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Abstract: Organic-inorganic hybrid perovskite solar cells are regarded as the most
promising new-generation photovoltaic technology, owing to their high power
conversion efficiencies and low cost. However, surface imperfections of perovskite
films impede improvement in device performances, since surface imperfections can
introduce undesired energy losses under sunlight illumination. Here, we show that the
incorporation of zero-dimensional perovskite quantum dots into three-dimensional
perovskite films can heal surface imperfections in perovskite films. Introducing
perovskite quantum dots also leads to a more uniform surface topography and potential,
along with an improved crystal quality of the triple-cation perovskite films, benefiting
charge carrier kinetics between the perovskite films and the charge extraction layers.
Ultimately, we achieve a power conversion efficiency exceeding 21% in triple-cation
perovskite solar cells.

Introduction:

Organic-inorganic hybrid perovskite materials, whose general chemical formula is
ABX;3 (A is CH3NH3*, CH(NH).* or Cs*, B is Pb?* or Sn?*, X is halide anion), have
gained tremendous attention in recent years due to their high charge-carrier motilities,
strong light absorption, long charge-carrier lifetimes, and ease of fabrication.® Solar
cells based on the hybrid perovskite materials have risen to prominence in the field of
photovoltaic technology. The certified power conversion efficiencies (PCEs) of the
perovskite solar cells (PSCs) have rapidly grown from 3.8% in 2009 to 25.2% at
present.” Although the perovskite films show high tolerance for defects, surface

imperfections can significantly retard the further improvement.® To address this issue,
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many surface passivation approaches have been developed to mitigate surface
imperfections. Lewis acids (and bases), alkylammonium and their derivatives, carboxyl
containing molecules, alkylphosphine oxides, zwitterions, and metal ions are among
the agents that have been used as defect passivators.®*® These passivation agents have
proven to be effective in minimizing surface imperfections (positively and/or
negatively charged defects), neutralizing electronic traps, thereby improving device
performances.'4

Attempts have been made to use zero-dimensional quantum dots (QDs) to improve
device performances in PSCs, due to their tunable energy levels, excellent crystallinity
and quantum-confinement effects.'® 6 Perovskite QDs were used to align the energy
levels between the perovskite films and the hole-extraction layers, facilitating hole
extraction from the perovskite films into the hole-transporting layers.t” 8 Organic-
inorganic QDs were also used in Cs-lean FAPDI3 thin films to stabilize the perovskite
films against ambient environment.!® Very recently, Osman M. Bark et, al. reported
that using the colloidal QDs could provide both bulk and surface passivation to improve
device performance and stability, owing to the decomposed QDs left elemental dopants
inside the perovskite films and hydrophobic ligands on the surface of perovskite films.?
However, the impact of zero-dimensional QDs on the nucleation kinetics and surface
properties of perovskite film are unclear, and further building the relationship with
device performance are also indispensable.

Here, we developed a simple passivation strategy by combining the triple-cation

perovskite films with the perovskite QDs during the film-formation process to improve
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the surface quality of perovskite films, unveiling the effect of QDs on the surface
properties. Since the perovskite QDs share a similar crystal structure with the perovskite
films, distortions of the crystal lattices of different components are avoided, resulting
in reduced surface imperfections. Concurrently, the morphology, surface electronic
properties and the crystal structure of perovskite films were greatly improved,
benefiting the charge carrier kinetic process under working conditions. We successfully
produced inverted planar heterojunction PSCs with PCEs exceeding 21% without post-
treatment surface passivation, resulting in efficiencies comparable to those of regular
PSCs.

