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Abstract

The CsPbl,Br perovskite quantum dots (PQDs) have great potential in photovoltaic
applications due to their phase stability and optoelectronic properties. In this
work, the synthesis technique of CsPbl,Br PQDs with the investigation of their
properties and applications are identified. The critical issues and precautions
for preparing PQDs are also discussed. It is also interesting to find that the
collected supernatant solutions during the purification of PQDs can be recycled
for preparing other types of PQDs. Meanwhile, this work demonstrates different
approaches (i) thermal annealing, usage of (ii) methyl acetate and (iii) ethyl
acetate as anti-solvents for preparing CsPbl,Br PQDs in the form of thin films on
glass substrates. The obtained samples are characterized in terms of morphology,
structural and optical properties. The results of this work can provide useful
information for researchers, particularly for those who are starting to synthesize
PQDs for fabrications of solid-state devices.

1. Introduction

Recently, the cost-effective organometal halide
perovskite materials with a general chemical for-
mula ABX, (A — a monovalent organic or metal
cations (e.g. CH;NH;*, NH,CH=NH,", or Cs"),
B — a divalent metallic cation (Pb*, Sn?**, Cu*,
etc.), X — halogen anion (F-, I', Br, CI, etc.)) have
demonstrated promising photovoltaic properties
[1-4]. This class of materials demonstrates ex-
cellent optoelectronic material properties [5], in
terms of tunable bandgap, large absorption co-
efficient, low binding energy, long carrier diffu-
sion lengths and high carrier mobility etc., lead-
ing to the accomplishment of perovskite solar
cells (PSCs) with impressive power conversion
efficiencies (PCEs) [6-9]. The PSCs show a rap-
id PCE growth rate among emerging photovolta-
ics. According to the recent announcement from
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National Renewable Energy Laboratory (NREL),
the single-junction PSC and monolithic perovskite/
silicon (Si) tandem have achieved the record PCEs
of 25.7% and 31.3%, respectively [10], which are
highly comparable to the commercialized photo-
voltaics (PVs) such as crystalline Si and gallium
arsenide (GaAs) etc. Nevertheless, the stability and
lifetime of PSCs should be significantly enhanced,
so that the devices can be operated for at least for
year scales (e.g. 25 years for Si PVs) under the
atmosphere ambient with temperature cycling and
full exposure to the sunlight.

All-inorganic perovskites, such as cesi-
um-based perovskites, are composed of inorganic
components without organic cations. This type of
perovskite has higher thermal stability, excellent
carrier migration, low exciton binding energy com-
pared to the organic cation containing perovskites
[1, 11]. Recently, perovskite nanocrystals such as
PQDs have attracted attention from the communi-
ty due to the quantum-size effects, which enhance
their phase stability and exhibit different optical
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properties compared to the bulk counterparts [12,
13]. PQDs demonstrate high photoluminescence
(PL) quantum yield, high defect tolerance, quan-
tum confinement effect, and easily tunable band-
gap throughout the entire visible spectra region [1,
14, 15]. The versatile surface chemistry of PQDs
allows them to be dispersed in various solvents,
which opens up opportunities for different appli-
cations [16]. The colloidal synthesis of PQDs can
be also compatible for future large-scale industrial
processing. This paper aims to report the detailed
synthesis procedures of CsPbl,Br PQDs. Mean-
while, it is important to point out that the super-
natant solutions, which are obtained during puri-
fication can be used for preparing other types of
PQDs. The collected supernatant solutions during
the purification of red-emitting CsPbl,Br QDs can
be aged for producing green-emitting QDs. To
the best of our knowledge, this is the first demon-
stration of an effective approach to recycling the
wastes generated from the chemical synthesis of
PQDs. Furthermore, different deposition meth-
ods for preparing PQDs as a compact layer on the
glass substrates are compared. The properties of
obtained samples were systematically character-
ized by different techniques.

