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1. Introduction

The quest for renewable energy sources has been a focal point of
scientific research in recent years. Among the various renewable
energy options, solar energy stands out due to its abundance and
environmentally friendly nature.[1] Different solar cell technolo-
gies exist, but perovskite solar cells (PSCs) have emerged as par-
ticularly disruptive due to their rapid advancements in efficiency
over a short period.[2] Despite their impressive performance,

PSCs face significant stability challenges
under ambient conditions and present
environmental concerns, when lead (Pb)
is used.[3] Consequently, research has
increasingly focused on developing lead-
free perovskites to address these issues.[4]

Perovskites are generally represented by
the formula ABX3, where “A” is typically
a large cation, “B” is a smaller cation,
and “X” is either oxygen or a halide.
Examples of such perovskites include
CaTiO3, CH3NH3PbI3, and CsPbBr3.

[5,6]

The crystal structure of perovskites is char-
acterized by the “A” cation coordinating
with 12 anions to form a cuboctahedral
structure, while the “B” cation coordinates
with 6 anions to form an octahedral
structure.[7,8] Ideally, perovskites have a
cubic structure, but deviations from
this ideal can occur due to variations in
the ionic radii of their constituent
elements.[9,10]

The perovskite structure’s versatility
allows for the incorporation of numerous
divalent cations from the periodic table,
with tin (Sn) and bismuth (Bi) being

among the most promising substitutes for lead.[11] Tin, with
an atomic number of 50, shares similar chemical properties with
lead due to their group association and nearly identical ionic radii
(Sn: 0.115 nm, Pb: 0.117 nm).[11] This similarity enables tin to fit
well into the “B” site of the perovskite crystal structure.
Moreover, tin is considered less toxic than lead, as it is poorly
absorbed by organisms, except in the case of certain toxic organo-
tin compounds.[12] Bismuth, another potential lead substitute,
has an atomic number of 83 and is in the same period as lead.
The Bi3þ ion is isoelectronic with the Pb2þ ion, sharing similar
electronic configurations.[13] However, bismuth is generally less
toxic than lead, with bismuth compounds such as bismuth vana-
date being used in cosmetics and pharmaceuticals for decades.[14]

Bismuth-based perovskites often adopt the A3B2X9 formula,
forming stable, less-toxic materials ideal for replacing lead in
various applications.

The application of perovskites in devices such as solar cells or
sensors requires the integration of the perovskite semiconductor
with other materials. The interfaces formed between these mate-
rials are critical, as they influence the electrical and transport
properties of the devices. Schottky diodes, which are metal–
semiconductor junction devices, demonstrate rectifying

O. Akinbami, T. Majola, G. N. Ngubeni, K. P. Mubiayi, N. Moloto
Molecular Sciences Institute, School of Chemistry
University of the Witwatersrand
Private Bag 3, Wits 2050, Johannesburg 2000, South Africa
E-mail: Kalenga.Mubiayi@wits.ac.za; Nosipho.Moloto@wits.ac.za

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202300337.

© 2024 The Author(s). Advanced Photonics Research published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202300337

The search for alternatives to Pb-based perovskites, due to concerns about
stability and toxicity, has led to the exploration of Pb-free options. Tin (Sn) and
bismuth (Bi) are promising candidates, given their similar ionic radii to Pb and
the isoelectronic nature of Pb2þ and Bi3þ, which suggest comparable chemical
properties. Among these, CsSnBr3 and Cs3Bi2Br9 are relatively underexplored but
offer lower toxicity and enhanced stability while demonstrating optoelectronic
properties suitable for various applications. In this study, CsSnBr3 and Cs3Bi2Br9
nanocrystals are synthesized using a colloidal method and integrated into
Schottky diodes. X-ray photoelectron spectroscopy analysis of the surface
chemistry confirms improved thermal and phase stability compared to Pb-based
perovskites. Schottky diode parameters, including ideality factor, barrier height,
and series resistance are assessed using conventional thermionic emission,
modified Cheung’s, and Norde’s models. The Cs3Bi2Br9-based Schottky diode
exhibits superior electrical performance with the lowest series resistance and
optimal barrier height. Electrical impedance spectroscopy results indicated that
CsSnBr3 has higher resistances and lower capacitances than Cs3Bi2Br9, reflecting
lower charge carrier mobility and more defects, although the R1C1 regions in both
materials demonstrated faster charge dynamics, making them ideal for high-
speed applications.
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behaviour similar to p–n junctions in traditional solar cells.[15]

Understanding Schottky junctions provides insights into photo-
voltaic mechanisms, including charge separation and trans-
port.[15] Schottky diodes have a built-in potential barrier at the
metal–semiconductor interface that influences carrier dynamics,
optimizing photogenerated carrier separation in solar cells.[16]

