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ABSTRACT: Employment of thin perovskite shells and metal halides as
surface-passivants for colloidal quantum dots (CQDs) has been an
important, recent development in CQD optoelectronics. These have
opened the route to single-step-deposited high-performing CQD solar
cells. These promising architectures employ a CQD hole-transporting layer
(HTL) whose intrinsically shallow Fermi level (EF) restricts band-bending
at maximum power-point during solar cell operation limiting charge
collection. Here, we demonstrate a generalized approach to eﬀectively
balance band-edge energy levels of the main CQD absorber and chargetransport layer for these high-performance solar cells. Brieﬂy soaking the
CQD HTL in a solution of the metal−organic p-dopant, molybdenum
tris(1-(triﬂuoroacetyl)-2-(triﬂuoromethyl)ethane-1,2-dithiolene), eﬀectively deepens its Fermi level, resulting in enhanced band bending at the
HTL:absorber junction. This blocks the back-ﬂow of photogenerated electrons, leading to enhanced photocurrent and ﬁll
factor compared to those of undoped devices. We demonstrate 9.0% perovskite-shelled and 9.5% metal-halide-passivated
CQD solar cells, both achieving ca. 10% relative enhancements over undoped baselines.

C

sequential deposition of the insulating ligand-capped CQD layers
followed by an aggressive solid-state ligand-exchange step and
washing which cause incomplete passivation, undesirable pinholes, and cracks.20,21 Alternative approaches, such as solutionphase exchanges which aim at reducing the material waste and
facilitating production, have recently been explored.21,22 These
strategies, that allow single-step solar cell fabrication, have
typically resulted in deteriorated electronic properties for the
CQD solid, severely curtailing device performance.23,24 Recently,
eﬀective solution-phase exchange recipes relying on the use of
methylammonium lead triiodide (MAPbI3) perovskites and lead
halide (PbX2) ligands as capping shells for CQDs have been

olloidal quantum dots (CQDs) combine spectral
tunability and narrow emission line widths with
solution-processability, making them strong prospects
for applications in ﬂexible displays, photovoltaics, and lasers.1−3
The last two years have witnessed signiﬁcant inroads in surface
chemistry and solar cell architectures, placing CQDs at the
frontier of next-generation optoelectronics.4−14
Among all reported strategies toward solution-processed
CQD solar cells, the halide-ligand passivation approach has
been shown to be the most eﬃcient surface passivation scheme
to date.6,15−18 This has been paralleled by important developments in device engineering.7,10,19 A combination of these major
breakthroughs has caused the certiﬁed power conversion
eﬃciencies (PCEs) to leap beyond 11%.6−8,14
The standard procedure for the fabrication of CQD solar cells
has until recently been the material-wasting and defectintroducing layer-by-layer (LbL) approach, which involves the
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Scheme 1. (a) Solar Cell Architecture Employing a MAPbI3−PbS CQD Absorber Layer Obtained via a Single-Step Deposition and
(b) Schematic Depicting the Idea Behind the Doping Strategya

a

A deep-LUMO metal−organic complex is used to extract electrons from the HTL, remotely p-doping the EDT layer. Black dashed lines represent
the respective Fermi levels. The green arrow represents the expected electron transfer from the HTL to the dopant (and not the ﬂow of charges in
the operating device) that results in p-doping.

