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ABSTRACT. Hybrid tin-iodide perovskites are investigated as potential lead-free replacement of

the lead-iodide perovskites; however, the intrinsic operational limit of these systems has not been
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described in detail, so far. In this work we combine advanced ab-initio calculations with XRD
and absorption measurements to lay out the fundamentals of formamidinium (FASnl;) and
methylammonium (MASnI3) tin iodide perovskites, in comparison with the lead-halide MAPbI;
prototype. Our theoretical analysis reveals that the tin-based materials display an intrinsic
photoconversion efficiency on a par with the lead perovskites, and even superior in the thick-
layer limit, where the theoretical PCE reaches 30.5% for lead-halides, and 32.3% for tin-halides
under AM1.5G illumination; this is the result of two competing factors: a smaller absorption
cross section at the onset for stannates, and their smaller band-gap of 1.36 eV, thus very close to

the ideal Shockley-Queisser limit. We found the rate of photoluminescence emission extremely

sensitive to the absorption spectral weight at the band extrema, resulting in B-factor as

different as 7.6 x 10 s! cm? for MASnl; and 0.4 x 1019 s'' ¢cm? for FASnI;. The additional

impact of Urbach energy and hole doping, giving rise to large Burstein-Moss effect, is described

in detail.

1. INTRODUCTION

The success of lead-halide perovskites for highly efficient photovoltaic solar cells'-> stems from
a series of fundamental aspects characterizing electronic, optical, and transport properties. A
pronounced defect tolerance and the absence of deep trap states are commonly seen as crucial
aspects,®2!  together with the modest incidence of bound excitons.?>?®¢ However, the intrinsic
aspects are similarly crucial in making these materials special: inorganic materials with a direct,
narrow band gap and large optical absorption at the band edge are anything but easy to find, and

such a fortuitous occurrence has a lot to do with the presence of lead at the B site of the ABXj;
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perovskite structure. In fact, the character of the band gap, and ultimately, the large optical
absorption coefficient, are largely set by the intra-atomic 6s-to-5p optical transition from the Pb**
ion. It is not surprising, then, that replacing Pb with a less toxic element capable of retaining the
performance of lead halides has so far proven to be complicated, and that, despite a large variety
of efforts in different directions, the best options to the aim remain the single B-site substitution

with the chemical analogues Sn or Ge.

Tin-halide perovskites have been the subject of great interest in the community,?’-3! since most
of their basic properties appear similar, or even superior to that of their lead-based
counterparts,3>-3¢ including an almost ideal band gap energy according to the Shockley-Queisser
(SQ) limit, and the direct formation of free charge carriers.>>-3¢ Even more fascinating is the
reported optical emission by hot carriers,> which may be used to overcome the SQ efficiency
limit.37 At odds with these high expectations, the conversion efficiency reported for tin-based
perovskites remained for several years anchored to about 6%,%7 thus well below the record value

of ~25% recently reached by the lead-based prototype.*® The low efficiency is understood to be

Published on 30 April 2021. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 4/30/2021 1:24:29 PM.

primarily a consequence of the Sn?* to Sn*" oxidation tendency, which has the effect to introduce

an amount of unintentional hole doping concentration, estimated to be at least 5x10!7 ¢m3,32-33

causing large recombination losses and deteriorating the ideal perovskite behavior. In the last
few years, several strategies to reduce or suppress oxidation have been attempted, based on
substitutional doping or the use of additives such as Snl, and SnF,, with apparently promising
results.’?>3 Nowadays, the maximum reported efficiency exceeds 10%,*->* upon suited doping
treatment and solvent engineering. On the other hand, it was put in evidence that the enhanced

recombination due to native doping can be conveniently exploited in lasing application,
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generating the achievement of amplified spontaneous emission for charge injection as low as

8x10'7 cm™3.3

While it is unquestionable that tin-halide perovskites presently grown in the lab deviate much
more than lead-halides from a purely intrinsic behavior, it is of the outmost importance to
evaluate the intrinsic level of their properties to judge whether further engineering efforts could
at least in theory offer comparable device performance. To this aim, ab-initio calculations are a
valuable tool, which provides a reliable term of comparison to the experimental analysis.
However, for reasons related to the methodological aspects (described in Section 2) the
theoretical literature on tin-halide perovskites is significantly less copious than what available for
lead halides. To fill this gap, in this work we deliver what is, to our knowledge, the first extended
theoretical investigation of tin halide perovskites encompassing structural, electronic, optical,
recombination, and photoconversion properties, all described in the framework of a single,
unified theoretical approach able to overcome the deficiencies of the standard ab-initio theory.
Our aim is providing, on the one hand, a clear understanding of the fundamental mechanisms
ruling the tin-halide perovskite behavior, and, on the other, a back-to-back comparison of
experiments and theory, useful to quantify the separation between the currently available
material and the idealized behavior which could be hopefully approached through future progress

in processing.

2. METHODS
It is well known that the standard ab-initio approach based on Density Functional Theory (DFT)
is affected by severe systematic errors concerning the determination of the electronic properties.