Studying Schottky devices can reveal charge transport mecha-
nisms like thermionic emission and tunneling, which are crucial
for advanced solar cell designs. These devices also help in under-
standing and mitigating recombination losses in solar cells,
enhancing their efficiency.[17] Their straightforward fabrication
and characterization methods facilitate diagnostics and
performance optimization in solar cells. Additionally, Schottky
devices serve as models for metal–semiconductor interactions,
aiding in the development of hybrid and advanced solar cell
architectures.[18]

In sensor applications, Schottky diodes are valued for their
high sensitivity and fast response times, making them ideal
for detecting small signals and providing real-time data.[19]

Their low forward voltage drop enhances energy efficiency, par-
ticularly in portable and battery-powered devices.[20] They per-
form effectively across a wide range of frequencies, which is
beneficial for high-speed applications like RF and microwave
detection.[21] Their good temperature stability ensures reliable
performance under varying conditions, and their compact size
allows for integration into miniaturized sensor designs, simpli-
fying sensor circuit design and reducing complexity and cost.[22]

In this study, CsSnBr3 and Cs3Bi2Br9 perovskite nanocrystals
(NCs) were investigated as semiconductors in the fabrication of
Schottky diodes. Key diode parameters were analyzed using three
models: the classical thermionic emission model, Cheung’s
method, and Norde’s method.

2. Experimental Section

2.1. Chemicals

Bismuth bromide (BiBr3, 98%), tin (II) bromide (SnBr2 99%),
cesium carbonate (Cs2CO3 99%), oleylamine (OLA 70%), oleic
acid (OA, 90%), toluene (95%), hexane (95%), acetone, ethanol,
indium-doped tin oxide (ITO) coated glass slide (surface resistiv-
ity ≈8–12Ω sq�1) were purchased from Sigma-Aldrich. Gold
target (Au, 99.95%, 6.35mm) was purchased from Alfa Aesar.

2.2. Synthesis of CsSnBr3 and Cs3Bi2Br9 Perovskite
Nanocrystals

In a three-necked round bottom flask, 0.1 g cesium carbonate
(Cs2CO3) was placed in 10mL of oleic acid (OA) and heated
to 150 °C for an hour under continuous stirring to thoroughly
dissolve the Cs2CO3 and generate cesium oleate (CsOA) under
the nitrogen flow. In another 25mL three-necked flask, 0.3 g
SnBr2/BiBr3 was placed in equal volume (7.5 mL) of OA and
OLA and heated under nitrogen flow to 200 °C for 1 h for the
SnBr2/BiBr3 to completely dissolve. Thereafter, using a syringe,
1mL of CsOA was injected quickly into the three-necked flask
containing SnBr2/BiBr3 for 1min. Thereafter, using a cold-water
bath, the flask was cooled to room temperature. Subsequently,

the resultant nanoparticles were washed multiple times in
toluene and hexane.

2.3. Schottky Diode Fabrication

Prior to the device fabrication, the ITO-coated glass substrate was
washed using the ultrasonic bath in ethanol, acetone, and dis-
tilled water for 15min each. The ITO glass substrates were then
dried. The device structure consisted of ITO/perovskite/Au thin
film layers. The device was obtained by spin-coating the well-
dispersed solution of the perovskite nanocrystals in hexane on
the ITO substrate at 3000 rpm for 2min. The film was then dried
at 90 °C. The process was repeated six times to get an approxi-
mate thickness of 200 nm or more.[23] The top Au contact was
thermally deposited through a shadow mask to form an array
of patterned electrodes. The Au was deposited in a high vacuum
with pressure exceeding 4� 10�5 Pa, current of 280 A and volt-
age of 80 kV on a device with an active area of 0.05 cm2. A
Keithley 2400 source meter was used to measure the I–V of
the Schottky device in the dark at 298 K.

