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Ligand Driven Control and F-Doping of Surface
Characteristics in FASnl; Lead-Free Perovskites: Relation
Between Molecular Dipoles, Surface Dipoles, Work Function
Shifts, and Surface Strain

Pooja Basera, Boubacar Traore, Pingping Jiang, Laurent Pedesseau, Mikaél Kepenekian,

Jacky Even,* and Claudine Katan*

The performance and operational stability of perovskite-based devices heavily
rely on the interfacial properties between the photoactive perovskite layer and
charge transport layers. Understanding the theoretical relationship between
surface/interface dipoles and surface energetics is crucial for scientific
understanding and practical applications. In this study, a method is applied
that bridges classical electromagnetism and modern atomistic approaches.
The impact of dipolar ligand molecules functionalizing the FASnl; perovskite
surface is investigated, with inspection of the interplay between surface
dipole, charge transfer, and local strain effect, and corresponding shifts in the
valence level. The results reveal that the contribution of individual molecular
entities to surface dipoles and electric susceptibilities follows an essentially
additive behavior. The influence of F doping usually used to mitigate Sn
oxidation in Sn-based layer for photovoltaic applications, is also discussed.
Furthermore, the findings are compared with predictions from classical
approaches employing a capacitor model that links the induced vacuum level
shift and the molecular dipole moment. The insights gained from the study
provide theoretical guidelines for fine-tuning the work functions of materials,
thus enabling effective interfacial engineering in this class of semiconductors.

1. Introduction

In recent years, organic-inorganic hy-
brid halide perovskite solar cells (PSCs)
have garnered significant attention
and achieved a remarkably high power
conversion efficiency (PCE) of 26.15%,
thanks to the dual site binding ligands
that improved the charge extraction in
single junction PSCs.'! However, the
toxicity and instability associated with
lead (Pb)-based PSCs remain an issue
that hinder their large-scale applica-
tion. Significant amount of research
has been devoted to replacing Pb in
halide perovskites with tin (Sn), germa-
nium (Ge), silver (Ag), bismuth (Bi),
antimony (Sb), and copper (Cu).l>8
Among these low toxicity candidates,
Sn has emerged as the most successful
and widely adopted strategy to reduce
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the bandgap (E,) of perovskite materi-
als, lowering it from 1.5—- 1.6 to 1.2—
1.4 eV At present, Sn-based solar
cell contribute to a remarkable powePCE surge from 7.18% to
14.81%, setting a new certified record at 14.03%.[13-16]

FASnI; also holds immense potential across various other
fronts, including light emitting diodes, photocatalysts, and di-
verse photodetector applications.l'’-2°] This also involves mem-
ristors, transistors, lasers, as well as diverse sensor types.[?!] Ad-
ditionally, FASnI; can be synthesized in various forms, includ-
ing single crystals,[??] thin films,/*?] nanoplatelets,?*! Sn(IV) free
colloidal nanocrystals,[?*] quantum dots,?°! and superlattices!?¢]
and stabilized thanks to various ligands and may even incorpo-
rate biomolecules.[2728]

Despite their favorable bandgap, Sn-based perovskites still face
challenges in achieving high PCEs. By delving into the fun-
damentals of electronic structure, photophysics, and degrada-
tion pathways, the intrinsic challenges in Sn-based perovskite
emerge at both the materials and device levels: i) easy oxidation
of Sn** to Sn** on the surface of Sn-based perovskite thin films,
ii) oxidation-induced p-type self-doping,[?*! which cause severe
mono-molecular recombination and bandgap widening, iii) mis-
matched band alignment between the active layer and the widely

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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used PEDOT:PSS hole transport layer, which hinders the collec-
tion of free carriers," results in non-ideal electrical contacts and
additional potential losses, iv) rapid and uncontrollable crystal-
lization, which present a critical technical challenge toward high
quality preparation of Sn-based perovskite thin films.3!l These
challenges impose significant limitations on the attainable PCEs
of Sn-containing perovskite-based solar cells, driving a keen inter-
est in developing strategies to efficiently modify material energy
levels.

