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A B S T R A C T

Despite the excellent photovoltaic performances of perovskite solar cells (PSCs), the instability of PSCs under
severe environment (e.g. humidity, light-induced, etc.) limits further commercialization of such devices.
Therefore, in recent years, research on the long-term stability improvement of PSCs has been actively carried out
in perovskite field. To address these issues, we demonstrated the incorporation of ultra-thin interfacial layer of
inorganic CsPbBr1.85I1.15 perovskite quantum-dots (PQDs) that can effectively passivate defects at or near to the
perovskite/hole transport material (HTM) interface, significantly suppressing interfacial recombination. This
passivation layer increased the open circuit voltage (Voc) of triple-cation perovskite cells by as much as 50mV,
with champion cells achieving Voc ∼ 1.14 V. As a result, we obtained hysteresis-free cells with the efficiency
beyond 21%. More importantly, devices based on such architecture are capable of resisting humidity and light-
induced. Remarkably, the device employing CsPbBr1.85I1.15 demonstrated a superb shelf-stability aganist to
humidity under ambient conditions (R.H.≥40%), retaining nearly 91% of initial efficiency after 30 days, while
the efficiency of control device rapidly dropped to 45% from its initial value under the same conditions. Besides
benefiting from the high moisture resistivity as well as supressed ion migration, PSCs based on PQDs showed
better operational stability (retaining 94% of their initial performance) than that of the PQDs-free one under
continuous light irradiation over 400 h. In addition, a faster PL decay time of 4.66 ns was attained for per-
ovskite/PQDs structure (5.77 ns for only PQDs structure) due to the favorable energy transfer at the interface,
indicating a Förster resonance energy transfer (FRET) mechanism. This work indicates that inorganic PQDs are
important materials as interlayer in PSCs to supremely enhance the device stability and efficiency.

1. Introduction

The hybrid organic−inorganic perovskite materials have recently
gained substantial attention due to their high absorption coefficient,
good charge carrier mobility, long-range charge diffusion lengths, and
good solution process ability, which make them uniquely suitable for
photovoltaic applications [1–5]. To date, PSCs with methylammonium
lead halide have achieved power conversion efficiency (PCE) of 19.3%
[6], and an efficiency exceeding 21% has recently been obtained by
mixture of formamidinium and methylammonium [1]. Despite the
tremendous increase in the PCE, their poor long-term device stability
related to degradation in particular by moisture in air and light-induced
exposure has not been solved yet and this event may become the biggest
obstacle on the path of PSCs towards commercial viability [7].

Currently, researchers focused on the eliminating this problem by i)
modifying the perovskite composition by doping with Br [8] and/or Cs
[9] atoms, ii) controlling the perovskite morphology by incorporating
quantum-dots into perovskite film [10–12], or iii) passivating the in-
terface between perovskite/hole-transport material (HTM) layers by
carbon-based materials [13], polymers [14], and hydrophobic materials
[7]. Another strategy is to synthesize new organic or inorganic HTL
materials instead of spiro-OMeTAD [15–19]. Interestingly, these ap-
proaches provide the device lifespan longer than the case without these
materials, but not long enough to ensure long-term stability, as well as
occasionally reducing efficiency. It is the fact that main cause of poor
stability occurs due to the weakness of the methylammonium lead ha-
lide perovskite and presence of additive/dopants originating from HTL
layer arising from their inherent vulnerability to environmental
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stresses, such as moisture and oxygen, making the device deteriorate
quickly even under low humidity conditions. Therefore, interfaces and
boundaries (surface and grain) between perovskite/HTM layers play an
important role in PSCs, which can not only promote the charge trans-
port and retard the carrier recombination but also tune the film mor-
phology through controlling the perovskite crystal growth. It is a clear
necessity that interlayer/passivation materials have to be carefully se-
lected to synchronously reach the highly efficient photovoltaic perfor-
mance and stability.

