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ABSTRACT Solar cells and optoelectronics based on lead halide perovskites are generating
considerable interest, but face challenges with the use of toxic lead. Here, we fabricate and
characterize lead-free perovskites based on germanium and tin solid solutions, CH3NH3Sn(i-
0Gexlz (0 <x < 1). We show that these perovskite compounds possess bandgaps from 2.0 to 1.3
eV, which are suitable for a range of optoelectronic applications, from single junction devices
and top cells for tandems to light emitting layers. Their thermodynamic stability and electronic
properties are calculated for all compositions and agree well with our experimental
measurements. Our findings demonstrate an attractive family of lead-free perovskite

semiconductors with a favorable bandgap range for efficient single junction solar cells.

KEYWORDS Lead-free hybrid perovskite, Tin-Germanium (Sn-Ge) perovskite, band tuning,

amplified spontaneous emission (ASE) and mixed metal/alloy hybrid perovskite.



INTRODUCTION

Organic-inorganic hybrid perovskites have attracted a great deal of attention in the scientific and
industrial communities due to their phenomenal performance in solar cells and light emitting
diodes (LEDs)!~. Their superior optoelectronic properties and long carrier diffusion lengths have
produced a sharp rise in power conversion efficiencies (PCEs) from below 10% to 22.1% in a
few years*”’. The attributes that make perovskite-based optoelectronics especially attractive are
the ambipolar nature of charge transport ®, long carrier diffusion lengths °, high molar extinction
coefficient '°, easy bandgap tunability and simple thin-film processability ''!2. Nevertheless,
perovskite-based technologies are not yet attractive for commercial use due, for example, to the
inclusion of lead in the highest performing perovskite, CH;NH3Pbls, which is highly toxic and
could enter the soil and groundwater . Lead-free alternatives focusing on Sn-based perovskites
1419 have been considered. Other replacements for lead in the perovskite semiconductor include
Bi %, Cu 2!, Ag ?2 and Sb 2!, amongst several elements discussed by Hoye et. al.>* The aim with
these lead-free perovskites is to achieve similar or better optoelectronic properties and stability,

as compared to their lead-based perovskite counterparts.

We have synthesized perovskites with Sn and Ge that absorb strongly in the visible region with
absorption coefficients in the range of 2 — 5 x 10* cm!. The CH3NH3Snl; perovskite has a
bandgap lower than ~1.3 eV, much smaller than the 2.0 eV bandgap of the CH3:NH3Gels
perovskite 2*?°. Solar cells with thin-films of these perovskites as active layers produce power
conversion efficiencies (PCEs) of ~ 6% and ~ 0.1% respectively 2%*’. This poor performance
compared to the Pb based perovskite cells has been attributed to poor atmospheric stability and
film coverage 2%. In order to improve the stability, a new strategy was evolved to introduce lead

into tin-based perovskites to form a Pb-Sn mixed metal perovskite solid solution *°. These new



Pb-Sn based perovskite solid solutions have delivered excellent solar cell performance and
stability, showing the possibilities of multi-metal based perovskite solid solutions *°. Moreover,
these Pb-Sn based solid solutions possess advanced optoelectronic properties and bandgaps
smaller than that of the single metal containing perovskites, for example <1.2 eV for

CH;3NH3Sno 75Pbo 251z %733 that are suitable for perovskite-perovskite tandems 34,
p p

RESULTS AND DISCUSSION

In this paper, we report the design, synthesis and optoelectronic characterization of Sn-Ge solid
solution hybrid perovskites where we have replaced Pb with Ge in the Pb-Sn solid solutions, and
fabricated Sn-Ge based perovskites by simple solution processing and vapor deposition methods.
We have varied the metal ion composition (Sn to Ge ratio) in the perovskite matrix and

investigated the effect on structural geometry and optoelectronic properties.