demonstrated.25,26 The resulting exchanged, stable CQDs inks
(MAPbI3−PbS and PbX2−PbS) have been used to fabricate
eﬃcient solar cells via single-step deposition, signiﬁcantly
streamlining active layer fabrication and curbing material waste.
A thin layer of 1,2-ethanedithiol (EDT) ligand-capped PbS
CQDs deposited on the active layer serves as the holetransporting layer (HTL) and has become pervasive in recent
reports of high-performance CQD solar cells thanks to its ability
to eﬃciently block the backﬂow of photogenerated electrons,
thereby aiding eﬃcient charge extraction by modifying the
energetics at the interface.10 Normally, a ZnO nanoparticlebased thin ﬁlm, directly deposited atop the transparent electrode
via spin-casting, is employed as the electron-transporting metaloxide layer (ETL) in these architectures.8,25,26
The halide-ligand passivated CQD solids are known to exhibit
an n-type character, and their Fermi level (EF) is closer to the
conduction band edge.10,15,27 This n-character puts restrictions
on the ETL, which needs to be highly degenerate in order for
suﬃcient band bending to be retained at the maximum power
point (MPP).8 Importantly, this also suggests that nonoptimally
doped EDT-PbS CQD solids would lead to similar issues with
band bending near the hole-accepting electrode, aﬀecting charge
extraction at the MPP. Doping of the EDT-PbS CQD HTL has,
however, remained largely unexplored to date, with highly
promising recent demonstrations by Loi and co-workers.28,29
A controlled electron removal from the EDT-PbS CQD layer
(p-doping) should eﬀectively deepen its EF. This would in turn
result in a favorable band bending at the hole-accepting interface
that improves charge extraction and therefore the solar cell
performance. However, the introduction of p-dopants within the
CQD solid can lead to harmful side eﬀects, such as a signiﬁcant
decrease in carrier mobility,30,31 or a quenching of the exciton
absorption.32 A strategy to controllably dope the CQD HTL
without aﬀecting its transport or absorption properties is
therefore needed.
We took the view that this could be achieved by remote doping
with small redox-active molecules. If appropriately designed,
these molecules would be incorporated throughout the CQD
HTL, withdrawing electrons without damaging transport
characteristics. We designed a facile molecular p-doping recipe
to selectively dope the EDT-PbS CQD-based HTL. Such a recipe
can be extended to a variety of CQD solar cell architectures

which rely on a thin CQD solid as the HTL.6−9,14,27,33 We
employ a large electron aﬃnity (EA) metal−organic complex,
molybdenum tris(1-(triﬂuoroacetyl)-2-(triﬂuoromethyl)ethane1,2-dithiolene), Mo(tfd-COCF3)3.34,35 This molecule, as we
have recently demonstrated, favors electron withdrawal in other
CQD legacy absorber layers.36 Herein, we expand the application
gamut of the molecular doping scheme to include more
promising device architectures that make use of a CQD-based
HTL, and we speciﬁcally target the latter rather than the active
layer itself. We overcome the obvious technical challenge in these
latest architectures of being able to selectively dope the HTL
without altering the absorber layer. This approach is demonstrated to work for MAPbI3−PbS and PbX2−PbS CQD
absorbers, demonstrating its broad applicability to the latest
generation of CQD ligand chemistries. The optimally p-doped
HTL leads to an enhancement in the photocurrent and ﬁll factor
(FF) as compared to those of the undoped control solar cells,
which ultimately leads to a ca. 10% increase in PCEs.
The perovskite-shelled CQD solar cell architecture is shown in
Scheme 1a. Photon absorption and photocurrent generation take
place primarily in the thick MAPbI3−PbS CQD layer.10 Spin-cast
ZnO nanoparticles were used as the ETL. Scheme 1b shows a
schematic of the Mo(tfd-COCF3)3 doping procedure. After the
deposition of the EDT-PbS CQD hole extraction layer, the
device is soaked brieﬂy (∼30 s) in an acetonitrile (ACN) solution
of Mo(tfd-COCF3)3. ACN is known to be benign to the surface
of CQDs, unlike other protic solvents such as methanol
(MeOH),21 and is reported as an eﬀective solvent for Mo(tfdCOCF3)3 dopant delivery.36 We optimized the soaking time
based on previous ACN-based ligand exchanges of oleic-acid
capped CQDs in device architectures employing EDT-PbS CQD
as the HTL,4,6,8−10,14,25,27 where 30−60 s of soaking time leads to
a complete ligand exchange.37
To conﬁrm that doping is predominantly limited to the CQD
HTL overlayer, we analyzed the dopant concentration (Mo)
through the CQD ﬁlm using secondary ion mass spectrometry
(SIMS). To achieve detection by SIMS, a 1 mg mL−1 dopant
concentration was considered because the dopant was hard to
detect at lower concentrations because of poor signal:noise ratio
in the spectra. The three-dimensional (3D) distribution of Mo
within the CQD solid reveals a strong conﬁnement of the dopant
to the top few tens of nanometers, with a concentration that is
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Figure 1. (a) 3D distribution for molybdenum from SIMS. (b) SIMS depth proﬁles for the various elements in the doped CQD HTL capping the
CQD light absorber. (c) PL suppression upon doping is suggestive of electron transfer from the CQD HTL to the dopant molecule. (d)
Transient-absorption characteristics of the doped CQD solids remain unchanged relative to the undoped control. (e) Band structures of the
EDT-PbS CQD solids under various doping scenarios as obtained from a combination of UPS and optical measurements. The dashed black line
corresponding to 0 eV represents the vacuum level for the undoped baseline. The gray dashed line for each band structure represents the
corresponding vacuum level. The red and blue bands represent the conduction and valence bands of the CQD solids, respectively, while the black
bars correspond to the EF. The band structures have been put on a common scale according to the top of the VB, for clarity.