2. Materials and methods

2.1 Chemicals for CsPbl,Br PQD synthesis

Lead (II) iodide (Pbl,, 99.999%), lead (II) bro-
mide (PbBr,, 99.99%), l-octadecene (1-ODE,
technical grade, 90%), cesium carbonate (Cs,COs),
oleic acid (OA, 90%), oleylamine (OLA, 70%),
methyl acetate (MeOAc, anhydrous 99.5%), eth-
yl acetate (EtOAc, ACS reagent 99.5%), n-hex-
ane (anhydrous 95%), n-octane (anhydrous 99%),
chlorobenzene (CB, anhydrous 99.8%), 4-tert
butylpyridine (TBP, 98%), bis(trifluorometh-
ane)sulfonimide lithium salt (Li-TFSI, 99.95%),
acetonitrile (anhydrous 99.8%) were purchased
from Sigma-Aldrich without further treatments.
2,2',7,7"-Tetrakis(N,N-di-p-methoxyphenyl-
amino)-9,9'-spirobifluorene (Spiro-MeOTAD,
>99.5%) was purchased from Lumtec.

2.2 Synthesis of CsPbl,Br PQDs
2.2.1 Cs-Oleate synthesis
0.407 g of Cs,CO;, 1.250 mL of oleic acid (OA),

and 20 mL of 1-octadecene (ODE) were put into a
100 mL three-neck flask and dried under N, at 120°

for 30 min. After that, the Cs-Oleate solution was
kept in 90° water with an N,-filled atmosphere be-
fore further use.

2.2.2 CsPbl,Br precursor preparation and hot in-
Jjection

0.101 g of PbBr,, 0.311 g of Pbl, and 25 mL
of ODE were placed in another 100 mL three-
neck flask and heated under vacuum at 120° for
30 min. Then 2.5 mL of OA and 2.5 mL of OLA
were injected into the flask, followed by further
treatment under vacuum for 30 min at 120°. When
the solution became clear and transparent, it was
degassed under N, and the temperature was in-
creased to 170°. As soon as it reached the required
temperature, previously prepared 2 mL Cs-Oleate
was quickly injected into the flask (Fig. 1). The
flask was immediately placed in an ice bath until it
reached room temperature.

2.2.3 CsPbl,Br PQD purification

The PQD Purification process was performed
in 3-steps: 15 mL of synthesized CsPbl,Br PQD
solution was mixed with 35 mL of MeOAc (i),
and centrifuged for 6000 or 9000 rpm for 6 min.
The supernatant was discarded after this step for
further inspection, and the precipitate was then
dispersed in 5 mL hexane, followed by adding
7 mL of MeOAc (ii) with centrifugation for 6000
or 9000 rpm for 6 min. After that, the superna-
tant was also collected, and the precipitate was
re-dispersed in 15 mL of hexane (iii), followed
by centrifugation at 6000 or 9000 rpm for 6 min.
The supernatant with PQDs was stored overnight
at 2 °C in the dark, to precipitate excess Cs and
Pb oleates. Finally, the hexane was evaporated on
the rotary evaporator, for the final product weight
calculation. The precipitate then was redispersed
in octane with a concentration of ~75 mg/mL,
and ready for further use and investigation. The
collected supernatant solution was placed into
the laboratory ambient environment under 40 °C
without light for 6 days.

2.3 Device Fabrication

The device fabrication process for PSCs fol-
lows the device architecture of FTO/ETL/Per-
ovskite/spiro-MeOTAD/Au. FTO substrates went
through a 4-step cleaning process in an ultrasonic
bath (15 min each step) in 4 solutions: detergent DI
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Fig. 1. The schematic representation of PQD synthesis and purification.

water, DI water, acetone, and isopropanol. Before
using, the pre-cleaned FTO glasses were treated in
UV ozone for 15 min.

2.3.1 Electron-transport layer (ETL) preparation

Commercial zinc oxide nanoparticle ink (2.5
wt.%, dispersed in isopropanol and propylene gly-
col) was spin-coated on the FTO glass substrates at
3000 rpm for 30 s, followed by thermal annealing
for 1 min at 120 °C to obtain the ETL with a thick-
ness of ~50 nm.

