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Abstract In this work, germanium doped cesium tin triiodide (CsSnls-Ge) perovskite thin films, incorporated
with a 5mole% germanium (Ge) concentration were deposited on fluorine doped tin (1) oxide (FTO) substrates
using spin coating technique and the films were synthesized under different spin coating speeds. Ge was used as a
dopant to curb the problem of the rapid oxidation of tin (I1) ions (Sn?*) to tin (IV) ions (Sn*") in the presence of
oxygen. Optical measurements were done using ultraviolet visible (UV-Vis) spectrophotometer, structural
measurements were carried out using an X-ray diffraction (XRD) machine and the morphological analysis was done
using a scanning electron microscope (SEM). The CsSnls-Ge layer deposited at a spin coating speed of 4000
revolutions per minute(rpm) displayed the highest absorbance with a band gap value in the range of 2.85 eV to 3.36
eV which was higher than the ideal value of ~1.5 eV. Structural analysis on the different CsSnls-Ge films displayed
a consistent orthorhombic structure across all samples and SEM images revealed almost identical crystallite sizes.
Generally, the perovskite film synthesized by spin coating speed of 4000 rpm displayed higher absorbance, higher
crystallinity and a possibly uniform film morphology making it the optimal layer for solar cell applications.
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1. Introduction

Mankind has been looking for a source of energy that is
commercially viable and environmentally sustainable for
many years. The current global demand for power is at 16
TW and is estimated to increase beyond 30 TW by 2050
[1]. Therefore, intense research is being carried out to get
power generation systems to cover this expected demand.
Most of the energy consumed is produced from non-
renewable resources such as coal, petroleum, uranium, and
natural gas which leads to their depletion at a faster rate
causing a series of environmental problems [2]. It is now
confirmed that the burning of fossil fuels alone cannot
cover the expected hike in energy demand. It has been
proposed that renewable energy sources offer an
alternative for power generation that include nuclear, tidal,
hydropower, geothermal, wind and solar energies [3].

Due to their direct sunlight-to-electricity conversion,
photovoltaic (PV) solar cells are a promising and preferred
choice for power generation among researchers. Solar
energy as opposed to wind or hydropower is not location
dependent and is available almost anywhere on earth. The
direct conversion of sunlight to electricity by solar panels

makes them a suitable choice as opposed to wind and
hydropower which depend on kinetic energy conversion to
electric energy, an energy transfer process which is prone
to losses. Solar energy is still evolving, and a lot of
research is being conducted to improve their efficiency,
stability and cost reduction. In this work, perovskites are
investigated owing to their cost effectiveness and high
efficiency. However, their long-term stability is still
something to be looked at.

Perovskites are compounds that have ABX; as their
general formula. A, B and X are three different species
where A and B are cations and X is an anion. Perovskite
materials have a broad absorption range when it comes to
the solar spectrum with just a thin layer of material
making them greatly efficient. The vast potential of
perovskite solar cells (PSCs) is evident since their power
conversion efficiency (PCE) has risen gradually from
3.8% to 25.2% in the last decade, while other technologies
took nearly 30 years to witness this milestone [1]. PSCs
can be synthesized in laboratories using wet chemical
techniques with the help of simple low-cost techniques,
such as spin coating, dip coating, screen printing, dual
source evaporation techniques, etc. [1]. Despite all the
merits, poor device stability, short lifetime, and toxicity of
lead are creating hindrances in the path of
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commercialization of PSCs.

Among the several low-toxicity cations that have been
proposed for replacing lead in perovskites, Sn based
perovskites have shown the highest efficiency (PCE >
14%) and are gravitating towards 20% PCE [4]. Cesium-
based all-inorganic PSCs have attracted increasing
attention due to their advantage of superior thermal and
phase stability [5]. The perovskite layer is the vital part of
the PSC and is formed when a solution containing the
perovskite sample is placed onto the electron transport layer
(ETL) or hole transport layer (HTL) and permitted to
crystallize. This perovskite layer serves as the main material
for light absorption in the device, it absorbs light
consequently generating electron-hole pairs. In this work,
cesium tin triiodide (CsSnls) perovskite is doped with Ge to
exert control over charge carrier lifetime, Sn oxidation and
defect density recombination which results to improved
stability for solar cell applications [6]. In this study the
synthesis of CsSnl;-Ge was done via a low-cost solution
mixing process followed by spin coating for deposition.

