organic materials such as (poly-[[9-(1-octylnonyl)-
9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-
4,7-diyl-2,5-thiophenediyl]) (PCDTBT), poly-[2,1,3-benzothia-
diazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1- b :3,4- b ′]- 
dithiophene-2,6-diyl]] (PCPDTBT), poly-3-hexylthiophene 
(P3HT), and poly-triarylamine (PTAA) are also used for 
HTMs. [ 17 ]  However, these materials are also expensive and 
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need to be mixed with ionic additives for higher hole mobility. 
Considering this, the limitations of organic HTM could 
be an obstacle to future commercialization of perovskite 
photovoltaics. 

 On the contrary, inorganic p-type semiconductors appear 
to be an ideal choice because of their low cost, stability, ease 
of synthesis, and high mobility without ionic additives. [ 18,19 ]  
Kamat and co-workers reported that an inexpensive and solu-
tion-processable inorganic p-type material, copper iodide (CuI), 
based perovskite photovoltaics exhibited a PCE of 6%. [ 20 ]  More 
recently, Nazeeruddin and co-workers introduced copper thio-
cyanate (CuSCN) as an inorganic hole conductor in PSCs, and 
the device exhibited a high PCE of above 12%. [ 21 ]  However, it 
is conjectured that their approaches might not guarantee the 
long-term stability of perovskites. Generally, the ionic exchange 
reaction could occur between the Cu of inorganic HTMs and 
Pb in perovskite absorbers. [ 22–25 ]  

 In order to overcome the disadvantages of inorganic HTMs, 
ligand-passivated pyrite nanoparticles (FeS 2  NPs) were used in 
the hole transporting layer of PSCs. FeS 2  is one of the most 
promising candidates for the HTM of PSCs because FeS 2  has 
advantages such as earth abundance, non-toxicity, high charge-
carrier mobility, and appropriate energy levels for hole extrac-
tion. [ 26–31 ]  However, the hydrophilicity of FeS 2  has been an 
obstacle for use in the upper HTM layer of PSCs. Therefore, 
we synthesized FeS 2  NPs with long alkyl chain ligands such 
as octadecylamine (ODA) to facilitate their use as the upper 
layer of the perovskite absorber. Ligand-modifi ed NPs have 
been known as a facile method to provide hydrophobicity to 
NPs. [ 32–35 ]  Herein, ODA molecules with long hydrophobic alkyl 
chains were used to modify the hydrophilic surfaces of FeS 2  
into hydrophobic surfaces. As a result, ODA-capped FeS 2  NPs 
(ODA-FeS 2  NPs) based HTM layer was deposited on the perovs-
kite layer and exhibited large water contact angles >110°. Com-
pared to spiro-OMeTAD, the HTM layer based on ODA-FeS 2  
NPs were more hydrophobic. Furthermore, the long alkyl chain 
of ODA prevented the ionic exchange between inorganic HTM 
and the perovskite absorber, which contributed to the chemical 
stability of ODA-FeS 2  NPs. 

 We also demonstrated that ODA-FeS 2  NPs function as an 
effi cient charge transporter. The ODA-FeS 2  NPs layer exhib-
ited excellent conductivity, one order of magnitude higher than 
that of pristine spiro-OMeTAD. The best-performing PSC with 
ODA-FeS 2  NPs-based HTM showed a high PCE of 12.56% and 
maintained its photovoltaic performance for 1000 h under 50% 
relative humidity (RH). As a result, we verify that ODA-FeS 2  
NPs-based HTM acts effi ciently as a bi-functional layer (charge 
extraction layer and moisture-proof layer) through its high con-
ductivity and its ability to act as a moisture barrier.  

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of ODA-FeS 2  
Nanostructures 

 We synthesized ODA-FeS 2  NPs using a hot injection method 
reported by Puthussery. [ 28 ]   Figure    1  a shows the high-resolu-
tion transmission electron microscopy (HR-TEM) image of 