In recent years, quantum dots (QDs) have emerged as promising
alternative interlayer materials for improving the stability and effi-
ciency in PSCs due to their high photoluminescence (PL) quantum
yields and low excitation energies [20]. Very recently, Wang et al. [10],
reported an interface engineering method based on the incorporation of
CH3NH3PbBr0.9I2.1 QDs between CH3NH3PbI3 perovskite and HTM
layers in PSCs to enhance charge transfer and efficiency. However, such
QDs suffer from poor stability and can cause the fluorescence
quenching with perovskite layer owing to the volatile organic part.
Compared to other QDs [20,21], inorganic perovskite QDs are much
superior in terms of having similar lattice constant with photo-induced
dipole, adaptable band-gap, thermally stable above 100 °C, presence of
stable cation (Cs) and anion (Br), easier solution processing, smaller
atomic density and flexible electronic properties [10,11,22–27]. In-
spired by above-mentioned promises, we attempted to utilize the in-
organic perovskite CsPbBr1.85I1.15 QDs as interlayer at perovskite/HTM
interface to enhance both the long-term stability and efficiency of PSCs,
stemming from the physical passivation of the organic perovskite,
modifying the effective band gap and observed non-radiative energy
transfer among PQDs and perovskite layer. To the best of our knowl-
edge, this is the first example of the employing CsPbBr1.85I1.15 QDs as
an interlayer between triple-cation based perovskite and spiro-OMeTAD
in PSCs.

Herein, we propose a simple and very effective one-step solution
processing approach as implementing an interfacial layer with spin-
coated inorganic CsPbBr1.85I1.15 PQDs on triple-cation mixed-halide
Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 [FA= CH(NH2)2+,
MA=CH3NH3

+] perovskite layer in the normal (n-i-p) configuration
to resist moisture with light-induced degradation and suppress charge
recombination simultaneously. By this approach, an additional PQDs
layer with the enriched Br composition lead to drastically improved
long-term stability against moisture (> 40% relative humidity without
encapsulation for 30 days at room temperature), remaining to 19.25%,
degrading only 9% of initial efficiency, and enhanced electron/charge-
transport kinetics exhibiting a remarkable PCE up to 21.14% with re-
spect to reference cell (19.51%). Besides, when the cells are exposed to
continuous light irradiation, the PQDs-modified PSCs could retain 94%
of their initial performance after 400 h of full-sun illumination. These
results suggest that this approach is a promising tool for future device
design with a view to achieve both highly efficient and long-term stable
solar devices.

2. Results and discussion

Our cells had a normal n-i-p architecture (glass/FTO/compact-TiO2/
mesoporous-TiO2/Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 perovskite/
CsPbBr1.85I1.15 PQDs/spiro-OMeTAD/Au) and detailed fabrication
process is given in the Supporting Information. The digital photo of the
PQDs in solvent with and without UV-light can be seen in Fig. 1a. As
shown in Fig. 1b, quantum yield (QY) of the corresponding sample is
61%. The narrow size distribution of the sample can be also understood
from the pronounced first excitonic peaks and the TEM image. High
resolution TEM images of the synthesized samples were shown in
Fig. 1c and Fig. S1. Crystal structure of the synthesized sample was
characterized with XRD analysis and given in Fig. 1d. Sample was
prepared by using spin coating on the silicon glass. The most common
planes in cubic CsPbBr3 perovskite quantum dots (100), (110), (200),

(211) are oriented in 15.18°, 21.55°, 30.64°, and 37.77° with respect to
two-theta values in the literature [28]. The same planes in cubic CsPbI3
QDs were also reported as 14.32°, 20.30°, 28.87°, 35.55°, XRD pattern
of the CsPbBr3 PQDs slightly shifts to the small angle values with the
substitution of the iodide inside the structure of PQDs [24,25]. The
observed planes and peaks in our XRD measurements are 14.76° (100),
20.98° (110), 29.6° (200), 33.2° (210), 36.68° (211) and 42.36° (220)
which resemble the XRD peaks in hybrid structures of CsPbBr1.85I1.15
PQDs.

