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Stabilizing n-type hetero-junctions for NiO, based
inverted planar perovskite solar cells with an
efficiency of 21.6%7
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Rui Chen,® Shuming Chen, & Aleksandra B. Djurisi¢ & *® and Zhubing He & *@

The performance and stability of inverted perovskite solar cells (PSC), in particular, those with stable metal
oxide hole transport layers, are limited by the instability of perovskite/electron transport layer
heterojunctions. In this work, we demonstrate a successful strategy for passivating and stabilizing the
perovskite/electronic transport layer n-type heterojunction in a nickel oxide based inverted planar PSC
by using chemically stable inorganic Cd,Zn;_,Se,S;_, quantum dots (QDs). Experimental and theoretical
results demonstrate that the defects/traps (unsaturated Pb2* and mobile iodine ions) on perovskite
surfaces can be substantially suppressed by the QDs, leading to a significant reduction of interfacial
recombination and more stable n-type heterojunction. Consequently, a significant enhancement of the
open-circuit voltage from 1.075 V to 1.162 V and power conversion efficiency from 19.47% to 21.63% is
achieved for the QD passivated perovskite-based devices. We also demonstrate that the stabilized n-
type hetero-junction results in a dramatic improvement of long-term and operational device stability.
Our work demonstrates an effective and simple way to stabilize the perovskite/electron transport layer
interface to develop high efficiency stable inverted planar PSCs, which will bring these devices closer to

rsc.li/materials-a future commercial applications.

Introduction

Organic-inorganic halide perovskite materials have attracted
lots of attention in recent years because of their application in
optoelectronic devices, mainly driven by rapid performance
improvements in halide perovskite solar cells (PSCs) and light
emitting diodes." A record power conversion efficiency (PCE)
of 25.2% has been achieved for PSCs.* High-efficiency devices
are commonly based on a conventional device structure, with
TiO, or SnO, charge transport layers which often require high
deposition temperatures.>** On the other hand, planar PSCs
with an inverted structure are attracting increasing attention
owing to their simplified fabrication process, lower hysteresis,
and good stability.*** However, while the PCE of inverted planar
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PSCs has recently exceeded 21%,"* it still lags behind the PCE
of conventional structure PSCs.**** Currently, the majority of
high performance inverted planar PSCs use organic semi-
conductors, typically poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] (PTAA), as p-type hole transport layers (HTLs)."* >
However, due to the intrinsic chemical volatility of organic
semiconductors, they usually suffer from poor stability, which
hinders the commercialization process of promising inverted
planar PSCs."® This can be potentially resolved by using highly
chemical stable inorganic HTLs (such as metal oxides and
carbon based semiconductors).**'**