2.3.2 Deposition methods of the perovskite layer

As-synthesized PQD solutions are pre-filtered
before usage. The CsPbl,Br PQDs dispersed in
octane are spin-coated using three different tech-
niques: (i) thermal annealing — dropping the PQD
solution on a substrate and spin-coating at 1000
rpm for the 20 s and 2000 rpm for 10 s, followed by
thermal annealing at 130° for 10 min, (ii) usage of
methyl acetate (MeOAc) as antisolvent — dropping
the PQD solution on a substrate and spin-coating
at 1000 rpm for the 20 s and 2000 rpm for 10 s,
followed by MeOAc application as an antisolvent,
and (ii1) usage of ethyl acetate (EtOAc) as antisol-
vent — depositing the PQD solution on a substrate
and spin-coating at 1000 rpm for the 20 s and 2000
rpm for 10 s, followed by EtOAc application as an
antisolvent. Depositions are repeated 11-20 times
to yield a necessary layer thickness of 200400 nm.

2.3.3 Hole-transport layer preparation and elec-
trode deposition

The hole-transport layer (HTL) was deposited
by spin-coating at 3000 rpm for 30 s the solution
of 80 mg of spiro-MeOTAD in 1 mL of CB, 29 ul
of tBp, and 17.5 pl of lithium salt. The lithium salt
was prepared by dissolving 520 mg of Li-TFSI in
1 mL of acetonitrile. The 70 nm of gold electrodes
were thermally evaporated on the HTL layer under
the vacuum of 10 Torr.

2.4 Characterizations

The morphological structure of the CsPbl,Br
PQD was obtained under a Scanning Electron Mi-
croscope (Crossbeam 540), Transmission Electron
Microscope (JEOL JEM 1400 Plus) and Atomic
Force Microscopy (SmartSPM 1000). The crystal
structure of the sample is investigated by applying
X-ray diffraction system Smartlab (Rigaku). The
current-voltage (I-V) measurements were obtained
using KeySight B1500A Semiconductor Device
Analyzer equipment under simulated AM 1.5G
irradiation (100 mW/cm?) from Sol3A Oriel New-
port solar simulator. The I-V measurements were
performed in the ambient air. The steady-state
photoluminescence (PL) spectra were conducted
by using an Edinburgh FLSP920 spectrophotome-
ter. The UV-Vis absorption spectra were measured
via Lambda 1050 UV/VIS/NIR Spectrometer (Per-
kin Elmer).
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3. Results and discussion

The hot injection method, introduced by Prote-
sescu et al. [16], takes advantage of the synthesis
of PQDs over other methods due to the operation
in high temperatures and nitrogen-filled inert en-
vironment, which are desired for crystallization of
PQDs and enhanced phase stability. This approach
has also higher flexibility in controlling the size of
the resulting PQDs [1, 3, 5, 14, 15, 17]. During
the process, the CsPbl,Br QDs are formed by the
reaction of Cs-Oleate with lead (II) iodide and
lead (II) bromide in a high-boiling point solvent
(1-octadecene, 1-ODE) at the temperature range
of 120-170 °C. The mixture of oleic acid (OA)
and oleylamine (OLA) are added into the lead (II)
halide precursor during synthesis to afford mon-
odispersion and cubic-phase stability of resulting
QDs [18]. Figure 1 represents each step of PQD
synthesis and purification. The final PQD structure
formation is initiated with a quick injection of the
Cs-Oleate into the lead (II) halide precursor solu-
tion under high temperature (170 °C), followed
by the immersion of the flask into an ice bath for
rapid cooling to room temperature. The resultant
PQD-containing solution is further purified to re-
move excess surfactants and unreacted precursors,
as PQDs are capped with long alkyl chains, which
decrease the electrical properties due to the cre-
ation of energy barriers against charge transpor-
tation [19]. An one-cycle purification with methyl
acetate still leaves excess ligands on the surface of
PQDs, hence, at least three cycles of purification
should be performed with methyl acetate and hex-
ane [20]. This purification process can agglomerate
PQDs during centrifugation and remove excessive
ligands properly. Finally, the purified PQDs with
reduced surface bound oleate ligands are dispersed
in non-polar solvent such as octane with a concen-
tration of ~75 mg/mL for device fabrication.