Valance states and chemical analysis of synthesized PQDs sample
were analyzed with X-ray photoelectron spectroscopy (XPS) measure-
ments as shown in Fig. 2. Binding energy of Cs-3d was observed at
724 eV (3d5/2) and 738 eV (3d3/2), binding energy of Pb-4f was de-
tected at 138.3 eV (4f7/2) and 143 eV (4f5/2). In Fig. 2, the peaks in I-3d
was measured at 618.6 eV (3d5/2) and 630 eV (3d5/2), to show both
peaks of the doublet pairs of Br-3d, the spectra is fitted in Fig. S2 with
two peaks which were oriented at 68.32 eV (3d5/2) and at 69.49 eV
(3d3/2) binding energies. All elements in the composition of Cs-based
PQDs sample were detected by XPS analysis and all binding energies
were well matched with the literature [29]. Also, elemental analysis
made by XPS analysis reveals that the PQDs has CsPbBr1.85I1.15 stoi-
chiometry. FT-IR analysis of PQDs was carried out in Fig. S3. Char-
acteristic wave numbers of oleic acid and oleylamine were detected in
this measurement in agreement with the ligand effect of the PQD.

To explore the PQDs-based interfacial layer, we investigated the
crystalline structure of the perovskite film. Fig. 3a shows X-ray dif-
fraction (XRD) patterns of as-prepared and passivated perovskite films
obtained fresh and after 7 days of exposure to ambient conditions
maintained at relative humidity of 40–50%. The XRD pattern of as-
prepared film demonstrates that peaks are consistent with triple-cation
perovskite [9], and no characteristic impurity peaks are observed; this
implies high purity of the absorber products. However, after 7 days of
exposure, the non-perovskite δ and β phase peaks appeared at 11.7° and
12.6°, respectively, confirming that the triple-cation perovskite film
decomposed much faster under humidity. Interestingly, after PQDs
modified on triple-cation perovskite layer, since the β phase peak de-
creased dramatically, the δ phase peak has disappeared as clearly
shown in aged XRD pattern of PQDs/perovskite layer. We speculate that
the PQDs diffuse into grain boundaries and passivate the charge traps at
grain surface and boundaries, and thereby, reducing the ion diffusion
by blocking these grain boundary channels, as well as strengthens the
bonding. This implies that passivation with PQDs offers advantages in
terms of better degradation kinetics, considering that decomposition
process was greatly retarded. Taking into account fresh XRD pattern of
PQDs/perovskite layer, we can see the reflection from (200) at 30.4°,
confirming the formation of cubic PQDs as a separate phase on surface
of perovskite layer. Furthermore, no peak shift or intensity change, and
width broadening appeared after passivating with PQDs, indicating that
PQDs do not affect the phase composition and crystal structure of the
triple-cation perovskite film. This is clear evidence that the PQDs re-
mained on the surface rather than penetrating into the perovskite lat-
tice. To further investigate the effects of the PQDs interfacial layer on
the light harvesting of perovskite, absorption measurements were car-
ried out with no HTM present (Fig. 3b). Besides, we have further ana-
lyzed the absorbance properties of perovskite covered with different
concentrations of PQDs (Fig. S4a). From both Fig. 3b and S4b, we can
say that the shift of the band edge is not observed, because the absor-
bance remains approximately constant. It can be attributed to the most
of the incident visible light is absorbed by the perovskite film con-
sidering illumination from the FTO side, so PQDs are difficult excite to
elicit fluorescence or absorption. This finding confirmed again that
PQDs has been covered on perovskite layer as interlayer rather than
penetrating inside. A series of PSCs with varied concentrations of the
PQDs, as well as a control device, were fabricated and J-V scans for
these devices were investigated to determine the influence of the con-
centration of PQDs on the performance of PSCs in Fig. S4c. A striking
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Fig. 1. (a) The photos of PQD solutions with and w/o UV illumination (the current photos are taken 3 months after the synthesis), (b) Absorbance and photo-
luminescence spectra, (c) high resolution TEM image, (d) XRD spectrum of synthesized sample.