However, the PCE of this type of device is still lower as
compared with the organic counterparts.’*>* Besides lower
short circuit current density (Js.), the smaller open-circuit
voltage (V,.) mainly contributes to lower efficiency of inverted
planar PSCs with inorganic HTLs. Various approaches have
been adopted to increase the efficiency of inverted PSCs, such as
optimizing the perovskite composition, increasing the light
absorption and the thickness of the perovskite absorber layer,
and enhancing the charge transport rate.'***>® Therefore, the
optimization of charge transport layers/perovskite hetero-
junctions (p-type and/or n-type) plays an important role in
both device performance and stability. For n-type hetero-
junctions, fullerene (C60) has been widely used as an n-type
layer in inverted planar PSCs owing to its excellent electron
mobility and suitable band alignment with perovskites.>
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However, despite its advantages, devices with C60 exhibit lower
efficiency due to interfacial recombination and inferior stability
due to easy cross-diffusion of halide and metal ions from the
perovskite and metal electrode layers, respectively.*® As a result,
stabilizing the n-type hetero-junction becomes critical for
achieving both stable and efficient inverted PSCs. Efforts such
as surface passivation,”?”*%** bulk heterojunction engi-
neering®® and secondary growth (SSG) techniques' have been
made to stabilize the n-type hetero-junction and reduce the
nonradiative recombination. To further enhance the device
stability by preventing ion diffusion at the n-type hetero-
junction, inorganic quantum dots (QDs), especially metal
chalcogen semiconductor QDs (e.g. CdS/Se and CdSe/ZnS), have
attracted increasing attention owing to their chemical
compatibility with perovskites, chemical stability, well matched
crystal structure, and excellent optoelectronic properties.**-*¢
However, the reports of QD application in PSCs mainly inves-
tigated conventional structure devices,*”™** as hole transporting
layers,*”** interfacial layers®*****»* or seed layers for improving
the crystallinity of the perovskite.*” Due to differences in the
architecture (materials used) and behaviour of conventional
and inverted devices, the mechanisms responsible for the
improved performance do not necessarily directly translate to
inverted devices. For example, the reduction of hysteresis due to
faster hole extraction in conventional devices®® is not applicable
to inverted devices which do not exhibit significant hysteresis,
and QDs are placed between the perovskite and electron
transport layer. The reports on the use of chalcogenide QDs in
inverted structures have been scarce.****** While it has been
demonstrated that the use of chalcogenide QDs can lead to
performance improvements, the achieved efficiencies were
relatively low and need to be increased.****** Therefore, QDs
with a suitable band gap have the potential to stabilize the
perovskite/C60 hetero-junction in inverted planar PSCs,
enhancing both the stability and performance of devices.
Herein, we employed Cd,Zn,_,Se,S,_, alloyed QDs to stabi-
lize the n-type hetero-junction in NiO, HTL based inverted
planar PSCs. The QDs are used as an interface modification
layer to passivate the defects and stabilize the interface between
the perovskite and C60, rather than as a charge transport layer.
The commercially available QDs show high PL quantum yields
(>85%),** which guarantees that they have low defects/trap
density both at the surfaces and in the bulk of QDs which
makes them promising for the passivation of perovskite
surfaces. Moreover, the suitable energy level alignment of QDs
with perovskite could further enhance the electron extraction
rate at the n-type heterojunction. In addition, QDs can be easily
dissolved in nonpolar solvents such as toluene, octane and
chlorobenzene, which ensures that the deposition process of
QDs is compatible with perovskite films and does not damage
the perovskite layers. We demonstrate that a stabilized n-type
hetero-junction induced by QDs can effectively passivate
defects at perovskite surfaces, resulting in a significant photo-
voltaic performance enhancement, with the increase of V,,. from
1.075 V to 1.162 V, and the PCE from 19.47% up to 21.6%.
Moreover, a stabilized n-type hetero-junction also improves
substantially both long-term and operational device stability.
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Results and discussion

As shown in the schematic diagram of the architecture of
inverted planar PSCs in Fig. 1a, the inverted planar perovskite
solar cells employ the following structure ITO/NiO,/perovskites
(with and without QD passivation)/C60/BCP/Ag, where NiO, and
C60 are p and n-type selective layers, respectively. Low
temperature processed NiO, nanoparticle HTLs were prepared
according to our previous reports (see Experimental details in
the ESIT).***” Mixed cation perovskites (denoted as CsFAMA)
were fabricated by one step antisolvent methods (see Experi-
mental details in the ESIf).** Before depositing C60 ETLs,
surface passivation of perovskite films was achieved by spin
coating a commercial QD solution (Cat. no. CdSe-525-25,
Mesolight Inc.) with various concentrations (see Experimental
details in the ESIt). TEM images show the uniform size distri-
bution (~8 nm) and high crystallinity of the QDs (Fig. S1, ESIT).
The absorption spectrum of QDs demonstrates that the
absorption edge is located at ~540 nm, corresponding to an
optical band gap of ~2.3 eV, consistent with the strong green
photoluminescence (PL) from QD solution under excitation
(Fig. S2, ESIt). The intense luminescence of QDs (PLQY > 85%)
demonstrates the low bulk and/or surface defect/trap state
density present in the QDs,* which makes them promising
candidates for passivating and stabilizing the interfacial traps
after depositing QDs on perovskites. In addition, the valence
band and conduction band values of QDs are ~6.2 eV and
3.9 eV, respectively.*® This suitable conduction band and
valence band values enable effective electron extraction from
the perovskite to QDs and sufficient hole blocking.** SEM
images of the perovskite films with and without QD interfacial
layers are shown in Fig. S3, ESI.T We can observe that after spin-
coating QD solution, the perovskite films are covered uniformly
by QDs.