First of all, for the synthesis of Sn-Ge mixed alloy hybrid perovskites, we applied the
well-known single-step solution processing method. In brief, we prepared a 0.5 mmol stock
solution of CH3NH3Snl3 (using equimolar ratios of CH3NH3I and Snl) and CH3NH3Gels (using
equimolar ratios of CH3NHsI and Gelz) in N, N-dimethylformamide (DMF) and mixed these
solutions according the required ratios of metal elements viz. Sn and Ge in the perovskite matrix.
These solutions form the desired perovskite phase on casting into thin-films. Full details of the
synthesis methods and diffraction measurements are given in the SI. Recently, Ju et. al. predicted
the possibility of realizing a series of mixed Sn-Ge perovskites and calculated the band structures
of different combinations such as CsSno.sGeosls, CH3NH3Sno.5Geo 513,

Cs0.5(CH3NH3)0.5Sn0.5Geo 513, Cso.s(CH(NH2)2)0.5Sn0.5Geo.sI3 and RbSno.sGeo sI3. Amongst these



materials, RbSngsGeosls was shown to cover almost the whole solar spectrum as does

CH3NH;PbI; 35,

Regarding the characterization of crystal structures, Figure. 1 shows the X-ray diffraction
(XRD)  patterns  for  CH3NH3Snls, = CH3NH3Sno75Geo2sls,  CH3NH3Sno.s0Geo.50l3,
CH3NH3S8n0.25Geo.7513, and CH3NH3Gels perovskites. The XRD patterns for CH3NH3Snl; and
CH3NH3Gels perovskites are well matched with the reported data and show tetragonal (space
group P4mm, no. 99) and trigonal (space group R3m, no. 160) unit cells, respectively. For
powder samples with 0 — 50% Ge (from hereon this represents atomic % of Ge or Sn in the thin-
films), we observed a monotonic shift in the peak positions with composition, along with a
monotonic shift in the lattice parameters fit to the whole diffraction pattern using the Pawley
method (Fig. S6, SI)**?° . With 75% Ge for the powder sample, we observe a transition to the
trigonal phase from the splitting of the tetragonal (111) and (012) peaks to the trigonal (003),
(201), (113) and (211) peaks. There is also a non-monotonic change in the XRD patterns from
CH3NH;3Snl3 to CH3NH3Sno.75Geo 253 to CH3NH3Gels perovskites. This non-systematic shift in
the peaks of XRD patterns is consistent with the change in crystal structure from tetragonal to
trigonal due to incorporation of the comparatively smaller Ge*" (ionic radius = 73pm)*® into a
CH3NH;Snl; perovskite matrix (Sn?* ionic radius = 118pm)?®’, which leads to a distortion in the
structure. From the XRD pattern we found that the (001), (002), (003) and (004) planes are intact
in all the pure as well as mixed cases with a slight shift. The 75% Ge (CH3NH3Sno25Geo.7513)
perovskite shows more structural features similar to the pure germanium (100% Ge) based

perovskite.
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Figure 1. X-ray diffraction (XRD) patterns for 0% Ge (CH3NH3Snl3), 25% Ge
(CH3NH3Sno.75Geo.2513), 50% Ge (CH3NH3Sno.s0Geo.solz), 75% Ge (CH3NH3Sno25Geo.7513) and
100% Ge (CH3NH3Gels) perovskites for powder and thin-film samples along-with the simulated

diffraction pattern. * indicates small impurity phases.



It is known that we can test whether the Goldschmidt tolerance factor (¢), a semi-empirical
geometric parameter, can be linked to the structural stability of the ABX3 perovskite systems
(see SI for details).*® The tolerance factor values for a range of Ge-Sn compositions are listed in
Table 1; they are in the range where the perovskite phase is stable and consequently gives an

indication that mixed Sn-Ge perovskites can be created.

A major obstacle for commercialization of hybrid perovskite solar cells is their long-term
stability. Therefore, we have examined the energies of decomposition of these materials using ab
initio simulations. Here, a negative enthalpy value would indicate the greater intrinsic stability of
the perovskites over their decomposition products, for example, Snlo and CH3;NH3I for
CH3NH;3Snl; (calculation details including optimized geometries (Table S2) can be found in SI).
The results (also listed in Table 1) show that all the enthalpy values are negative for the
CH3NH3Sna-xGexls  system, which indicates favorable energetic stability of these materials in
the perovskite phase. These findings directly support the thermodynamic stability of Sn-Ge
mixed perovskites, observed experimentally. In order to explore the stability of CH3NH3Sn(-
x0Gexlz at finite temperature (300K), we also performed ab initio molecular dynamics (AIMD)
simulations extending our previous work.*>** We find no sign of decomposition of their
perovskite structures (simulation snapshots of CH3NH3Sno sGeosI3 as a representative system are
shown in Figure S8). These results again provide support for the intrinsic stability of mixed Sn-

Ge perovskites at room temperature under inert atmosphere.