It is noteworthy that this synthesis approach re-
quires rapid cooling with an ice bath, which will be
challenging to perform during large-scale produc-
tions. Instead, modifications of temperature control
for high volume synthesis will be recommended by
using liquid nitrogen or helium to accelerate the
cooling rates. The current experiment conditions
of synthesis and purification conducted in low air
humidity (RH: 10%) so that the CsPbl,Br QDs in a
stable cubic phase can be obtained. The large con-
sumption of solvents and the waste generation are
also concerns for future large-scale manufactur-
ing. It is found that the supernatant solution which
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Fig. 2. The supernatant solutions before and after
treatment.

is collected during PQD purification can be aged
at 40 °C to obtain other types of PQDs. Figure 2
demonstrates the supernatant solution collected
during the purification of PQDs before and af-
ter treatment. It is observed that the applied heat
treatment and aging effect result in the transition
of supernatant from red-emitting to green-emitting
solution under UV illumination as shown in Fig. 2,
which indicates the presence of different types of
perovskite nanostructures in the supernatant solu-
tion. Figure 3a and 3b show the images from the
transmission electron microscopy (TEM) for the
perovskite nanostructures contained in the super-
natant before and after treatment, respectively. The
large spherical nanostructures are observed from
the initial supernatant solution while the nano-
structures are transformed to a cubic structure with
a size of 9 nm £+ 1 nm after treatment of the su-
pernatant. The inset of Fig. 3b shows that the ob-
tained nanocrystal has a lattice spacing of 0.310
nm which corresponds to (110) facets of the cubic
CsPbBr; [21]. To characterize the light emission
properties of the obtained perovskite nanostruc-
tures, the photoluminescence (PL) signals emitted
from the samples are investigated. The PL spectra
emitted from the samples of CsPbl,Br QDs, the
supernatant before and after treatment are shown
in Fig. 3c. The reported bandgap of CsPbl,Br and
CsPbBr;is ~ 1.9 eV and ~ 2.3 eV respectively [22],
which are consistent with the PL peaks located at
650 nm and 527 nm for the sample of the hot-in-
jection synthesized CsPbl,Br QDs and the product
of the supernatant after treatment. The PL peak of
the supernatant solution before treatment is located
at 618 nm, which is attributed to the presence of a
mixture of CsPbl,Br;.,. The values of full width at
half maximum (FWHM) of the PL signals are 30,
39 and 31 for the samples of CsPbl,Br QDs, the su-
pernatant before and after treatment, respectively.
A reduction of FWHM from 39 to 31 for the sam-
ple of supernatant solution before and after treat-
ment is also an indication of the transformation of
CsPbl,Br;,, mixture to relatively pure CsPbBrs;.
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after treatment and hot-injection synthesized CsPbl,Br QDs.

6000 rpm

Meanwhile, TEM was performed to investi-
gate the morphology of hot-injection synthesized
PQDs. Figure 4 shows the images of PQDs extract-
ed by using 2 different centrifugation speeds (6000
rpm or 9500 rpm) during the purification process.
It is observed that the use of a higher centrifuga-
tion speed results in more uniform size distribution
of PQDs compared to the sample obtained from
using a centrifugation speed of 6000 rpm. The
size of PQDs obtained from centrifugation speed
of 9500 rpm is 9 nm £ 2 nm with a well-resolved
lattice spacing of 0.401 nm (Fig. 4b inset) which
corresponds to (110) facets of cubic CsPbl,Br [23]
which is consistent to other reported results [24,
25, 26]. It is noteworthy that the resultant QD size
and optical properties can be changed by varying
the injection temperatures [27].