A few advanced approaches overcoming the DFT deficiencies are nowadays available to the
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community. Typically, however, they are highly computationally demanding, up to the point of
being hardly practicable for large-size systems. In this work we use a method, the variational
pseudo self-interaction correction approach (VPSIC),>> which over the years has demonstrated to
satisfy both accuracy and computational feasibility for large-size systems such as superlattices>®-
8 and surfaces,” and was recently applied to Ge-based hybrid perovksites®® and In/Ag double
perovskites.®! The VPSIC removes the main DFT deficiency, namely the electronic self-
interaction (SI) present in the single particle potential. The SI is a blessing from computational
viewpoint, since it causes the electronic potential to be local, and is at the root of the powerful
simplicity of the DFT approach. On the other hand, for rather ionic materials, the SI generates
large inaccuracies in the electronic energies (especially for localized charges) and a systematic
underestimation of the band gap. A remarkable exception are lead-halide perovskites, for whom
the large spin-orbit coupling (SOC) of Pb and the SI error of the band gap (both on the order of
~1 eV) largely compensate each other due to their opposite sign, thus conveying a DFT band
gap, calculated without SOC contribution, in almost perfect agreement with the measurement.

This fortuitous compensation does not apply to stannates, since SOC for Sn is too small (~0.1

Published on 30 April 2021. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 4/30/2021 1:24:29 PM.

eV); it follows that calculations carried out by standard local functionals®?%3 predict band gaps
underestimated by 50% or more, while a reliable description of the electronic properties requires
to operate beyond the DFT level. Up today only a handful of beyond-DFT calculations have been
proposed, carried out using the GW approach® or hybrid energy functionals.®4% Those are both
accurate methods but require massive computational workload which discourages their
application on a large scale. The VPSIC approach used in this work was shown to be of accuracy
similar to the very popular hybrid HSE hybrid functional,®”® albeit substantially less

computationally demanding. An interesting alternative is represented by the DFT-1/2 method,%
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which was recently used for stannates,’’7> and can be considered a simplified version of the
VPSIC (a comparison of these two approaches can be found in Ref.73).

The VPSIC method is implemented in the freeware PWSIC code, written and owned by the
authors;’* the code exploits plane-wave basis set and ultrasoft pseudopotentials’ to describe the
electron-ion interaction. For all the calculations, a cut-off energy of 40 Ry was used. Atomic
positions are fully relaxed within a force threshold of 10 Ha/Bohr. Self-consistent electronic
structure and density of states are calculated on dense 20x20x20 k-point grid, further interpolated
by linear tetrahedron method; the optical functions are calculated in random-phase
approximation on ultra-dense k-point mesh of more than 5000 ab-initio k-points. This high
precision of k-space integration is required for the accurate determination of chemical potentials
as function of charge concentration. Radiative recombination is calculated according to the Van
Roosbroeck-Shockley (VRS) formulation,’® while photocurrent vs voltage calculations follow
the SQ approach;’’ formulation and technicalities of these methods are described in detail in
Refs.[78,79].

Thin films of FASnI3 were fabricated as reported in Ref. [48] and deposited on quartz substrates.
The temperature dependent absorbance was measured by mounting the sample in a cryostat
(Oxford Optistat CF) and by illuminating the films with a tungsten light bulb. Transmitted light

was detected with an InGaAs detector from Andor (iDus1.7um).

3. RESULTS
Structures. Since our goal is a detailed comparative analysis of tin- and lead-halide orbital
chemistry and electronic structure, it is appropriate to focus on structural phases not too different

from each other; to this aim, all the perovskites considered hereafter are in their low-temperature
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tetragonal structure; specifically, we consider formamidinium tin iodide FASnl; (hereafter FASI)
in the P4bm tetragonal structure, which is found stable below 150 K;7?> and methylammonium tin
iodide MASnI; (MASI) in the I4cm tetragonal structure reported below 200 K;8 these low-T
structures have the further bonus, from a theoretical simulation viewpoint, of a fully ordered
molecular sublattice, whereas the rotationally disordered cubic phases have the severe (and
sometimes unnoticed) difficulty to be hardly accessible by static calculations. These stannates
are compared with methylammonium lead iodide MAPbI; (MAPI) in tetragonal [4/mcm
symmetry, assuming lattice parameters corresponding to T~180 K3 that is just above the
orthorhombic-tetragonal structures, so that it is reasonable to assume static molecular order, with

a high structural similarity to the stannates. Table 1 lists the lattice parameters for the perovskites

considered in this work; all the examined materials have V2 x4/2%x2 symmetry, with 48 atoms
in the unit cells. The relaxed structures for the stannates are reported in Fig.S1. Upon relaxation,
we find the octahedra tilted according to pattern a’a’c, in Glazer notation; average tilting angles
are 164°, 160°, and 152° for FASI, MASI, and MAPI, respectively, and average Sn-I or Pb-I

atomic distances of 3.124 A, 3.133 A, and 3.185 A, respectively. These structural differences are

Published on 30 April 2021. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 4/30/2021 1:24:29 PM.

instrumental to determine different Sn-I and Pb-I bonding strength, and in turn, visibly different
electronic and optical properties, as illustrated in the next section.

Table 1: XRD-measured lattice parameters (&, ¢); calculated band gap (£g), valence effective masses (my), light
(mc;) and heavy (mgs) conduction bands, electronic dielectric constant (&.), refractive index (n,), intrinsic carrier
density (n), B-factor (B,.4). All results are from the present work, except (a): Ref.[72]; (b): Ref.[80]; (c): Ref.[81].