ODA-FeS 2  NPs. Even at higher concentrations, ODA-FeS 2  NPs 
have a narrow size distribution without aggregation or impuri-
ties. The inset in Figure  1 a also shows the ODA-FeS 2  NP, and 
the lattice distance ( d ) is 2.7 Å, attributed to the [002] crystal-
line plane of FeS 2 . As shown in Figure  1 b, X-ray diffraction 
(XRD) data also indicated that all the refl ection peaks could be 
indexed to a single phase of ODA-FeS 2  NPs without other peaks 
from impurities such as marcasite, pyrrhotite, or troilite. [ 36 ]  To 
investigate the atomic ratio of the pyrite, we performed X-ray 
photoelectron spectroscopy (XPS). As shown in Figure  1 c, the 
two resolved peaks at 711.8 and 726.6 eV correspond to Fe 2p 3/2  
and Fe 2p 1/2 , respectively. In Figure  1 d, the binding energy 
peaks of S located at 162.6 and 163.7 eV, attributed to the S 2p 3/2  
and S 2p 1/2 , respectively, are consistent with the binding energy 
of sulfur in pyrite. [ 37,38 ]  These results indicate that the sulfur to 
iron atomic ratio was about 2, which is identical to pyrite. As a 
result, we demonstrated that the ODA-FeS 2  NPs could be syn-
thesized without impurities and precisely controlled via the hot 
injection method.   

  2.2.     Characterization of ODA-FeS 2  NPs-Based HTM Layer 

 Typically, the HTM layer is located on the top of the perovs-
kite light absorber. The perovskite structure is degraded when 
it contacts a polar solvent such as water. Thus, an HTM with 
hydrophobicity is required to prevent the decomposition of 
perovskite. To demonstrate the hydrophobicity of ODA-FeS 2  
NPs, static contact angles were measured. For comparison, a 
spiro-OMeTAD layer was also prepared. As shown in  Figure    2  a, 
the contact angle of a water droplet on the surface of spiro-
OMeTAD fi lm was 77.1°. On the other hand, that of the HTM 
fi lm with ODA-FeS 2  NPs was 112.9° because of the hydro-
phobic nature of the ODA ligand. As a result, the differences in 
wettability between the fi lm based on ODA-FeS 2  NPs and spiro-
OMeTAD prove the possibility of ODA-FeS 2  NPs as a moisture-
proof layer for perovskite absorber. Furthermore, we studied the 
morphology of the ODA-FeS 2  nanostructured fi lm using scan-
ning electron microscopy (SEM) and atomic force microscopy 
(AFM). As shown in Figure  2 b, ODA-FeS 2  NPs were deposited 
uniformly and densely on the perovskite substrates without 
pinholes by the spray-coating method. Figure  2 c shows that the 
surface roughness of the fi lm was ≈5.817 nm. Thus, the results 
reveal that a spray-coated fi lm based on ODA-FeS 2  NPs has a 
pinhole free surface, which contributes to the protection of the 
perovskite absorber.  

 In order to demonstrate the possibility of using ODA-FeS 2  
NPs as an HTM, we measured the conductivity of ODA-FeS 2  
nanostructured thin fi lm. A standard four-pin probe measure-
ment was used to confi rm the conductivity of ODA-FeS 2  NPs-
based HTM. ODA-FeS 2  nanostructured thin fi lm has a con-
ductivity of 2.78 × 10 −4  S cm −1 , one order of magnitude higher 
than that of the pristine spiro-OMeTAD (2 × 10 −5  S cm −1 ). Even 
when the FeS 2  NPs were capped by long alkyl chain ligands, 
the ODA-FeS 2  nanostructured fi lm could perform as a charge 
transporting layer. In addition, C-AFM was employed to study 
the charge carrier behavior in the thin fi lm based on the ODA-
FeS 2  NPs. Figure  2 d shows that the current fl ow through the 
ODA-FeS 2  nanostructured HTM layer is randomly distributed. 
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 Figure 1.    Synthesis and characterization of ODA-FeS 2  NPs. a) High-resolution TEM image of ODA-FeS 2  NPs. The inset shows 10 nm ODA-FeS 2  NPs 
and the lattice fringe attributed to the [002] plane of pyrite. b) XRD pattern of FeS 2  NPs stabilized by ODA. XPS spectra of c) Fe 2p and d) S 2p.