2. Materials and Methods

2.1. Materials

Commercial FTO-coated glass substrates formed the
foundational base for deposition and the essential
chemical components in this study included cesium (1)
iodide powder, tin (Il) iodide powder, and Ge powder.
These materials were crucial for the desired perovskite
structure. Solvents such as dimethylformamide (DMF),
dimethyl sulfoxide (DMSO) and chlorobenzene played
integral roles in solution preparation and film processing.
Distilled water, ethanol and acetone were indispensable
for cleaning throughout the synthesis process. A magnetic
stirrer aided in solution mixing, a vacuum oven was used
for drying and a spin coater ensured uniform substrate
coating of the perovskite.

2.2. Methodology

2.2.1. FTO Substrate Cleaning

Before deposition, the FTO substrates underwent a
multi-stage cleaning process. First, the substrates surfaces
were wiped using a clean residue free wipe dipped in
acetone to remove any dust, dirt and fingerprint. This was
followed by further cleaning using ethanol to remove
organic contaminants like grease and oil. The substrates
were then rinsed with distilled water to remove any
residue that remained from the organic solvents. Finally,
they were dried for 15 minutes in a vacuum oven at a low
temperature of 50°C to avoid possible damage to the FTO
substrate coatings.

2.2.2. Synthesis and Deposition of CsSnls-Ge thin films

CsSnl;s-Ge solution was obtained by combining 0.65 g
+0.01 g Csl, 0.93 g £ 0.01 g Snl, powders and a 5mole%
Ge concentration which is equivalent to 0.036 g + 0.001 g
of Ge powder and dissolved them in 15 ml DMF and
DMSO mixed solution mixed at 1:2 ratio. The solution
was stirred well for complete dissolution using a magnetic

stirrer at 80°C.100 pL of the resultant CsSnl;-Ge solution
was then spin coated onto each of the three FTO substrates
with a single spin cycle rotation with speeds of 2000 rpm,
3000 rpm and 4000 rpm respectively for 60 seconds each.
100 pL of antisolvent chlorobenzene was applied 20
seconds before the end of each spin cycle followed by
drying of the films in a vacuum oven at room temperature
for 30 minutes. Annealing of the films was done at 120°C
for 30 minutes.

2.2.3. Characterization of the CsSnl;-Ge thin films

The optical properties of the deposited films were
measured using the UV-Vis spectrophotometer located at
the department of Physics at Egerton University to analyze
optical absorbance. The XRD patterns of the three
perovskite films were obtained using a Rigaku Ultima IV
X-ray diffractometer at the University of Michigan with
Cu-Ka radiation (40 kV/ 44 mA) of wavelength A =
1.5406 A at an angle 20. The SEM images were captured
using a FEI Nova 200 Nano lab system located at the
University of Michigan under a 20,000 X magnification.

3. Results and Discussion

3.1. Optical Properties of CsSnls-Ge
thin films

A material’s photoconductivity depends on how much
light energy is absorbed by the material [7]. Therefore,
absorptivity is crucial in the electricity production process.
In this investigation, CsSnl;-Ge layer was deposited via
spin coating at three distinct speeds of 2000 rpm, 3000
rpm and 4000 rpm on FTO glass substrates at a fixed time
of 60 seconds.

