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Abstract— Colloidal quantum dots (QDs) are widely utilized
for the development of light-emitting diodes (LEDs),
photodetectors, and solar cells. Herein, PbS QDs were
incorporated as interfacial modifiers between the perovskite layer
and the hole-transporting material (HTM) in perovskite solar cells
(PSCs). The results reveal that the use of PbS QDs leads to
improved device thermal stability. This work proposes a method
for analyzing the thermal stability of PSCs based on the
impedance spectroscopy technique.
Keywords— perovskite solar cell, PbS quantum dots, thermal
stability

I. INTRODUCTION
While organic-inorganic hybrid perovskite solar cells have
made significant progress in terms of power conversion
efficiency over the last decade, the severe instability of these
devices under real operational conditions is the major challenge
for commercialization [1]. It is well known that metal halide
perovskite solar cells can degrade when exposed to moisture,
oxygen, heat, light, mechanical stress, and reverse bias [2]. It
has been reported that methylammonium lead iodide (MAPI)
decomposes slowly at 65 to 85°C, which is the temperature at
which solar panels are typically exposed under environmental
conditions, and decomposes rapidly at 135 to150 °C, which is
the temperature at which encapsulated solar cells are tested [3],
[4]. This decomposition has been related to a tetragonal-tocubic phase transition in perovskite [5], which can occur rapidly
at 100°C [6], [7]. On the other hand, inhibiting the mobilization
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of iodide ions may be able to prevent these phase changes. In
general, increasing PSC stability requires a deeper
understanding of how perovskite devices degrade under various
environments. Electrochemical Impedance Spectroscopy (EIS)
is a very effective technique for analyzing charge transfer and
transport processes in solar cells. In particular, EIS analysis of
PSCs has revealed a wide range of behaviours [8].
In this work, the thermal stability of PSCs with and without
PbS quantum dots as an interfacial layer between perovskite
film and spiro-MeOTAD is investigated using EIS. The results
reveal that the PbS QDs maintain and even decrease the charge
extraction resistance when the device is heated at 100°C.
II. EXPERIMENTAL PROCEDURE
A. PbS quantum dots preparation
The following reagents were utilized in the synthesis of PbS
QDs: Lead oxide (PbO), Meyer (purity of 99%); oleic acid
(C18H34O2) (OA), Meyer (reactive grade); bis(trimethyl silyl)
sulfide ((CH3)3SiSSi(CH3)3) (TMS), Beantown Chemical
(purity 98%); 1-octadecene (CH3(CH2)15CH=CH) (ODE), GFS
Chemicals (purity 90%); 1.2 ethanedithiol HSCH2CH2SH
(EDT), Sigma-Aldrich (purity of 98%); methanol, acetone,
toluene, and chlorobenzene (CB) as solvents. All materials
were used as received. The PbS QDs were obtained following
the procedure reported by Hines and Scholes [9], with some
modifications. In brief, the reaction was conducted in a three-