Results and Discussion:

We fabricated the triple-cation perovskite films (FA/MA/Cs, where FA and MA
represent formamidinium and methylammonium) on indium tin oxide
(ITO)/poly[bis(4-phenyl) (2,4,6-trimethylphenyl) amine] (PTAA) substrates by
introducing different perovskite QDs into the anti-solvent. The films were then covered
with [6,6]-phenyl-C61-butyric acid methyl ester (PCs1BM), buckminsterfullerene (Ceo),
bathocuproine (BCP) and copper (Cu). A schematic diagram of the inverted-planar-
PSCs is shown in Figure 1a. By introducing different types of perovskite QDs into the
inverted planar PSCs, devices based on the CsPbBrs;-QDs (CPB-QDs) yielded the
highest PCEs (Table 1). By varying the sizes of CPB-QDs, optimal results were
achieved with ~15 nm CsPbBrz QDs (Figure S1, 2 and Table S1). The concentrations
of the CPB-QDs were also systematically optimized (Table S2). To investigate the

influence of the ligands attached to the QDs on device performances, inverted PSCs
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were prepared with an anti-solvent that contained only the quantum-dot ligands (oleic
acid and n-octylamine). The resulting device performances are summarized in Table
S3. Note that pure n-octylamine in the anti-solvent was detrimental to the preparation
of perovskite films, thus making it difficult to fabricate the PSCs. The addition of oleic
acid in the anti-solvent did not show improvements in device performances. Instead, an
electric barrier was formed by the excess oleic acid, which may detrimentally effect
device performances. Consequently, the improvements in the device performances
resulted primarily from the entire QDs.

The current density-voltage (J-V) curves for the inverted PSCs based on the
perovskite films with (CPB) and without (control) CPB-QDs were measured under
simulated AM 1.5, 100 mW cm illumination (Figure 1b). A Vo of 1.19 V could be
obtained from the J-V curves of the inverted PSCs based on the CPB films, whereas the
control device had a Vo 0f 1.13 V. The histogram of the Vo presents an average increase
in Voc by up to 60 mV, and the narrow Vo distribution in various batches is indicative
of the excellent reproducibility (Figure S3). In addition, the FF values and short-circuit
current densities (Jsc) were not sacrificed with the enhanced Voc. Consequently, the
champion PCE of 21.03% was obtained by introducing CPB-QDs with negligible
hysteresis J-V curves (Figure 1c, Table S4). The integrated current density is 22.41 mA
cm? from the external quantum efficiency (EQE) spectrum (Figure S4a), in close
agreement with the Jsc from the J-V scanned results. In addition, the inverted PSCs with
the CPB-QDs maintained 90.9% of their initial stabilized power output (SPO) at

maximum power point tracking for 120 hours under 1-sun illumination without UV
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filters (Figure S4b). These results suggested that this strategy could be used to improve
the device performances by increasing the Voc.

Basically, the Vo of PSCs is proportional to the built-in potential determined by
the population of photo-generated electrons and holes at steady state under light
irradiation.?* Figure 1d shows the Mott-Schottky plots for the inverted PSCs based on
the control and CPB films under simulated AM 1.5, 100 mW cm? illumination. The
build-in potential can be determined at (A/C)? = 0 from the Mott-Schottky plots.?? more
than a 100 mV rise in the built-in potentials for the inverted PSCs based on the CPB
films was achieved, consistent with the Vo enhancement obtained from J-V scanning
curves. The origin of the enhanced built-in potential could be ascribed to the
suppression of non-radiative recombination which maximized the population of the
photo-generated carriers.?® The Vi is also correlated with non-radiative recombination
losses induced by imperfections according to the reciprocity relation.?* 2° Thus, the
enhanced Vo indicated that the non-radiative recombination losses induced by the
imperfections in the perovskite films should be inhibited by introducing the perovskite
QDs.

To corroborate the variation of the carrier recombination events for the perovsktie
films, steady-state and time-resolved photoluminescence (PL) spectra for the control
and CPB films were obtained using identical batch samples, as shown in Figure 2.
Figure 2a shows the steady-state PL spectra for the control and CPB films deposited on
glass substrates. The PL peaks of the control and CPB films were both at ~768 nm,

showing no shift in the PL peaks of the CPB films. More importantly, the intensity of

6



the steady-state PL signals for the CPB films were stronger than those of control films.
To further quantify radiative recombination for the perovskite films, we measured the
photoluminescence quantum vyield (PLQY) for isolated perovskite films coated on
quartz glasses (Table S5). The CPB films showed a two-folder higher PLQY than that
of control films. The enhanced PL emission and higher PLQY suggest that the defects
induced non-radiative recombination losses of the charge carrier were considerably
reduced in the CPB films with introduction of perovskite QDs.