Fig. 2. XPS spectra of inorganic perovskite based QDs.
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finding is that, compared with the control device, all characteristic
parameters of the PQDs-based cells are generally enhanced (Table S1).
The best cell conversion efficiency of 20.68% is achieved with PSC
using 10mgmL−1 PQDs, which is much higher than that of the control
device (19.03%). Further increase of the PQDs concentration to 15 and
20mgmL−1 leads to gradual decrease of PCE, which is ascribed to
higher recombination processes at the interface of perovskite/HTM or
unfavorable molecular interaction [30]. Hence, all of the PSCs in our
experiments were fabricated under these optimized conditions. To de-
termine the energy levels of PQDs, UV–vis absorption spectroscopy and
UV-photoelectron spectroscopy (UPS) were performed. The UV–vis
absorption spectra of the PQD solution reveal that the gaps between the
conduction band (CB) edge and the valence band (VB) edge, as de-
termined by the wavelength of onset absorption (Fig. 3c), is 2.08. The
VB edge, as determined by UPS (Fig. 3c), is −5.41 eV and the CB edge
is −3.33 eV, leading to the favored energy level alignment with energy
level triple-cation perovskite [18,31,32] and spiro-OMeTAD. The
schematic energy level diagram of the perovskite, PQDs, and HTM is
presented in Fig. 3d. The wider band gap PQDs on the surface acts as a

barrier to reduce charge carrier recombination at the interface between
the perovskite and the HTM, leading to higher Voc, and to prevent back-
flow of electrons from CB of perovskite to HTM, improving charge
collection. Schematic cross-sectional view of the device architecture is
given in Fig. 3e.

To investigate the effects of hydrophobic nature of PQDs interlayer
on the surfaces of perovskite films, we focused on their water wetting
behavior by means of contact-angle measurements in Fig. 4. The con-
tact angles of the perovskite film alone were extremely low, decreasing
from 60.9° to 50.4° within 1min, and stabilizing at 36.5° after 10min,
demonstrating that the water molecules could easily penetrate into the
perovskite layer. With the insertion of PQDs film on perovskite layer, a
big contact angle of 100.6° was measured, confirming the effective
modification of the polar character of the perovskite surface [19]. More
importantly, no change in contact angle within 1min was observed and
after 10min, 99.8° was fixed, apparently changing the perovskite sur-
face from being hydrophilic to hydrophobic, thereby effectively pre-
venting the water penetration into the perovskite layer and thus po-
tentially improved moisture stability of the overall cell.

Fig. 3. (a) XRD patterns of the bare and QDs-10
modified perovskite films in fresh and aged
forms. (b) UV–vis absorption spectra of the bare
and QDs-10 modified perovskite films with and
without spiro-OMeTAD layer. The inset shows
the Tauc plots of the corresponding films. (c)
UPS (cut-off and low binding regions) and band-
gap curves of the pure QDs on FTO. The valence
band energy (EVB) of the PQDs was determined
according to the following equation:
EVB = −21.22 + (Ecut-off− Eonset), where Eonset
is the onset of photoemission in the low binding
energy region, Ecut-off is the inelastic cut-off
binding energy and 21.22 eV is the energy of the
light source (He 1α). (d) Schematic representa-
tion of energy-level diagram of the materials
used in the PSC, with energy levels given in eV.
(e) Schematic cross-sectional view of the device
architecture.
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Fig. 5a and b shows the images of the perovskite film surface ana-
lyzed by high-resolution scanning electron microscopy (SEM) before
and after PQDs treatment, respectively, where the change in mor-
phology is occurring at the surface of the perovskite film can be easily
observed. The perovskite layers fully covered with PQDs exhibited a
denser and more homogeneous surface morphology than the as-pre-
pared film, even when a conspicuous change of the grain size is not
observed. A cross-sectional SEM image of a typical n-i-p based PSCs is
exemplified in Fig. 5c and d. When spin-coated by 10mgmL−1 PQDs, a
continuous, uniform, and thin (∼20 nm) PQDs interlayer is formed on
top of perovskite, implying close matching of PQDs surface tension with
perovskite surface energy. Fig. 5 (e) and (f) show Kelvin probe force
microscopy (KPFM) images and spatial maps of the local surface po-
tential of the perovskite-QDs interface. For perovskite samples without
QDs, KPFM measurements reveal an average surface potential of
0.366 eV (Fig. 5e). When passivated by QDs on perovskite surface,
KPFM measurement exhibits that the average surface potential, i.e,
energy barrier, between QDs and perovskite increases to 0.571 eV
(Fig. 5f). This apparent increase in surface potential arises from the
presence of a positive interfacial dipole between perovskite and QDs,
and this dipole effect can cause the shift of Fermi level upward. Besides,
such increased surface potential with QDs becomes more significant in
preventing the back-recombination between electrons from perovskite
and holes from HTM, which could improve Voc for devices passivating
QDs interlayer [11,35,36].