3.1.1. Absorbance of CsSnl;-Ge thin films

The graphical representations of the optical absorbance
of the CsSnl;-Ge layer measured as a function of
wavelength show a strong absorption peak in the visible
light spectrum for all the three samples and then drops
above 500 nm wavelength. This is in close agreement with
the absorption range of perovskites which is between 400-
750 nm and decreases above 600 nm [8]. Absorption is
noted to be higher at shorter wavelengths as compared to
longer wavelengths in all the layers. The strong absorption
peaks can be attributed to direct band transitions of
electrons from the valence band to the conduction band in
relation to the band gap energy of the material [9]. This
agrees with the theoretical relationship between
wavelength (A) and bang gap energies [10]:
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Where h is the Planck’s constant, ¢ the speed of light
and E4 the band gap of the material. As a result, the strong

absorption peaks observed at the specific wavelengths could
correspond to the band gap energy of the material. One of
the products from the possible Sn oxidation in the
perovskite layer is Snl, and [11] identified its unique
absorption spectra. The strong Snl, peaks tend to appear at
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about 380 nm wavelength which can further explain the
strong peaks appearing at about the same wavelength in this
study. These peaks are consistent in all the figures and
could suggest the presence of Snl, in all three films.

The absorbance spectrums displayed in the figures
generally show that CsSnls-Ge perovskite is a good
absorber of photons.  Figure 1 (a) represents the
absorbance spectrum of the CsSnls;-Ge perovskite layer
deposited at a spin coating speed of 2000 rpm.
Absorbance is high at lower wavelengths between 350-
450 nm then drops (<0.2 a. u) at 450 nm and remains
constant above 500 nm wavelength. The suspected yellow
phase perovskite determined from the band gap value is
said to only absorb light at shorter wavelengths [12] which
can explain the blue shift in the peaks of these perovskite
films. The sharp peaks observed at the lower wavelengths
for all the three films could suggest the presence of other
phases corresponding to the additional peaks also found
from the XRD findings.

The thin film deposited at 3000 rpm spin coating speed
displays an almost similar absorbance spectrum as the
2000 rpm thin film as is seen in figure 1 (b). Absorbance
is high at lower wavelengths of below 450 nm drops
above 460 nm and remains nearly constant above 500 nm.
Both layers (2000 rpm, 3000 rpm thin films) display a
high absorbance of approximately 0.66 a.u in the lower
region of visible light range. Spin coating speed affects the
thickness of the thin films [13] however, the difference in
thickness between the two films is negligible. This
accounts for their nearly identical absorption spectra at
spin coating rotational speeds of 2000 and 3000 rpm.
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Figure 1. (a): Absorbance spectra of CsSnls-Ge thin film deposited at a
speed rotation of 2000 rpm. (b): Absorbance spectra of CsSnls-Ge thin
film deposited at a speed rotation of 3000 rpm. (c): Absorbance spectra
of CsSnl3-Ge thin film deposited at a speed rotation of 4000 rpm

Figure 1 (c) displays the absorbance spectrum of the
CsSnlz-Ge thin films deposited at a spin coating speed of
4000 rpm. This speed displays a relatively high
absorbance of approximately 0.77 a. u in the visible light
region. Absorbance is relatively high in the 350-450 nm
range with the display of high intensity peaks. It then
drops above 450nm and then remains nearly constant
above 500 nm (<0.3 a. u). It has been shown that the
absorbance of tin-based perovskites is easily influenced by
the film thickness and the crystal quality of the perovskite
[14]. These reasons could have resulted in peak intensities
variations at different speeds.

The absorbance spectrum of the thin film resultant from
3000 rpm speed had a slightly lower absorbance though
with a similar trend as the 2000 rpm counterpart thin film.
This was why they exhibited almost identical thickness. It
was suggested that the spin coating speed of 2000 rpm and
3000 rpm have negligible influence on variation of
thickness in CsSnl;-Ge thin film. Comparing all three
samples, it can be suggested that the layers produced at
speeds of 2000 rpm and 3000 rpm display the lowest
absorbance across the visible light spectrum because they
formed thicker films due to lower speeds. The layers have a
chance of suffering from scattering losses causing the low
absorption [13]. It was also suggested that scattering losses
may also be caused by the roughness and non-uniform
surfaces of the resultant 2000 rpm and 3000 rpm speed
layers as seen in the SEM images in figure 5 (a) and 5 (b).

