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ABSTRACT

Conjugated polymers have been explored as promising hole-transporting layer (HTL) in lead sulfide (PbS) quantum dot (QD)
solar cells. The fine regulation of the inorganic/organic interface is pivotal to realize high device performance. In this work, we
propose using CsPbl; QDs as the interfacial layer between PbS QD active layer and organic polymer HTL. The relative soft
perovskite can mediate the interface and form favorable energy level alignment, improving charge extraction and reducing
interfacial charge recombination. As a result, the photovoltaic performance can be efficiently improved from 10.50% to 12.32%.
This work may provide new guidelines to the device structural design of QD optoelectronics by integrating different solution-

processed semiconductors.
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1 Introduction

Solution-processed lead sulfide (PbS) quantum dot (QD) solar
cells have received tremendous attention because their optical and
electronic properties can be conveniently tuned due to the
quantum confinement effect and the large surface-to-volume ratio
of QDs [1,2]. Meanwhile, the solution processability of QDs
endows them as ideal building blocks to fabricate low-cost, large-
area, and flexible optoelectronic devices [3-5].

The study of surface chemistry and the development in device
engineering have boosted the power conversion efficiency (PCE)
of PbS QD solar cells from < 1% to 14% in the past two decades
[6-18]. An ideal QD solar cell structure pursues interfacial layers
that host advances in charge extraction with minimized energetic
losses. These request high charge carrier mobility, low-trap state
density, and well-matched energetic alignment with preferable
interfacial contact in the buffer layer, which makes the
optimization of hole transport layers well-concerned in the studies
of CQD solar cells [19-22]. In 2014, Bawendi and coworkers first
reported an efficient and stable device structure with iodine-
capped PbS QDs as the active layer and ethanedithiol (EDT)-
capped PbS as the p-type hole-transporting layer (HTL), which
was then widely applied in the following years [11,23-27].
However, the EDT-PbS has to be deposited through the
complicated layer-by-layer (LBL) method based on the solid-state
ligand exchange process, which is incompatible with commercial
high-throughput deposition manufacturing. Meanwhile, this

process may introduce trap states, limiting device performance
[28,29]. Thereafter, p-type organic semiconductors processed by
single-layer deposition have been adopted as the HTL in PbS QD
solar cells, whose optoelectronic properties can be flexibly tuned
by manipulating their chemical structures [30]. Several strategies
have been applied to improve hole extraction by using organic
HTLs, including the exploration of new organic materials [31-33],
organic heterojunctions [34, 35], and the patterning of organic
HTLs [18,36]. The highest PCE of the PbS QD solar cells with
organic HTL has reached 13.3%, which was further improved to
14% by employing a scattering layer [18]. On the other hand, the
interface between the inorganic QDs and organic polymers is still
unsatisfactory according to the extensive experience in the field of
polymer/QDs hybrid solar cells [37, 38]. This may hinder device
charge transport and extraction, and should be addressed to
further improve the device performance of QD solar cells based
on polymer HTLs.

Apart from PbS QDs, lead halide perovskite QDs have also
become emerging photovoltaic materials due to their superior
optoelectronic properties and high defect tolerance [39-43]. The
energy level alignment between the PbS/perovskite QD interface
can be adjusted and matched by manipulating the size, surface
ligand, or composition of both QDs [44]. Additionally, the
softness of perovskite materials is just between PbS and organic
polymer, which makes them desired candidates to modulate the
PbS QD/polymer interface [45,46]. Therefore, it is worth
exploring the novel device structure by integrating both two QD
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materials. However, this promising direction has never been
seriously explored.

In this work, we demonstrate a new strategy to improve hole
extraction by introducing CsPbl; QDs as the interfacial layer
between the PbS QD active layer and poly](ethylhexyl-thiophenyl)-
benzodithiophene-(ethylhexyl)-thienothiophene] (PTB7-Th)
HTL. The insertion of the CsPbl; QD interfacial layer can form
graded energy levels, improving hole extraction and reducing
charge recombination. In addition, this interfacial layer can build a
dipole-charge distribution at the CsPbl; QD/PbS QD interface,
improving charge collection. As a result, the PCE can be
significantly improved from 10.50% (control device) to 12.32%.
The results indicate that the combinative use of different QD
materials can provide a new path to further improve the interface
and device performance of QD solar cells.

