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Abstract
We investigate trivalent doping of tin-halide perovskites as a means to decrease p-doping and
controlling defect activity. Through density functional theory calculations and experimental
characterization, we demonstrate that doping with scandium, lanthanum and cerium successfully
accomplishes Fermi level upshift, reducing background carrier concentration and defect densities,
thereby improving material performance. Solar cells fabrication and testing highlights the efficacy
of doping, with scandium delivering increase photocurrent and open circuit voltage compared to
control devices, despite being non optimized. This research underscores the potential of cation
doping in enhancing the functionality of p-doped tin perovskites for advanced optoelectronic

applications.
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The remarkable optoelectronic features of metal-halide perovskites'* led to photovoltaic efficiency
matching that of silicon solar cells.” Fervent research is still carried out to stabilize lead-based
compounds for single junction and tandem applications;** and, on a longer time scale, to replace
lead with tin.”'° The easy oxidation of Sn(Il) to Sn(IV) combined with the high p-doping severely
restricts the efficiency of tin halide perovskites (THPs), which may otherwise exhibit optoelectronic
properties similar or even superior to those of their lead counterpart.”!' Tin vacancies (Vy,) and
iodine interstitials (I;), two stable THPs acceptor defects, are the source of native p-doping in THPs
2 which induce background charge density exceeding 10 ¢cm™. The inclusion of Sn(IV) species
into the developing perovskite, likely caused by precursor oxidation, may further introduce trap
states and aggravate p-doping."® Since the pioneering paper by Kanatzidis and coworkers,* SnF, has
been added to the perovskite precursors to limit THP oxidation. Milot ef al. '' found that SnF,
addition inhibited tin oxidation, promoting more crystalline and less p-doped THPs films. SnF,
creates a tin-rich environment which may to some extent limit the formation of tin vacancies; it was
also proposed to sequester Sn(IV) species from the precursor solution,'* thus preventing Sn(IV)
from being integrated into the perovskite.'> The high p-doping of THPs implies short-lived charge
carriers, which limit the short circuit photocurrent (Jgc) in solar cell devices; trap assisted
recombination may, instead, limit the open circuit voltage (Vc).'® THPs-based solar cells efficiency
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is currently at ~15%.""* (2024:15.14%) The photovoltaic parameters for a prototype champion

device (J4c=20.6 mA-cm?, Voc=0.91 V, and FF=77.1%) (2024: J5c=29.84 mA-cm >, V=0.82 V,
and FF=73.58%), indicate that the V. to band-gap (~1.25 eV) loss can show comparable values to

those of optimized lead-based devices (~0.3/0.4 eV)."” Although Js. has significantly improved in
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recent record devices, " its value still falls significantly short of what can be predicted based on the

optical band gap. Efficiency improvement mainly stands in controlling THPs crystal growth and in
mastering electrical properties and defect induced doping. Two strategies can be envisioned to
alleviate p-doping in THPs: i) the use of molecular n-dopants, capturing holes via dissociative host

8 and ii) extrinsic doping with positively charged species, such as trivalent metal ions,

3

bonding;'



potentially diminishing the hole density by compensating for negatively charged acceptor defects.
Molecular doping was recently shown to lead to ca. an order of magnitude reduction in background
charge density, but this strategy is likely limited to surface and grain boundaries.'"® The intricate
impact of extrinsic metal doping has been the subject of computational investigations on lead-based
perovskites.'” Lyons investigated doping with different heterovalent metals, both substitutional
and interstitial, finding that scandium exhibited favorable exchange energetics with lead.”
Significantly, Sc(IIT) doping did not introduce states in the perovskite band gap,* contrary to e.g.
Bi(I1I) doping.** Prior studies on THPs showed that isovalent alloying of the metal site with alkaline
and transition metals, such as calcium and cadmium, may raise the formation energy of tin
vacancies, limiting p-doping and tin oxidation.'? Here we examine the impact of trivalent metal
doping in THPs using density functional theory (DFT) simulations combined with dedicated
experiments to check the impact of the proposed strategy on the optoelectronic materials properties
and on solar cell device performance. We find that scandium, cerium and lanthanum may favorably
interact with THPs, reducing p-doping and leading to increased device performance. Although our
study is based on a partial metal screening and on non-optimized devices, it shows the potential of
trivalent metal doping in alleviating p-doping, and likely increasing the stability, of tin-based

perovskites.