Material alA)| cA) | Eg(eV)| Mv | Mcr | Mch &, n, | n(cm?) By (s

FASI P4bm 8.838([12.407@| 1.362 [0.17| 0.08 | 1.17 | 3.58 | 1.95| 1.5x107 | 0.45x 10

a) 10
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MASI /4cm 8.758(|12.429®) 1.364 |0.19| 0.08 | 1.12 | 3.92 | 198 1.4 x10% | 7.2 x10°
b)

MAPI /4/mcm |8.83©) 12.76© | 1.614 |0.21| 0.11 | 1.59 | 5.03 |2.24 | 3.6 x10* | 1.57x10"°

Electronic and optical properties. In Fig.1 the calculated band energies and density of states

(DOS) for FASI, MASI, and MAPI are shown, all within their respective tetragonal

structures, and all without SOC, for consistency. The two stannates display almost

identical direct band gap at the 7" point, differing by just 2 meV (Table 1); our calculated

Es = 1.36 eV is in good agreement with values extracted from absorption (~1.3-1.4 eV) and

photoluminescence (1.2-1.3 €V).3237 Our value is also consistent with the E; ~1.25 eV obtained

for P4bm FASI by DFT-1/2 but including SOC?2, while the heavy demanding GW approach for
MASI obtains 1.55 €V and 1.10 eV without and with SOC, respectively.®* On the other hand,
standard DFT gives a largely underestimated Eg = 0.55 eV (see Fig.S2), while for MAPI our
DFT calculation gives Eg = 1.61 eV, which agrees quite well with the experiment for the reasons

discussed in Section 2.

For what concerns the orbital chemistry, the conduction band bottom (CBB) for stannates

consists almost exclusively of Sn 5p states, in analogy with the CBB of MAPI, which is made of
Pb 6p orbitals. We can notice, however, that FASI displays an additional strong feature not
present in the MA-based perovskites, i.e. a flat band running 0.7 eV above the CBB across the

Brillouin Zone (BZ), corresponding to a highly localized FA molecular state; according to the
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analysis reported in Fig.S3, the contribution of this flat state to inter-band absorption is weak,
due to the small overlap with the Sn 5s valence band orbitals. Thus, for carriers excited to this
state we may expect long recombination lifetimes and slow thermalization, functional to the slow

carrier cooling reported for FASI.3537

Another aspect peculiar to the FA sublattice is the orbital ordering induced at the CBB:

focusing on the 7-L and 7-Z directions, corresponding to the orientation of the cubic

axes, we see that in FASI the Sn 5p orbitals split in an energy lower ( p,, p, ) doublet and

a higher p, singlet, with spitting energy of 117 meV; in MASI and MAPI the ordering is

reversed: the p, singlet is more stable than the ( p,, p, ) doublet by 172 meV and 180

meV, respectively; this orbital inversion has an impact on the electron mobility, and it is

remarkable that this is caused by the difference in FA and MA coupling with the

inorganic sublattice.

For what concerns the valence bands, from the DOS analysis we see that in stannates they

are dominated by Sn s states, which spread about 2 eV below the valence band top (VBT),

while the I 5p states appear ~0.6 ¢V below the VBT. The difference between stannates and

MAPI is apparent in the DOS: the sp valence bandwidth spreads by ~ 4 eV in stannates

and only by 3.2 eV in the lead halide. This signals a stronger Sn 5s - | 5p hybridization
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with respect to the corresponding Pb 6s - | 5p; notice also the much higher Pb 6s- | 5p

DOS peak at the VBT, which indicates smaller orbital overlap in space. In fact,

hybridization primarily depends on orbital overlaps and, in turn, atomic distances and

tilting angles. In the present case, the atomic radii of Sn 5s and Pb 6s orbitals are

similar (2.21 A and 2.18 A, respectively); nevertheless, stannates have smaller average

Sn-I bond distances, and smaller octahedral tilting, as described in the previous section,

thus stronger sp overlaps. To prove this argument, we also calculated the Crystal

Orbital Overlap Population (COOP) and the Crystal Orbital Hamiltonian population

(COHP) population associated to the Sn 5s- | 5p, and Pb 6s - | 5p bonds (Fig.S4). We

found than in all the examined perovskites, these bonds have a strong bonding

character, but for stannates, COOP and COHP have a wider extension in energy and,

more importantly, a larger integrated value; indeed we obtain an integrated COHP equal

to -0.38, -0.30, and -0.27 eV/bond for FASI, MASI, and MAPI, respectively.

10
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Figure 1: Calculated band energies and DOS for FASI (a), MASI (b), and MAPI (¢). The DOS is separated in atom-specific
panels, indicated by labels. Notice that there are 2 types of iodine: those in-plane with Sn or Pb cations (I,)), and those on-top of
them (I,op). Different colors correspond to different orbital contributions: black for s states, red for p., p, states, green for p.
states; for I p,and p, are ligand orbitals, so maximally hybridized with Sn 5s or Pb 6s states, while p. is orthogonal; vice-versa,
for Lo p-is the ligand orbital, and p,, p, the orthogonal orbitals.

The calculated effective masses are reported in Table 1; for stannates, in particular,

the lightest masses are found of the order of 0.1-0.2 electronic masses, consistent with

11
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previous results;®*72 however, at the CBB we obtain a remarkable anisotropy, which

results in an electron mobility higher in the (&, 6) plane for FASI, and higher along the ¢

axis for MASI and MAPI. Assuming for all the materials the relaxation time 7 ~ 9 fs

calculated for MAPI at room-T,®2 the Drude estimate gives a hole mobility u, ~ 75-95

cm?/Vs for the 3 perovskites, and 3-D averaged electron mobilities . = 138 cm?/Vs, 76

cm?/Vs, and 55 cm?/Vs, for FASI, MASI, and MAPI, respectively; those are remarkable

mobilities, in line with inorganic semiconductors. Despite the simplicity of the estimate,

these values are consistent with the measurements reported in literature for hybrid

perovskites;83-89 in particular, in Ref.[36] optical pump spectroscopy is used to obtain,

for 10%-SnF, doped FASI, a mobility ~100 cm?/Vs which is within our electron-hole

mobility range. According to the theoretical analysis carried out in Ref.82, at room

temperature and low doping, the electron mobility for lead-halide perovskites is primarily

limited by electron-polar optical phonon scattering, coherently with the arguments of

Ref.36.