2 Results and discussion

As illustrated in Fig. 1(a), long aliphatic ligand-capped PbS and
CsPbl; QDs with cubic crystal structures were synthesized
according to previous reports [47,48]. The corresponding
transmission electron microscopy (TEM) images, absorbance
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spectra, and photoluminescence (PL) spectra are shown in Fig.
1(b) and Fig. SI in the Electronic Supplementary Material (ESM).
The schematic architecture and the cross-sectional scanning
electron microscopy (SEM) image of the QD solar cells used in
this study are shown in Figs. 1(b) and 1(c). The PbS QD films
prepared from the solution-phased ligand exchanged inks serve as
the light absorbers. The CsPbl; dispersed in octane can be well
deposited on top of PbS CQDs without introducing any surface
damage. After deposition, the CsPbl; QD film was treated with
methyl acetate (MeOAc) to partially remove surface ligands for
improved conductivity. Then an organic PTB7-Th layer was
subsequently deposited as the HTL. The polymer chemical
structure is shown in Fig. 1(a) and the absorbance spectrum is
shown in Fig. S2 in the ESM. Therefore, the CsPbl; QDs serve as
an interfacial layer between the PbS QDs and HTL (Fig. 1(d)).
Ultraviolet photoelectron spectroscopy (UPS) was first applied
to measure the energy levels of each functional layer (Fig. S3 in the
ESM). The band alignment for the PbS CQD devices is depicted in
Figs. 2(a) and 2(b). Both the valence band (VB) and conduction
band (CB) of the CsPbl; QD layer were located between those of
PbS QD and PTB7-Th layers. This band alignment creates a
graded pathway for charge extraction and may facilitate hole
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Figure1 (a) Molecular structure of PTB7-Th and illustration of I-capped PbS CQD and CsPbl; QDs. (b) Schematic diagram of the QD photovoltaic device used in
this study. (c) Cross-sectional SEM image of the same device. (d) Schematic diagram of film-fabrication.
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Figure2 (a) Energy levels diagram of the QD photovoltaic device. (b) The represented Voc behavior of the PbS solar cells in the energy level diagrams. (c) J-V curve
of the optimized QD photovoltaic device with and without (control) the CsPbl; QDs interlayer. And the inset shows reproducibility of the 28 independent devices. (d)
EQE of the optimized QD photovoltaic device with and without (control) the CsPbl; QDs interlayer.
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transfer, leading to reduced interfacial charge recombination. In
comparison, charge accumulation may occur at the PbS
CQD/polymer interface in the control devices. We first optimized
the thickness of the CsPbl; QD layer for solar cells. It was shown
that the CsPbl; QD layer coated from the solution with a
concentration of 10 mg/mL gave the best performance (Fig. $4 in
the ESM). We also optimized the thickness of the organic HTL.
The optimal thickness of PTB7-Th layer is determined to be
around 25 nm (corresponding to a concentration of 5 mg/mL for
the cast solution (Fig. S5 in the ESM)). The top-view SEM image
clearly visualizes a distinct layer of CsPbl; QDs deposited on the
PbS QD layer and the presence of CsPbl; QD has no significant
effect on the morphology of above PTB7-Th (Fig. S6 in the ESM).
It has been reported that surface ligand removal and passivation
have a huge effect on the optoelectronic properties of CsPbl; QDs
[49]. Thus, we further optimized the surface treatment process by
using guanidinium thiocyanate (GASCN) (Table S1 in the ESM, a
detailed description is presented in the Experimental section) [50].
In short, the introduction of a graded energy level in PbS CQD
solar cells demonstrates a significant improvement in device
performance. The current-voltage (J-V) characteristics of the
optimized device together with the control device under simulated
AM 1.5G illumination are shown in Fig. 2(c). The average and the
best device photovoltaic parameters are summarized in Table 1.
The control device presents a decent PCE of 10.50% with an open-
circuit voltage (V) of 0.63 V, a short-circuit current density (J)
of 25.77 mA/cm? and a fill factor (FF) of 64.7%, which is close to
the photovoltaic performance in previous reports with the same
device structure [33,35]. The champion device with the CsPbl;

Table1 Device performance of solar cells using CsPbl; QDs as the interfacial layer
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QD interfacial layer exhibits a V. of 0.65 V, a ] of 28.62 mA/cm’,
and an FF of 66.2%, leading to a significantly enhanced PCE of
12.32%. Accordingly, the devices with the interfacial layer exhibit
distinctly higher external quantum efficiency (EQE) values than
the control devices (Fig.2(d)), which agrees well with the
improved charge carrier extraction and the enhancement of J,.
The results show that the integrated J,. from the EQE curve and
the obtained current densities from the solar simulator are
consistent with a mismatch of < 5%. To ensure the reproducibility
of the results, 28 independent devices using different batches of
QD materials were fabricated and tested. Histograms of the device
performance characteristics are shown in the inset of Fig. 2(c). All
devices with the CsPbl; QD interfacial layer show superior
performance compared to the control devices.

