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ABSTRACT: Lead-based solar cells have gained ground in recent years, showing efficiency as
high as 20 % which is on par with silicon solar cells. However, the toxicity of lead makes it non-
ideal candidate in solar cells. Alternatively, tin-based perovskites have been proposed due to their
non-toxic nature and abundance in nature. Unfortunately, these solar cells suffer from low
efficiency and stability. Here, we propose a new type of perovskite material based on mixed tin
and germanium. The material showed a band gap around 1.4 — 1.5 eV as measured from
photoacoustic spectroscopy, which is ideal from the perspective of solar cells. In a solar cell device
with inverted planar structure, pure tin perovskite solar cell showed a moderate efficiency of
3.31 %. With 5 % doping of germanium into the perovskite, the efficiency improved up to 4.48 %

(6.90 % after 72 hours) when measured in air without encapsulation.
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Perovskite-based solar cells were first introduced by Miyasaka et al. in 2009 and since then
lead-based perovskite solar cells have revolutionized the field of thin-film solar cells showing
certified efficiency as high as 21 %2, The high efficiency of perovskite solar cells come from
the high diffusion length of electrons and an ideal band gap of around 1.5 eV which is close to
the 1.34 eV limit placed by the Shockley-Queisser limit®*. The diffusion length of lead-based
perovskite material has been reported as high as 175 um for a single crystal material®. In
addition, the low trap density in lead-based perovskite also contribute to the high performance of
the solar cell device®. Despite the high-efficiency of these lead-based perovskite solar cells, the
problem associated from the toxic nature of lead has open a new research direction which

focuses on lead-free perovskite materials’®.

As an alternative, Sn has been proposed to replace lead because of its low bandgap of around
1.10 eV in the case of MASNIs. Additionally, Sn is abundant in nature and does not pose a health
risk either to human being or to nature. When mixed with Pb, the perovskite showed improved
light harvesting energy near the infra-red region which could be exploited further to improve the
efficiency of the solar cells®. The highest efficiency obtained with Sn only perovskite was 9 %
which was based on 2D and 3D mixture of FASNIs!°. However, Sn-based perovskites are known
to have low stability in air in which Sn readily oxidizes from +2 to +4 upon exposure to air

leaving oxygen vacancies which act as traps**2,

Another alternative candidate to replace lead is Ge. Stoumpos et al. first suggested the prospect
of Ge-based perovskite material by preparing series of Ge-based perovskites using different
cations?*. The group studied the optical and electrical properties of the perovskites and found that
the Eg ranging from 1.60 to 3.80 eV. However, no data was given on the solar cell performance

of the materials. The use of Ge-based perovskite in solar cell was first realized by



Krishnamoorthy et al.®. The measured solar cell performance was notably low, 0.11 % for
CsGelz and 0.20 % for MAGels. A theoretical study exploring hybrid Sn and Ge perovskite
showed that it is possible to prepare a stable Sn-Ge perovskite material that absorbs the sunlight

spectrum?®,

In this study, a new type of Sn-Ge-based perovskite was prepared. The preparation method was
based on the report by Zhao et al. who showed a highest efficiency of 8.12 % with
FA075sMA025Snlst’. The optical and electronic properties of the perovskite were determined
using UV-Vis measurement and photoacoustic spectroscopy. The data obtained from XRD and
XPS measurement was used to determine the chemical structure of the synthesized perovskite
material. At the same time the data obtained from the PAS measurement will afforded the
information on the disorder in the perovskite material. AFM measurement was performed to
observe the effect of Ge doping on the morphology of the FAo.7sMAo.25Snls and can be related to
the passivation of the surface defects. Finally, the J-V measurements were performed to elucidate

the applicability of these materials in solar cell applications.
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Figure 1. a) XRD patterns of FAo.7sMAo255n1-xGexls thin films 6=10-80°, b) relative strain vs

Ge concentration, ¢) UV-Vis absorption, d) photoacoustic signal intensity as a function of photon

energy measured at room temperature and e) energy band diagram constructed from PAS and

PYS measurement. The dotted lines correspond to signal from the PEDOT:PSS-coated ITO

substrate.