reduced by 2 orders of magnitude after 80 nm (Figure 1a). Figure
1b shows the corresponding SIMS depth proﬁles. F and Mo
dopant species are found to decrease signiﬁcantly beyond a few
tens of nanometers. All the elements show a steep decrease
beyond ∼150 nm, which marks the bottom of the entire CQD
layer considered for the SIMS measurements. It should be noted
that these SIMS results represent only an approximation to the
location of the dopant molecules. Being partially organic, the
molecules are expected to be aﬀected by preferential sputtering

and matrix eﬀects leading to quantiﬁcation distortions. Thus,
although Figure 1a conﬁrms that the dopant molecules are
predominantly situated in the EDT-HTL, it is unclear whether a
small amount of dopant may have also penetrated into the
absorber layer. Nevertheless, we are encouraged by the
predominantly near-surface conﬁnement of dopant despite the
use of a concentrated dopant solution (2 orders of magnitude
more concentrated than optimal solutions, as will be discussed
1954
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Figure 2. Various steps involved in the doping procedure. The solar cell is fabricated in the standard way: (1) spin coating of the MAPbI3−PbS
CQD ink on the ZnO-coated ITO glass, followed by (2) deposition of the EDT-PbS HTL. This assembly is then (3) soaked in the dopant solution
(the desired concentration of Mo(tfd-COCF3)3 in ACN) for 30 s followed by rinsing with ACN solvent to wash oﬀ excess dopant molecules from
the surface of the CQD solid. Device parameters (JSC, VOC, FF, and PCE) as a function of the dopant concentrations are shown in panels a−c. The
optimized dopant concentration leading to the best-performing solar cells is found to be 10−2 mg mL−1. Error bars correspond to the standard
deviation over a set of 6−12 devices.

employed Kelvin probe (KP) microscopy to characterize the
work function diﬀerence of the diﬀerent samples. KP measurements showed an increase in the work function of the EDT-PbS
CQD solids as the doping concentration was increased (Figure
S1). Changes to the overall work function, however, comprise (i)
changes to the EF and (ii) vacuum level shifts originating from
surface dipoles. We were interested in determining up to what
extent p-doping aﬀects the EF of the EDT-PbS CQD solids
without creating a dipole moment. To have a deeper insight into
the band structure changes, we resorted to ultraviolet photoemission spectroscopy (UPS) measurements. Extreme care
should, however, be taken in interpreting UPS spectra of small
band gap CQDs, as pointed out by Miller et al.39 Figure 1e tracks
the changes to the EDT-PbS CQD band structure for various
doping concentrations. For these measurements, the ﬁlms were
immediately transferred into the ultrahigh vacuum (UHV)
chamber limiting the exposure to ambient environment. The
conduction band minima (CBM) were approximated from the
optical band gaps (Figure S2), an estimation which is justiﬁed for
inorganic materials such as PbS CQDs given their small exciton
binding energies. For low doping concentrations (10−2 and 10−3
mg mL−1), the EF of the EDT-PbS CQDs is found to move closer