Table 1. Calculated Goldschmidt tolerance factor (t) and enthalpy of decomposition (AH) for

CH3NH3Sn(1-x)Gexl3 perovskites.



Systems t AH (meV/f.u.)
0% Ge (CH3NH3Snl3) 0.84 -166
25% Ge (CH3NH3Sno.75Geo.2513) 0.87 -55
50% Ge (CH3NH3Sno sGeo sl3) 0.90 -48
75% Ge (CH3NH3Sno.25Geo.7513) 0.93 -94
100% Ge (CHsNH3Gels) 0.96 -130

We now consider the optoelectronic characteristics of these lead-free materials. Figure 2 shows
the optical properties of CH3NH3Snq-x)GexIs [0 < x < 1] perovskite thin films fabricated on
quartz substrates. The normalized absorption spectra (Figure 2a) show a monotonic shift in the
absorption edge towards higher energies on addition of Ge. We measure a bandgap of ~1.3 eV
for the 0% Ge content sample (x = 1.0) and ~1.9eV for the 0% Sn sample (x = 1). With an
increase in content of Ge, the bandgap of the material increased (Figure 2a). A blue shift in the
photoluminescence spectra whose value increased with increasing Ge content (Figure 2b) was
seen in steady state photoluminescence (PL) measurements on films with a single optically

active phase.

The 0% Ge content perovskite, CH;NH3Snl3, exhibits a PL peak centered at 945 nm. We further
observe a monotonic blue shift in the PL spectra from 945 nm for 0% Ge to 640 nm for the 100%
Ge perovskite (CH3NH3Gels), with 75%, 50% and 25% Ge samples demonstrating PL at peak
wavelengths of 700 nm, 773 nm and 850 nm respectively. We stress that this is the first report

that shows PL from a pure germanium perovskite. Figure 2¢ shows the trend in PL peak position



and band gap of perovskites with varying Ge content. This comparison reveals the small bandgap
bowing as observed previously in CH3NH3Sn,PbiIz [0 < x < 1] binary metal perovskites
30313344 However, we do not observe that any of these perovskites exhibit a band gap lower than
the pure tin perovskite as observed in the case of CH3NH3SnPbi.,I3 [0 < X < 1] binary metal
perovskites 39324 This difference may be due to the way in which the orbitals of the Pb and Sn
couple as compared to that between Sn and Ge, which we discuss further below. In addition, we
observe atmospheric instability in these Ge and Sn based perovskites due to oxidation similar to
that observed by other Sn based systems 44 Fyrther investigation might find possible

solutions to this issue as is the case with Sn based systems.3*47
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Figure 2. Optical properties with change in Ge content (0% to 100%), (a) absorption spectra,
note that the non-uniform thin-film morphology causes these values to vary by 10 - 15% due to
the thickness values we wuse for absorption coefficient calculations, (b) normalized
photoluminescence (PL) spectra. (¢) Comparison of PL peak position and band gap of Sn-Ge

perovskites with change in Ge content (0% to 100%).

Figure 3 shows the PL decay measured with varying germanium content in the perovskite. All
measurements were done at ~1 Sun illumination intensity and all the data recorded are longer
than the instrument response function (IRF) as indicated. The lifetime data was extracted using a
bimolecular decay model and are listed in Table 2. We observe that the 0% Ge perovskite
demonstrates the fastest initial decay followed by the 25% Ge perovskite. The 50% Ge sample
shows a slower initial decay followed by a long decay of ~390 ps. 75% and 100% Ge samples
both show slow initial decays of more than half of the charge carriers followed by a delayed
recombination of rest. The general trend of faster radiative recombination in lower Ge containing
perovskites might be due to the high doping concentration in tin-rich perovskites as observed by

others 243,

11
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Figure 3. Optical properties - PL decay measured using a 407nm pulsed laser that excited the

samples at a fluence of 5 x 10'* cm™ with change in Ge content (0% to 100%).
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Table 2: Fitted lifetime values using a bimolecular decay model along with the respective %

contribution of each component. IRF indicates the instrument response.