 Figure 2.    Characterization of fi lms based on hole transporting materials. a) Measurement of static contact angles of water droplets on the surface of 
spiro-OMeTAD (left image) and fi lm based on ODA-FeS 2  NPs (right image). b) SEM planar view of ODA-FeS 2  NPs-based fi lm, c) AFM topographic 
image, and d) CS-AFM image of the ODA-FeS 2  NPs-based fi lm prepared by spray-coating (solution concentration: 0.5 mg mL −1 ).
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The charge carriers drift in the electric fi eld through the most 
favorable diffusion paths to form channels with high electrical 
conductivity. [ 39 ]  We further investigated the hole mobility of 
ODA-FeS 2  nanostructured thin fi lm, bulk FeS 2 . ODA-FeS 2  
NPs based hole transporting fi lm has the hole mobility of 
0.0312 cm 2  V −1  S −1 , which is one order of magnitude higher 
than that of spiro-OMeTAD. The hole mobility of bulk FeS 2  
fi lm is 293 cm 2  V −1  S −1 . Compared to spiro-OMeTAD, ODA 
capped FeS 2  NPs based HTM has the advantage of higher 
mobility. These results demonstrate that a bi-functional layer 
based on ODA-FeS 2  NPs could act as both a hole transportation 
and moisture-proof layer in perovskite solar cells.  

  2.3.     Device Structure and Photovoltaic Performance 
of PSCs with ODA-FeS 2  HTM 

  Figure    3  a shows a schematic of the device structure and the 
cross-sectional SEM image of the PSC with an HTM layer 
based on ODA-FeS 2  NPs. The ODA-FeS 2  NPs-based HTM 
layer has a thickness of 135 nm and is completely covered 
on the CH 3 NH 3 PbI 3  layer without any pinholes. Therefore, 
we conjecture that the layer based on ODA-FeS 2  NPs could 
block direct contact between the CH 3 NH 3 PbI 3  and the Au 
cathode. As shown in Figure  3 b, the energy level diagram of 
the components proves that FeS 2  has a suitable band position 
for hole extraction in PSCs. [ 30 ]  To demonstrate the ability of the 
HTM based on ODA-FeS 2  NPs for hole extraction, we prepared 
PSCs that have a fl uorine-doped tin oxide (FTO)/TiO 2  blocking 

layer/mesoporous TiO 2  layer/CH 3 NH 3 PbI 3 /ODA-FeS 2  NPs/Au 
components. The fabrication process of PSC with ODA-FeS 2  
NPs-based HTM is shown in Figure S1 (Supporting Informa-
tion). For comparison, reference cells with spiro-OMeTAD were 
also prepared under the same condition.  

 Figure  3 c shows the photovoltaic properties ( J–V  curves) 
of the highest-performing device with ODA-FeS 2  NPs-based 
HTM. As shown in the inset of Figure  3 c, the best performing 
solar cells with HTM based on ODA-FeS 2  NPs exhibited a 
short circuit current density ( J  sc ), an open-circuit voltage ( V  oc ), 
a fi ll factor (FF), and a PCE of 20.98 mA cm −2 , 0.95 V, 0.63, 
and 12.56%, respectively. In Figure S2 (Supporting Information), 
histograms and standard deviations represent the average 
photovoltaic performances of 30 devices with ODA-FeS 2  NPs-based 
HTMs. Photovoltaic parameters of the highest-performing 
reference cell are displayed in Figure S3 (Supporting Informa-
tion). The PSCs with ODA-FeS 2  NPs-based HTM exhibited high 
 J  sc  because of effi cient charge extraction, which demonstrates 
the superior hole transporting ability of HTMs based on ODA-
FeS 2  NPs. Furthermore, we measured the hysteresis behavior 
of the highest-performing cell with ODA-FeS 2  NPs-based 
HTM, scanning in forward and reverse directions. As shown 
in Figure S4 (Supporting Information), the best performing 
solar cells with HTM based on ODA-FeS 2  NPs displays small 
deviations between the  J–V  curves, scanning opposite directions. 