The recombination kinetics in a sample stack consisting only of the control and
CPB perovskite films were also measured to assess the surface non-radiative
recombination losses. The films were excited from the perovskite side by a 400-nm
excitation light whose penetration depth was ~68 nm calculated from the absorption
spectra (1/e absorption depth), while the thickness of the perovskite films were about
550 nm, leading to the excitation events predominantly in the surface region of
perovskite films. As shown in Figure 2b, the PL decays were fit with a bi-exponential
decay function containing a fast and a slow decay process. The fast decay process with
the shorter decay lifetime represented the non-radiative recombination process, while
the slower decay process with a longer decay lifetime was attributed to the radiative
recombination process.?® 2’ By introducing the CPB-QDs, the short decay lifetime
decreased significantly from 381.7 + 22.3 ns to 52.2 + 4.6 ns. The long decay lifetime,
on the other hand, increased from 1186.2 + 59.7 ns to 1554.58 + 39.0 ns. This meant
that the non-radiative recombination processes in the surface region of the CPB films

were substantially suppressed.



Defect-assisted non-radiative recombination losses were predominant at low
excitation intensities for the devices based on polycrystalline perovskite films.?
Consequently, we tested the device responses at low excitation intensities (Figure 2c,
d). The inverted PSCs based on the CPB films exhibited a faster response and much
higher photocurrent values relative to the control devices at low excitation intensities,
indicative of a suppression of defect-assisted non-radiative recombination. Therefore,
we could conclude that the non-radiative recombination losses of the perovskite films
were significantly reduced by incorporation of the QDs.

To investigate the influence of the CPB-QDs on the basic nature of the perovskite
films, we examined the ultraviolet-visible (UV-vis) absorption spectra of the perovskite
films (Figure S5a), and found that there was no noticeable difference between the
absorption spectra of the control and CPB films. Tauc plots were used to determine the
bandgaps of the perovskite films (assuming as direct bandgap) as shown in Figure
S5b.2° Both films had an identical bandgaps of 1.61 eV, suggesting that the
incorporation of CPB-QDs did not alter the bandgap of the perovskite films in keeping
with the PL results. We also investigated the morphology of perovskite films using
scanning electron microscopy (SEM). From SEM images, some bright white areas
(crystals) were observed on the surface of the control films, as shown in Figure 3a. In
contrast to the control films, there were no observable bright white areas on the surface
of the CPB films, suggesting a more homogeneous morphology (Figure 3b).

Based on the notable change on the surface of perovskite films from the SEM

images, we conjectured that the electronic properties of perovskite films could also be
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modified. To demonstrate this hypothesis, Kelvin probe force microscopy (KPFM)
mapping was used to measure the surface potential (SP) of perovskite films (Figure 3c,
d). Note that the surface contact potential difference follows the relation of SPmeasure =
SPprobe — SPsample. It was found that the SPmeasure increased about 340 meV with the
addition of the CPB-QDs, meaning the SPsample decreased. In addition, there were some
deep-dark points (black circles) in the control films, while the surface potential of the
CPB films was more isotropic. Hence, adding perovskite QDs could reduce the surface
potential of perovskite films and mitigate the non-uniformities in the surface potentials.
Such a change in the morphology and surface potential laterally may contribute to the
suppression of non-radiative recombination at surface regions of perovskite films.3% 3!
Moreover, the variation of the surface morphology and surface potential should be
related to the changed crystal structures.