XRD spectra were used to determine the structure of the synthesized perovskite materials. The

XRD pattern for each material is given in Figure 1a. The XRD peaks of the perovskite were

given around 14.5° and 28° which corresponds with the hexagonal perovskite phase. Upon

doping the FAo0.7sMAo.25Snl3 perovskite material with Ge, no additional peak was observed

showing that the perovskite structure has not been disrupted. The intensity of the peak at 14.5°



increased significantly upon doping and the diffraction angles shifted towards larger angles. This
could be attributed to the smaller ionic size of Ge filling the gap between large Sn ions and thus
reducing the lattice parameters of FAo7sMAo.2sSn1-«Gexls. The crystal size of the perovskite
material is calculated using the Scherrer’s equation®®!°. Here the peak around 14° was used to
calculate the crystal size. x=0.20 perovskite sample showed the largest crystal size of 78.8 nm,
followed by FA0.7sMAo.25Snl3 (x=0) with 77.7 nm, 73.6 nm for x=0.10 sample, and the smallest

crystal size was obtained with x=0.05 nm with 72.3 nm.

Further analysis of the XRD data gives the information on the relative strain as a function of
Ge content (Figure 1b). The relative strain can be calculated using the Williamson-Hall plot
using a linear fit. It is found that the relative strain is similar between x=0 and x=0.05, however
higher concentration of doping resulted in higher lattice disorder. It has been reported that
perovskite material with higher strain is prone to degradation due to ion migration and will affect
the overall performance of solar cell?®. The Williamson-Hall plot for each perovskite materials is

given in Figure S1.

The optical properties of the synthesized perovskite materials were evaluated using UV-Vis
measurement. As evidence from the spectra (Figure 1c), apart from x=0.05, increasing the Ge
concentration shifted the absorption edges toward shorter wavelength. Interestingly, only x=0.05
sample showed higher absorption than pure Sn perovskite and this could result in higher Jsc for
the solar cell. The Eq was 1.40 eV, 1.40 eV, 1.44 eV and 1.58 eV for x=0, x=0.05, x=0.10 and

x=0.15, respectively.

To further evaluate the optical property of the perovskite material, photoacoustic spectroscopy

(PAS) was performed. Figure 1d shows the plot of photoacoustic signal as a function of energy



where the E4 can be determined from shoulder of the curve. From the PAS measurement, the
Urbach energy, Ey was also determined. It is an important parameter in crystalline material as it
shows the order or disorder in a material. It relates to the presence of localized states originating
from the top of the valence bands which extends into the band gap at low photon energy. The

equation (Equation 1) for determining Ey is given by the optical absorption coefficient as follow

a = agexp (hv;:vo) 1)

where a, and hv, are fitting parameters which can be determined from temperature dependence
measurement?!, The E, measured for FAo.7sMAo25Snls was 37 meV while for x=0.05, it was 36
meV. However, increasing the Ge content increased the E, which means that the crystal became
more disordered. It is expected that when a disorder increased in a crystalline material, the
defects or vacancies are created and thus the trap density increases. The steepness factor is

inversely related to the E, using the following equation (Equation 2)

— ksT
v =10 2
where kg is the Boltzmann constant and o (T) is the steepness factor that depends on the
temperature. It is mentioned that o (T) is inversely proportional to the binding energy between
electrons/excitons and phonons. The steepness factors also showed the same trend as Ey, where a

decreasing trend was observed apart for x=0.05.



Table 1. Summary of electronic properties of the FAo.7sMAo.25Sn1.xGexls based on the PAS

measurement.