 The incident photon-to-current effi ciency (IPCE) spectra and 
integrated photocurrent density were also characterized to con-
fi rm the spectral response of the best-performing device with 
ODA-FeS 2  NPs-based HTM. In Figure  3 d, the IPCE spectra 
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 Figure 3.    a) Device architecture and cross-sectional SEM image of the perovskite solar cells (PSCs) with ODA-FeS 2  NPs-based hole transporting layer 
(HTL). b) Schematic of an energy diagram of the TiO 2 /CH 3 NH 3 PbI 3 /HTM based on ODA-FeS 2  NPs. c) Photocurrent density–voltage ( J–V ) curve under 
100 mW cm −2  illumination (AM 1.5G). d) Incident photon to current effi ciency (IPCE) spectrum of the highest-performing PSC comprising ODA-FeS 2  
NPs-based HTM (blue line). The integrated product of the IPCE curve with an AM 1.5G spectrum (red line). e) Steady-state photoluminescence (PL) 
spectra of the bare perovskite, perovskite absorber/ODA-FeS 2  NPs based HTL, and perovskite absorber/spiro-OMeTAD.
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show a broad plateau of >70% over the range 350–750 nm. In 
addition, the integrated photocurrent density calculated from 
the IPCE spectra corresponded to that of the  J  sc  value meas-
ured from the  J–V  curve. We further investigated the photo-
luminescence (PL) quenching behavior between perovskite 
absorber and hole transporting materials to support charge 
extraction abilities of ODA-FeS 2  NPs based HTMs. As shown in 
Figure  3 e, FeS 2  NPs based HTM shows the dramatic decrease 
in the PL intensity of perovskite fi lm, which confi rms that effi -
cient charge transfer occurred at the ODA-FeS 2  NPs/perovskite 
interface. Thus, we could confi rm that charge extraction abili-
ties of FeS 2  NPs lead to the high  J  sc  of PSCs with ODA-FeS 2  
NPs-based HTM. [ 5,40,41 ]  Based on these results, we verify the 
highly effi cient hole transporting ability of ODA-FeS 2  NPs in 
PSCs. 

 Furthermore, in order to compensate the limitation of spiro-
OMeTAD and ODA-FeS 2  NPs, we investigated the PSCs with 
bilayered HTM based on spiro-OMeTAD/ ODA-FeS 2  NPs. 
 Figure    4   shows the photovoltaic performance of the highest 
PSC based on bilayerd HTM. The device with bilayered HTM 
exhibited a  J  sc ,  V  oc , FF, and a PCE of 21.02 mA cm −2 , 0.98 V, 
0.69, and 14.21%, respectively. Compared to the pristine ODA-
FeS 2  HTM based PSCs, overall photovoltaic properties of the 
bilayered HTM based device were enhanced. Both  J  sc  and FF 
were increased since spiro-OMeTAD improved the interface 
between perovskite layer and FeS 2  NPs. In addition, larger 
 V  oc  can be attributed to lower the highest occupied molecular 
orbital (HOMO) energy level of spiro-OMeTAD than that of 
ODA-FeS 2  NPs. As a result, we confi rm that spiro-OMeTAD 
and ODA-FeS 2  NPs can create a synergy effect on PSCs.   

  2.4.     Long-Term Stability of PSCs with ODA-FeS 2  NPs-Based 
HTM 

 Despite its excellent photovoltaic properties, PSCs need to 
overcome several problems for commercialization. One of the 

critical problems is that the degradation of CH 3 NH 3 PbI 3  occurs 
rapidly in humidity. [ 16 ]  As water encounters CH 3 NH 3 PbI 3 , water 
molecules break the hydrogen bonding between the PbI 3  and 
CH 3 NH 3  units in CH 3 NH 3 PbI 3 . The CH 3 NH 3 PbI 3  structure 
can be completely destroyed because the interaction between 
the CH 3 NH 3  unit and H 2 O is much stronger than the bonding 
between the PbI 3  and CH 3 NH 3  units in CH 3 NH 3 PbI 3 . [ 42 ]  As a 
result, rapid degradation of CH 3 NH 3 PbI 3  produces a drastic 
decline in the photovoltaic performance. [ 42–44 ]  Furthermore, 
toxic PbI 2 , a decomposition product, can cause adverse environ-
mental effects. [ 17 ]  Therefore, a passivation layer is necessary for 
the underlying perovskite fi lm to increase the stability of per-
ovskite absorber. 