To explore the origin of the improvement in device
performance, optical characterizations were conducted. As shown
in Fig. 3(a), the absorptance spectra indicate that the insertion of
the thin CsPbl; QD interfacial layer does not introduce noticeable
light absorption. The function of the CsPbl; QD interfacial layer
was further studied using PL spectra. As shown in Fig. 3(b), the
PbS/PTB7-Th stack exhibits PL quenching compared to the sole
PbS layer, indicating charge transfer between the active layer and
organic HTL. After inserting the CsPbl; QD interfacial layer
(PbS/CsPbly/PTB7-Th), the PL intensity further decreases
compared to that of the PbS/PTB7-Th structure, indicating more
efficient charge transfer due to the graded band alignment (Fig.
2(a)). In addition, the PbS film exhibits an average PL lifetime of
18.99 ns, which decreases to 3.15 ns for the PbS/PTB7-Th film and
1.58 ns for the PbS/CsPbly/PTB7-Th film (Fig.3(c)), further

Condition Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Control Champion 0.63 25.77 64.70 10.50
Average® 0.62 £ 0.01 25.83 £ 0.86 64.28 £ 0.97 10.28 £ 0.22
CsPbl; Champion 0.65 28.62 66.21 12.32
Average* 0.65 £ 0.01 28.37 £1.01 65.62 £ 1.66 12.14 £ 0.18
*Average results based on 28 devices on each condition.
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Figure3 (a) Film absorption, (b) steady PL, and (c) time-resolved PL (TRPL) spectra of the QD films. (d) Contact potential difference (CPD) of the PbS layer
partially covered by the CsPbI; QDs layer. (e) Cross-sectional line profiles of the CPD images in (d). (f) Mott—Schottky plots of the PbS QD devices with and without

(control) the CsPb; QDs interlayer.
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confirming the enhanced charge transfer after inserting the CsPbl,
QD interfacial layer. The hole mobility of the HTL layers was
measured by the space charge limited current (SCLC) method
based on hole-only devices (ITO/PEDOT:PSS/PbS/(CsPbl,)/PTB7-
Th/MoO,/Ag) (Fig.S7 in the ESM). As calculated from the
logarithm of the J-V curve obtained in the dark condition
according to the mobility formula J= gsgs,yh,ez%, the hole
mobility of the PbS/CsPbl; QD film is 1.01 x 10* cm?/ Vs, which
doubles that of the control film (5.60 x 10° cm?*V-). The
improved hole transfer and mobility indicate that the insertion of
an extra CsPbl; layer does not hinder hole transport, but enhances
hole extraction in QD solar cells instead [32].

To explore the origin of V. improvement, Kelvin probe force
microscopy (KPFM) was employed to measure the contact
potential difference (CPD) of the CsPbl; QD interfacial layer on
the PbS QD layer. The CPD = Vi, — Vg, where Vi, and Ve
are the potentials of the tip and sample surface, respectively.
Therefore, the relative CPDs correspond to the vacuum level shifts
of the sample with different surfaces. The CPD image of the
interface is shown in Fig. 3(d). The corresponding cross-sectional
line profile of the CPD image is shown in Fig 3(e). A CPD
difference up to 369 meV can be extracted for the CsPbl; QD/PbS
QD interface. The work functions for the CsPbl; QD and PbS QD
layers are 4.65 and 4.41 eV (Fig. S3 in the ESM), respectively. The
difference of 240 meV between the work function of CsPbl; QD
and PbS QD layers is less than the 369 meV vacuum shift in the
KPFM results. This discrepancy indicates that a dipole-charge
distribution at the CsPbl; QD/PbS QD interface may be formed,
which reinforces the electric field in solar cells and facilitates hole
extraction [51]. The improvement of build-in potentials (Vi) in
CsPbls-inserted  solar  cells can be confirmed by
capacitance-voltage (C-V) measurements [52]. As shown in the
Mott-Schottky curves (Fig. 3(f)), V}; was obtained from the 1/C’ =
0 intercept. The extracted V;; value of the control devices is 0.65 V,
which is seriously lower than that of the device with the CsPbl,
QD interfacial layer (0.80 V). The large V}; introduced by the
insertion of the CsPbl; QD interfacial layer can improve the drift
of charge carriers in the depletion region of solar cells and
promote charge extraction, which is also responsible for the

Nano Res. 2022, 15(7): 6121-6127

improved V. in solar cells [35].