Samples T (pS) T (pS)
0% Ge 140 + 2 (90%) 620 + 6 (10%)
25% Ge 570 + 5 (30%) 320+ 3 (70%)
50% Ge 1620 £ 15 (54%) 390 + 4 (46%)
75% Ge 1300 £+ 12 (62%) 270 + 3 (38%)
100% Ge 2100 £ 20 (55%) 360 + 4 (45%)
IRF 112 +2 (100%) -

To analyze the quality of the perovskite formed, we performed photothermal deflection
spectroscopy (PDS) measurements shown in Figure 4a that give the absorption in a
semiconductor with a 4-5 orders of magnitude dynamic range sensitivity. This measurement
gives us insights into the energetic disorder in the form of an Urbach tail that is a convolution of
all sub-band gap defect states arising from intrinsic doping as well as degradation in the
materials *°. From Figure 4a we can see a steep drop in the absorption edges. The PDS spectrum
for pure CH3NH;3Snl3 perovskite shows the smallest bandgap and an Urbach energy of ~54 meV.
The bandgap widens with increasing Ge content. The Urbach energy for the 25% Ge sample
increases to 54 meV and decreases to 47 meV for the 50% Ge sample (Figure 4b). The Urbach
energy further increases to 103 meV for the 75% Ge sample before dropping to 63 meV for
CH3NH3Gels. The increase in disorder in the 75% Ge perovskite may be due to the transition in
phase from tetragonal to trigonal. Although these Urbach energies are higher than that obtained
for CHsNH;3PblIz (~14 meV), 4142 they are in the same range as perovskites that are prone to

intrinsic doping and generation of free charge carriers reported earlier 2425304344,

13



We find that the 50% Ge content sample demonstrates the lowest Urbach energy amongst the
CH3NH;3Sn(1-Gexls perovskites and with a decent photoluminescence quantum yield (PLQY) of
2%. Figure 4c also shows the variation in the PL full width at half maxima (FWHM) in
comparison with the variation in Urbach energies for all the CH3NH3Sn(1-xGexls samples. The
two sets of measurements are consistent, indicating the dependence of the PL broadening on the
energetic disorder, with 50% Ge perovskite thin-film sample being the stand out semiconductor
in the family. This low disorder might be the reason behind the superior optical properties that

we observe in the case of 50% Ge content sample, predicted in the recent work by Ju et.al *°.

14
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Figure 4. (a) Photothermal deflection spectroscopy (PDS) spectra and the (b) fitted Urbach
energy values and (c) comparison of PL FWHM and Urbach energy for the Sn-Ge perovskites
with change in Ge content (0% to 100%). Note that there’s a 5% error in the Urbach energy

values due to the error in fitting the values.
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We measured the PL quantum yield (PLQY) for the 50% Ge sample to yield a decent
value of 2%. Furthermore, the 50% Ge sample also demonstrates PL narrowing at higher
excitation densities, from a full width at half maxima (FWHM) of ~75 nm down to less than half
~40 nm, as shown in figure 5b, a possible demonstration of amplified spontaneous emission
(ASE). The 50% Ge sample is a good candidate for various optoelectronic applications owing to
its superior optical properties; these include a high absorption coefficient reaching 4 x 10* cm™!
(Figure 2a), long charge carrier recombination, and a bandgap that covers the entire Vis-NIR
spectrum similar to that shown by CH3NH3Pblz and GaAs which is close to optimum for a single

junction solar cell.
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Figure 5. PL of 50% Ge content perovskite thin-film sample with varying excitation densities

showing PL narrowing (ASE).
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A key property for a material to be used as an efficient absorber for solar cells is the optical
band-gap as well as its transition nature. Our ab initio DFT calculations show an increase in the
band-gap when going from CH3NH3Snl; to CH3NH3Gels (Table 3 and Figure 6(a)). The
variation in band gap with Sn-Ge mixing is consistent with our experimental observations
(Figure 5(a)). It should be noted that we also considered inclusion of spin-orbital coupling in our
DFT simulations (Table S3 in SI), which significantly underestimates the experimental band gap
values, although the trend from CH3NH3Snlz to CH3NH3Gels remains unchanged. Exploring the
band structures of all these perovskites (Figure S9), indicate that they are direct-gap

semiconductors.