Among possible trivalent metals, our DFT analysis has been focused on lanthanum, cerium,
and scandium, with the goal of reducing p-doping while mitigating the negative effects related to
inclusion of deep-level traps.?' The incorporation of the three dopants has been simulated in the
prototype MASnI; perovskite at the HSE06-SOC level of theory (see Supporting Information for
additional computational details), by assessing the dopant incorporation energy, the stable charge
states against the Fermi level, and the dopant effect on the carrier density. We studied the defect
formation energy (DFE) of the three dopants in substitutional position to tin, Figure la, which is

expected to be the thermodynamically favored pathway.”> Figure 1b shows the calculated DFEs



under iodine-medium condition, mimicking stoichiometric perovskite growth. The Fermi level
varies within the MASnl; band gap, here calculated at 1.08 eV, reasonably matching the
experimental value of 1.2 eV.”> We expect minor variations with different A-site cations, such as FA
or mixed cation perovskites. As previously reported,'> the most stable native defects in iodine
medium conditions are negatively charged tin vacancies (Vg,”) followed by negatively charged
iodine interstitials (I;). Due to the instability of compensating positively charged defects, such as
interstitial tin (Sn;*") and iodine vacancy (V|"), the Fermi level is pinned at the valence band
maximum (VBM), delivering a strongly p-doped material.'">"* The investigated M(III) dopants are
stable in the +3 charge state (the overall supercell charge is +1, due to trivalent cation replacing
divalent tin ion) across the entire Fermi level. Thermodynamic ionization levels (TILs), Figure lc,
confirm the shallow nature of the (+/0) transitions, associated to electron capture by the doped
perovskite, indicating that these dopants do not introduce recombination levels in the perovskite

band-gap.
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Figure 1. a) Crystal structure of the doped MASnI; perovskite. M(IIl) = La, Ce, Sc. The reported
structure is a 3x3x2 supercell for visualization b) Defect formation energies (DFEs, eV) calculated
at the HSE06-SOC level of theory in iodine-medium conditions for the examined dopants. The DFE

of the most stable Vg, >, I, V; and Sn, native defects are also reported. Dotted gray line indicates the



position of the Fermi level. ¢) Thermodynamic ionization levels for the examined dopants and the

most stable donor defects, V,and Sn,,.

The lanthanum-doped perovskite shows calculated La-I distances of 3.12/3.13 A, only
slightly larger than average Sn-I distances (3.11 A), see Table S1. The smaller scandium cation
introduces a contraction in Sc-I distances (2.92/2.93 A) but in both La and Sc cases the equatorial
and axial distances are comparable. Ce doping, instead, introduces a significant elongation of
equatorial Ce-I bonds compared to axial ones (3.32 vs. 3.12 A, respectively). The investigated
dopants show a formation energy lower or equal to that of tin vacancies for Fermi energy equal to
zero, i.e. at the VBM, Figure 1b. Tin substitution with trivalent ions is thus able to raise the Fermi
level away from the VBM, reducing p-doping. Notably, calculated tin substitution energetics of
0.18, 0.04 and -0.19 eV respectively for La, Ce and Sc correlate with trends in ionic radii (La> Ce >
Sc). Sc doping shows the most favorable energetics leading to a Fermi level upshift of 0.16 eV
above the VBM (0.04 and 0.06 eV for La and Ce respectively), with an associated decrease of the
hole density of about one order of magnitude, from ~10" to ~10'” cm™, Table 1, see Eq. S3. The
Fermi level upshift significantly reduces the density of deep defects acting as electron traps, Table
1, thereby deactivating non-radiative recombination pathways. It is worth to mention that the
decrease in the hole density achieved by trivalent doping is coupled, however, to an increase of the
ionic disorder, as indicated by the negative DFEs obtained for Vg,* at the Fermi levels of the doped
systems. The increased density of tin vacancies may thus limit to some extent the doping ability of
these ions compared to theoretical predictions, by impacting the crystallinity of the material unless

additional compensation pathways come into play.

Table 1. Calculated density of holes and of V; and Sn;,, donor defects for both native and Sc-doped

MASnI; in iodine-medium conditions.



Density (cm) (E; h S?)Vztee\/) (EFS i_(()l.olpgg\/)
holes 2.9x10'% 1.2 x10"7
v, 2.8x10'0 1.1x10°
Sn,, 2.4x10° 3.8x10?

It is also interesting to notice that the perovskite incorporation energetics and thus the doping
efficiency of such trivalent metal ions may depend on their precursor chemistry. Taking lanthanum
as a test case, we simulated the incorporation of trivalent La starting from Lal; and LaF; precursors.
Our results, see Table S2, show markedly less favorable thermodynamics for La incorporation into

the perovskite in the latter case, owing to the increased stability of fluoride lanthanide salts.