It is well recognized that Pb>" has strong binding with S/Se to
form PbS/PbSe quantum dots. Previous reports demonstrated
that PbS/PbSe QDs can effectively protect the 3D perovskite by
forming a QD matrix surrounding the perovskite.**** In our
case, we speculate that the S/Se elements in the QDs could
effectively coordinate with unsaturated Pb>" defect sites, which
can protect and stabilize the perovskite surface and then
suppress interfacial recombination and facilitate electron
extraction (Fig. 1a). Moreover, mobile iodine ions might be
effectively captured or stabilized by Zn/Cd in the QDs. To
confirm our hypothesis, we performed high resolution X-ray
photoelectron spectroscopy (XPS) analysis for perovskite films
with and without QD passivation as well as pure QD film. From
the XPS data shown in Fig. 1b, we can observe a shift of core
levels of Pb 4f to lower energy (~0.29 eV) in the QD passivated
perovskite samples, which indicates a change in the chemical
environment of Pb*'.*® Furthermore, we can observe the
disappearance of the lower intensity feature (~1.8 eV lower than
the main doublet) which corresponds to metallic Pb® 4f.5* The
observed changes in the XPS spectra are consistent with the
interaction between S/Se in the QDs and unsaturated Pb*" ions,
indicating possible defect passivation in the perovskite film.

This journal is © The Royal Society of Chemistry 2020
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(a) Schematic diagram of the inverted planar perovskite solar cell (PSC) architecture investigated in this work. Enlarged dashed frame

shows the interfacial details of perovskite/QDs/C60, where the S or Se in QDs could effectively coordinate with unsaturated Pb defects/traps
(note that the sizes of QDs, C60 and perovskite in the schematic diagram are not on real scale); (b to e) high resolution X-ray photoelectron
spectroscopy (XPS) profiles of Pb (b), | (c), S (d) and Zn (e) in the pure perovskite, pure QD and perovskite/QD samples.

Moreover, the shift of core levels of I 3d to higher energy (~0.23
eV) might indicate the coordination between I in perovskite
and metals (Zn/Cd) in QDs (Fig. 1c). This is also consistent with
the observed changes in the XPS peaks of S/Se and Zn/Cd 2p
core levels of QDs on perovskite,* as shown in Fig. 1d, e and 54,
ESIL.t The XPS results indicate a strong interaction between
perovskite and QDs, which suggests that effective defect
passivation can be achieved in the perovskite/QD system.

To further elucidate the effect of QDs on the suppression of
surface defects in perovskite, we performed density functional
theory (DFT) simulations to calculate the formation energies of
iodine (I) and lead (Pb) vacancies on the surface of the pure
perovskite, and that on the surfaces passivated with QDs. The
unit cell structures of the pure perovskites are shown in Fig. S5,
ESI.f Fig. 2a and b present the optimal model structures of the
QD modified perovskite with excess I and Pb, respectively. To
simplify the unit cell structure in DFT calculation, we used
cadmium sulfide (CdS) to imitate the CdZnSeS QDs in the unit

This journal is © The Royal Society of Chemistry 2020

cell structure. The formation energy of I vacancies increases
from 1.17 eV for the pristine perovskite to 1.95 eV for the QD
modified perovskite. A significant increase of formation energy
of Pb vacancies is also observed after QD modification of
perovskite (Fig. 2c). Our calculation results indicate that the
modification with QDs prevents the formation of I and Pb
vacancies at the surface and are consistent with previous XPS
results.

The device lateral morphology has also been examined by
transmission electron microscopy (TEM), as shown in Fig. 3.
Low magnification TEM shows clearly each layer in our
inverted planar PSCs, including the QD passivation layers. To
specify the n-type hetero-junction (perovskite/QDs/C60)
region, we enlarge the frame region by HRTEM. The images
of the QDs/C60 layers show that C60 has partially diffused into
the QD layers to form hybrid ETLs due to the small size of
single C60 nanoparticles (6.5-7 A).*> QDs with similar sizes to
those determined from the TEM images of the pure QDs

J. Mater. Chem. A, 2020, 8, 1865-1874 | 1867
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Fig.2 Optimized structures of a perovskite/CdS unit cell with excess iodine (a) and lead (b) at the perovskite/CdS interface; (c) formation energy
of surface iodine vacancies (i) and lead vacancies (ipp) in the pure perovskite and in the CdS modified perovskite surfaces

(Fig. S1, ESIt) can be clearly detected in hybrid layers in the
HRTEM image. The average thickness of the QD layers was
calculated to be ~20 nm. Furthermore, EDS mapping in
HAADF mode is consistent with the expected device compo-
sition and it is in agreement with TOF-SIMS profiles of the
devices shown in Fig. S6, ESIL.{