below), which provides the stack with a larger supply of dopant
for possible penetration into the active layer.
Successful doping of the CQDs was veriﬁed by photoluminescence (PL). EDT-PbS CQD ﬁlms were fabricated on
glass substrates for these measurements. Excitation was carried
out using a 635 nm diode laser. The measurements conﬁrm
electron transfer from the CQDs to the dopant evident from the
suppression of the PL intensity (Figure 1c). We also performed
time-resolved PL (TRPL) on these samples to conﬁrm
improvement in charge extraction. The p-doped HTLs are
expected to demonstrate a reduced carrier lifetime suggestive of
enhanced hole extraction, as seen, for example, in a recent report
which demonstrated performance enhancement in perovskite
solar cells by employing a p-doped HTL.38 The TRPL results are
presented in Figure S10 and indicate a shorter lifetime for the
doped sample. Fitting with monoexponential decay functions
indicates excited-state lifetimes of ∼202 and ∼119 ns for
undoped and doped samples, respectively. No change in the
intrinsic absorption is found, as shown through the normalized
transient-absorption characteristics (Figure 1d).
Eﬃcient p-doping is expected to lead to a deepening of the EF
relative to the band positions and the vacuum level. We
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of 10−2 mg mL−1 is therefore found to be the optimum dopant
concentration, resulting in the most eﬃcient charge extraction.
We speculate that as the dopant concentration is increased above
the optimum point (10−2 mg mL−1), the underlying MAPbI3−
PbS CQD photoactive layer might become aﬀected, which in
turn impairs device performance. We do see a small but nonnegligible penetration of the dopant (Mo and F atoms) into the
absorber layer for the 1 mg mL−1 doped ﬁlm from SIMS (Figure
1b), as discussed above. UPS spectra provide clear clues into the
impaired device performance at high doping concentrations. The
UPS spectrum of the VB region for the 1 mg mL−1 case is
suggestive of dopant segregation on the top of EDT-HTL
(Figure S3). Higher doping concentrations can potentially result
in a layer of unreacted dopant on CQD surfaces and act as
barriers to hole ﬂow. These high concentrations are associated
with formation of large dipoles introducing important shifts in
the CQD vacuum level. A severely shifted CQD vacuum level will
disrupt charge ﬂow near the Au electrode (the Au work function
is 4.6 eV). Also, as has been shown recently in the case of
graphene, higher doping concentrations utilizing similar dopants
can lead to Coulomb scattering, adversely aﬀecting charge
transport.40
Table 1 summarizes the device data shown in Figure 2. The J−
V curves for the best-performing solar cells for each doping

to the valence band maxima (VBM), clearly suggestive of pdoping. For larger doping concentrations, however, the EF is
found to saturate well short of the band edge, without leading to
degenerate doping of the CQDs. We speculate that this might
occur because of a combination of the following factors: (a) a
fairly high number of trap states inside the band gap and (b) an
electrostatic repulsion between the Mo(tfd-COCF3)3− counterions, formed after the dopant molecules accept electrons
eﬀectively p-doping the CQDs. With increasing levels of doping,
the anions form increasingly complete monolayers on the surface
of the CQDs. Doping will then depend on not only the dopant−
CQD energetics (EA of the dopant and VBM of the CQDs) but
also the electrostatic attraction between the positively charged
CQDs and the negatively charged dopant anions and the
repulsion between the dopant anions. This remote doping
scenario is diﬀerent from the doping of organic semiconductors
and forces the anions to be close to one another, leading to
repulsive interactions limiting doping eﬃciency. Importantly,
larger doping concentrations also involve a signiﬁcant surface
dipole formation, leading to raising of the vacuum level (ΔΦ).
This has been discussed in detail by us in a previous report.36
These surface dipoles can potentially form if layers of unreacted
dopant molecules start surrounding the CQD surfaces, a scenario
which is likely for large doping concentrations. The secondary
electron (SE) cutoﬀs and valence bands (VBs) for the various
doping scenarios are shown in Figure S3. Importantly, the VB
spectrum for the 1 mg mL−1 doping case represents signiﬁcant
deviations from that of undoped CQDs. This might be indicative
of the presence of a monolayer of the dopant molecules atop the
EDT-HTL for this particular doping concentration (although the
SIMS data discussed indicates signiﬁcant penetration of the
dopant into the HTL), because UPS detects only the top ca. 1 nm
of the surface. We, however, observe that the VB spectra for
lower doping concentrations closely mimic that of PbS CQDs,
ruling out any overlayer formation at lower concentrations
(Figure S3). The ΔEF measured from UPS agrees well with the
magnitude of the shift of Pb 4f core levels to a lower binding
energy, as observed in X-ray photoelectron spectroscopy (XPS),
shown in Figure S4. This behavior is similar to that previously
observed when the same dopant was employed to dope absorber
layers of 3-mercaptopropionic acid-capped PbS CQDs.36
Encouraged by these ﬁndings, we made solar cells with doped
EDT-PbS layers employing diﬀerent dopant concentrations. The
various steps involved in this facile molecular doping procedure
are outlined in Figure 2. Figure 2a−c shows the various device
parameters (JSC, VOC, FF, and PCE) as a function of the dopant
concentration used for a large number of devices. Baseline
undoped solar cells yield a PCE in the range of 8.1%, which is on
par with that of previously reported MAPbI3-shelled CQD solar
cells.25
Clear enhancements in JSC and FF are observed at low dopant
concentrations (10−3 and 10−2 mg mL−1); the PCE shows a
maximum of 9.0% for the 10−2 mg mL−1 doped solar cell. The
optimally p-doped HTL confers a smoother band alignment at
the hole-collecting junction besides enhancing depletion in the
absorber and results in improved charge generation and
collection. Any gains in VOC are, however, compensated probably
owing to the high density of surface trap states and increased
scattering.28 The increase is statistically signiﬁcant based on the
increase seen in a number of devices. Increasing the dopant
concentration further leads to a decrease of both JSC and FF, as
well as a slight decrease in VOC at the highest concentration,
resulting in an overall performance degradation. A concentration