2.4. Characterization

A Bruker D2 phaser diffractometer equipped with a Cu Kα radi-
ation source (λ 1.541060 Å) at 30 kV and 10mA was used for the
powder X-ray diffraction (PXRD) analysis. The measurements
were acquired over the range of 10–60° at ambient temperature
with a step size of 5 s. The absorption measurements were per-
formed using a Specord 210 plus AnalytikJena UV-vis spectro-
photometer after the nanoparticles were dispersed in toluene
and then placed in a quartz cuvette (1 cm path length). A
HORIBA QM8000 spectrofluorometer with a PPD-850 detector
was used for photoluminescence measurements on the pow-
dered samples. Using a FEI Technai T12 transmission electron
microscope (TEM), which was operated at 120 kV with a beam
spot of 3, the perovskites morphologies were determined.
Prior to analysis, the nanocrystals were dispersed in toluene
and drop-casted onto a lacey-carbon copper grid which was then
dried at room temperature. X-ray photoelectron spectroscopy
(XPS) analysis was conducted using a physical electronics PHI
5700 spectrometer equipped with non-monochromatic Mg Kα
X-rays (300W, 15 kV, and 1253.6 eV) as the excitation source.
The spectrometer energy scale was calibrated using Cu 2p3/2,
Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7, 368.3, and
84.0 eV, respectively. Before being moved to the analysis cham-
ber for characterization, the samples were loaded on a sample
holder and stored overnight at high vacuum in the preparation
chamber. The spectra were collected in the constant pass energy
mode at 29.35 eV. The residual pressure in the analysis chamber
was maintained below 1.33� 10�7 Pa during the spectra acqui-
sition. The thermal stability of the samples was monitored with a
PerkinElmer 6000 thermogravimetric analyzer. The scanning
electron microscope (SEM) micrographs of the perovskite film
layers were collected using a TESCAN Vega SEM equipped with
a tungsten filament. The I�V measurement for the Schottky
device was performed in the dark at 298 K using a Keithley
2400 source meter. The electrical impedance spectroscopy
(EIS) measurements were carried out between 0.1 and
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0.1MHz using a Biologic SP 300 potentiostat. The impedance
plots were fitted using Biologic Z-fit software for proper equiva-
lent circuit models.

3. Results and Discussion

The crystal phases and presence of impurities in the synthesized
nanocrystals were determined using powder X-ray diffraction
(PXRD). Figure 1 shows the PXRD patterns of the CsSnBr3
and Cs3Bi2Br9 perovskite nanocrystals synthesized at 230 and
210 °C, respectively. The CsSnBr3 and Cs3Bi2Br9 NCs crystallize
in the cubic and hexagonal phases, respectively. The Sn perov-
skite corresponds to reference card PDF 01-070-1645 with a
lattice parameter of a= 5.79500 Å, while the Bi perovskite corre-
sponds to reference card PDF 01-070-0493 with lattice parame-
ters a= 7.97200 Å and c= 9.86700 Å. For both perovskites, all
the peaks in the XRD patterns match the reference peaks, indi-
cating phase purity. A slight shift observed in both patterns sug-
gests the presence of defects in the materials.[24]

Prior to this study, the colloidal synthesis of CsSnBr3 has
mostly relied on the use of the expensive trioctylphosphine
(TOP) as the reducing and coordinating solvent. Other methods
employ additional precursors such as MgBr2.

[8,9] The sole use of
an oleylamine (OLA) and oleic acid (OA) mixture has been
reported to form CsBr precipitate instead of the desired
CsSnBr3.

[8] However, in this study, by using an appropriate syn-
thesis temperature along with the suitable volumes of OLA and
OA only, CsSnBr3 perovskite can be synthesized without the

need for TOP or any additional precursors. This results in a
cost-effective method for the synthesis of lead-free perovskites.

The UV-vis absorption and emission spectroscopies were
employed to investigate the optical characteristics of the perov-
skite NCs, as illustrated in Figure 2. The bandgap energies for
CsSnBr3 and Cs3Bi2Br9, determined from their excitonic peaks,
are 1.82 and 2.83 eV, respectively. The presence of these excitonic
peaks indicates samples with minimal defects, facilitating direct
transitions of electrons from the valence band to the conduction
band. However, the slight broadening of the peaks suggests the
presence of some defects. For a comprehensive understanding of
defect formation, photoluminescence spectroscopy serves as an
excellent tool.[25] The red shifting of the emission spectrum rela-
tive to the absorption spectrum is typically attributed to radiative
losses. Specifically, the emission maxima for the Sn and Bi per-
ovskites are observed at 1.78 and 2.59 eV, respectively. The small
Stokes shift indicating near band edge emission suggests
minimal defects; however, the broadening of the peaks with a
full width at half maximum (FWHM) of ≈100 nm indicates
the presence of some defects.[26]

Figure 3 shows the TEM and HRTEM images as well as the
size distribution of the Sn and Bi-based perovskites. Spherical
and pseudospherical morphologies were obtained for CsSnBr3
and Cs3Bi2Br9 NCs, respectively. The particles are well-dispersed
and appear to be monodispersed. The HRTEM image of CsSnBr3
shown in Figure 3b displays lattice fringes with a d-spacing of
0.272 nm corresponding to the (110) crystal plane of a cubic
phase perovskite. This agrees with the PXRD pattern, although
it is slightly shifted, suggesting lattice strain. Additionally, some
vacancies are observed in the lattice fringes, indicating the
presence of defects. This observation is consistent with the
optical properties. The NCs have an average particle size of
2.3� 1 nm, as shown in the histogram (Figure 3c). On the
contrary, the Bi-based NCs exhibit sparsely distributed uniform
particles. The HRTEM in Figure 3c shows lattice fringes with a d-
spacing of 0.234 nm corresponding to the (110) lattice plane.
Similar to the Sn-based perovskite, the d-spacing is slightly
different from the PXRD d-spacing for a hexagonal phase perov-
skite, suggesting lattice strain and the presence of defects. The
Cs3Bi2Br9 NCs have an average particle size of 17� 2 nm. The
smaller standard deviation indicates more monodispersed par-
ticles, which aligns with the more pronounced UV-vis excitonic
peak.