The PQDs are usually used in optoelectronics
such as PSCs as a light-absorption layer. The qual-
ity of the deposited layer directly affects the photo-
voltaic properties of the light-absorption layer and

9500 rpm

e ’ -, -

* o) ‘e . Tome

e e o s
#0104

Fig. 4. The TEM images for CsPbl,Br PQDs with (a) 6000 and (b) 9500 RPM centrifuge speed.

the performance of PSCs. Therefore, it is import-
ant to investigate the techniques which can prepare
high-quality PQD films on the substrates. In this
work, the CsPbl,Br PQDs were deposited on labo-
ratory glasses by a spin-coating method. Three dif-
ferent deposition techniques were used to remove
the solvents: 1) thermal annealing, 2) using methyl
acetate (MeOAc) or 3) ethyl acetate (EtOAc) as
an anti-solvent. The morphology of the PQD films
was investigated by scanning electron microsco-
py (SEM). Figure 5 demonstrates top-view and
cross-sectional SEM images of CsPbl,Br PQD lay-
ers deposited by using three different techniques.
The thermal annealing technique was per-
formed through spin-coating the PQD dispersion
solution, followed by the annealing on a hotplate
at 130° to evaporate the solvents. Despite the fact
that thermal annealing is a straightforward process
and it can reduce the defects from the surface of
the PQD layer [28], this technique demonstrated
a serious coalescence of PQDs instead of forming
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Fig. 5. The SEM (a, b, ¢) top and (d, e, ) cross-sectional images of CsPbl,Br PQDs deposited with three different
techniques (thermal annealing, using methyl acetate (MeOAc) or ethyl acetate (EtOAc) as an anti-solvent).

a uniform layer (Fig. 5 (a), (d)) due to gradual-
ly slow evaporation of residual solvents from the
sample during thermal annealing. On the other
hand, MeOAc or EtOAc can be used as anti-sol-
vents due to their chemical compatibility with the
oleate ligand [4, 29]. During the film preparation
process, PQDs dispersed in octane are spin-coated
on the substrate and followed by dripping MeOAc
or EtOAc on the surface of the spinning sample.
It is proposed that the application of MeOAc and
EtOAc as anti-solvents during spin coating can im-
prove QD coupling [8], along with the removal of
excess surface ligands [30]. Based on the SEM im-
ages as shown in Fig. 2b-2f, pinhole-free compact
layers are uniformly deposited on the glass sub-
strates by using the antisolvent technique during
the spin-coating process. In this work, the spinning

processes were repeated 20 times in order to obtain
a layer thickness of ~200 nm. To analyze the PQD
structure and crystallization, X-ray diffraction
(XRD) measurement was performed as shown in
Fig. 6. We can find that the prominent diffraction
peaks located at 14.5° and 29.2° are correspond-
ing to the crystal planes of [100] and [200], which
consistently indicate the cubic phase of CsPbl,Br
PQDs [31].

The surface roughness of PQD films prepared
by different anti-solvents during the spin-coating
process were further investigated by atomic force
microscopy (AFM) as shown in Fig. 7. The root
mean square (RMS) roughness of the CsPbl,Br
PQD films prepared by using EtOAc and MeOAc
anti-solvents are found tobe 46.3 nmand 111.1 nm,
respectively. The AFM results show that the use

100) (200)

A

Intensity (a.u.)

[
<

15 20 25 30

35 40 45 S0 55

2 theta (degree)
Fig. 6. The typical XRD patterns of CsPbl,Br PQD film prepared by using an antisolvent during the spin-coating

process.
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Fig. 7. The AFM imaging was obtained from CsPbl,Br PQD films prepared by using (a) (b)MeOAc and (c) (d) EtOAc

as the antisolvent during the spin coating process.

of EtOAc as an antisolvent during the spin-coat-
ing process yields the PQD film with a smoother
surface compared to the film treated with MeO-
Ac anti-solvent. The PQD film with lower surface
roughness is desired for application in PSCs as it
can form better contact with other functional layers
(e.g. carrier transport layers) in the devices.