To further explore the crystal structure in the near-surface region of the perovskite
films, grazing incidence X-ray diffraction (GIXD) was used with a small incidence
angle at 0.2° to minimize penetration into the films and to probe only the surface region
of the films. Figure 4a, b shows the two dimensional (2D) GIXD patterns of the control
and CPB films. The reflection at q ~ 1.0 A assigned to perovskite in the CPB films
was more isotropic in comparison to the control films (Figure S6). Additionally, a
strong azimuthally independent reflection at g ~ 0.9 A, that was indexed to PbXz (X
is a mixture of iodide and bromide), was observed in the control films.3> 2 In contrast,
the CPB films showed a relatively weaker diffraction intensity at the peak

corresponding to the PbX>. To make the results more intuitive, the GIXD patterns of
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the control and CPB films were integrated as shown in Figure 4c, d. The intensity is
logarithmic coordinates. The reduced PbX: intensity was consistent with the reduced
bright white crystalline areas observed in the SEM images. These results showed that
the introduction of the perovskite QDs resulted in a significant change in the surface
region of perovskite films, leading to a more homogeneous surface morphology and
crystal structure. This modification on the surface region should be attributed to the
limited penetration of the QDs by this method. The added perovskite QDs could impact
the nucleation and growth of perovskite crystals, owing to their effects on surface
energies and/or initial crystal seeds.3* Ultimately, the resultant perovskite films
exhibited a distinct surface in comparison to the control films.

To determine whether the perovskite QDs would distort the crystal structure of the
perovskite bulk films, X-ray diffraction (XRD) was used to examine the influence of
the CPB-QDs on the crystal structure of the perovskite films. The positions of the
diffraction peaks for the CPB films were the same with those of the control films as
shown in Figure S7. An impurity phase at 20 = 11.69° was observed in the XRD spectra
for the control films, while this impurity phase was not present in the CPB films. By
analyzing the XRD data using the modified Williamson-Hall method,* the estimated
microstrains for the control and CPB films were 1.19% + 7.6x10“ and 1.18% + 7.6x 10
4 respectively (Figure S8). This meant that the introduction of CPB-QDs did not distort
the crystal structure of the three dimensional perovskite films and they matched well.
This is very reasonable, since the perovskite QDs have similar crystalline structures

with the three-dimensional perovskite films.36: 37
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Conclusion:

We systematically investigated the impact of the introduced perovskite QDs on the
surface properties of triple-cation perovskite films. Introduction of perovskite QDs into
the anti-solvent could modify the surface morphology, electronic properties and crystal
structures, suppressing imperfections at the surface of perovskite films and reducing
undesired recombination losses for the perovskite films. With the reduced non-radiative
recombination losses, the built-in potentials determined by the quasi-Fermi level
spitting were considerably enhanced. Ultimately, we have achieved a champion PCE
of 21.03% (with a Voc of 1.19 V) for the inverted planar heterojunction PSCs,
comparable to those of the PSCs with post-treatment surface passivation. These results
afford a simple but effective means to increase the device performances of the PSCs

without additional processes.
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Experimental Section

Materials and solution preparation:

Formamidinium iodide (FAI) and methylamium bromide (MABr) were synthesized
using the methods reported by the previous literatures.® [6, 6]-phenyl-C61-butyric acid
methyl ester (PCs:BM) was purchased from Nano-C Tech. (USA). 2, 3, 5, 6-
Tetrafluoro-7, 7, 8, 8-tetracyanoquinodimethane (Fs-TCNQ, 99%), bathocuproine
(BCP, 99.9%) and buckminsterfullerene (Ceo, 99%) were purchased from Jilin OLED
company (China). Poly [bis (4-phenyl) (2, 4, 6-trimethylphenyl) amine] (PTAA) was
purchased from Xi’an Polymer Light Technology Corp (China), Cesium iodide (Csl,
>99.99%) was purchased from Sigma Aldrich (USA). Copper (Cu) was purchased from
the commercial source with a high purity (99.99%). Lead diiodide (Pbl., 99.99%) and
lead dibromide (PbBr2, 99%) were purchased from Tokyo Chemical Industry Co., Ltd.
(TCI, Japan). Besides, all liquid reagents including dimethyl sulfoxide (DMSO,
99.7%), chlorobenzene (CB, purity of 99.8%), N, N-dimethylformamide (DMF, 99.8%)
were purchased from commercial sources (Acros, Belgium) and used as received.
Toluene was purchased from Sinopharm Chemical Reagent Co., Ltd (China). The
preparation methods of PCsiBM, PTAA and perovskite precursor solution were
discussed in previous literatures reported by our group.*?® Note that chemical
compositions associated with perovskite precursor solution were composed of Pbl;
(1.15 M), FAI (1.09 M), MABr (0.14 M), PbBr2 (0.20 M), and Csl (0.06 M) in a mixed

solvent of DMF/DMSO (4/1, viv).
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Synthesis of Quantum dots:

Colloidal quantum dots, such as MAPbBr3, FAPbBr3 and CsPbBrs, were fabricated by
a modified emulsion synthesis reported previously.®® Taking the synthesis of the
colloidal CsPbBrs QDs for an example. 0.3 mmol CsBr was dissolved in 0.3 mL
eionized-H20 to form the solution A, and 0.3 mmol PbBr, was dissolved in 0.3 mL
DMF to form the solution B. The “oil phase” (10 mL hexane) was made by mixing 2
mL oleic acid with 0.25 mL n-octylamine. Following, the mixture of the solution A and
B was dropwise added into the ‘oil phase’. Then the “oil phase” would gradually turned
from clear to slight white and the emulsion was formed. Next, 8 mL acetone was used
to initiate a demulsion process as demulsifier. After that, the precipitates were obtained
by centrifuging the mixture at 7000 rpm for 5 min. The precipitates contained the as-
prepared colloidal QDs and larger sized side-products. Finally, the precipitates were
redissolved into 2 mL hexane to disperse the colloidal QDs.

Device fabrication:

The pre-patterned ITO substrates were ultrasonically cleaned with diluted detergent,
deionized water, acetone, and isopropanol (IPA) in turn for 20 min. Then, the as-
cleaned ITO substrates were treated by UV-ozone for 10 min. The following operations
were all carried out in a No-filled glovebox with H,O and O concentrations of < 0.1
ppm (at room temperature). The PTAA deposition and pre-treatment could be referred
to our previous paper.?®> The perovskite films were prepared on PTAA-coated ITO
substrates by a two-consecutive step program at 2000 rpm for 10 s (with a ramping rate

of 200 rpm s*) and 6000 rpm for 30 s (with a ramping rate of 1000 rpm s%), respectively.
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During the second step, 100 uL of chlorobenzene with the quantum dots was poured on
the center of the spinning substrates at 16 s prior to the end of the whole spinning
program. Then the samples were immediately transferred to the hotplate and annealed
at 105 °C for 60 min in an inert atmosphere (N2). After cooling down to the room
temperature, PCe1BM (60 nm), Ceo (20 nm), BCP (7 nm), and Cu (80 nm) were
deposited in succession to complete device fabrication. More details about device
fabrication procedures were listed in our previous literatures.* 2

Wide angle grazing incidence X-ray scattering measurements:

GIXD measurements were conducted on beamline 7.3.3 at Advanced Light Source,
Lawrence Berkeley National Laboratory. The wavelength of X-ray was 1.240 A, and
the scattering intensity was detected by a PILATUS 2M detector.

Device characterization:

The current density-voltage (J-V) curves of non-encapsulated PSCs were recorded in
nitrogen-filled atmosphere by a digital SourceMeter (2400 Series, Keithley Instruments)
under the simulated AM 1.5G sunlight at 100 mW cm. The simulated AM 1.5G
sunlight at 1200 mW cm was provided by a 150 W class AAA solar simulator (XES-
40S1, SAN-EI), and the light intensity of 100 mW cm was calibrated by using a
standard monocrystalline silicon solar cell with a KG-5 filter. An aperture mask with
an area of 0.07 cm? was employed during the measurements. The measurement
conditions were as follows: Forward scan (-0.02 V — 1.22 V, scan rate 40 mV s, and
no delay time) and reverse scan (1.22 V — -0.02 V, scan rate 40 mV s, and no delay