XPS was carried out on the perovskites (Figure 4 and 5). The
survey spectrum of CsSnBr3 and Cs3Bi2Br9 are shown in Figure
S1 and S2 (Supporting Information), respectively. As a result of
spin–orbit coupling, the Cs 3d and Sn 3d give two peaks while the
chemical environment of each constituent element is probed by
deconvoluting their spectra. The high-resolution spectrum of Cs
3d (Figure 4a) shows two peaks at 724.5 and 738.4 eV attributed
to 3d5/2 and 3d3/2 of Cs

þ.[27] Additionally, the doublet separation
of these peaks is 13.9 eV, which agrees with the standard peak
separation of Cs 3d.[27,28] The Sn 3d spectrum shows two distinct
peaks at 486.8 eV (3d5/2) and 495.2 eV (3d3/2).

[29] The doublet sep-
aration of the two Sn 3d peaks is 8.44 eV, which is in good agree-
ment with the literature.[30] The Sn (Figure 4b) 3d peak at
486.8 eV is attributed to SnBr2 bonding, while the peak seen
at 495.2 eV is assigned to SnO2, indicating the oxidation of Sn
in the CsSnBr3 NCs.[31] Gupta et al.[32] synthesized cubic
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Figure 1. XRD patterns of CsSnBr3 and Cs3Bi2Br9 nanocrystals.
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CsSnBr3 perovskite NCs and, upon irradiation with the X-ray
beam of the XPS, the material showed susceptibility to beam
damage due to the generation of additional peaks at 493 and
484.5 eV. These peaks were attributed to the formation of Sn0;
therefore, to improve their perovskite’s stability, SnF2 was added.
It is noteworthy that such beam damage was not observed during
our characterization, as aside from the expected double peaks of
Sn 3d, no additional peaks are observed in our sample, as con-
firmed in Figure 4b. The high-resolution Br 3d spectrum
(Figure 4c) is deconvolved into two peaks at 68.2 eV (3d5/2)
and 69.3 eV (3d3/2), where both peaks are attributed to the
CsBr bonding in the sample.[17] The high-resolution O 1s spec-
trum peak (Figure 4d) is deconvoluted into two peaks at
530.7 and 532.2 eV, where the peak at 530.7 eV is attributed to
the metal oxide while organic C–O is responsible for the peak
observed at 532.2 eV. The metal oxide is attributed to the
oxidation of Sn2þ to Sn4þ as opposed to cesium, as tin is more
reactive.[33] The organic assignments (Table S1, Supporting
Information) are attributed to the capping ligands on the
surface.

From the Cs3Bi2Br9 XPS analysis (Figure 5), the deconvoluted
Cs 3d spectrum shows two distinct peaks at 724 and 738 eV cor-
responding to the 3d5/2 and 3d3/2 of Csþ. The Bi 4f spectrum
shows peaks centered at 158.7 and 164.1 eV, correlating to the
4f7/2and 4f5/2 of the Bi3þ ions. The f-level spin–orbit split for
Bi is 5.4 eV, which is in agreement with previous literature.
The high-resolution Br 3d spectrum is deconvoluted to two peaks
at 68.2 eV (Br 3d5/2) and 68.8 eV (Br 3d3/2) that both correspond
to the CsBr bonding in the material.[28] The O 1s spectrum shows
three deconvoluted peaks at 529.4, 531, and 533 eV, correspond-
ing to the metal oxide, C─O, and C═O interactions in the sample,
respectively.[28] In the case of Cs3Bi2Br9, the metal oxide is attrib-
uted to the formation of a thin layer of Bi2O3.

[34] The presence of
metal oxides (Table S1 and S2, Supporting Information) for both
CsSnBr3 and Cs3Bi2Br9 is indicative of the lack of stability of
these nanocrystals.