To investigate the impact of QD passivation on the device
performances, the photovoltaic performance of the devices was
investigated in detail, and the obtained results are presented in
Fig. 4 and summarized at Table 1. We can observe that there is
an optimal concentration of QDs which results in the largest

Fig. 3

enhancement of device performance. The optimal device effi-
ciency is enhanced from 19.47% (short circuit current density
(Jsc) of 22.73 mA cm ™2, open circuit voltage (Vo) of 1.075 V, and
fill factor (FF) of 79.7%) for the control device to 21.63% (] of
22.88 mA cm 2, V. of 1.162 V, and FF of 81.4%) for the optimal
QD passivated device. Both the control and QD passivated
devices (Fig. 4b and S7, ESIf) exhibit negligible hysteresis,
which is common for inverted planar devices with fullerene
ETLs.> Stabilized power output (SPO) for both devices
measured under fixed bias (Vipp) over 500 s further demon-
strates the negligible hysteresis behavior, as plotted in Fig. 4c.

aysaoiad YNY4S0

(a) Transmission electron microscopy (TEM) and high resolution TEM images of cross sectional morphologies for a complete device and

C60/Perovskite interface; (b) scanning transmission electron microscopy (STEM) images of the cross sectional morphologies in HAADF mode; (c)
the corresponding energy-dispersive X-ray spectroscopy (EDS) mappings of various elements in the devices.
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Fig. 4 (a) Current-voltage (/-V) characteristics of the inverted planar PSCs with C60 and QDs/C60 hybrid ETLs (the device area is 10 mm?,
defined by an optical aperture); (b) -V hysteresis behaviours of the optimal PSCs with QD (5 mg ml~ (M)) hybrid ETLs; (c) steady power output of
the optimal PSCs with C60 and QDs(5M)/C60 hybrid ETLs; (d) EQE spectra of the optimal PSCs with C60 and QDs(5M)/C60 hybrid ETLs; (e and f)
statistics of the V. (e) and PCE (f) for the PSCs with C60 and QDs(5M)/C60 hybrid ETLs.

The SPO efficiencies were 19.23% and 21.52% for control and
QD passivated devices, respectively, consistent with the results
from I-V scan. From the comparison of device performance with
and without QD stabilization, we can observe that QD passiv-
ation results in a small increase of J., but a significant increase

of V. (~100 mV) and FF, resulting in a significant enhancement
of PCE. From the performance statistics shown in Fig. 4e and f,
it is clear that performance enhancement, in particular in the
case of V., is larger than the experimental variation in the
performance of different devices. An increase in V. is

Table 1 Summary of the photovoltaic performance parameters of the inverted planar PSCs with and without QD passivation

Devices Scan direction Voe (V) Jse (MA cm™?) FF (%) PCE (%)

C60 Reverse 1.075 22.73 79.7 19.47
Forward 1.074 22.72 79.1 19.30

QDs(5M)/C60 Reverse 1.162 22.88 81.4 21.63
Forward 1.158 22.89 81.3 21.56

This journal is © The Royal Society of Chemistry 2020
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consistent with passivation of defects,'”” which can occur by
successful coordination of unsaturated Pb>" ions, in agreement
with XPS results. We can also observe that the integrated J.
from external quantum efficiency (EQE) spectra is in good
agreement with the measured J,. values from I-V curves
(Fig. 4d). Furthermore, the shape of the EQE curves with and
without QDs indicates additional enhancement in the spectral
region <550 nm, which may indicate that the QDs absorb the
light reflected from the rear silver electrode film and possible
irradiative recombination of electron-hole pairs in perovskite.
That is consistent with light absorption by QDs and charge
transfer, as well as enhanced electron extraction by QDs.?**
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To investigate the reason for the performance improvement
in devices after n-type hetero-junction stabilization with QDs,
detailed characterization of the PSCs with and without QDs was
conducted. Time resolved photoluminescence (TRPL) spectra
are shown in Fig. 5a, while the fitting results are summarized in
Table 2. Photoluminescence quenching and PL lifetime are
affected both by carrier extraction and carrier trapping at the b-
type hetero-junction.® The PL decay can be commonly
described by a bi-exponential decay, consisting of a fast and
a slow decay component.**~* Significant shortening of the fast
decay component in the presence of an ETL is an indicator of
efficient charge extraction."”?” On the other hand, we can

——C860
—— QD/C60

-
(=]
.