Sample Bandgap Energy (Eq) Urbach Energy (Eu) Steepness Factor

X=0 1.40 eV 37 meV 0.68
X=0.05 1.40 eV 36 meV 0.69
X=0.1 1.42 eV 38 meV 0.66
X=0.2 1.53 eV 63 meV 0.40

Photoelectron yield spectroscopy was used to measure the valence band of the perovskite
materials (Figure S2). It is found that the valence band decreased with increasing Ge doping.
Using the PYS data, the density of state (DOS) of the different perovskites can be determined
(Figure S3). For x=0.05, DOS distribution is clearly lower than x=0 meaning that the number of
available states for electron upon addition of Ge. It is expected that free charge carrier is less
likely to be intercepted by these energy states. From the Eg4 values and valence band values, the
conduction band values of the perovskites can be calculated. These are represented in the energy
diagram in Figure le. It is apparent that doping with Ge both the valence and conduction band of
FA0.7sMAo25Snl3 were upshifted. This led to the mismatch between the work function of the ITO
and the valence band of the perovskite materials. It seems counter intuitive that the large energy
mismatch at the perovskite and PEDOT:PSS interface could allow electron transfer. The same
phenomena have been observed by Zhao et al. in which the conduction band of their tin

perovskite materials are higher than the work function of PEDOT:PSS but the perovskite



materials still show excellent photovoltaic performancet’. They cited that the work function of
PEDOT:PSS has been upshifted up to -4.85 eV upon contact with the ammonium part of the
perovskite which reduces the surface of the PEDOT:PSS. This ‘spike’-like energy level has been
discussed by Minemoto et al. providing a theoretical analysis of band offset in perovskite solar
cells either at electron transport material/perovskite or hole transport material/perovskite
interface??. It has been reported that an energy mismatch of up to 0.2 eV could still help to

improve the performance of the solar cell.
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Figure 2. XPS profile for the FA0.7sMA0.25Sn1-xGexls materials. a) wide scan of the different
perovskites, b) the elemental composition of each sample, and ¢) comparison of Ge peaks before

and after Argon etching.



XPS spectra were recorded to further corroborate the formation of mixed Sn-Ge halide
perovskite given in Figure 2a. For Sn, the Sn 3ds/2 and Sn 3ds2 peaks are located at 486 eV and
494 eV, respectively (Figure S4a). For Ge, the 3ds/2 peak could be observed at 32 eV (Figure
S4b). The trend observed here was that the Sn intensity decreased while the Ge intensity
increased with higher Ge content which is as expected. The XPS spectra for the peak around 486
eV originating from Sn has been deconvoluted into 3 different peaks using Gaussian fitting
corresponding to Sn° Sn?* and Sn®* as shown in Figure S5. After normalizing the intensity signal
with respect to the value of x=0 sample, it is found that the intensity of Sn** decreases with Ge
addition suggesting the passivation effect on Sn. Table S1 summarizes the difference in the
intensity of Sn** upon doping with Ge. The elemental composition of the perovskite films was
also obtained from XPS as shown in Figure 2b. As expected, the content of Ge increased from
x=0 to x=0.2. However, even at lower Ge doping concentration of x=0.2, the content of Ge was
almost half of the total metal content in the perovskite which is anomalous. It is known that the
detection depth of XPS is limited to several nm. Thus, the elemental composition values obtained
were not bulk properties but rather surface composition. To confirm this, Argon etching was
performed on x=0.05 sample and through this process, a depth of several nm from the perovskite
surface has been etched. The XPS spectra showing the difference before and after etching is
given in Figure 2c. It is found that the content of Ge significantly decreased when going deeper
into the perovskite. It can be concluded that most of the Ge atoms passivate the surface of the Sn
perovskite due to their smaller ionic radii. This agrees with previous UV-Vis, PAS and XRD
result which showed that at low concentration of Ge (x=0.05) no significant change in the Eg and

the relative strain compared to pure FAo7sMAo.25Snl3 due to surface passivation. However, it is
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thought that upon higher concentration of Ge, the Ge atoms are distributed within the crystal

lattice and hence significantly changed the Eg and the relative strain.
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Figure 3. AFM images obtained from SPM for the FAo.7sMAo.25Sn1.xGexls perovskites. The
surface roughness of the perovskite is given by the root-mean-square (Rq) value and the

maximum thickness is given by the R; value. a) x=0, b) x=0.05, ¢) x=0.10 and d) x=0.20.