TGA was done to determine the thermal stability of the perov-
skite NCs. From the TGA curves in Figure 6a, the derivative
weight curve shows two distinct decomposition peaks of the
CsSnBr3 NCs where the maximum temperatures for the two
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Figure 2. a,b) UV-vis spectra of CsSnBr3 and Cs3Bi2Br9, c,d) photoluminescence spectra of CsSnBr3 and Cs3Bi2Br9 nanocrystals (λexc= 400 nm and
300 nm, respectively).
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decompositions are at 461 and 832 °C. The weight percent curve
shows that about 38.9% of the perovskite’s weight was lost dur-
ing the first decomposition step while 43.7% weight was lost dur-
ing the second decomposition process. The first decomposition
of the CsSnBr3 perovskite NCs is due to the decomposition of the
surface organic molecules since the TGAs of both OLA and
OA have been reported to decompose at a temperature range
of 300–450 °C.[27] The second decomposition at a higher temper-
ature may be attributed to CsBr degradation in the material. CsBr
has a molar mass of 212.80 gmol�1, using proportionality, the
43.67% weight loss observed in the second decomposition pro-
cess accounts for 214.5 gmol�1 of the total 491.32 gmol�1 molar
mass of the CsSnBr3 NCs. Also, CsBr sublimes at 650 °C and this
corresponds to the onset region of the second degradation curve.

For the Cs3Bi2Br9 TGA (Figure 6b), the derivative weight curve
shows four decomposition peaks of the Cs3Bi2Br9 NCs where the
maximum temperatures for the four decomposition steps are
located at 330, 567, 632, and 839 °C. The weight percent curve
shows that about 8.5% of the perovskite’s weight was lost during
the first decomposition step; this initial decomposition can be
due to the loss of moisture in the sample. Furthermore, the sec-
ond and third decomposition steps starting at about 455 °C occur
simultaneously as revealed by the derivative weight curve. The
concomitant decomposition processes may be due to BiBr3 deg-
radation and CsBr sublimation, as BiBr3 has a boiling point of
about 461 °C while CsBr sublimes at about 650 °C.[27] Finally,
the last decomposition process peaking at 839 °C may be attrib-
uted to inorganic residue in the perovskite.

Perovskites are typically unstable in ambient conditions,
which consequently affect their application; therefore, stability
studies were performed on the CsSnBr3 and Cs3Bi2Br9 NCs.
From the XRD pattern in Figure S3 (Supporting Information),
the crystal structure and phase of the perovskite remain
unchanged for the first three days. However, by day four, second-
ary peaks shown as asterisks begin to appear, and finally, after
21 days, these peaks become very pronounced. The secondary
peaks formed are attributed to the oxidation of Sn2þ to Sn4þ

in the perovskite. Similar oxidation of Sn2þ to Sn4þ has been
reported for the Sn-based perovskites.[33] However, it is signifi-
cant to mention that the CsSnBr3 NCs synthesized here showed
improved stability in comparison to other reported CsSnBr3 per-
ovskites. For instance, Wang et al.[35] synthesized CsSnBr3 NCs
via colloidal synthesis, but the perovskite started degrading after
3 h and then completely decomposed after 16 h. Similarly,
Moghe et al.[36] prepared CsSnBr3 films, and upon exposure
to ambient conditions, the perovskite was only stable for about
25 h. Contrarily, in Figure S4 (Supporting Information),
Cs3Bi2Br9 NCs exhibit impressive stability for 21 days with no
observable phase deviation of the material, as evidenced by
the absence of secondary peaks and lack of deviation in peak posi-
tions. This indicates that the Bi-based perovskite is more stable
than the Sn-based perovskite, which was only stable for 3 days.

The perovskite nanocrystals (CsSnBr3 and Cs3Bi2Br9) were uti-
lized as the semiconductor in a Schottky barrier diode. Figure 7
presents the schematic diagram of the diode and SEM images of
the semiconductor layer. The SEM images of CsSnBr3 show no
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Figure 3. TEM and HRTEM images of a,b) CsSnBr3, d,e) Cs3Bi2Br9 and size distribution of c) CsSnBr3, f ) Cs3Bi2Br9 perovskite nanocrystals.
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pinholes; however, the particles are more polydispersed, consis-
tent with the large standard deviation in the particle size distri-
bution. Conversely, Cs3Bi2Br9 displays more uniform sizes and
coverage, in line with the smaller standard deviation observed in
the size distribution curve as well as the pronounced excitonic
absorption peak. Schottky diodes serve as valuable tools in under-
standing critical electrical properties relevant to solar cells. These
diodes offer insights into the barrier heights at semiconductor–
metal interfaces, aiding in the comprehension of charge carrier
dynamics within the solar cell structure. The measured barrier
height directly impacts electron and hole transport, influencing
the cell’s efficiency. Additionally, Schottky diodes provide data on
series resistance and ideality factors, which are crucial parame-
ters affecting the overall performance of solar cells.[27]

The Schottky barrier height (ØBÞ was determined from the
I–V curve. From Schottky thermionic theory the relationship
between the applied voltage V and the forward current I is
expressed with the equation:

I ¼ I0

�
exp

qV
nk

� �
� 1

�
(1)

where q is the electronic charge, k the Boltzmann constant, T the
ambient temperature, and n is a dimensionless which indicates
the deviation from the ideal Schottky cell characteristics. I0 is the
saturation current represented by Equation (2):

I0 ¼ SA�T2exp � qØB

kT

� �
(2)

LnI ¼ LnI0 þ
q

nkT
V (3)

with A� ¼ A m�=m0
� �

, where A is the Richardson constant
while the effective electron mass is represented as m� and this is
estimated to be 0.73 and 0.34 m0 for CsSnBr3 and Cs3Bi2Br9
nanocrystals, respectively.[37,38] The saturation currents were
9.97 and 9.92mA for the Sn and Bi-based Schottky diodes. The
(ØBÞ is obtained from Equation (4) where S is the area of the cell.

ØB ¼ � kT
q

� �
Ln � SA�T2

I0

� �
(4)
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Figure 4. XPS high-resolution spectra of CsSnBr3 nanocrystals showing a) Cs 3d, b) Sn 3d, c) Br 3d, and d) O 1s spectra.
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The slope of Ln I versus V (Equation (3)) is used to evaluate the
coefficient n. The classical thermionic method has a limitation
because it only works for diodes possessing negligible series
resistance (Rs) in the forward bias. However, since the series
resistance (Rs) is a crucial parameter influencing the electrical
behavior of a Schottky diode, other methods (Cheung and
Norde) are employed to determine Rs, ØB, and n. With the
Cheung’s method, n, ØB, and Rs can be obtained. The forward
bias I–V characteristics as a result of thermionic emission of a
Schottky diode with (Rs) can be expressed as Cheung’s
functions:[39]

dV
dLnI

¼ n
kT
q

þ IRs (5)

H Ið Þ ¼ V � n
kT
q
Ln

1
SA�2

� �
(6)

H Ið Þ ¼ nØB þ IRs (7)

Using the straight-line plot of dV=dLnI vs I, n, and Rs can be
determined from the slope and the y-intercept with Equation (5).

Moreso, another method was developed by Norde to obtain the
values of the (Rs) and ØB.

[40] The Norde method can be expressed
as follows:

F Vð Þ ¼ V
γ
� kT

q
Ln

I
SA�T2

� �
(8)

where γ is a first integer greater than n, I the current obtained
from I–V. The γ is taken to be 2 and 3 for CsSnBr3 and Cs3Bi2Br9,
respectively in this study. Hence, the ØB and (Rs) can be obtained
from Equation (9) and (10).

ØB ¼ F V0ð Þ þ V0

γ
� kT

q
(9)

Rs ¼
kT γ � nð Þ

qI
(10)

The I–V characteristic curves of CsSnBr3 and Cs3Bi2Br9
nanocrystals are shown in Figure 8 and 9, respectively. These
representative I–V curves all show a degree of rectification which
is characteristic of a Schottky barrier diode.
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Figure 5. XPS high-resolution spectra of Cs3Bi2Br9 nanocrystals showing a) Cs 3d, b) Bi 4f, c) Br 3d, and d) O 1s spectra.
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The Schottky diode characteristics for the classical thermionic,
Cheung and Norde’s models are summarized in Table 1. The
classical thermionic ideality factors n of the two Schottky diodes
are 3.37 and 3.67 for CsSnBr3 and Cs3Bi2Br9 samples, respec-
tively. The ideality factor of a Schottky diode indicates how well
it matches the ideal diode equation, where n is a unity in an ideal
diode. The n obtained for the perovskite NCs show a deviation
from the ideal thermionic emission model. This deviation could
be due to external factors like the presence of interface states or

inhomogeneity in barrier height.[41] This deviation of n is an
indication that other mechanism such as field-enhanced and
thermally assisted tunneling contribute to the current transport
in the system.[42] Comparatively, an ideality factor of 4.84 was
obtained in the hybrid organic–inorganic Pb-based perovskite
Schottky diode,[43] which is higher than the n obtained for the
Sn and Bi perovskite. The n, were also determined with the
Cheung’s method using Equation (6) and (7). From Cheung’s
function, n, are 1.3 and 2.5 for CsSnBr3 and Cs3Bi2Br9,
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Figure 6. TGA of a) CsSnBr3 and b) Cs3Bi2Br9 perovskite nanocrystals determined after a day of synthesis.
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Figure 7. a) Schottky diode schematic, b) the SEM images of the CsSnBr3, c) and Cs3Bi2Br9 thin films.
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respectively. This indicates that moderately good junctions are
formed for the CsSnBr3 and Cs3Bi2Br9. Shaikh et al.[44] employed
CH3NH3PbBr3 perovskite for a Schottky diode, using the
Cheung’s method, an ideality factor of 1.7 was observed, this
n is comparable to the one obtained for the Sn-based perovskite.
This suggests that the synthesized CsSnBr3 perovskite NCs may
be used as replacement for Pb-based perovskite materials. Due to
presence of defects and generation-recombination currents
within the space charge region, high bandgap heterojunctions
often possess high ideality factor.[27] As a result, from both
the classical thermionic and Cheung’s method a concomitant
increase in n was observed as the bandgap energy increases from
CsSnBr3 to Cs3Bi2Br9.