 In order to prove the moisture-proof ability of ODA-FeS 2  
NPs-based HTM, we monitored the long-term stability of PSCs 
with HTM based on ODA-FeS 2  NPs for 1000 h. For compar-
ison, reference devices with spiro-OMeTAD were also inves-
tigated. During the measurement, the photovoltaic perfor-
mances of the devices were periodically observed at 50% RH 
and room temperature. All devices were not sealed and have 
been stored under dark condition. As shown in  Figure    5  a,b, 
PSCs with spiro-OMeTAD retained only 71% of its initial  J  sc  
and 63% of the initial PCE after storage for 1000 h. On the 
contrary, PSCs with ODA-FeS 2  NPs-based HTM maintained 
92% of initial value of  J  sc  and 92% of the initial PCE after 
1000 h. PSCs with ODA-FeS 2  NPs-based HTM retained their 
photovoltaic performance because of the hydrophobicity 
of ODA-FeS 2  NPs. From these results, we demonstrate the 
moisture-proof property of ODA-FeS 2  NPs-based HTM for 
the underlying perovskite absorber and enhanced long-term 
stability of PSCs.  

 Besides, the chemical stability of ODA-FeS 2  NPs based 
HTM with the perovskite layer is essential factor for long-term 
stability of PSCs because ionic exchange reaction could occur 
easily between Fe in HTMs and Pb in perovskite absorber. 
There are several studies to support the ionic exchange reac-
tion between Cu and Pb. Dallago group reported that the 
addition of cations (Cu 2+ , Co 2+ , Al 3+ , Fe 3+ , Ni 2+ , and Cr 3+ ) 
with Pb complex leads the displacement of lead from com-
plex. [ 22 ]  In addition, Alivisatos group used cation exchange 
reactions to solve the limitation of conventional synthesis. 
Ion exchange reactions give rise to rapid replacement of the 
cation between various semiconductors. [ 23,24 ]  Liberato Manna 
group also demonstrated sequential cation exchange reaction 
of nanostructures. [ 25 ]  Therefore, we measured SEM-electron-
probe microanalyzer (EPMA) to verify the chemical stability of 
ODA-FeS 2  NPs with the CH 3 NH 3 PbI 3  absorber. The fi lm com-
posed of FTO glass, TiO 2 , CH 3 NH 3 PbI 3 , and the ODA-FeS 2  
NPs-based layer was stored for 1000 h at room temperature 
and 50% RH. Figure  5 c displays the elemental mappings of 
Ti (blue pixels), Pb (green pixels), and Fe (red pixels) in the 
fi lm. A distinct division is observed between Pb and Fe in the 
elemental mappings. The obvious distinction indicates that 
the long alkyl chain of ODA prevented the ionic exchange 
between the Fe in the HTM layer and the Pb in the perovs-
kite absorbers. A small amount of elemental Pb is observed 
under FTO/glass because ion beam focusing dissolved Pb 
cations from the CH 3 NH 3 PbI 3 . [ 21 ]  Furthermore, we also ana-
lyzed the ionic exchange behavior between Fe in pristine FeS 2  
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 Figure 4.     J–V  curve of the best performing device with bilayered HTM 
based on spiro-OMeTAD/FeS 2  NPs under 100 mW cm −2  illumination 
(AM 1.5G).
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fi lm (without ODA ligand) and Pb in the perovskite layer. As 
shown in Figure S5a (Supporting Information), spatial sepa-
ration between two layers became ambiguous because cation 
exchange occurred between Fe in pristine FeS 2  fi lm and Pb 
in perovskite layer. As a result, Fe ions migrated to perovs-
kite layer and Pb ions moved to FeS 2  layer. On the contrary, 
Figure S5b (Supporting Information) indicated a remarkable 
distinction in the elemental mappings of Fe in ODA capped 
FeS 2  NPs based fi lm and Pb in perovskite layer. Therefore, 
we demonstrated that ODA ligand could prevent the ionic 
exchange between Fe in HTM and Pb in perovskite layer effi -
ciently. These results confi rm that ODA-FeS 2  NPs contribute 
to the long-term stability of PSCs.   

  3.     Conclusion 

 In summary, we prove that the ODA-FeS 2  NPs exhibited excel-
lent performance in hole extraction and effi ciently prevented 
moisture attack on the perovskite absorbers. Through the 
hot injection method, FeS 2  nanostructures could be precisely 
synthesized at high concentrations. Even when the FeS 2  NPs 
were modifi ed by long alkyl ligands, the ionic conductivity of 
ODA-FeS 2  nanostructured thin fi lm was one order of magni-
tude higher than that of the pristine spiro-OMeTAD. Further-
more, ODA-FeS 2  NPs-based fi lms are more hydrophobic than 
the spiro-OMeTAD. These results demonstrate that FeS 2  NPs 
could act as an effi cient bi-functional layer in PSCs. Therefore, 
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 Figure 5.     Long-term stability of the PSCs with ODA-FeS 2  NPs-based HTM (red circle) and spiro-OMeTAD (blue tetragon) for 1000 h a) short-circuit 
current density and b) effi ciency of the highest-performing cells with different HTMs c) SEM-EPMA mappings of titanium (blue pixels), lead (green 
pixels), iron (red pixels), and total elements in the fi lm composed of TiO 2 /CH 3 NH 3 PbI 3 /ODA-FeS 2  NPs.
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ODA-FeS 2  NPs-based HTM are potentially promising materials 
and can help in realizing highly robust PSCs.  