To validate the modeling studies, we conducted experiments on tin-based perovskite films
doped with the examined trivalent cations. We evaluate their impact on optoelectronic, electrical,
and morphological properties, as well as their influence on overall device performance. The
FA,sMA(,EDA, ,Snl; perovskite, used as control, was prepared according to our previous
publication,” and solutions of 0.1M Lal,, Cel; and Scl; were mixed with the control solution to

produce the three doped variants.
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Figure 2. a) Steady-State PL b) Conductivity measurements and ¢) XRD pattern of control and

doped samples; d) insights of the XRD peak at the 100 plane. The grey dotted line is centered on the

peak position of the control samples.

We first analyze the optoelectronic properties of the absorber materials. In Figure 2a the steady-state
photoluminescence (PL) of the films under investigation, deposited on glass, is shown. The Cel,
and Scl; doped samples demonstrated a similar (slightly lower) PL intensity compared to control, in
accordance with our hypothesis that the chosen dopants do not introduce trap states possibly
impacting on the luminescence of the material. Interestingly, the addition of Lal; doubled the PL

intensity, suggesting a reduction of non-radiative charge recombination. We also observed shift of



the PL peak position towards higher energy, which accordingly to the Burstein-Moss effect, can be

linked to a reduction of the hole density?’**

and shallow traps concentration. To compare the
difference in the self p-doping level due to the addiction of the trivalent cations, we measured the
conductivity of the samples, Figure 2b. The conductivity is proportional to the concentration of the
majority carrier which, in the THPs case, corresponds to the free hole density.”” The observed
reduction in conductivity, as evidenced in the case of Scl; and Lal; doping, aligns with the
predictions from DFT calculations, indicating a decrease in self p-doping by passivation of Vg,*
defects.

To investigate the crystallinity of the perovskite films Bragg Brentano X-ray diffraction
(XRD) measurements were conducted, the resulting pattern is depicted in Figure 2c. The
characteristic peaks at 20 correspond to the orthorhombic system of FASnI3,*° with no formation of
new phases evident in the doped pattern, as indicated by the absence of additional peaks. Further
analysis using Scanning Electron Microscopy (SEM), Figure S3, revealed a decrease in the size of
crystal grains in the sample doped with Cel,, which is reflected in the XRD pattern by a decreased
peak intensity. The Lal; doped sample exhibited, instead, an increase in peak intensity. Notably, as
shown in the enlargement in Figure 2d), which represent the peak located at 20 = 14.01°, is evident
a shift of the pattern towards lower angles with the addition of Lal;. This shift could be attributed to
the reduction of Sn vacancies and the subsequent increase in lattice constant.’’ For the Scl; doped
sample no significant difference in the crystal structure was observed. Probably, the combined effect
of different morphology and degree of crystallinity hinders the observation of lattice variation.

Also, despite DFT predicting Sc to be favorably incorporated into the perovskite, we cannot rule out

this dopant to be mainly located at the surface, given its smaller ionic radius.
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Figure 3. a) JV characteristic for the champion device of each composition; b-d) Box Plot of the
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photovoltaic parameters for the control and doped device,

The photovoltaic performances of the thin films have then been investigated by preparing p-i-n
devices with ITO/PEDOT:PSS/Perovskite/C60/BCP/Ag structure. In Figure 3a we report the JV
curves of best performing devices for control and doped samples while Figures 3b-d show the box
plots of measured photovoltaic parameters for a series of fabricated devices. Despite no device
optimization was carried out, our results demonstrate the improvement in photovoltaic parameters
for all the trivalent-doped samples compared to the control device. It is further interesting to notice
that La- and Sc-doped thin films deliver superior photovoltaic efficiency compared to Ce-doped
samples, with a significant improvement of V, consistent with the similar conductivity reduction
exhibited by these two dopants, despite showing opposite PL trend. Considering the best
performing devices, Sc-doped films improve both Jg- and Vo, suggesting a reduction of p-doping
and of trap assisted recombination, respectively, compared to the pristine material,”” confirming the
DFT analysis.

In summary, the limited efficiency of THPs stems from challenges in controlling their
electrical and defect properties. Our investigation implies the potential modification of self-doping
and charge carrier distribution through the precise introduction of specific trivalent dopants. We
showed that doping with trivalent ions impacts both the material's electrical properties and
recombination processes going beyond typical divalent doping, which mainly affects carrier density
and possibly crystal growth. Such findings are pivotal for enhancing the functionality and versatility

of perovskite materials, particularly in the field of optoelectronics.
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