12
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Fig. 2: Calculated absorption spectra for the examined perovskites. a): absorption coefficient vs energy; b) absorption on a
logarithmic scale with the respective band-gap values rescaled to zero, in order to put in evidence the different absorption at the
onset ; inset: enlargement in a small interval around the onset; the black dashed line is for a fake material with MAPI atomic
structure but with Pb replaced by Sn, the red dashed line for a fake material with FASI atomic structure and Sn replaced by Pb
(see text). ¢) measured absorbance for FASI from low to high temperature; absorbance is filtered out above 1.7 eV.

In Figure 2 we display our calculated and measured absorption spectra vs energy for

stannates and MAPI; for clarity, all the curves refer to the 3D average; also, all the

curves adopt the same technicalities: below the band gap, absorption is modeled by an

exponential Urbach tail with Urbach energy U = 15 meV, which is usually observed for

Published on 30 April 2021. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 4/30/2021 1:24:29 PM.

lead-halides;8° furthermore, excitonic contribution is excluded in all the cases. We see

some differences in the absorption cross section of the three perovskites, which are

especially important at the onset. To better appreciate this aspect, in Fig.2b) zero

energy is rescaled to their respective band gap values; we obtain that MAPI has the

strongest absorption at the onset, followed by FASI and then MASI. Stronger absorption

13


https://doi.org/10.1039/D1TA01573G

Published on 30 April 2021. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 4/30/2021 1:24:29 PM.

Journal of Materials Chemistry A

Page 14 of 47

View Article Online
DOI: 10.1039/D1TA01573G

can be traced back to the peaked DOS near the band extrema, observed for MAPI in

Fig.2b; ultimately, we can give evidence that the differences in absorption primarily

derive from structural features, and to a lesser extent from the orbital chemistry of Sn

and Pb; to test this scenario, we recalculated the absorption in MAPI by keeping the

atomic structure frozen, and fully replacing Pb with Sn (black dashed curve, inset of

Fig.2b): we see that the purely chemical substitution only marginally changes the MAPI

absorption; similarly for FASI, we kept the atomic structure frozen, and substituted Sn

with Pb (red dashed curve, inset of Fig.2b): again, the absorption is marginally changed;

the conclusion is that structural differences, and specifically, octahedral rotations, play

the major role in the larger absorption of plumbates at the onset. Remarkably, the same

holds for the band gap: the frozen-atom Pb to Sn substitution changes the MAPI band

gap from 1.61 eV to 1.77 eV, while the Sn to Pb substitution at frozen FASI structure

changes the FASI band gap from 1.36 eV to 1.27 eV. We can conclude that the larger

band gap of lead perovskites ultimately derives from larger octahedral tilting, in turn

causing smaller Pb 5s - | 5p hybridization, and correspondingly smaller valence

bandwidth than in stannates. In Tab.1 we also report our calculated electronic dielectric

14
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constants (&.) and refraction indices (n;); for the two stannates these values are rather

similar, while MAPI displays larger electronic screening and slower light transmission

than the Sn-based perovskites.

In Fig.2c we report the measured absorbance for FASI in a temperature range from

low to room 7. We clearly see the absence of any excitonic contribution, even at low

temperature, in agreement with previous reports; the optical band gap obtained by Tauc

plot is 1.34 eV at room-T, and ~0.1 eV lower at low-T; these values are in satisfying

agreement with our theoretical band gap of 1.36 eV, which is formally calculated at T=0.

We also notice that a substantial spectral weight is present below the band gap, which

adds up to the intrinsic inter-band transitions. This extrinsic below-gap absorption is not

Published on 30 April 2021. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 4/30/2021 1:24:29 PM.

surprising, as it likely derives by intra-gap defects typically observed for stannates.32-3°

In Ref.[64] it is discussed that this smeared out onset transfers into a

photoluminescence linewidth much larger than for Pb-based compounds, and depends

on the material quality. A direct comparison of calculated and measured absorption is

complicated by several aspects which are difficult to be accurately matched, such as

temperature, sample thickness, and, most of all, the extrinsic factors which generate

15
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below band-gap absorption; an easier connection between experiment and theory can

be established at level of radiative recombination rate, as structural disorder and native

doping can be included, albeit with some approximations, in the simulations.

Photoluminescence spectra. Photoluminescence (PL) is a key aspect to evaluate

whether materials are viable for optoelectronic applications. From a theoretical

viewpoint, the photoluminescence spectra PL(s), where ¢ is the photon energy, can be

calculated in quasi-equilibrium conditions at varying carrier population by exploiting the

VRS approach.”® As the injected electron-hole population can be traced back to the

laser pulse fluence, the calculated APL can be directly connected to the

photoluminescence measured in pump and probe experiments, thus furnishing a

significant term of comparison to the experimental analysis. In Figs 3a,3b we display the

calculated spectra for FASI at room T, renormalized to the peak values; different lines

refer to different n = p injected populations, considered in the interval from 7= 10'% cm?3

up to 5 x 10" cm. In Figs. 3c, 3d the same curves are reported for a lower 7= 24 K; we

remark that temperature is accounted for only in terms of Fermi-Dirac occupancies and

16
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quasi Fermi-levels, whereas the electronic structure refers to the P4bm tetragonal

phase.
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Figure 3: @) Calculated PL spectra vs photon energy for FASI at room T, renormalized to the PL maximum value; curves of
different colors refer to the carrier densities n reported in the legend; the dotted line indicates the band gap. b) PL peak energy vs
n atroom 7. ¢) and d): same as a) and b) but for 7= 24 K, respectively.