Finally, the thin film deposited at 4000 rpm speed
displayed the highest absorbance as compared to the other
two samples seen in figure 2. Smoother films attract
higher absorbance because there is enhanced light
trapping as there is minimal light scattering at the surface
of the film [15]. This could explain the higher absorbance
of the layer deposited at 4000 rpm speed compared to its
counterparts as a result. Therefore, higher speeds possibly
result in thinner, smoother films. Additionally, thinner
films have less material, which means there are fewer
opportunities for light to be scattered or reflected within
the film. As a result, more light is absorbed by the
material. Perovskites are expected to be good absorbers of
light hence the sample with the highest absorption is
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preferred. In this study, the CsSnls-Ge thin film resulting
from the 4000 rpm spin speed is the optimal film.
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Figure 2. Absorbance spectra of CsSnls-Ge thin film deposited at
different speed rotation: 2000 rpm, 3000 rpm and 4000 rpm

3.1.2. Bandgap of the CsSnl3-Ge thin films

The band gap of the three perovskite films deposited at
different spin coating speeds of 2000 rpm, 3000 rpm and
4000 rpm were determined via the Tauc plot using the
Tauc relation:

(ahv)? = A(hv-Eg) @)

Where hv is the photon energy, o the absorption
coefficient, A the material’s dependent constant and E,
the optical bandgap of the material. The absorption
coefficient was obtained using equation (3):

a = 2.302xAcm ©)

A graph of (uhu)2 was plotted as a function of Eg as

shown in figure 3. The bandgap was determined by
extrapolating the linear region(s) of the curve. The point
where the lines intercepted the x-axis is the band gap.
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Figure 3. Tauc plots for direct bandgap calculation of CsSnls-Ge thin

films deposited at different speed rotations: 2000 rpm, 3000 rpm and
4000 rpm

Analysis suggested that all the films display almost
similar band gap values that lie between 2.85 eV to 3.36
eV. This observation suggested that spin coating speeds
had no serious influence or impact on the band gap of the
CsSnlz-Ge thin films. However, these values are higher
than the reported literature values at ~ 1.5 eV [16]. This
higher band gap could be attributed to the partial doping
with Ge which may have not fully dissolved in the
DMF/DMSO solution and may have caused the native
oxidation of Sn?* vacancies to Sn** leading to the
generation of Ge rich regions forming p-type orientations.
The ideal band gap for most single-junction solar cells has
a range of 1.5 eV to 2.4 eV based on the Shockley—
Queisser limit. It is important to note that band gap can be
easily tuned by adjusting parameters like doping and
temperature during deposition. Tenability is possible since
tin trihalide perovskites are also known to have large band
gaps which in turn lead to a low absorption capacity [12].

Yellow phase compounds are characterized by large
band gaps which could be the reason behind the huge band
gap range (2.85 eV to 3.36 eV) for the perovskite in this
study. This is in close agreement with the reported band
gap value of 2.99 eV of yellow orthorhombic CsSnl;
perovskite phase, indicating that the structure could have
undergone phase transition at some point [12]. CsSnl; can
also completely convert into a non-perovskite phase,
Cs,Snlg under storage in air for short periods of 48 hours
or less which is also yellow in color [17,29] making this
another possible reason for the wider band gap in this
study. However, the band gap of Cs,Snlg is 1.48 eV which
is narrower than the value in this study further suggesting
the formation of the yellow orthorhombic CsSnl;
perovskite phase and elimination of the possibility of the
Cs,Snlg phase formation.