The surface morphology was characterized by c-AFM using samples prepared on ITO
substrates coated with PEDOT:PSS to replicate the solar cell structure (Figure 3). Doping

FA0.7sMAo25Snlz with Ge clearly affected the grain size of the perovskite layer as seen from the
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AFM images. Apart from x=0 perovskite, increasing the Ge concentration led to the increase in

the grain size. This supports the grain size data calculated from the XRD patterns. In the case of

FA0.7sMAo.25Snl3, the grains are bigger however the presence of smaller granules could be seen

on the surface of the perovskite layer. The surface roughness has also been calculated from the c-

AFM. Doping the FAo0.7sMAo.2sSnl3 with the Ge beneficially decreased the surface roughness

from 21.4 nm for FAq.7sMAo25Snl3, to 13.7 nm for x=0.05. The roughness for x=0.10 was 17.8

nm and x=0.20 was 19.9 nm. It is to be expected that since the ionic radius of Ge is smaller than

that of Sn, and thus some of the Ge atoms are thought to have filled the defects/vacancies of

FAo0.7sMAo25Sn1l3 perovskites. This observation confirms the result obtained from XPS where

Ge atoms were only found on the surface of the perovskite at low concentration of Ge. This

means that the pinholes on FAq7sMAo.25Snls have been successfully passivated by Ge and

therefore reducing the surface roughness of FAg.7sMAo.25Snls.
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Figure 4. a) J-V curve of the best performing devices measured at room temperature under 1
sun illumination in air without encapsulation using a 0.10 cm? mask. b) Stability test of the best
performing x=0 and x=0.05 solar cells. ¢) J-V curve of x=0.05 after 72 h, measured in air without

encapsulation, and d) the corresponding EQE curve.

Figure 4a shows the J-V curves of the best performing devices for each type. Table 2
summaries the performance of each type of devices. For FAo7sMAo25Snl3 device, the average
Jsc was 17.61 mA/cm?, Voc was 0.46 V, FF was 0.41 and PCE of 3.31 %. Upon doping with 5
wit% of Ge, the Jsc increased up to 19.80 mA/cm?, FF improved up to 0.55 with an overall
efficiency of 4.48 %. However, the Voc decreased when compared with pure FAo.7sMA0.25Snl3
solar cell. Upon increasing the Ge content, all the photovoltaic parameters decreased
significantly which resulted in an efficiency as low as 0.80 % for x=0.20 device. The high Jsc in
the case of x=0.05 can be attributed to the higher absorption as evidenced from the previous UV-
Vis result. This means that the perovskite material has higher probability of exciting the excitons
into free electrons and holes. The decreasing trend in the Jsc for higher Ge content also follows

the UV-Vis absorption trend.

Table 2. Summary of photovoltaic performance of the different FA.7sMAo.25Sn1-xGexls solar

cells based on 5 different devices for each type.

Device Voc Jsc FF PCE Rs Rsh
M (mA/cm?) (%) % Q) Q)
x=0 0.46 17.61 0.41 3.31 9.59 109.59
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+0.03 +0.6 +0.01 +0.27 +0.59 +16.04