0.1 H
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—a—C60
@— QDs/CB0

V,: 101V
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EFLp

Perovskite c60

Perovskite QDs C60

(a) Photoluminescence (PL) decay spectra of the perovskite films with and without QD passivation under 405 nm excitation from the

perovskite side; (b) /-V characteristics of the electron only devices with the structure of ITO/SnO,/CsFAMA perovskites/with or without QDs/
C60/BCP/Ag; (c) open circuit voltage (Vo) as a function of illumination intensity for the PSCs with and without QD stabilization; (d) Mott—
Schottky characteristics of the PSCs with and without QD stabilization; (e) trap density of state (t-DOS) characteristics of the PSCs with and
without QD stabilization; (f) schematic illustration of the band alignments and trap states at the perovskite/QDs/C60 n-type hetero-junction.
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Table 2 Summary of the charge carrier dynamics by fitting the PL
decay curves

Weighted average

Samples Ay (%) 11 [ns] Ay (%) 1t [ns] t[ns]
Perovskite (PVK) 31 56.0 69 656.1 633.9
PVK/C60 65 1.6 35 25.0 22.5
PVK/QDs/C60 57 2.7 43 215.8 2123

observe a significant increase in the slow decay component for
the QD-stabilized perovskite, which indicates successful
passivation of interfacial defects."> Consequently, the trap-
assisted recombination can be effectively suppressed after QD
stabilization, which could dramatically increase V,..'"*

View Article Online

Journal of Materials Chemistry A

To further investigate the trap passivation by QDs, we
examined electron transport using electron-only devices, as
shown in Fig. 5b.>* From determining the trap-filled limit
voltage Vg, as the point where the I-V curve changes from the
ohmic (I-V) to the trap-filled limit regime (I-V">*).2! Then the
2¢ee0 VrprL

el?
the elementary charge of the electron, L is the perovskite film

trap density N; can be determined as: Ny = , where e is

thickness, ¢ is the relative dielectric constant of perovskite
(e = ~30), ¢, is the vacuum permittivity, and N, is the trap-state
density. For the control device, the N, was calculated to be 2.4 x
10, After QD passivation, the N, of the optimal devices was
reduced to 7.3 x 10'. This indicates that the apparent
suppression of the trap states in the perovskite/C60 hetero-
junction can be achieved with QD stabilization, consistent

a] T T T T T T T T T T T
20{29-0— .
S¥®F  —e—ce0 1
w —2— QDs/C60 :
g 10p s No encapsulation 5
o 3
5F Long term aging at ambient atmosphere (~15% HR, 23 °C) i
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Time (hrs)
2 S C60 No encapsulation
NO6F =QDs/C60 i
[y}
E
o 04 MPPT at ambient atmosphere (~70-75% HR) under one sun illumination i
2 |}
0.2 L L 'l L L L L L
0 10 20 30 40 50 60 70
Time (hrs)
R Perovskiterceorcu | I
-0.30 -0.30
-0.40 -0.40
-0.50 =-0.50
=0.60 -0.60
-0.70 -0.70
-0.80 -0.80
-0.20V -0.20V
=0.30 =0.30
-0.40 -0.40
-0.50 -0.50
-0.60 -0.60
-0.70 -0.70
-0.80 -0.80

Fig. 6 (a) Long term stability tests for the PSCs with and without QD pass

ivation stored in a dry box (~15% HR, 23 °C) in the dark; (b) accelerated

operational stability evaluation for the PSCs with and without QD passivation under continuous light illumination in an ambient environment

(~70-75% HR) at maximum power point (MMP) tracking; surface potenti
and fresh (e) and aged (f) perovskite/QDs/C60/Cu optimal devices meas

This journal is © The Royal Society of Chemistry 2020

al profiles of fresh (c) and aged (d) perovskite/C60/Cu control devices
ured by scanning Kelvin probe microscopy (SKPM).
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with photovoltaic performance and TRPL results. From the V.
dependence on the light intensity (Fig. 5¢), we can observe that
the slope is 1.64 kT/q without QDs and 1.07 kT/q with QDs.
When the slope is approaching one k7/q, it means the reduced
possibility of trap-assisted recombination.>® Therefore, the
slope reduction also confirms the successful passivation of
interface defects by QDs. The interfacial defects were also
characterized by C-V measurements, and the resulting Mott-
Schottky plots and estimated trap density of states®*>® are
shown in Fig. 5d and e, while the schematic diagram of the
band alignment and trap states is shown in Fig. 5f. The ob-
tained trap density is significantly lower in PSCs with QD
passivation, in agreement with other measurements. It is ex-
pected that the trap states in the pure C60 control devices would
capture the photo-generated electrons and prevent partial
electron transfer from perovskite to the ETL, induce large
interfacial recombination, and finally cause large V,. defi-
cits.*** After passivation with QDs, the reduced trap assisted
recombination can result in an upward shift of the n-type quasi
Fermi level (Egr,) and then narrow the V,. deficits (AV,c),
resulting in a significant improvement of photovoltages and
device performance."®