At room-7, Fig.3a, the PL curves remain substantially unchanged with nup to n~ 10"

cm3, while above this value a remarkable blue shift is apparent, together with a clear PL

width enlargement; in Fig.3b the peak energy is plotted as a function of 7 ; the peak is

constant up to 7~ 107 cm™ , then it rises by 0.07 eV at =5 x 10" cm? ; at low-7 the

17
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peak vs charge density curve is qualitatively different: the peak energy changes linearly

with nup to 7~10'7 cm?, then it rises steeply, increasing by 0.15 eV across the whole n

range; this is understandable, since at low temperature the e-A chemical potential is

already quite high and close to the band gap at 7 ~10'* ¢cm?3, thus band filling effect

shows up much in advance than at room 7. The blue shift described by our calculations

is in good qualitative and partially quantitative agreement with the experimental findings

of Ref.35; however, in the experiment it is evidenced that this blue shift also comes from

hot, unthermalized carrier recombination, while the theoretical description assumes

thermalization, so it only captures band-filling effects.

Integrated photoluminescence. In Fig.4 we display the energy-integrated

photoluminescence, i.e. the radiative recombination rate, for the perovskites at varying

injected charge n, calculated for 7 = 300 K. To understand the photoluminescence

behavior, it is essential to visualize (Fig.4a) how the e-/ chemical potential xe, changes

with /7. at low n, ug, rises logarithmically with 5, the intercept with the band gap value

(indicated by dashed horizontal lines) defining the inversion population 7, for each

18
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perovskite (dotted vertical lines of corresponding color). We obtain 7,,, = 3.1x10!8 ¢m3

for FASI, 3.5x10'7 cm3 for MASI, and 1.5x10'® cm for MAPI. It is remarkable that the two

stannates, while having almost identical band gap, differ in n,,, by about an order of

magnitude; in fact, for a given n, u, is ~100 meV higher in MASI than in FASI; this is

due to the lower absorption cross section at the onset for the former, causing the shift of

quasi Fermi levels towards the corresponding band extrema. Another consequence of

the lower absorption is the one-order-of-magnitude lower intrinsic carrier concentration

n; at room-T for MASI, reported in Tab.1. On the other hand, MAPI has its chemical

potential ., ~300 meV higher than FASI due to the larger band gap, and

correspondingly, n;which is 3 orders of magnitude smaller than FASI.

Published on 30 April 2021. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 4/30/2021 1:24:29 PM.

The difference in chemical potentials crucially reverses on the radiative recombination

rate R (number of emitted photons per unite time and volume); let us first analyze the

solid lines of Fig.4b, derived assuming a moderate Urbach energy of 15 meV for all the

perovskites. Notice that /R depends linearly on the absorption cross section a(s ), and

exponentially on -(¢ - ugp) ks T (see e.g. Ref. 79). At the onset, the dominant factor is the

exponential decay governed by A£ = (£, - ue); for example, at 7= 10! cm3 we have 4£
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=0.32 eV, 0.39 eV, and 0.43 eV, for MASI, MAPI, and FASI, respectively; these values

translate into R =7 x 10?! s'! cm3 for MASI, 1.3 x 102! s'! cm™ for MAPI, 4 x 109 s'! cm?3

for FASI.
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Figure 4: (a): electron-hole chemical potential as a function of injected carrier concentration, for the 3 perovskites indicated in
the legend; horizontal dashed and vertical dotted lines indicate band gap and population inversion threshold for the perovskite of
corresponding color. (b) Radiative recombination rate for the 3 perovskites; the solid curves are calculated assuming an Urbach
energy U = 15 meV,; only for FASI, the recombination rate is also calculated for U = 32 meV (red dashed line). (c) n/R
corresponds in the linear regime to the radiative recombination time #,q; solid and red dashed lines are the FASI values for U =
15 meV and 32 meV, respectively. (d) R/n? corresponds in constant regime to the radiative bimolecular recombination factor;
solid and red dashed lines for FASI are the same as in b) and c).
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Rather than to R, it is customary in literature to refer to the linear and quadratic

coefficients, related to the radiative recombination lifetime 7., and the bimolecular

recombination factor B, respectively. In the case of purely quadratic R behavior, we can

calculate these coefficients as 7., = n/R (Fig.4c) and B = R/r? (Fig.4d). The low-n

interval where n/R and R/r? are linear and constant with n, respectively, defines the limit

of the purely quadratic regime. From our results, we see that this limit is remarkably

material dependent: for FASI and MAPI, quadraticity is conserved up to 7 ~10'7 cm3;

beyond this threshold, R/? decrease and /R saturates to a constant value. For MASI,

on the other hand, deviation from the quadratic behavior is already visible at 7~10'6 cm-

3, This deviation, commonly denoted as band filling effect, signals an increasing

Published on 30 April 2021. Downloaded by UNIV DEGLI STUDI DI CAGLIARI on 4/30/2021 1:24:29 PM.

asymmetry of spectral weight at VBT and CBB, which derives from the detail of the

band energies. For hybrid perovskites the different orbital character and ordering which

characterize CBB and VBT results in substantial deviation from the quadratic behavior

even at low charge density. This aspect is sometime overlooked in analysis based on

the photoluminescence measured across a large charge injection range, in which the

emission intensity is exclusively associated to the quadratic behavior. In Fig.S5 a
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detailed analysis is shown where R (n) for FASI is separately analyzed in different

density ranges.