3.2. Structural Analysis of CsSnls-Ge thin
films

Figure 4 is an XRD pattern of the three samples
deposited at different spin coating speeds of 2000 rpm,
3000 rpm and 4000 rpm. The successful synthesis of the
perovskite structures was confirmed by the sharp peaks
which correspond to specific planes in the crystal
structures. Higher peaks are as a result of a greater degree
of crystallinity and the sharpness of the peaks can also
indicate the crystallinity degree. Nearly all the peaks from
the samples at different spin speeds of 2000 rpm, 3000
rom and 4000 rpm have similar diffraction planes
indicating that they might all have a similar crystalline
phase. This shows that the change in spin coating speeds
did not alter the crystal structure of the perovskite.
However, there are two missing peaks in the 4000 rpm
sample that are present in the 2000 rpm and 3000 rpm
samples. These peaks are positioned at approximately 27.6°
and 48.7° 26 angles. This can be attributed to the higher
kinetic energy experienced at higher speeds which may
have altered the preferred orientation of the crystals within
the film [23]. This induced the alignment of crystals in a
specific direction which may have resulted in the
suppression of the peaks in the 4000 rpm sample pattern.

CsSnl; is a unique phase change perovskite and can
exist in four polymorphic phases including the black
tetragonal (Bp), black cubic (Ba), black orthorhombic (By)
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and yellow orthorhombic (Yy). On air exposure, the By
phase can change to the Yy phase due to the oxidation of
Sn [18]. Peaks of about 27° and 29°are known to
correspond to By CsSnl; phase of the (202) plane [19]
therefore, in this study the 26.5° and 27.6° peak angles
could suggest the presence of CsSnl;perovskite, However,
only three of the characteristic peak angles reported for
the By CsSnl; [20] match the peak angles in this study
which could suggest the presence of a different phase. It
can be concluded that the observed XRD patterns for all
the three thin films synthesized at different spin coating
speeds seen in figure 4 are in good agreement with the
reported orthorhombic structure of yellow CsSnl; with
space group pnma [21]. They also found that the Yy
CsSnl; polymorph is the most stable at room temperature
when exposed to organic solvents as compared to the By
CsSnl; polymorph. This also corresponds to the suspected
structure determined during band gap calculation in
section 3.1.2. These results further confirm the presence of
the Yy CsSnl; crystal structure.

The reported characteristic peaks of Csl and Snl, are
about 12.8° and 27.6° respectively [22]. In this study, no
intensity peak is observed at 12.8° but there is a high
intensity peak at about 27.6°. This could mean that there
was an excess of Snl, residue due to the incomplete
solubility of Ge where a complete reaction with Snl, was
expected. On the other hand, the existence of no peak at
around 12.8° could mean that there were no residues left
of Csl. The additional short peaks could suggest the
presence of other phases [23]. Nearly all the peaks from
the samples at different spin coating speeds of 2000 rpm,
3000 rpm and 4000 rpm have similar intensities with the
4000 rpm thin film displaying slightly higher intensity
peaks. Higher intensity peaks correspond to better/higher
crystallinity which is preferred because device stability is
highly dependent on the crystallinity of the perovskite
layer [24]. 1t can be concluded that higher speeds promote
crystal growth as seen from the increased intensity of the
peaks with an increase in spin coating speeds.
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Figure 4. XRD patterns of the CsSnls-Ge thin films deposited on FTO
glass substrate at different speed rotation: 2000 rpm, 3000 rpm and
4000 rpm

3.3. Morphological Analysis of CsSnl;-Ge
Layers

The morphological analysis of the surface of the three
films synthesized at different spin coating speeds of 2000
rpm, 3000 rpm and 4000 rpm were determined using SEM
yielding the images displayed in figures 5 (a), 5 (b) and
5(c). During measurement, the operating conditions for
the imaging remained consistent for all the three samples.
The accelerating voltage 5.00 kV and a beam current of
0.40 nA with a working distance (WD) of 5.0 -5.1 mm
were maintained for all the samples. The film crystals and
sizes are equally and evenly distributed. All the three top
view SEM images displayed rhombic shaped crystallites.
However, the SEM images for the three samples were
found to have slightly different morphologies which is
evidence that spin coating speed affects the morphology of
thin films.