Table 3. Calculated electronic band-gaps and carrier effective masses for CH3NH3Sn(1-x)GexI3

perovskites (using GGA-PBEsol functionals).

Systems Band Gap (eV) Effective Mass
(mp*/me)
0% Ge (CH3NH3Snl3) 0.50 0.13
25% Ge (CH3NH3Sno.75Geo.2513) 0.56 0.12
50% Ge (CH3NH3Sno.5Geo sI3) 0.68 0.14
75% Ge (CH3NH3Sno.25Geo.7513) 1.20 0.33
100% Ge (CH3sNH3Gels) 1.38 0.37

Another important factor which affects the overall performance of these solar cell materials is the
transport of photo-generated charge carriers inside the device. We have derived the carrier
effective mass (m*), which provides an indication of the carrier mobility (i) (under a constant
relaxation-time approximation through the relation, p=et/m* where e is the elementary charge

and 7 is the relaxation time. As listed in Table 3, relatively low values are found for the carrier

17



effective mass for pure and mixed Sn-Ge perovskites (with the lowest values for 0%, 25% and
50%), which suggests good hole transport properties and are important for promising solar cell
materials. Despite the lack of experimental data for these compounds for direct comparison,

these values are consistent with related hybrid perovskites.*

Finally, to examine the nature of the valence and conduction bands of these Sn-Ge mixed
perovskites, the density of states (DOS) have been simulated. As can be seen in Figure 6(b-d)
(and Figure S10(a,b)), the valence band of the parent perovskite as well as mixed-metal
compounds has dominant contributions from S5p orbitals of the I atoms, with additional
contributions from the s-orbitals of the B-site metals (i.e. Sn and/or Ge). For the conduction
band, the p-orbitals of B-site metal atoms (4p for Ge or 5p for Sn) largely contribute.
Interestingly, as we move along the series from CH3NH3;Snl3 to CH3;NH3Gels, the major
contributing orbitals to the conduction band changes from Sn Sp-orbitals to Ge 4p-orbitals
(shown in Figure 6(b-d) and Figure S10(a,b)). This seems to be the origin of the increase in the
band-gap as the Ge content increases in the CH3NH3Sn.x)GexIs perovskite solid solution. In
addition, for Ge-rich systems, (i.e. x=0.75, 1) the trigonal distortion in the Gels octahedra, leads
to half of the Ge-I bond-lengths increasing to ~3.5 Angstrom (Table S2), which reduces the
orbital overlap between the B-metal and iodine. Since, the highly dispersive valence band in the
halide perovskites appears from the strong metal halide orbital interactions, the elongation of
Ge-I bonds leads to less dispersive valence band maxima for these solid-solutions (Figure
S9(d)). Such a non-dispersive nature of the valence band also relates to the relatively higher

effective mass for the Ge-rich perovskites as shown in Table 3.

18
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Figure 6. Electronic properties. (a) Variation in the calculated bandgaps by tuning the Ge
content in CH3NH3Snx)GexIs perovskites. Projected density of states (pDOS) of (b) 0% Ge
(CH3NH3Snl3), (c) 50% Ge (CH3NH3SnosGeosls), and (d) 100% Ge (CH3NH3Gels) including
SOC.

CONCLUSIONS

In conclusion, we have successfully synthesized and characterized a new germanium-tin based
perovskite family, CH3NH3SnuxGexIz [0 < x < 1]. The addition of germanium to CH3NH3Snl3
produces a systematic blue-shift in the band gap from 1.3 eV to 2.0 eV. We also observe

simultaneous monotonic shifts in absorption and photoluminescence for the Ge-Sn mixed-metal



perovskites. Ab initio simulations on their intrinsic stability and band gap properties agree well
with the experimental observations. The insertion of Ge into CH3NH3Snl; results in an amplified
spontaneous emission from the 50% Ge perovskite thin-film. Moreover, the 50% Ge content
perovskite also demonstrates the lowest disorder (Urbach energy of ~47 meV) amongst the entire
family, while demonstrating a bandgap (~1.5 eV) that is ideal for fabricating an efficient single
junction solar cell. We believe that the favorable optoelectronic properties of this family of
germanium and tin perovskites will result in the fabrication of novel lead-free perovskite
optoelectronics, as well as stimulating further research into alternative lead-free perovskite

semiconductors.
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