The extent of the energy mismatch is expressed by ØB, which
reflects the energy position between the semiconductor’s band
edge and the metal’s Fermi level.[45] The ØB was found to steadily
decrease from 0.330 to 0.313 eV for the CsSnBr3 and Cs3Bi2Br9
based Schottky diodes, respectively using the thermionic model.
Similar decrement was observed in both the Cheung and Norde’s
model where ØB of 0.174 and 0.117 eV are obtained for the Sn
and Bi perovskites using the Cheung’s method. While ØB of
0.785 and 0.462 eV are obtained for CsSnBr3 and Cs3Bi2Br9
Schottky diodes using the Norde’s model. This steady decrease

in ØB from CsSnBr3 to Cs3Bi2Br9 nanocrystals can be attributed
to surface oxidation. The ØB is usually influenced by surface oxi-
dation where ØB increases linearly with oxide thickness.[46,47]

Hence, it is unsurprising that the easily oxidized perovskite
(CsSnBr3) possessed the highest ØB. This effect of oxide thick-
ness on ØB is due to the charges trapped in the oxide layer which
alters the semiconductor’s charge distribution by forming a
dipole layer with the charges confined in the surface states.[48]

This results in a potential shift that alters the ØB. Although
Schottky diodes based on perovskite semiconductors have barely
been reported, however, a barrier height of 0.97 eV was reported
for an organo-lead halide perovskite Schottky photodiode.[49] Liu
et al.[50] fabricated a high-efficiency graphene-on-silicon Schottky
junction solar cell, the undoped device showed an ideality factor
of 3.39 while the doped material which has the highest efficiency
had an ideality factor of 1.50. Both the pristine and doped mate-
rial had ØB of 0.76 and 0.87 eV. These values are comparable to
the ones obtained for the perovskites herein which further accen-
tuate the potential of Sn and Bi as Pb substitute in perovskites.

The Rs obtained from the Cheung’s method are 6.528 and
11.888Ω for CsSnBr3 NCs while Rs of 6.393 and 10.774Ω is
obtained for Cs3Bi2Br9 NCs. However, the Norde’s method gives
Rs values of 6.040 and 2.047Ω for Sn and Bi-based Schottky
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Figure 8. a) I–V, b) dV/dLnI–I, c) H(I)�I, and d) F(V)–V characteristics of the Au/CsSnBr3 Schottky diode at the temperature of 298 K in the dark.
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diodes respectively. The Rs is among the parasitic resistances that
influences a Schottky diode’s I–V characteristics. Determining
this parameter offers information on the Schottky device’s
performance. Although there are no set limits for Rs, however,
low Rs is essential for optimal solar cell performance.[51]

Furthermore, when the series resistance is high, determining

the diode parameters particularly the ØB becomes difficult.[52]

The Rs obtained from both Cheung’s and Norde’s method
steadily increases from Cs3Bi2Br9 to CsSnBr3. Of the two mate-
rials, CsSnBr3 shows the highest series resistance. The trend can
be due to the oxidation of the perovskite NCs either prior to film
deposition or during the metal deposition. This oxidation creates
an oxide layer at the metal–semiconductor interface, resulting in
an interface state charge that can influence the diode’s electrical
properties.[53] This idea was further substantiated by the XPS
data for the individual perovskites. From the XPS spectra of
CsSnBr3, and Cs3Bi2Br9, the obtained atomic % of oxygen in
the sample were 25.2% and 8.5%, respectively (Table S1 and
S2, Supporting Information). Hence, this steady decrease in
oxygen content from Sn to Bi perovskite as recorded via XPS
analysis directly corresponds to the decrease in series resistance
observed for the different materials. Finally, the values obtained
from Norde’s functions differ from those obtained from
Cheung’s methods, because the Cheung’s functions only apply
to the nonlinear region of forward bias I–V curve while Norde’s
functions are executed for the entire forward bias region of the
diode’s I–V curve.
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Figure 9. a) I–V, b) dV/dLnI–I, c) H(I)�I, and d) F(V)–V characteristics of the Au/Cs3Bi2Br3 Schottky diode at the temperature of 298 K in the dark.

Table 1. Diode parameters obtained from the I–V data of CsSnBr3 and
Cs3Bi2Br9 perovskite nanocrystals.