time). The external quantum efficiencies (EQE) of the non-encapsulated inverted PSCs
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were acquired in air by a lock-in amplifier coupled with a monochromator (Crowntech,
Qtest Station 2000 USA). A standard-monocrystalline silicon cell was used as the
reference for the EQE tests. Stabilized power output (SPO) was measured under the
simulated AM 1.5G sunlight at 100 mW cm being recorded by using a Keithley 2400
SourceMeter. The Mott-Schottky measurements were performed by the use of an
electrochemical workstation (Autolab PGSTAT302N, Metrohm, Switzerland). Time-
dependent photocurrent responses of the inverted PSCs with the control and CPB films
were also characterized by an electrochemical workstation (Autolab PGSTAT302N,
Metrohm, Switzerland) under monochromatic illumination with an incident light
intensity of 3.1 mW cm generated by a 515 nm LED (Huashang Laser Technology
Co., Ltd.).

Other characterizations:

The UV-vis absorption spectra were measured by the spectrophotometer (UH4150,
Hitachi, Japan). The SEM images were obtained by the field-emission scanning
electron microscopy (FEI Nova Nano SEM 430). TEM images were taken using a
transmission electron microscope (JEM-2100F) machine operating at an accelerated
voltage of 200 kV. The XRD patterns of the perovskite films fabricated on ITO
substrates were measured by the Mini Flex 600 (Rigaku, Japan) using 40 kV, 40 mA
Cu Ka (A=0.15406 nm) radiation. The steady-state and time-resolved PL detected at
770 nm was excited by a 400-nm light beam via fluorescence spectrophotometer
(FLS980, Edinburgh Instruments, England). The KPFM was measured by the Kelvin

probe force microscope (NT-MDT). A continuous wave diode laser of 532 nm
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wavelength was used to photo-excite the photoluminescence quantum yield (PLQY)
samples. The emission signal was collected using calibrated Andor iDus Si detector and
calculated using the method as previous reported.*°

Data availability

All relevant data are available from the corresponding authors upon reasonable requests.
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Figure 1 (a) Schematic diagram of the device structure. (b) The J-V curves for the
inverted PSCs based on the control and CPB films. (c) The J-V curves of the champion
device based on the CPB films measured from forward and reverse scanning directions.
(d) The Mott-Schottky analysis of the complete PSCs at applied zero bias (under 1-sun

irradiation).
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Figure 2 The assessment of the non-radiative recombination losses. (a and b) The
steady-state and time-resolved photoluminescence spectra of the control and CPB films,
and the wavelength of the excitation light is 400 nm. The time-dependent photocurrent
response of the devices based on the (c) control and (d) CPB films under an illumination

intensity of 3.1 mW cm by a 515 nm wavelength laser beam.
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Figure 3 Scanning electron microscope (SEM) images of the (a) control and (b) CPB
films, the scale bar is 500 nm. Kelvin probe force microscopy (KPFM) images of the
(c) control films and (d) CPB films coated on ITO substrates. The surface potential bar
presents the contact-potential difference between the probe tip and the measured sample
(i-e-, Spmeasure = Spprobe - SPsampIe)-
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Figure 4 Two-dimensional (2D) grazing incidence X-ray diffraction (GIXD) patterns

of the (a) control and (b) CPB films at incidence angle of 0.2°. (c and d) The integral

GIXD profiles for the control and CPB films at incidence angle of 0.2°.
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Table 1. Summary of device performances by employing green emission quantum
dots.

Solar cell performance parameters extracted from the devices based on different
quantum dots under simulated AM 1.5, 100 mW cm solar irradiation. The devices
were measured from reverse scan (RS, from 1.22 V to -0.02 V).

Voc Jsc FF PCE

V) | (mAcm?) (%)
Control device 1.13+£0.01 | 22.82+0.73 | 0.74+0.03 | 19.08 £ 0.37
CsPbBr3-QDs 1.19+£0.02 | 2295+0.81 | 0.77+0.02 | 21.03+0.49
FAPbBr3-QDs 1.16 £0.02 | 22.67+0.92 | 0.69+0.03 | 18.15+0.65
MAPDBrs;-QDs | 1.17+0.02 | 22.92+1.01 | 0.74+0.02 | 19.84 +0.82
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