From our results we obtain 8= 7.6 x 10 s'! cm® (MASI), 1.45 x 10 s'! cm® (MAPI), 0.4

x 10719 s ¢m? (FASI). For MASI and MAPI these values are well within the ballpark of

the reported measurements.??-26.85 For FASI, on the other hand, our calculated value is

at the lower bound estimate of the reported experimental range (e.g. 3.4 x 10° s'! cm?

according to Ref.35, 4 x 10? s! cm?® for Ref.32, 0.7 x 10-'° s'! ecm? for Ref.36), but in

perfect agreement with a previous LDA-1/2 calculation;’? this suggests that the

theoretical estimate is solid, and the discrepancy with the experiment should be sought

for in the high sensitivity of radiative recombination to extrinsic factors, such as native

doping and structural disorder. An indication consistent with this scenario is the large

Urbach U = 32 meV estimated in Ref.35 for FASI, which is about the double of what is

typically reported for MAPI.8° It turns out that, by recalculating R with U = 32 meV for

FASI (red dashed line), we obtain B ~ 3 x 101 5! ¢m? , that is about an order of

magnitude bigger, and much closer to the experimental estimates. Moreover, Fig.4d

shows that such a big U largely distorts the ideal quadratic behavior at low 7; the

22
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influence of the Urbach tail progressively fades at growing n, but it remains visible up to ~10'®

cm3. Without pretense of being predictive, the simple Urbach modeling has the merit to

put in evidence how radiative recombination is crucially dependent on the detail of the

electronic energies in the vicinity of the band-gap, and that order of magnitude

differences in the recombination rate can easily spur from in-gap DOS tail produced by

structural and chemical disorder, motivating the typically large spread of values reported

in literature for the same material.

Hole doping and Burstein-Moss effect. At the experimental level, a marked difference is

reported for the radiative recombination rate of FASI and MAPI: the former is found to

behave linearly in neven at low concentration,33-36 while in MAPI it is found quadratic up

to about 1013 cm3.22 As the excitonic contribution is ruled out, the linear behavior of FASI

is explained as due to the radiative recombination between electrons and defect-

induced holes, in the hypothesis that the acceptor concentration is much larger than

photoinjected carrier populations. According to our results, this defect concentration

should be not less than ~10!7 cm? for FASI, and not less than 10'® cm for MASI, since for

lower n the intrinsic radiative recombination is quadratic. Consistently, several experiments

23
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estimate in no less than 5x10'7 ¢cm™ the amount of native holes present in the stannates.33-3

Since the recombination probability depends on the product of electron and hole charge densities
in the sample, the presence of native holes greatly enhances the recombination obtained for a
given charge injection, thus causing in FASI the occurrence of an amplified spontaneous

emission at low injection threshold,* which can be conveniently exploited in lasing application.
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Figure S: Calculated radiative recombination properties as a function of injected carrier concentration #» = p and hole doping
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(e) radiative lifetime vs n for different p, (f) radiative lifetime vs p, for different n.
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The effect of hole doping in the recombination process is usually modelled by a linear (i.e.

monomolecular) term, as R = Bn( p + py ), where p, is the hole doping concentration, and n = p

the injected charge. In our VRS approach,’® p, is included at a more fundamental level in the
band occupancy, and in turn, in the chemical potential. In Fig.5 we remap the radiative
recombination properties for FASI with the inclusion of a variable amount of hole doping

concentration, from p, = 10'* cm= to py = 5x10'? cm™.

Starting the analysis from the chemical potential (Figs. 5a, 5b), we see that the inclusion of py

increases f4,;, , which now follows the logarithmic behavior (1., - E; )/ Kg T~ In (np + npy), see

the inset of Fig.5a on a linear scale. The most interesting aspect occurs when p,

approaches n;,, : we see that for p, ~ 10'® cm™ (red solid line) and beyond, the doping
concentration is large enough to shift the chemical potential well above the band gap, thus

resulting in a band gap enhancement due to doping. This effect, called Burstein-Moss, implies an

increase of the optical threshold under charge injection by a quantity AEgy, = ., - E, , and it is

known to occur in stannates, furnishing a direct proof to the presence of a large hole doping
concentration.3>37 According to our results, AEgy = 10 meV for py = 10'8 cm™ and 78 meV for
po = 10! em3. Another way to describe this effect is considering the intercept of g, with E,
occurring at lower charge injection, i.e. n;,, is progressively reduced by the increase of p,. For

example, our results indicate that for p, = 10!° cm3, population inversion should occur for an

injected charge density as low as n = 3x10!7 cm™.
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In Figs.7c, 7d the recombination rate is plotted for the same hole doping values; as p, increases,
we see the progressive change of R(n) from quadratic to linear regime, which sets in for p, > n.
Interestingly, when n approaches #;,,, R reaches a saturation value which is independent on p; ;

this can be better appreciated in Fig.5d where R is plotted as a function of p,, for fixed » values:

at large py, R becomes doping-independent, irrespectively of n. The ratio of this behavior is that

electron-hole recombination rate cannot increase indefinitely if the two carrier types do not both

increase; in other words, beyond a certain p, the electrons all recombine so quickly that R cannot

increase further. This saturation regime is not described by the simple Bnp, linear term; in fact,

we obtain that a satisfying description of R is given by the following expression:

B n2+np _

R: ( 0) — Bnnl}’l\/ (1)
1+i+& 1+h

n. n. I’l+p0

my my

which is only based on two parameters, B and 7;,,; in Figs. 5c and 5d we see that the results of
this model (open squared symbols) quite satisfyingly interpolate the VRS values (solid lines of
corresponding color) across the whole examined range as a function of both » and p, . From Eq.