  4.     Experimental Section 
  Materials : Iron (II) chloride tetrahydrate (FeCl 2 ·4H 2 O, 99%), 

octadecylamine (CH 3 (CH 2 ) 16 CH 2 NH 2 , 97%), diphenylether ((C 6 H 5 ) 2 O, 
99%), lead (II) iodide (PbI 2 , 99.9%), dimethyl sulfoxide (DMSO),  N,N -
dimethylformamide (DMF), anhydrous chloroform (99%), and ethanol 
(99%) were purchased from Sigma-Aldrich. Methylammonium iodide 
(CH 3 NH 3 I) was purchased from Dyesol. All chemicals were used as 
received without any further purifi cation. 

  Synthesis of ODA-FeS 2  NPs : ODA-FeS 2  NPs were synthesized using 
a modifi ed hot injection method proposed by Puthussery et al. [ 28 ]  First, 
0.8 mmol of FeCl 2 ·4H 2 O was dissolved in 0.15 mol ODA. The mixed 
solution was placed in a three-neck fl ask and de-aerated by bubbling 
99.99% nitrogen (N 2 ) gas for 60 min. An injection solution was obtained 
by the dissolution of 4 mmol of sulfur in 10 mL of diphenyl ether under 
N 2  atmosphere. The injection solution was added dropwise into the 
solution (FeCl 2 ·4H 2 O in ODA) while stirring and continuously purging 
the reaction media with N 2  gas for 30 min. After the reaction mixture 
was brought to boiling temperature, ODA-FeS 2  NPs were initially 
formed, and color of the solution changed from brown to black. The 
ODA-FeS 2  NPs were allowed to crystallize and grow under conditions 
of continuous refl ux at 220 °C for 5–300 min. The reaction time 
determined the diameter of the resulting NPs. The as-grown ODA-FeS 2  
NPs were further purifi ed by washing with ethanol, ethanol/chloroform 
(10:1), and methanol/chloroform (10:1), respectively. Any residual side 
products from the NPs suspension were removed by centrifugation at 
3500 rpm for 10 min. The fi nal products were dissolved in chloroform. 
The resulting ODA-FeS 2  NPs solution had high solubility and purity, 
which is required for the deposition of the ODA-FeS 2  NPs-based thin 
fi lms. 

  Characterization of ODA-FeS 2  NPs : ODA-FeS 2  NPs were examined 
by TEM (FEI, TECNAI G 2  F30 ST, at 100 kV). The crystal structure of 
ODA-FeS 2  NPs was analyzed using an X-ray diffractometer (Rigaku, 
DMAX-2500/PC) operating at 20 kV and 200 mA with a rotating anode 
and Cu Kα radiation ( λ  = 0.15418 nm). (XPS was used to determine 
the binding state of Fe and S ion using an AXIS-HIS spectrometer with 
monochromatic Al Kα radiation (1486.3 eV). XPS data were acquired 
over the range 0–1400 eV with a constant pass energy of 117.4 eV at 
the nominal photoelectron takeoff angle of 45°. The wettability of 
ODA-FeS 2  nanostructured fi lm and spiro-OMeTAD was analyzed by 
the static contact angle method. Water droplets were deposited onto 
both ODA-FeS 2  NPs-based fi lm and spiro-OMeTAD using a micro-
syringe. Then, the water contact angle was measured. Conductivities of 
ODA-FeS 2  NPs and spiro-OMeTAD were measured by the four-pin probe 
system (MCP-HT610, LORESTA-GP). Silver electrodes, 50 µm apart, 
were deposited on the fi lms for measurement. The surface image of the 
fi lm based on ODA-FeS 2  NPs was investigated by high-resolution SEM 
(JXA-8100, JEOL). Topographical mapping for surface morphology and 
roughness of the ODA-FeS 2  NPs-based fi lms was performed using AFM 
(Park system, XE-100) via the tapping mode with an Al-coated cantilever. 
In addition, conductive atomic force microscopy (C-AFM, Park system, 
XE-100) with a Pt-coated cantilever was used to investigate the charge 
transport properties of the fi lm at the micrometer scale. 