The optical properties of CsPbl,Br PQDs were
investigated by photoluminescence (PL) and UV-
Vis absorption measurements. The characteriza-
tions were performed on PQDs in dispersion solu-
tion and the form of the solid film deposited on the
glass substrate (Fig. 8). The absorption properties
of PQDs are shown in Fig. 8a while the absorption
edge can be extracted by the Tauc plot as shown
in Fig. 8b. It is found that the absorption edge of
PQDs in dispersion solution is located at 1.89 eV

which is consistent with the previous reports [32]
for CsPbl,Br material. It is noteworthy that a blue-
shift in absorption edge (~0.3 eV) is observed for
PQD thin film. As for the emission properties, the
sample of PQDs dispersed in octane exhibits the
PL peak at 652 nm, while the peak of PQDs in
solid film locates at 644 nm (Fig. 8b). The blue-
shift in the absorption edge and PL peak of the
PQD film can be attributed to the presence of im-
purities and surface defects [33]. In a previous
study, it was demonstrated that a replacement of
Cs* with a smaller ionic metal such as Rb" results
in a blue-shift of PL peak [34, 35]. This is due to
the fact that Pb-Cl-Pb in CsPbCl;:Rb QDs is more
distorted leading to the overlap of the antibonding
orbital electron clouds of the Pb** and halide anion
which weakens the bond interaction and results in
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Fig. 8. (a) The absorption, (b) Tauc plot and c) PL results of the solution-based and film-based CsPbl,Br QDs.
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Fig. 9. (a) The device architecture of a PQDSC and (b) JV curve of the fabricated PQDSC.

a wider band gap of materials. In another study
of CulnSe QDs, the broad bandwidth of emissions
is characterized by defect-radiative transitions. In
addition, inhomogeneity in the size of the QDs
could also lead to such broadening effects [33].
This type of analogies can be used to explain our
observation that the presence of impurities could
weaken the Cs-X-Cs or Pb-X-Pb interactions thus
producing a blue-shift and the existence of surface
defects and/or inhomogeneity of the thin film sys-
tem cause a broader PL spectrum.

The PSC devices with an architecture of FTO/
Zn0,/PQDs/spiro-OMeTAD/Au (Fig. 9a) were
fabricated. Figure 9b shows the typical J-V curve
of the perovskite quantum dot solar cells (PQD-
SC) based on CsPbl,Br. It is noted that the exist-
ing reports on PSCs using all-inorganic PQDs as
the active layer are based on CsPbl;, which exhibit
the PCEs from ~10% to 16% [27, 36] while the
PSCs based on mixed halide composition such as
CsPbl,Brs.,, exhibit significantly lower PCEs (be-
low 10%) [37-39]. It could be due to the high den-
sity of surface defects of PQDs as speculated from
the PL results (Fig. 8b) as well as non-optimized
interfacial quality between carrier transport layers
and PQDs. Since the PQDSCs based on all-inor-
ganic mixed halide composition are less explored,
it is believed that the obtained PCE of the device
in this work still has a lot of room to be enhanced.
Future works can be focused on different surface
passivation techniques [40-42] and the architec-
ture engineering of PQDSCs [43, 44].

4. Conclusion

The details of the synthesis and deposition
methods of CsPblL,Br QDs are reported in this
work. The temperature and the inert ambient for
the hot-injection process should be carefully con-

trolled to yield PQDs with high reproducibility
while the centrifuge speed should be high enough
in order to extract the uniform size of PQDs. The
morphology of the solid film composed of PQDs is
significantly affected by different deposition meth-
ods. It is found that the use of EtOAc as an antisol-
vent during the spin-coating process can reduce the
surface roughness of the resultant PQD solid films.
The performed characterizations exhibit the mate-
rial properties of the obtained PQDs. The PQDSC
based on CsPbl,Br as an active layer yields a PCE
of 2.3% in this work. Implementation of surface
passivation and architecture engineering should be
further investigated for enhancing the performance
of PQDSCs based on all-inorganic mixed halide
composition. On the other hand, this work also
proposes a recycling strategy for the supernatant
generated from the purification of CsPbl,Br QDs.
The green emissive CsPbBr; QDs with a uniform
size of 9 nm + 1 nm can be obtained from the su-
pernatant aging at 40 °C. This finding can provide
a potential solution in the future for recycling the
huge amount of wastes generated from the indus-
trial-scale synthesis of PQDs.
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