We then carried out several device characterizations to
investigate the charge carrier extraction and recombination
processes in the devices. As shown in the dark J-V curves (Fig.
4(a)), the leakage current is substantially suppressed after inserting
the CsPbl; QD interfacial layer, while the two devices exhibit
similar output currents in the forward direction, indicating a
higher rectification ratio and thus improved hole selectivity of the
anode after using the CsPbl; QD interfacial layer [27,51].
Electrochemical impedance spectroscopy (EIS) was then utilized
to study the charge-transfer resistance (R,) and series resistance
(R,) in the devices. The Nyquist plots of the device with and
without the CsPbl; QD interfacial layer are shown in Fig. 4(b) and
Table S2 in the ESM. The obtained R, and R, values of the devices
with the CsPbl; QD interfacial layer are 12.54 and 33.15 Q,
respectively. Both values are lower than those of the control device
with Ry of 36.68 Q and R, of 5542 (), indicating a higher
efficiency of interfacial charge transfer after inserting the CsPbl,
QD interfacial layer [35]. The free carrier recombination kinetics
were further investigated by using transient photovoltage (TPV)
spectroscopy under open-circuit conditions. As shown in Fig. 4(c),
the decay curves are fitted and the decay times are calculated to be
555.7 and 204.2 ys for the devices with and without CsPbl; QD
interfacial layer, respectively, which suggests a decrease of charge-
carrier recombination after introducing the CsPbl; QD interfacial
layer. Meanwhile, the ideal factor of solar cells was investigated by
the dependence of V,,_ on the light intensity [33]. As shown in Fig.
4(d), the ideal factor can be described as the slope in the V_ plots.
For the device with CsPbl; QD interfacial layer, an ideal factor of
1.49 was found, which is lower than that in the control device
(1.54), suggesting reduced charge recombination in the device
with the CsPbl; QD interfacial layer [53].

3 Conclusions

In this study, we report a new strategy to improve the hole
extraction of organic HTLs in PbS QD solar cells by introducing
CsPbl; QDs as an interfacial layer. The appropriate energy level of
CsPbl; QDs falls between the active PbS QDs and the organic
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PTB7-Th layer. The formed graded band alignment can promote
hole extraction and reduce interfacial charge recombination.
Meanwhile, the interfacial layer also produces a dipole-charge
distribution at the CsPbI; QD/PbS QD interface, which improves
charge collection and enhances V.. As a result, the PCE can be
efficiently improved from 10.50% to 12.32%. Our results highlight
the importance of interfacial manipulation in QD solar cells and
proposes a new direction to design advanced device architectures
by the combinative use of two typical solution-processed QD
photovoltaic materials.

4 Experimental section

4.1 Material preparation

Synthesis of ZnO nanoparticles: ZnO nanoparticles were
synthesized according to the following procedures: Zinc acetate
dehydrate (2.95 g, 13.4 mmol) was dissolved in methanol (125
mL) with stirring at 63.5 °C. A solution of KOH (1.48 g, 23 mmol)
in methanol (65 mL) was then dropwise added over a period of 15
min. The mixed solution was continuously stirred for 3 h. After
cooling to room temperature, the solution was then centrifuged
and washed with methanol twice. Methanol (10 mL) and
chloroform (10 mL) were added to disperse the precipitate.

Synthesis of PbS colloidal quantum dots: 10 mmol of lead acetate
trihydrate was dissolved in 7 g of oleic acid and 60 g of 1-
octadecene in a three-neck flask by heating the mixture to 100 °C
under vacuum for 2 h and then cooled down to 75 °C under
nitrogen. 1 mL of hexamethyldisilathiane in 9 mL of 1-octadecene
was rapidly injected into the lead precursor solution. After
synthesis, the solution was transferred into a nitrogen-filled
glovebox. QDs were purified by precipitation in hexane/isopropyl
alcohol and stored in solid form in a glovebox.

Ligand exchange and film fabrication: The solution-phase ligand-
exchange process was carried out in air. Lead iodide (0.1 M) and
NH,Ac (0.04 M) are predissolved in dimethylformamide (DMF).
A 100 mL amount of QD hexane solution (10 mg/mL) was added
to 100 mL of the precursor solution. These were mixed vigorously
for 2-3 min until the QDs were completely transferred to the
DMEF phase. The DMF phase was washed five times with hexane.
After ligand exchange, QDs were precipitated via the addition of
toluene and separated by centrifugation. After 1 h of drying, the
QDs were then redispersed in butylamine (350 mg/mL) to
facilitate film deposition. The exchanged ink was deposited by
single-step spin-coating at 2,500 rpm for 40 s to achieve ~ 350 nm
thickness.