In order to evaluate the factors that influence the photovoltaic
performances of PSCs, current density-voltage (J-V) curves of these
PSCs with the control and the optimal PQDs-modified perovskite films
are shown in Fig. 6a, and best photovoltaic parameters as well as
average are summarized in Table 1. After inserting the interfacial layer,
the champion PCE increased from 19.51% to 21.14%. Apparently, it is
notable that this improvement on PCE resulted from the increase of Voc

and FF while Jsc remained almost unaltered. Such a higher Voc can be
attributed to photo-induced dipole effect originating from the accu-
mulated charge on surface of perovskite after interposed PQDs inter-
layer, meaning that the perovskite energy bands were positively shifted
due to the increase in the dipole moment [22,33,34], supported by the
KPFM results in Fig. 5e and (f). The higher FF is ascribed not only en-
hancing hole extraction but also suppressing carrier recombination at
the interfaces and boundaries in the PQDs-modified cells [12,14]. The
reason for unchanging Jsc can be interpreted that the fluorescence
characteristics and light absorption properties of PQDs do not affect the
light harvesting by the active layer in our experiments, as above-

mentioned in absorbance measurements. To ensure the reliability of J-V
measurements, the PCEs of the best-performing devices with and
without PQDs were measured as a function of time, by holding a bias
near the maximum power output point (0.96 V), as shown in Fig. 6b.
The PCE of device with PQDs are stabilized at 20.84% over 120 s in-
dicating that the PQDs-modified perovskite film can improve the device
stability enormously. As can be seen from forward and reverse scanning
J−V curves in Fig. 6c, while the device with PQDs-modified showed
negligible hysteresis effect, hysteretic behaviors in control device could
be clearly observed, confirming that the PQDs interlayer is suppressing
ion migration and discarding any induced detrimental effect in the
charge carrier mobility, implying well-matched charge balance
[1,37,38]. The hysteresis effect has been also tested as a function of
scanning rate of J-V measurement. As clearly seen in Fig. S5, PQDs-
modified cell has a negligible hysteresis with superior photovoltaic
parameters even at higher scanning speed as compared to control cell.
As can be seen in Fig. 6d, the external quantum efficiency (EQE) de-
monstrates values around 90% in the whole spectral range. Compared
with the control device, PQDs-modified device exhibited a similar trend
as EQE performance, because light harvesting is close to each other,
consistent with earlier-mentioned about absorbance measurements.
The integrated photocurrent densities are 23.01 (QDs-modified) and
22.87 (bare) mAcm−2, in good agreement with the Jsc derived from the
J-V measurement.

The steady-state photoluminescence (PL) spectra, displayed in
Fig. 6e, were recorded in order to gain insight into the charge transfer
of the perovskite films with and without PQDs. Both films displayed
qualitatively similar PL spectra with a maximum at around 800 nm, and
after surface modification with PQDs, perovskite film exhibits a
stronger quenching. The possible explanation, resulting from
quenching, could i) contain more Br ions leading to intrinsic lower PL
yield and ii) transfer the excited electrons to the bottom perovskite [1].
When HTM was inserted on perovskite layers with and without PQDs, a
slight decrease in PL spectra was observed. This observed little differ-
ence should be attributed to the carrier extraction by the HTM layer
[6,39]. To further support this claim, additional PL measurement was
fulfilled with HTM-containing configuration as shown in Fig. 6f. Con-
sistent with above data, even with the HTM, the PL decay time were
determined as 22.33 ns and 6.91 ns for perovskite/HTM and per-
ovskite/PQDs/HTM, respectively, suggesting that the charge re-
combination was suppressed by the modified perovskite layer in com-
plete devices. Because the PQDs interlayer at rear surface causes a
quenching that can be due to the favorable electron transfer [40] in the
illuminated solar cells. The interfacial layer will prevent electrons from
recombining with holes at the rear surface, and therefore better device
performance can be expected.