mouthed flask under a nitrogen atmosphere. The lead precursor
was obtained by mixing PbO with OA and ODE in the flask and
stirring for one hour at 150 °C. The sulphur precursor was
obtained by mixing the TMS with ODE. The temperature of the
solution was then adjusted with the lead precursor to the
temperature at which the synthesis was carried out (140 °C),
and the sulphur precursor solution was afterwards injected. It
was kept at that temperature for 5 minutes and then cooled
rapidly to 40°C. Subsequently, methanol and acetone were
added, and the nitrogen atmosphere was removed. Finally, the
obtained PbS QDs were collected by centrifugation, washed
successively with methanol, acetone, and toluene, respectively,
and dried in vacuum for 24 h. The PbS QDs were dispersed in
toluene for further use. To use QDs in solar cells, a different
binder must be used [10][11]; i.e., oleic acid must be replaced
with a binder with superior electrical properties. EDT was
employed in this case. EDT was added to the PbS QD solution
in toluene at a 4:1 (toluene:EDT) volume ratio for the ligand
change, and the mixture was stirred at 70°C for 12 hours in an
oil bath. It was then left to stir at room temperature for another
24 hours. Afterwards, the samples were washed successively
with methanol, acetone, and toluene using centrifugation.
Lastly, the dry material was dissolved at a concentration of 25
mg/mL in a 9:1 mixture of CB:EDT.
B. Device fabrication
Fluorine-doped tin oxide (FTO) glass substrates were
patterned by etching with Zn powder and 1 M HCl diluted in
deionized (DI) water. The patterned FTO substrates were
cleaned with neutral detergent, DI water, acetone and
isopropanol in an ultrasonic bath for 10 min each, followed by
an additional cleaning step in an oxygen plasma for 15 min
immediately before the deposition of the charge transport layer.
A compact SnO2 layer was developed as an electron transport
layer (ETL) via chemical bath deposition (CBD). In brief,
500 mg urea was dissolved in DI water, followed by the addition
of 10 µL thioglycolic acid and 0.5 mL HCl (37 wt%). After that,
0.1g SnCl2·2H2O was added to the solution, which was stirred
for 5 min. The FTO substrates were immersed into the
aforementioned solution for 4 h at 80 °C with magnetic
agitation, then washed in DI water and dried under a nitrogen
stream. Finally, the films were annealed at 200 °C for 30 min in
a muffle furnace under ambient air. The SnO2 substrates were
treated with oxygen plasma for 15 min before being transferred
into the N2-filled glove box for perovskite deposition. The
perovskite precursor solution was prepared using mixed-cation
lead mixed-halide perovskite with the nominal formula
[FAPbI3]83[MAPbBr3]17. To form FAPbI3 and MAPbBr3
precursor solutions, FAI and PbI2 or MABr and PbBr2 were
dissolved in DMF/DMSO (4:1 v/v%) in a 1:1.09 molar ratio,
according to previously reported procedure [12]. The final
perovskite solution was prepared by mixing the precursor
solutions of FAPbI3 and MAPbBr3 in a 5:1 v/v ratio. The
perovskite layers were deposited by a one-step spin-coating at
3500 rpm for 30 s, and 10 s prior to the end, 150 μL of green
antisolvent ethyl acetate (EA) was dropped onto the substrate.

After that, the sample was annealed on a hot plate at 100°C for
30 min. PbS QDs QDs at a concentration of 2 mg/ml were
dynamically spin-coated on perovskite film at 2000 rpm for 30
seconds, followed by heating at 100 °C for 2 min.
Hole transport layer (HTL) was then deposited via spincoating a 70 mM solution of Spiro-MeOTAD in chlorobenzene,
with additives of Li-TFSI, 4-tert-butylpyridine (t-BP) and
FK269. Spin-coating was carried out at 3000 rpm for 30 s.
Finally, the devices were completed by thermal evaporation of
80 nm of Au as the top electrode with an active area equal to 0.1
cm2. The final devices are shown in Fig.1a&b.
C. Characterization
EIS measurements were carried out under AM1.5
illumination and with different forward biases using a VSP
potentiostat (Biologic Science Instruments). The device
temperature was increased from 38°C to 100°C while the EIS
data was taken at the same time. The equivalent circuit of
Fig.2f was used to fit the experimental EIS data using the Z fit
tool in EC-Lab Software. HRTEM images were taken with a
Nanotech TEM JEOL 2200FS+CS. The samples were prepared
by drop-casting of diluted perovskite with PbS QDs ink onto an
ultrathin carbon 3 mm grid and allowed to slowly dry to 60°C.
The current density-voltage (J-V) characteristics of perovskite
devices were measured under AM1.5G illumination from a
solar simulator (Sol3A Class AAA, Oriel Instruments). The
incident light power was adjusted to 1000 W/m2 using a
calibrated Si reference cell supplied by Newport (91150V).
III. RESULTS AND DISCUSSION
The architecture of the two types of perovskite devices
explored here is shown in Fig. 1: a) reference device, and b)

Fig.1 Schematic illustration of the device architecture used for PSC
fabrication: a) Reference device (without PbS QDs) and b) device with
interfacial layer of PbS QDs incorporated between the perovskite layer
and the spiro-MeOTAD, c) HRTEM image of perovskite/PbS QDs and d)
the lattice spacing for PbS QDs (2.29Å); and perovskite (3.34 Å).

Fig.2 EIS Nyquist plots measured at different temperatures for PSCs: a), b) & c ) without PbS QDs and d), e) & f) with interfacial
layer of PbS QDs.