1 we obtain that for either n or p, sufficiently larger than n,,, the radiative rate reaches the

saturation value R ~ B n nj,.

For what concern the radiative lifetime (Figs.Se, 5f), the inclusion of doping changes the

behavior from linear to constant with n; according to Eq.1, it can be modeled as:

L S O )
R Bn, n+ p,

1203%

Trad
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For p, larger than » but still much smaller than n;,,, we obtain 7,45 ~ 1/ Bpy ; SO 7,4 1S constant

with n and inversely proportional to p, ; for py = 5x10!7 cm3, which is the value estimated in

stannates, we obtain z,,; = 50 ns for U = 15 meV, and 6.7 ns for U = 32 meV. In the

saturation regime, for p, much larger than n;,, the relaxation time reaches the doping-
independent, lower limit value z,,, = 1/Bn;,, , equal to 8.3 ns for U =15 meV, and 1.1 ns for U =
32 meV; this corresponds to the smaller recombination lifetime that can be reached in a given
material in absence of non-radiative events, i.e. the minimal time required for an electron-hole
couple to recombine radiatively, irrespective of how many electron-hole couples are present in
the system. Our calculated lifetime for FASI is in the range of the values reported in literature
(~1-10 ns), extracted from PL measurements.3>-36:48:34 However, we should take in mind that this
is only the radiative contribution, estimated to be about 10% of the total monomolecular value
for stannates;3>-37 so, the vast majority of recombination events, which are largely responsible of
the unsatisfying efficiency of stannates, has a non-radiative origin, and is likely associated to

hole-trapping.

Localized holes. Including non-radiative hole trapping effects in the ab-initio description is an

overwhelming achievement which outpours the limits of present computational capabilities; in
order to furnish some hints at qualitative level on the radical disruption that localized holes can
produce into the electronic properties of the stannates, we took advantage of the capabilities of
the VPSIC approach to describe the presence of a substitutional Sn** ion in tetragonal FASI; the
corresponding band structure is reported in Fig.6. We can see (in red) a double-degenerate hole
band derived by the empty 5s states of the Sn*" ion running through the whole BZ, visibly

separated by the filled band manifold of the 5s Sn?* ions, and spanning an energy interval of
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about 1 eV above the VBT. This electronic configuration was achieved by subtracting 2
electrons from the simulation cell and applying a penalty function on one of the Sn 5s states in
order to induce its charge depletion (in plane waves basis implementation charge neutrality is
restored by an homogeneous compensating background). The hole band runs ~0.5 eV above the
VBT, and ~0.8 eV below the CBB, on average over the BZ; specifically, at /" the hole band is
0.36 eV below the CBB and 0.88 eV above the VBT. We remark that, while the hole band
dispersion would be progressively reduced in the localized-charge limit (that is describing the
hole in larger and larger simulation cells), its average energy position (indicated by the dashed
red line) is likely correct even for realistic hole doping concentrations, thus we can consider this
as a reliable energy prediction for the holes induced by Sn?* to Sn*" substitutions. Clearly. a
large amount of such a near mid-gap energies could easily disrupt the intrinsic behavior of the

stannates.

band energies (e

Figure 6: Band structure for tetragonal MAPI, with one Sn?* to Sn*" substitution; the red band is the empty, double-degenerate
hole band derived from the Sn** 5s orbital. Red dashed line indicates the hole band center, which gives an estimate of the
trapping-hole energy in the spatial localized limit.
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Photoconversion properties. In this section we extend the comparison of stannates and

plumbates to photocurrent vs potential properties, calculated according to SQ.”” In Fig.7

we show the calculated short-circuit current density J,, output current density J, and

output power density 2, vs voltage for FASI and MAPI; since in all calculations we use

the AM1.5G solar spectrum whose input power density is 100 mW/cm?, AP,, also

coincides with the calculated power conversion efficiency (PCE) in percent. Two sets of

data are shown for each perovskite, one for an absorber thickness of L = 100 nm, and

the other for a very thick sample to represent a condition of full absorption, i.e. the ideal

SQ limit. To compare the perovskites at the purely intrinsic level, the Urbach effect is

not included here, but separately evaluated at the end.

According to the band gap difference, we expect FASI to display visibly larger J;. and

smaller open-circuit voltage (V,.) than MAPI; however, for L = 100 nm the higher MAPI

absorption at the onset partially compensates the larger band gap, so that J;. for MAPI

is only slight smaller than for FASI, resulting in a slightly larger PCE (16.5% for MAPI

against 15.5% for FASI); in the SQ limit the situation is reversed: the difference in

absorption fades out, and J;. becomes sensitively larger for FASI.
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Figure 7: Calculated current and power density vs potential curves for tetragonal FASI and MAPI, for two different thicknesses,
as indicated by the label in figure. Each panel shows the short-circuit current density Jj., total current density J, and output power
density P,,, ; open-circuit potential V,., maximum output power density P,,,,, maximum potential V,,,,, and fill factor FF are also
indicated in the figure for each calculation. All calculations assume AM1.5G Sun spectrum, with input power density 100
mW/cm?, so P,,, corresponds to the power conversion efficiency value (%).