Table 1. Device Parameters (JSC, VOC, FF, and PCE) for the
Various Doping Concentrationsa
device

JSC
(mA cm−2)

VOC (V)

FF (%)

undoped
baseline
10−3 mg mL−1

20.2 ± 0.4

0.61 ± 0.00

65.6 ± 1.7

21.2 ± 0.2

0.61 ± 0.00

67.2 ± 0.4

10−2 mg mL−1

21.0 ± 0.2

0.61 ± 0.00

68.8 ± 0.9

10−1 mg mL−1

20.2 ± 0.4

0.61 ± 0.01

56.5 ± 5.7

1.0 mg mL−1

15.1 ± 0.8

0.59 ± 0.00

62.6 ± 2.3

PCE (%)
8.1 ± 0.1
(8.3)
8.6 ± 0.1
(8.8)
8.8 ± 0.1
(9.0)
6.9 ± 0.8
(7.5)
5.6 ± 0.5
(6.1)

a

Statistics correspond to 6-12 devices. The PCE of the bestperforming solar cells for each category are shown in parentheses.

condition are shown in Figure 3a. The observed device
performance enhancement is in good agreement with optoelectronic numerical predictions (Figure S5), which predict a FF and
JSC increase as the doping concentration of the EDT layer
approaches its optimum value. Importantly, the doped solar cells
demonstrate photostability (Figure S6). The cells are found to
show mild hysteresis, but no increase of the hysteretic behavior is
observed upon doping (Figure S6). We postulate that the
observed hysteresis might be linked to the use of perovskite
shells.
The observed enhancement in device performance for solar
cells using a p-doped EDT-PbS HTL agrees well with the
increase in external quantum eﬃciency (EQE) under shortcircuit current conditions (Figure S7). The EQE improvement
for the optimally doped solar cell, especially at the near-infrared
region, is consistent with the improvement in charge extraction
leading to an increase in FF and JSC. In order to assess the
improvement attained by increased band bending at the
maximum power point, we compare the EQE of undoped and
optimally doped solar cells at these operating conditions (Figure
3b). The EQE is found to increase over the entire wavelength
spectrum, but the enhancement is more signiﬁcant in the near1956
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Figure 3. (a) J−V curves for the various HTL doping scenarios. Low dopant concentrations (10−3, 10−2 mg mL−1) improve device performance,
whereas a high concentration (1.0 mg mL−1) leads to severe degradation. (b) EQE spectra for the undoped and optimally doped (10−2 mg mL−1)
solar cells taken at VMPP (∼0.5 V) conditions. Optimal doping (blue) leads to an increase in charge collection compared to the undoped baseline
(black), which is especially evident in the near-infrared region. This illustrates the beneﬁcial eﬀect of an increased band banding in the
photoactive layer at the HTL interface. (c, d) Schematics show that an undoped HTL causes an unfavorable “kink” in the band structure at the
HTL:absorber interface, which is removed upon optimal doping of the HTL. The insets show the scenarios before thermodynamic equilibrium
(black dashes represent the Fermi level positions). Charge collection eﬃciency increases for the optimally doped case.