Material Method Ideality factor, n Barrier height, ØB Series resistance, Rs

CsSnBr3 LnI–V 3.370 0.330 eV –

dV=dLnI–I 1.300 – 6.528Ω

HðIÞ–I – 0.174 eV 11.888Ω

FðVÞ–V – 0.785 eV 6.040Ω

Cs3Bi2Br9 LnI–V 3.670 0.313 eV –

dV=dLnI–I 2.500 – 6.393Ω

HðIÞ–I – 0.117 eV 10.774Ω

FðVÞ–V – 0.462 eV 2.047Ω
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To further study the electrical properties, EIS was performed
on the two diodes, and the Nyquist plots along with the best fit
generated from the equivalent circuit are shown in Figure 10.
From the Nyquist plots, CsSnBr3 exhibited the largest electrical
impedance compared to Cs3Bi2Br9, as indicated by the larger
semicircle, consistent with the electrical data from the I/V
measurements. To further analyze the impedance spectra, the
junctions are represented by an equivalent circuit consisting
of multiple resistive and capacitive (RC) networks formed at
different metal–semiconductor interfaces and a small series
resistance. According to this equivalent circuit, the complex
AC impedance (Z) can be expressed as:[54]

Z ωð Þ ¼ Z0 ωð Þ � iZ 00 ωð Þ (11)

where ω is the angular frequency of the applied sinusoidal
voltage, Z 0 and Z 00 are the magnitudes of real and imaginary
parts of the impedance, respectively. Z 0 and Z 00 can be expressed
in terms of their constituent elements as:[54]

Z0 ωð Þ ¼ R1

1 þ ωR1C1ð Þ2 þ R2

1 þ ωR2C2ð Þ2 þ R s (12)

Z 00 ωð Þ ¼ ωR2
1C1

1 þ ωR1C1ð Þ 2 þ ωR2
2C2

1 þ ωR2C2ð Þ2 (13)

where R1C1 likely represents the interfacial Schottky junction
formed between the ITO and perovskite and R2C2 represents
the other junction formed between Au and perovskite interface.

The individual values of resistors and capacitors obtained as
fitting parameters are presented in Table 2. Both CsSnB3 and
Cs3Bi2Br9 showed low series resistance (Rs), signifying minimal
resistive losses in the contacts.[55] The larger R1 and R2 values for

CsSnBr3 compared to Cs3Bi2Br9 suggest that CsSnBr3 has lower
charge carrier mobility, higher interface resistance, more defects
or traps, and lower overall conductivity. For both devices, C1

being smaller than C2 suggests that the region associated with
C1 has a thicker or more uniform depletion region due to local
variations in material properties or thickness.[56] Additionally, the
faster R1C1 time constant compared to R2C2 in both devices indi-
cates that the region or process associated with R1C1 has faster
charge dynamics, possibly due to better material properties,
higher carrier concentration, or more efficient interfaces, making
it better suited for high-speed or high-frequency applications.[57]

4. Conclusion

Lead-free all-inorganic perovskite nanocrystals were synthesized
via colloidal synthesis. XPS analysis confirmed the composition
of CsSnBr3 and Cs3Bi2Br9 and the capping of the nanocrystals.
XRD and TGA results indicated that CsSnBr3 was stable for
3 days before Sn2þ oxidation, with significant decomposition
starting at 364 °C, while Cs3Bi2Br9 nanocrystals remained stable
for 21 days under standard conditions, with thermal degradation
observed after 250 °C. Schottky diode parameters were
determined using the classical thermionic emission model,
Cheung’s model, and Norde’s model, revealing that surface oxi-
dation greatly influences barrier heights and series resistance.
The Cs3Bi2Br9-based Schottky diode exhibited superior electrical
properties, with the lowest series resistance and a favorable bar-
rier height as extrapolated from Cheung’s and Norde’s models.
EIS measurements showed that CsSnBr3 has higher resistances
and lower capacitances than Cs3Bi2Br9, indicating lower charge
carrier mobility and more defects, although the R1C1 regions in
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Figure 10. Nyquist plot of CsSnBr3 and Cs3Bi2Br9 and the equivalent circuit.

Table 2. Different parameters obtained from fitting of Nyquist curves by EIS spectrum analysing software.

Sample Rs [Ω] R1 [Ω] R2 [Ω] C1 [F] C2 [F] R1C1 [s] R2C2 [s]

CsSnBr3 41.43 14 435 15 774 2.91� 10�10 0.72� 10�9 4.2� 10�6 1.14� 10�5

Cs3Bi2Br9 41.18 11 487 12 302 2.44� 10�10 1.13� 10�9 2.8� 10�6 1.39� 10�5
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both materials demonstrated faster charge dynamics, making
them suitable for high-speed applications.
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Supporting Information is available from the Wiley Online Library or from
the author.
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