device with a PbS QDs interfacial layer between the HTL and
the perovskite layer.
HRTEM images of perovskite/PbS QD samples were
obtained to visualize the perovskite matrix with embedded
QDs. The PbS QDs on perovskite material with sizes ranging
from 5 to 10 nm are shown in Fig.1c, while the lattice spacings
of both cubic PbS and perovskite (MAFA) can be seen in
Fig.1d, along with their relative orientations, indexed to the
planes (002) and (004), respectively[14], [15]. The Nyquist
plots (Fig. 2) show two arcs in both cases, which can be
represented by RC elements in an equivalent circuit. In light of
this, the circuit depicted in the inset of Fig.2f was used to obtain
a good fit, where Rs is the series resistance related to the contact
resistance and the FTO resistance, RHF resistance and CHF
capacitance describe high-frequency behaviour, while RLF and
CLF elements correlate to low-frequency components. A
constant phase element was used instead of an ideal capacitor
to model the spatial inhomogeneity induced by defects and
impurities at the interfaces [16]. As can be seen in Fig. 2a-c, the
first arc for the reference device is smaller at low voltages (<0.4
V), indicating a lower RHF and improved charge extraction [17].
However, when the temperature increases it is observed that the
size of the arc increases, and consequently an increase in the
charge extraction resistance is reached. However, as the
temperature rises, the size of the first arc increases due to
increased charge extraction resistance.
Although the arcs in the device with PbS QDs are
greater at 38 ° C and 60 ° C than in the reference device, when
the device is heated to 100 ° C, the arc diameters in the device
with PbS QDs are smaller than in the reference device,
indicating a lower charge extraction resistance, and

consequently a more efficient and stable charge carrier
collection. Figure 3 shows the fitting parameters extracted from
EIS data. The device with PbS QDs exhibits a lower highfrequency resistance (RHF) as the temperature rises (blue line
in Fig.3a), whereas the reference device presents an increasing
RHF as the temperature increases (red line in Fig.3a). Similar

Fig.3 a) The high-frequency resistance (RHF), and b) the lowfrequency resistance (RLF ) for devices with and without PbS QDs,
as a function of temperature, measured at a forward bias of 1V.

behaviour has been reported previously [8]. Likewise, the lowfrequency resistance (RLF) in a device using PbS QDs reduces
as the temperature rises (Fig.3b). The above suggests that the
reference device (without PbS QDs) degrades when exposed to
temperatures beyond 100°C. In general, ion migration in halide
perovskite films causes device degradation [7], [18]–[20], At
high temperatures (85 °C), I- and MA+ ions can diffuse into the
spiro-OMeTAD layer in the form of CH3NH3I (MAI). The
diffused I- ions prevent oxidation of spiro-OMeTAD,
diminishing its electrical characteristics [21].
Therefore, we propose that the interfacial layer of PbS QDs
incorporated between the perovskite layer and the spiroMeOTAD acts as a diffusion barrier for ions, as well as for the
charge extraction. This explains why the RHF in devices with
PbS QDs is higher at low temperatures (38 °C) but lower at
higher temperatures (100 °C), where the degradation is more
drastic due to accelerated ion migration [7]. As a result, the
device containing the PbS QDs retains ion migration, which is
seen as a significant reduction in RHF as shown in Fig. 3 a&b,
and thus the effect of the PbS QDs interfacial layer can
contribute to maintaining the thermal stability of perovskite
solar cells.

conversion efficiency (PCE) of 13.42%. Previous research in
QD films found a similar trend, which was attributed to
improved carrier transport and lower sub-bandgap trap-state
assisted recombination, resulting in improved charge collection
in the device [14], [18], [22]–[25].
In order to monitor the stability of PSCs as the temperature
increased, we followed the evolution of the photovoltaic
performance after heating to 100°C. According to our findings,
the perovskite-PbS QDs solar cell maintained 94.31% of Voc,
84% of Jsc, and 74.7% of PCE. In comparison, the photovoltaic
parameters of the reference device decreased to 1.24% of Voc,
37.14% of Jsc, and 55.52% of PCE (Fig.3b). As a result, as the
temperature rises above 100°C, the performance of the
reference device begins to deteriorate more noticeably, which
is most likely due to perovskite degradation via ion migration,
as evidenced by EIS results.
.
IV. CONCLUSIONS
This study compared two types of heated PSCs, one without
and one with a PbS QDs interfacial layer incorporated between
the perovskite film and the spiro-MeOTAD. Based on our
findings, we concluded that the interfacial layer of PbS QDs can
aid in improving the thermal stability of perovskite solar cells,
which can be degraded due to ion migration when exposed to
high temperatures. When the PbS QDs layer is incorporated
over the perovskite layer, the mobile ions are trapped and
prevented from migrating, thus preventing phase transition.
This is reflected in the J-V characteristics, which show that after
heating to 100 ° C, the device with PbS QDs maintains 74.7%
of its PCE, whereas the device without PbS QDs loses more
than 50% of its PCE. Although there is still much work to be
done with QDs to improve the stability of perovskite solar cells,
this research sheds light on their role in preventing thermal
degradation.
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