Surface passivation and/or functionalization, including the
combination of 2D and 3D perovskites has demonstrated suc-
cess in finely adjusting the energy level alignments between
different materials within a device.}*35! It directly influences
the surface dipoles between adjacent layers in a device stack,
which in turn change materials’ energetics such as its work
function. Although, the influence of surface functionalization
on the change of work function or valence energies is, in gen-
eral, clear from experiments, the connection between them
from a theoretical perspective is often not fully understood.
Therefore, this motivates the need for an atomistic description
of perovskite surfaces, interfaces and nanostructures, which is
able to afford the link between surface dipoles and energet-
ics and provide at the same time a support for experimental
studies.

Surface functionalizations are extensively explored experimen-
tally for metal halide perovskites. Polyatomic pseudohalides,
such as thiocynate (SCN™) and azide (N;7) have been effec-
tively employed as viable alternatives to X-site halides in organic—
inorganic hybrid lead-based perovskites.[>3¢-*1] For instance, a 2D
organic—inorganic hybrid compound, (CH;NH;),Sn(SCN),Cl,,
has recently been reported.*?] Ligands such as 4-fluoro-
phenethylammonium bromide (FPEABr), played a crucial role
in forming a 2D/3D microstructure in FASnl; PSCs,!*l and
were also employed to control the crystallization and mitigate
the Sn?*oxidation.[*}] Phenylethylamine (PEA) based molecules
were also introduced as the synthetic ligand and for post synthetic
ligand exchange in CsPbX; (X = Br or I) quantum dots (QDs)
chemistry.** The addition of Piperazine effectively suppressed
self-doping in CsSnl; perovskite solar cells.***’] Substituted
thiourea neutral ligands have recently been used to slow down the
crystallization of FASnI; and inhibit surface defects, leading to
improved film morphology.'*3! Thiosemicarbazide (TSC) with
S=C— N functional group successfully modulated defect density
at surfaces and grain boundaries in CsSnl; perovskites.!*s] Fur-
thermore, the pretreatment of FASnl; perovskite film by spin
coating a solution of organic halide salt n-propylammonium io-
dide induced templated growth of FASnI; crystals, resulting in
a highly crystallized film and suppressed trap density.l*] Lig-
uid formic acid was introduced as a reducing and volatile sol-
vent in the FASnI; perovskite precursor solution, and also served
as an anti-oxidation additive for FASnI, PSCs.’*5! Addition-
ally, treating the FASnl; surface with carboxylic acids and large
ammonium-substituted ligands has also been implemented to
modify interfacial energetics.’?l In literature, related theoret-
ical reports for Sn based perovskites are scarce, with for in-
stance y — CsSnl; surface passivation with phenylethylammo-
nium (PEA*) and its halogen (X) derivatives (XPEA*).[53] There-
fore, there is an interest in providing comparative studies on the
effect of various ligands, with variable surface coverage, on the
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tin-based perovskite surface/interface energetics with atomic-
scale insight.

This work presents a theoretical study on FASnl, functional-
ized surfaces with various molecular species, based on a gen-
eral theoretical framework recently developed by some of us,
which bridges classical electromagnetism and modern atomistic
approaches.’*>*] Investigated ligands are tetramethylthiourea
(TMTU), thiosemicarbazyde (TSC), dimethylethylenethiourea
(DMETU), dimethylthioacetamide (DMTA), formate anion, 4-
fluoro-phenylethylammonium cation (4-FPEA), thiocynate anion
(SCN), Phenylethylammonium (PEA) and n-propylammonium
(PA) cations. The selection of these ligands is based on their ex-
perimental interest and relevance to the field of surface chemistry
and surface modification of perovskites materials and nanocrys-
tals, frequently serving as capping ligands or passivating agents,
and crucially, for their role in tuning the interfacial energetics
(vide supra). We investigate the influence of each specific ligand
on the work function and delve into the microscopic origin of
the induced changes in terms of surface and interface dipoles.
We also study the impact of surface coverage and discuss the ad-
ditivity of surface and interface dipoles as well as electric suscep-
tibilities. Additionally, we compare our results to those predicted
using the conventional empirical approach based on a capaci-
tor model and highlight its validity within the domain of halide
perovskites.