Finally, we also investigated the effect of passivation and
stabilization of n-type hetero-junctions with QDs on device
stability. We can observe that the water contact angle is obvious
higher for QD passivated perovskite films compared to pure
perovskites, as shown in Fig. S8a and b.T Increased hydropho-
bicity is expected to result in a lower rate of penetration of
moisture into the perovskite layer. Indeed, we can observe
a significant improvement in device long term stability for
storage in the dark and low moisture environments (~15% RH).
As illustrated in Fig. 6a, the QD passivated devices maintain
over 80% of the initial performance after over 5000 hours of
aging, demonstrating significantly improved device stability
compared to the control device (~60%). To evaluate the oper-
ational stability of our device after n-type hetero-junction
stabilization, accelerated aging tests of the non-encapsulated
devices were performed with maximum power point (MPP)
tracking under constant illumination and a high humidity
environment (no temperature control, 70-75% RH). We can
observe from Fig. 6b that the accelerated degradation rate
(~3.7% per hour) for the QD passivated device is much lower
than that of the control one (~28% per hour). In addition to
increased hydrophobicity of the perovskite/QDs/C60 hetero-
junction, the passivation of interfacial defects by chalcogen
atoms in QDs also likely contributes to improved stability,
particularly under light soaking, since it is expected to retard
ion migration, slow down the interfacial degradation, and
consequently improve the device stability.***® we can confirm
this by exploring the surface potential changes of the n-type
hetero-junction by scanning Kelvin probe microscopy (SKPM)
measurements. We fabricated perovskite/with or without QDs/
C60/Cu (10 nm) samples for the SKPM measurements. Thin
layers of 10 nm electrodes were evaporated to imitate the real
device architecture. The samples were aged in an ambient
atmosphere with a white LED lamp (~40 mW cm™?) for 10 h. As
shown in Fig. S9, ESI,i the surface morphology of both n-type
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hetero-junctions before and after aging has almost no change,
while the surface potential for the aged perovskite/C60/Cu
control device apparently decreases as compared with the
fresh one (Fig. 6c and d), indicating the instability of the
perovskite/C60 heterojunction after light soaking. In contrast,
we can observe small changes of the surface potential for the
perovskite/QDs/C60/Cu device before and after aging (Fig. 6e
and f). From SKPM results, we can conclude that the QDs can
effectively stabilize the perovskite/C60 hetero-junction to
improve the device long-term and operational stabilities.

Conclusion

In summary, we have demonstrated that the interfacial defects
at a perovskite/C60 n-type hetero-junction in a NiO, HTL based
inverted planar PSC can be effectively stabilized and passivated
with commercially available CdZnSeS QDs. The formation of
a more stable hybrid perovskite/QDs/C60 n-type hetero-junction
significantly suppresses the interfacial recombination, result-
ing in a substantial increase of V,. from 1.075 V to 1.162 V and
a significant increase of PCE from 19.47% to 21.63%. Both V.
and PCE in this work are higher than previously reported record
values for NiO, HTL based inverted planar PSCs. Detailed XPS
characterizations verifies that S/Se elements in the QDs can
coordinate with unsaturated Pb>* on the perovskite surface and
hence effectively stabilize the n-type hetero-junction, in agree-
ment with the evidence for reduced trap state density at the
perovskite/QDs/C60 hetero-junction obtained from compre-
hensive optical and electrical characterization. Moreover, defect
passivation, reduced ion migration, and increased hydropho-
bicity of the QDs/C60 ETL also result in a significant improve-
ment of the device operational stability under continuous light
soaking. This work improves our understanding of the direct
relationship between V,. and the n-type hetero-junction in
inverted planar PSCs, and also paves an effective way to
modulate that hetero-junction for developing highly efficient
and stable NiO, HTL based inverted planar PSCs, which would
provide a solution for future commercialization of perovskite
photovoltaics.
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