To better evaluate the effect of thickness, in Fig.8 we plot J;., /,c and PCE at varying

L for the 3 perovskites. The curves for the two stannates substantially overlap, due to

the similar band gap; for what concerns MAPI, J;. matches the values of tin halides up

to L ~ 100 nm due to the compensation between band-gap and absorption rate; above
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this thickness, the difference in absorption is less and less significant, so Js;. becomes

increasingly larger for tin halides; in the limit of full absorption we find J;. = 34.2 mA/cm?

and 28.5 mA/cm? for stannates and MAPI, respectively; on the other hand, V.

decreases by about 6% across the whole L range, as a consequence of the increasing

recombination current which depends linearly on the absorption probability; we also see

that the voltage difference between tin and lead halides (AV,. ~ 0.13 eV) is little

sensitive to L. Remarkably, AV, is much smaller than their band gap difference (AE, =

0.25 eV); in the large-L limit, the potential loss £,- V. is 0.42 eV for MAPI, and only 0.30

eV for FASI and MASI, as a consequence of the smaller band gap which is so close to

the optimal SQ value. The combination of current and potential behavior makes the

output power (Fig.8c) about 10% higher for MAPI up to L ~ 300 nm due to the larger I/,

then higher for stannates at larger thickness, as the larger current of stannates

overcompensates the difference in V.. At the crossing point L = 300 nm, they all display

an ideal PCE ~ 23.7%, while the large-L efficiency limit gives 30.5% for MAPI and

32.3% for stannates (under AM1.5G illumination). It is important noticing that, according
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to our analysis, the more favorable band gap energy of the stannates determines an

actual advantage over lead halides only for thick absorber layers.
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Figure 8: (a) Calculated short-circuit currents for the 3 examined perovskites as a function of the absorber thickness. (b) open-
circuit potentials. (c) power conversion efficiency (PCE) and average visible transparency (AVT).

The smaller absorption at the onset suggests that tin halides could be more suited

than MAPI for smart window applications, achieving a good compromise between

photoconversion and transmission in the visible rage; to the aim, we report in Fig.8c a

back-to-back calculations of PCE and average visible transparency (AVT) vs L for the

examined perovskites (AVT is the energy-averaged transmittance e ** over the visible

range); we see that for small thickness the AVT for stannates is visibly larger; for
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example at L = 40 nm, the PCE ~ 11% and the AVT ~ 50%; these are record-high

numbers, which classifies stannates at the top of the presently known semi-transparent

absorbers.%-9% Above 200 nm the difference in absorption fades and the AVT for

stannates and plumbates becomes the same.
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Figure 9: Calculated photoconversion properties for MAPI and FASI, at varying Urbach energy, for L = 10 um. (a) Short-circuit
currents. (b) Open-circuit potentials. (c) Power conversion efficiencies.

Finally, in Fig.9 we report calculations for currents, potentials, and PCE at varying

Urbach energy for MAPI and FASI (an accurate analysis of Urbach effects in the SQ

model can be found in Ref. 96). In general, the Urbach tail produces two contrasting

effects on Js. and V. : the former increases slightly and almost linearly, as owed to the
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enlarged absorption energy region, while the latter decreases due to the growth of

recombination rate, previously analyzed in Fig.4. These two effects nearly compensate

up to U ~15-20 meV, so the PCE barely changes. Above this threshold, Js;. keeps

increasing mildly, while V,. severely shrunk, resulting in a rapid decrease of PCE. For

the U ~32 meV reported for MASI we obtain a PCE of 27% at L = 10 um (thus, about

15% lower than the ideal 32.3%), 13.6% at L = 100 nm (against the ideal 15.6%), and

22.5% at L = 400 nm (against the ideal 25.3%). According to these results, this large U

does not preclude the possibility of stannates to reach quite satisfying PCE, on par with

those reached in plumbates. Of course, the presence of non-radiative trapping defects

which is the primary cause of inefficiency in stannates is not captured by the Urbach

model, and must be treated by more fundamental approaches.

4. CONCLUSIONS

We used advance ab-initio calculations and absorption measurements to achieve a

detailed investigation of electronic, optical, and photoconversion properties of Sn-based

perovskites, in comparative analysis with the MAPI prototype, with the aim of tracing the
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intrinsic limit of these materials and their potential use as lead-free absorbers for solar

cell and optoelectronic applications. Our results describe several fundamental

characteristics, such as the band gap, the orbital chemistry, and the bandwidth of the

electronic states primarily involved in the optical transition, unveiling how these aspects are

reflected in the recombination and photoluminescence process, and in turn in the photocurrent

and power conversion efficiency. The comparison of theory and experiment is complicated

by the large defect concentration typically present in stannates; however, properties not

directly influenced by defects, such as the fundamental band gap and the blue shift of

photoluminescence peak at increasing charge injection, are in good quantitative

agreement.

According to our analysis, tin-halides have a lower absorption rate at the onset than lead

halides, as a result of larger orbital hybridization of the valence manifold; however, this aspect
does not significantly affect the photoconversion capability of stannates: for what concern short-

circuit photocurrent, the lower absorption is overcompensated by the smaller band gap; as for the

open-circuit potential, the lower band-gap of tin-halides generates a potential loss remarkably

smaller than for lead halide, thus reducing the open-circuit voltage difference. Overall, we

estimate a power conversion efficiency peaking at 32.3% and 30.5% for stannates and
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MAPI under AM1,5G illumination, respectively; we also predict a remarkably large

visible transparency in the small thickness limit for stannates, which makes them

potentially interesting for semitransparent solar cells.
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