Synthesis of CsPbl; perovskite quantum dots: 1 g of lead iodide
and 5 mL oleic acid mixed with 5 mL oleylamine were dissolved in
50 mL of l-octadecene in a three-neck flask by heating the
mixture to 90 °C under vacuum for 1 h to obtain the Pb precursor.
1 g of Cs,CO;, 4 mL of OA, and 100 mL of 1-octadecene (ODE)
were put into another 250 mL three-necked flask and were stirred
and vacuumed at 90 °C for 1 h. Then, N, was pumped into the
three-necked flask and the reaction temperature increased to 120
°C. Finally, the reaction continued for 50 min to obtain Cs-oleate.
8 mL Cs-oleate was rapidly injected into the Pb precursor solution
at 160 °C. After synthesis, the solution was transferred into a
nitrogen-filled glovebox. QDs were purified by precipitation with
MeOAc and dissolved in hexane and stored in a refrigerator. The
CsPbl; PQD solid was dispersed into octane at 10 mg/mL to
prepare a CsPbl; PQD buffer layer.

4.2 Device fabrication

Fabrication and characterization of PbS QD solar cells: Patterned
ITO anodes were sequentially cleaned by deionized water,
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isopropanol, and acetone in an ultrasonic apparatus, and a
following Ultraviolet-ozone treatment for 15 min. ZnO
nanoparticles were deposited at 2,500 rpm for 20 s on an ITO
substrate under ambient conditions. The PbS QDs were deposited
at 2,500 rpm for 40 s onto a ZnO substrate using the exchanged
ink and dried at 90 °C for 1 min under ambient conditions with
humidity lower than 10%. Then, 15 uL of the as-prepared octane
solution of CsPbl; PQDs was spin-coated on the PbS QD
substrate at 1,000 rpm for 15 s and 2,000 rpm for 20 s. Then, 150
pL of methyl acetate (MeOAc) was dropped on the CsPbl; PQD
layer for 5 s to remove the long-chain insulated ligands at the
surface of CsPbl; PQD and spun at 2000 rpm for 20 s. The film
was soaked in a saturated solution of ethyl acetate of guanidinium
thiocyanate (GASCN) and pure MeOAc for 3 s, and then blown
dry. Then, the substrates were transferred into a N,-filled
glovebox, and PTB7-Th (5 mg/mL in chlorobenzene) was spin-
coated (2,000 rpm for 40 s) onto the PbS or CsPbl; QD layer.
Finally, silver (Ag) (120 nm) as the cathode was deposited on
MoO; (8 nm) in a vacuum thermal evaporator. The area of each
device was 7.25 mm’, which was defined through a shadow mask.
The performance of all cells was tested under AM 1.5G
illumination (Newport, Class AAA solar simulator, 94023A-U).
The EQE was determined using certified IPCE equipment (Zolix
Instruments, Inc, SolarCellScan100).

4.3 Measurements and characterization

The current density—voltage characteristics of the photovoltaic
cells were measured using a Keithley 2400 (I-V) digital source
meter under simulated AM 1.5 G solar irradiation at 100 mW/cm?
(Newport, Class AAA solar simulator, 94023A-U). The light
intensity was calibrated using a certified Oriel Reference Cell (91
150 V) and verified with an NREL calibrated Hamamatsu S1787-
04 diode. Kelvin probe force microscopy (KPFM) measurements
were performed under nitrogen conditions with a Bruker
Dimension Icon atomic force microscope. (The PbS QD was
deposited onto patterned ITO substrate. Then, 5 pL octane
solution of CsPbl; PQDs was spin-coated from the corner of the
PbS QDs substrate. MeOAc was dropped on the CsPbl; PQD
layer to remove the long-chain ligands at the surface of CsPbl,
PQD. Then the film was soaked into the solution of GASCN and
pure MeOAc for 3 s.) Ultraviolet-visible-near infrared spectra
were recorded on a Perkin Elmer model Lambda 750. The PL
spectra of QD solids were collected by a FluoroMax-4
spectrofluorometer (HORIBA Scientific). The TRPL results were
acquired by a Fluo-time 300 (PicoQuant) system, and the samples
were excited by a 405 nm laser. C-V measurements were
performed using a precision impedance analyzer 6500B series.
UPS measurements were performed using an Omicron
Nanotechnology system with a base pressure of 2 x 10™ Torr. The
device cross-section was characterized by SEM on a Zeiss Supra 55
field in high vacuum mode at accelerating voltage of 15 kV. EIS
measurements were carried out through a Zahner IM6
electrochemical workstation.
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