x=0.05 0.42 19.50 0.55 4.48 4.01 227.96
+0.01 +0.8 +0.05 +0.31 +0.72 +47.04

x=0.10 0.33 13.27 0.49 2.04 7.23 203.40
+0.05 +4.1 +0.07 +0.44 +2.98 +131.11

x=0.20 0.15 11.84 0.46 0.80 3.75 100.33
+0.02 +0.7 +0.05 +0.14 +0.26 +49.70

The discussion on the effect of FF can be explained from the series resistance. It is a well-
known phenomenon that the series resistance is affected by the resistance at the perovskite
interface, electrode resistance and contact resistance?. As summarized in Table 2, the series
resistance decreased upon doping with Ge, where Rs was determined from the slope of the J-V
curve at the Voc. Upon doping with x=0.05, the Rs decreases from 9.49 Q to 4.01 Q which can
be explained from the better film morphology allowing for better contact with Ceo, BCP and Ag.
This can also explain the increase in the Jsc as the electrons are easily transported within the
device. Increasing the doping further led to the increase of Ge thickness on the surface. This
adversely affect the electron transport mechanism from the back electrode as the resistance also

increase.

It has been reported that larger perovskite grain size gives better solar cell performance but this
trend has not been observed in this work?-28. Despite showing higher crystal size, the

performance of FAo.75sMAo.25Snl3 is lower than that of FA0.7sMA0.255n0.95Geo.osl3. This indirectly
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shows that apart from the grain size, other factors also affect the performance of the solar cell. In
this case, Ge doping helped to reduce the trap density and defects in FAo.7sMAo.25Snls perovskite
as observed from PAS measurement. The increased in the solar cell performance can also be
explained from the formation of an efficient p-i-n hetero-junction structure upon doping with Ge.
The high efficiency of hetero-junction structure perovskite solar cells has been discussed
previously in detailed?”%8, It also noted that in the case of Sn-based kesterite solar cell, doping
with Ge improved the performance significantly citing the suppression of Sn oxidation and thus

reducing the trap states which agrees with the finding in this work?.

In Figure 4b, x=0.05 solar device showed superior stability in air where as high as 80 % of its
original efficiency is still retained after 60 min compared to just 10 % of x=0 solar cell. As
discussed previously, the surface passivation of Sn by Ge reduces the probability of the Sn?* to
be oxidized into Sn**. Interestingly, when the same device was measured after keeping in N2
atmosphere for 72 h, the efficiency increased up to 6.90 % when measured in air (Figure 4c). It is
noted that the device was kept in the dark in the glove box prior to measurement. Significant
increment in the Jsc and FF led to the good performance of the solar cell. The calculated Jsc from
the IPCE spectrum was 19.87 mA/cm? which agrees well with the value measured from the J-V
curves (21.90 mA/cm?) (Figure 4d). This phenomena has been observed by Roose et al. who
reported that the coalescence of smaller grains into bigger grains which effectively reduces grain
boundaries and at the same time suppresses the non-radiative recombination®’. Another possible
reason for this increase is due to the self-healing property of perovskite material in the dark as

reported by Nie et al ..

In conclusion, a new type of perovskite having the structure of FA.7sMAo.25SN1-xGexls has

been successfully prepared as confirmed from the XRD and XPS measurement. The electrical
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and optical characteristics of the perovskite materials were evaluated using PA and UV-Vis
measurement showed that the materials have Eg ranging from 1.40 to 1.53 eV which confirmed
the hypothesis that these materials can be used for solar cell applications. The highest
performance was obtained with Ge content of x = 0.05, showing Jsc 19.50 mA/cm?, Voc of 0.42
V, FF of 0.41 and efficiency of 4.48 %. The enhanced performance of this device when
compared to that of FAo.7sMAo.25Sn13 (3.31 %) was attributed to the lower disorder/defects and
hence the trap density in the perovskite material as observed from the PA measurement. The
surface of FAo.7sMAo.25Snl3 has also been passivated by Ge at low concentration and thus it can
be assumed the defects in FA0.7sMA0.25Snl3 which can cause recombination, has been effectively
reduced. Additionally, the stability in air has been improved significantly with the Ge doping,
retaining 80 % of its original performance remarkable stability enhancement, compared with

10 % efficiency retention for the non-doped perovskite solar cell. After 72 h in N2 atmosphere,
the same cell showed a high efficiency of 6.90 %. This work provides a platform for further

research on lead-free Sn-Ge based perovskite solar cells.
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