To further confirm the quenching, the time-resolved PL (TRPL)
decay curves of the perovskite and PQDs-modified perovskite were
analyzed (Fig. 6g). These analyses have been carried out at the PQD
emission wavelength in order to study whether possible Förster Re-
sonance Energy Transfer mediated mechanisms are involved or not. As
tabulated in Table S2, the amplitude weighted lifetime of the PQDs in
solution is 7.78 ns. When prepared as a spin-coated film, the lifetime of
the PQDs is shortened to 5.77 ns (due to possible non-radiative pro-
cesses involved in the film structure). We report that modified per-
ovskite film (consisting of PQDs on perovskite layer) exhibited faster
decay time of 4.66 ns. Since there is no HTM layer in the sample, the PL
decay is attributed not to carrier extraction by the HTM layer but rather
to nonradiative de-excitation. The shortened PL lifetime is due to fa-
vorable energy transfer happening at the interface with the bottom
perovskite film which is attributed to FRET (Förster resonance energy
transfer) mechanism in PQDs assisted PSC. PQDs layer efficiently serves
as donor in energy transfer event. Thus, energy of exciton created in
PQDs has been zipped to the triple-cation perovskite absorber via FRET,
which improves the light harvesting of whole cell. FRET efficiency is
calculated by Equation (1) as 20% from average lifetime component of

Fig. 4. Representative photographs showing the water contact angles of the
bare and QDs-10 modified perovskite films. The horizontal coordinate refers to
the loading time of water drops on film surfaces. Although bare perovskite
readily absorbs water, its wetting ability can be considerably suppressed when
functionalized with inorganic QDs layer on the surface.
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the only donor and donor lifetime in the presence of acceptor.

= −η τ τ1 /DA D (1)

where τDA and τD are donor lifetime in the presence of acceptor and
only donor lifetime, taken as 4.66 ns and 5.77 ns, respectively.

To examine the reproducibility of photovoltaic performance, 40
devices for each PSC structure were fabricated and evaluated in terms
of photovoltaic performance (Fig. S6). The average photovoltaic per-
formance parameters are summarized in Table 1. Besides outstanding
best efficiency, the average PCEs for PQDs-modified and control cells
were 20.37% and 18.79%, respectively. The change trend for each
average parameter is consistent with that of all parameters.

Long-term stability is an important controlling factor which accel-
erates the degradation of perovskite greatly under moisture (> 40%
relative humidity without any encapsulation) and continuous illumi-
nation (> 100 h). Therefore, we investigated the both shelf and op-
erational stability of the devices with and without PQDs as interlayer in

the different ambient conditions. Firstly, the un-encapsulated cells were
exposed to ambient environments with relative humidity of 40–50% at
room temperature. As shown in Fig. 7a, the initial PCE of the PQDs-
modified PSC remained almost unaltered, degrading only ∼9% of in-
itial efficiency after 30 days, whereas the PSC of control device without
PQDs rapidly dropped to ∼45% from its initial efficiency value in 30
days. Besides, the other photovoltaic performances including Voc, Jsc,
and FF for PSCs with and without PQDs have a similar tendency in
terms of stability (Fig. S7). To verify the impact of the PQDs interfacial
layer on the preventing degradation of PSCs, the color alteration of
cells, exposed to ambient humidity-air, was observed (Fig. S8). As seen
from Fig. S8, the degradation of the control devices progresses sig-
nificantly within 30 days, confirming that yellow color is occurring on
the top surface. For the PQDs-modified PSCs, no discernible color
change was observed, indicating that the PQDs interlayer plays a sig-
nificant role in shielding the perovskite structure from atmospheric
moisture, thus preventing its degradation. Secondly, we also tested the