From the images shown in figure 5 (a), (b) and (c)
there is no significant difference in crystal size. Due to the
incomplete solubility of Ge, the resultant CsSnlj
perovskite phase possibly undergoes oxidation from Sn?*
to Sn*" during crystallization. This oxidation could lead to
incomplete surface coverage [25]. It can also be seen that
spin coating speed has an impact on the uniformity of the
CsSnls-Ge perovskite layer. Morphology control in Sn
based perovskites can be challenging because of their
rapid oxidation. The 2000 rpm layer appears to have
incomplete surface coverage with layer grains as seen in
figure 5 (a). The surface also appears to be relatively
rough and is likely thicker making it more prone to
agglomeration. The 3000 rpm layer appears smoother and
more compact in comparison to the 2000 rpm layer. The
crystals seem more refined and there are fewer visible
gaps. The increased centrifugal force may have resulted in
the film’s improved uniformity because of the rapid
spread. This also results in the formation of a thinner film
which agrees with literature findings [13] that higher
speeds result to thinner films [28]. However, some regions
in this layer show particle agglomeration where large
clusters were visible with irregularities in distribution as
seen in figure 5 (b).

In the third and last image which represents the highest
spin coating speed of 4000 rpm, the surface appears more
uniform as compared to the other two samples mentioned
above, an indication that high speeds result in more
uniform films. This is because of the faster nucleation and
crystallization associated with high speeds [26]. Therefore,
the surface could appear smooth with less visible grain
boundaries as can be seen in figure 5 (c). The smoother
surface and thinner film may result from rapid solvent
removal and improved solution spreading during synthesis.
In solar cells, smother surfaces lead to improved charge
transport and reduced charge recombination consequently
minimizing leakage current [27]. Therefore, it is critical to
achieve a smooth perovskite surface. Among the three
samples highlighted in this study, the 4000 rpm layer
possibly resulted in a smoother layer.
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Figure 5. (a): CsSnl;-Ge at 2000 rpm speed. (b): CsSnlz-Ge at 3000 rpm
speed. (c): CsSnls-Ge at 4000 rpm speed

4. Conclusion

This research successfully investigated the optical,
structural and morphological analysis of the CsSnl;-Ge
perovskite thin films spin coated at different speeds. The
CsSnls-Ge thin films absorption spectra reveal that spin
coating speed has an effect on absorbance with the 4000
rpm thickness layer displaying the highest absorbance
among the three investigated speeds. The band gap of the
films was revealed to be in the range of 2.85 eV to 3.36
eV which is higher than the reported value of ~1.5 eV and
this is attributed to the incomplete Ge incorporation into

the CsSnl; perovskite which can exist in different phases.
From this study, the band gap value corresponded to the
Yy CsSnls perovskite phase. The XRD analysis revealed
the presence of an orthorhombic phase which corresponds
to the Yy structure obtained from the optical
measurements of the thin films. There is a possible
presence of additional phases seen from the additional
XRD peaks. The additional peaks may have resulted from
defects or a thin layer of metal oxide on the surface of the
film. The 4000 rpm layer displays the highest intensity
peaks corresponding to better crystallinity, suggesting that
higher speeds promote crystal growth.

The morphological analysis of the CsSnl;-Ge films
shows incomplete surface coverage resulting from the
oxidation of Sn?* to Sn** during crystallization due to the
partial solubility of Ge powder. No significant difference
in crystallite sizes is observed from the images for the
different spin coating speeds. However, the surface of the
4000 rpm is likely smoother, thinner and more uniform as
compared to the other two surfaces suggesting that higher
speeds result in smoother, more uniform thin films. In this
study, the CsSnl;-Ge film deposited at 4000 rpm was
selected as a potential candidate for fabricating a
perovskite- based solar cell. Due to equipment limitations
we were unable to conduct atomic force microscopy (AFM)
measurements to determine the surface roughness of the
films but it is recommended in future studies. An inert
atmosphere or an all-vacuum environment is also
recommended for the synthesis of Sn based perovskites in
future research. This is to prevent the rapid native oxidation
of Sn**, in turn minimizing the phase inconsistencies for
enhanced solar cell performance. Alternative synthesis
routes for Ge doping should also be explored to attain an
ideal band gap value for maximum absorption.
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PCE Power conversion efficiency
PSC Perovskite solar cell

PV Photovoltaic
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