PbX2−PbS CQD absorber layer. Nevertheless, it employs an
EDT-PbS CQD HTL for eﬃcient carrier extraction similar to the
MAPbI3−PbS CQD cells investigated above. Doping the CQD
HTL with the molecular doping conditions optimized above for
the case of MAPbI3−PbS devices, we observed similar device
performance increase (Figure 4b). Enhancement in JSC and FF
(Table S1) led to a statistically reproducible ca. 10% relative
increase in PCEs compared to undoped control (black curve;
PCE = 8.5%) and resulted in 9.5% eﬃcient solar cells (blue
curve). The doped cells are found to demonstrate acceptable
levels of photostability (Figure S8). A histogram representing
device statistics (Figure 4c) conﬁrms reproducibility of our PCE
enhancements. Importantly, we ﬁnd that the doped devices
remain within 95% of their initial PCEs even after 2 months of
storage in ambient environment, closely matching the stability of
the undoped control cells (Figure S9). Although the air-stability
of these molecular dopants is well-known,34,35,43 our ﬁndings
demonstrate the reliability of optoelectronic devices that employ
these dopants.
In summary, we have demonstrated that charge-carrier
extraction in the latest brand of high-performing, single-stepdeposited PbS CQD-based solar cells is limited by the moderate
p-type character of the EDT-PbS CQD HTL, which allows only
limited band bending under maximum power point operation.
We address this problem by introducing a molecular dopant
which consists of a large-EA metal−organic complex Mo(tfd-

infrared region (>10% at the exciton peak). This correlates well
with the device performance increase attributed to a stronger ptype character of the EDT-PbS layer, as these photocharges are
generated closer to this interface. Fabry−Perot interference
results in a decrease of EQE around 800 nm in both cases.
The impact of doping on the interfacial band structure at the
HTL:absorber interface is schematized in Figure 3c,d. For the
case of a standard, undoped HTL (Figure 3c), the extraction of
charges that are photogenerated close to the back interface face
an unfavorable energy barrier in the band structure largely
leading to carrier recombination. The doped HTL, which we
modeled as Nacceptor ∼ 1018 cm−3 (based on a previous report)41
to better illustrate the mechanism, leads to removal of this “kink”
and causes a favorable bending at the interface (Figure 3d). This
ﬁnding is in good agreement with the observed increase in EQE
at the exciton peak (Figure 3b), because these are the photons
that are absorbed closer to the EDT back-interface.
To investigate whether the molecular doping scheme for the
CQD HTL demonstrated for MAPbI3−PbS cells is general in
application, we turned our attention to the recently reported
PbX2−PbS CQD-based solar cells.26 These CQDs beneﬁt from a
hard nanocrystal surface owing to an increased halide surface
coverage, eﬀectively suppressing low-energy phonon modes
prone to coupling with electronic transitions and creating carrier
traps.26,42 The device architecture is shown in Figure 4a and
diﬀers from the MAPbI3−PbS CQD devices in employing a
1957
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■

data on the material parameters used for optoelectronic
simulations (SCAPS), and simulated device parameters
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Figure 4. (a) Solar cell architecture employing a PbX2−PbS CQD
absorber layer obtained via a single-step deposition. (b) J−V curves
for the baseline (black curve) using an undoped EDT-PbS CQD
HTL and a 10−2 mg mL−1 doped CQD HTL (blue curve). (c)
Histogram showing device statistics for the undoped and doped
cases.

COCF3)3. When incorporated into the EDT-PbS layer, these
molecules withdraw excess electrons, conferring a stronger ptype doping to the HTL. This ultimately results in an increased
built-in ﬁeld at this interface that is sustained even at maximum
power point conditions, facilitating charge separation and
collection. As a consequence, a ca. 10% PCE increase is obtained
compared to control samples. Our HTL p-doping recipe
involving metal−organic complexes is applicable, in general, to
the high-performing CQD solar cell architectures which rely on
CQD HTLs for eﬃcient charge collection.
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