 To investigate the hole mobility of FeS 2  NPs based fi lms and pristine 
FeS 2  bulk fi lm, all of the samples were prepared on Si substrates 
(1.5 cm × 1.5 cm). A 150 nm thick ODA-FeS2 NPs based fi lm was 
deposited on the substrates using spray-coating. To compare the hole 
mobility of pristine FeS 2  bulk fi lm, ODA-FeS 2  NPs coated Si substrates 
were annealed in a sulfur atmosphere for 2 h to eliminate ODA ligand. 
100 µm thick Ag top electrodes were deposited on the corner of FeS 2  
NPs based fi lms and pristine FeS 2  bulk fi lm, respectively. The hole 
mobility measurement of the FeS 2  NPs based layer and pristine FeS 2  
bulk fi lm were studied by a hole effect system (HL5500PC). 

  Device Fabrication : Patterned FTO glasses were washed with acetone, 
ethanol, and 2-propanol using sonication. The compact TiO 2  blocking 
layer was spin-coated on the FTO substrates and sintered at 500 °C 
for 30 min. For preparing the mesoporous TiO 2  layer, the TiO 2  paste 
(consisting of TiO 2 , ethyl cellulose, lauric acid, and terpineol) was mixed 
with ethanol (TiO 2  to ethanol weight ratio of 2:8). After mixing, the 
TiO 2  solution was deposited by spin-coating at 5000 rpm for 60 s and 
then annealed at 500 °C in air. After that, a highly dense CH 3 NH 3 PbI 3  
fi lm was formed by a modifi ed procedure. [ 8 ]  1 mmol PbI 2 , 1 mmol 
CH 3 NH 3 I, and 1 mmol DMSO were dissolved in DMF and stirred at 
70 °C. The dissolved solution was spin-coated on the mesoporous TiO 2  
fi lm at 4000 rpm for 30 s, and then, diethyl ether was added dropwise 
on the rotating fi lm. After spinning, the CH 3 NH 3 PbI 3  fi lm was dried at 
100 °C for 20 min and cooled to 25 °C. The ODA-FeS 2  NPs solution 
(5 mg mL −1 ) was deposited onto the TiO 2 /CH 3 NH 3 PbI 3  substrate using 
a spray-coating method with N 2  carrier gas. [ 45 ]  The resultant fi lm was 
thermally annealed at 70 °C for 2 min in air. After thermal annealing, a 
100 nm thick Au electrode was thermally evaporated on top of the device 
to form the back contact (see Figure S1, Supporting Information). 

  Characterization of Solar Cells : The cross-sectional image of the 
prepared device was characterized by high-resolution SEM (JXA-8100, 
JEOL) and the elemental mapping of the fi lm composed of FTO glass, 
TiO 2 , CH 3 NH 3 PbI 3 , and ODA-FeS 2  NPs was performed using an SEM-
EPMA (JXA-8100F, JEOL). The current density–voltage ( J–V ) properties 
of the perovskite solar cells were characterized using a Keithley 
2400 source meter with a 1600 W solar simulator (Yamashita Denso 
Corp., YSS-200A). A xenon lamp equipped with a KG-3 fi lter served as 
the light source. A reference Si solar cell was used to adjust the light 
intensity to 1 sun condition (AM 1.5G and 100 mW cm −2 ). The active 
area was measured using a digital microscope camera (Moticam1000). 
An IPCE system (PV Measurements Inc.) was used to measure 
the external quantum effi ciency (EQE). For precise measurements, 
metal aperture masks were attached on each cell to defi ne the active 
area. The steady-state PL spectra of the bare perovskite absorber, 
perovskite absorber/ODA-FeS 2  fi lm, and perovskite absorber/spiro-
OMeTAD were measured by excitation at 550 nm using a Fluorolog3 
photoluminescence spectrometer system with a monochromator 
(iHR320, HORIBA Scientifi c).  
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