Fig. 5. Top-view FE-SEM images of the (a) bare and (b) QDs-10 modified perovskite films. Representative cross-sectional FE-SEM view of a completed photovoltaic
device with (c) bare and (d) QDs-10 modified perovskite films. The inset shows the magnified view of the QDs layer. KPFM surface potential spectra of the perovskite
films (e) without and (f) with PQDs layer.
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Fig. 6. (a) J-V curves for the champion cells. (b)
MPPT (maximum power point tracking) for
120 s yielding a stabilized efficiency of 20.84%
and 19.31% for QDs-10 modified perovskite
based and control device, respectively. (c)
Forward and reverse J-V characteristics of PSCs
with bare and QDs-10 modified perovskite films.
The voltage scan rate for all scans was 10mV/s
and no device preconditioning, i.e., light
soaking, time delay or forward voltage bias ap-
plied for a long time, was applied before starting
the measurement. (d) EQE spectra of the PSCs.
(e) Steady-state PL spectra (excitation at
460 nm). (f) TRPL decays of the bare and QDs-
10 modified perovskite films with and without
spiro-OMeTAD layer. All measurements re-
ported herein were conducted with the films
deposited on FTO/c-TiO2/mp-TiO2. (g) TRPL
decays of the PQDs in solution, bare perovskite
films and QDs-10 modified perovskite films
(analysis at PQD emission wavelength).
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shelf stability of PSCs with and without PQDs-modified in a dry-air
glove box without any encapsulation for 40 days (Fig. S9). As expected,
the modified-cell showed a similar degradation in PCE to the control
one. Thirdly, we investigate operational stability of device with and
without PQDs in nitrogen atmosphere held at room temperature under
continuous illumination and maximum power point tracking for 400 h
in Fig. 7b. The PQDs-modified perovskite-based devices maintained
94% of their initial PCE over 400 h, whereas control devices only re-
tained 73% of their initial efficiency. The small initial drop degenera-
tion of PQDs-modified devices could be due to (i) the organic oleate
capping agents in the PQDs, hindering the carrier transport due to long-
chain alkyl group, thus seriously deteriorating the device performance
originating from displacement between perovskite and QDs [20,40,41]
and (ii) the emergence of the partial of unreacted PbI2 presented at the
surface region, which is detrimental for the long-term stability of the
perovskite itself [42], and (iii) partial coverage of PQDs on perovskite
film surface, thus providing insufficient protection and leading to the
migration of lithium cations from spiro-OMeTAD through perovskite
and even TiO2 [5,43,44]. These results further illustrate that the PQDs
may have a blocking/passivating effect on penetration of water and/or
oxygen and/or UV-induced decomposition into the perovskite layer,
which is greatly helpful to enhance the long-term device stability.

3. Conclusions

We developed an effective and facile approach to modify the per-
ovskite/HTM interface by utilizing CsPbBr1.85I1.15 PQDs interfacial

layer, and demonstrated highly stable and efficient PSCs, simulta-
neously, at moisture and light-soaking conditions. By employing this
approach, we have achieved the best efficiency of 21.14% with a solid
increase in FF and Voc. This enhancement was further confirmed by
Förster Resonance Energy Transfer mediated mechanisms on the basis
of favorable energy transfer occuring at the interface. More im-
portantly, both the efficiency of the un-encapsulated cells retained
more than 90% of their initial level even after 30 days in a high hu-
midity environment, and these cells maintained 94% of their initial
efficiency value over 400 h under continuous illumination at N2 at-
mosphere, clearly demonstrating their tolerance to humidity and light,
thus exhibiting superior long-term stability. The PQDs interlayer plays a
few important roles: (i) It pulls holes from inner perovskite layers to the
surface (HTL/perovskite interface) by creating interfacial dipoles, en-
hancing hole transport ability, (ii) interfacial dipoles prevent backflow
of electrons from CB of perovskite to HTM direction and suppress the
charge recombination, and thereby built-in potential increase, (iii)
shielding the perovskite structure from atmospheric moisture and light
exposure as well as ion migration, causing its degradation, and thus
improving stability of cells. Accordingly, this work suggests an effective
approach that demonstrating the promising potential of inorganic PQDs
based materials as an interfacial layer for realizing high-performance
and stable PSCs in future.
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