2. Results and Discussion

2.1. Ligands Under Consideration and Surface Model

Figure 1 gathers the molecules examined in this study. These
include: tetramethylthiourea (TMTU, C;H,,N,S), thiosemicar-
bazide (TSC, CH;N,S), dimethylethylenethiourea (DMETU,
CsH,(N,S), dimethylthioacetamide (DMTA, C,HyNS), formic
acid (HCOOH), 4-fluoro-phenylethanamine (CgH,,FN), thio-
cyanic acid (HSCN), phenylethylamine (CgH,;N) and propy-
lamine (C;HgN). Note that for formic acid and thiocyanic acid,
we consider their conjugate base forms: formate anion (HCOO™)
and thiocyanate anion (SCN~),*2! respectively. For 4-fluoro-
phenylethanamine, phenylethylamine and propylamine, the cor-
responding conjugate acids are 4-fluoro-phenethylammonium
(4-FPEA, CgH,,FN*), phenethylammonium (PEA, CgH,,N¥)
and propylammonium (PA, C;H,,N") cations, respectively. For
the sake of simplicity, we refer to the considered molecules as
TMTU, TSC, DMETU, DMTA, formate, 4-FPEA, SCN, PEA and
PA. Collectively, these nine ligands allow us to explore a vari-
ety of molecules including neutral as well as charged ones, with
varying dipolar strength, size, orientation and interaction (elec-
trostatic, ionic/covalent) on the perovskite surfaces. This set al-
lows to get insights from atomistic simulations, about the inter-
play between surface dipole, charge transfer, and local strain ef-
fect and their impact on the valence energies. The distribution of
charges in the molecules is shown via Hirshfeld charge analysis,
where red (blue) indicates negative (positive) charge (Figure 1).
Dipole moments from negative (red) to positive (blue) charge are
denoted. Comparison of dipole moments of the optimized molec-
ular structures with existing experimental/theoretical data is pro-
vided in Table 1.
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Figure 1. Molecules and their Hirshfeld charge analysis to show the direction of the dipole moment a) TMTU b) TSC ¢) DMETU d) DMTA e) Formate
f) 4-FPEA g) SCN h) PEA i) PA. The red (blue) region indicates an excess of electronic charge (electron deficiency). The direction of the dipole moments
is illustrated by black arrows. Representation of the effect of the presence of a surface dipole. Convention used for j) positive and k) negative dipoles:
positive dipole moment direction is from negative to positive charge (top panel). Schematic illustration of the energy diagram of a semiconductor with
band edges (VBM and CBM) and corresponding energies, fundamental energy gap (Eg), Fermi level (E¢), vacuum level, work function (¢), ionization
energy (IE) and electron affinity (EA). The valence energy (Evabs) is defined on an absolute scale, i.e., with respect to the vacuum level. The work function

(¢) is defined with respect to the Fermi level. In our DFT calculation free of defects, the Fermi level lies at the top of the valence band and ¢ = —Egbs.

2.2. Surface Functionalization
2.2.1. Negative Surface Dipole Variation

Previous works have established that, in the case of tin-based
halide perovskites, molecules tend to functionalize the surface by
coordinating with tin, which is favored by halide vacancies exper-
imentally evidenced.l’'**] We illustrate those scenarios with the
neutral and anion ligands thiourea and formate, that have been
shown to improve the crystallization kinetics and the film mor-
phology of FASnI,.3%51 We adopt the modeling strategy from
Ref., [31,48] by substituting an iodine (I) atom (outer terminal)
by a sulfur atom of the TMTU, TSC, DMETU, DMTA. In doing
so, we remove a neighbouring FA”" to keep the charge neutrality
of the system. For formate anion, we replace the (I) atom with
the oxygen (O) atom.’!l Here, we present TMTU as a case study,

Table 1. Computed molecular dipole moments (PBE), and values from the
literature, where subscripts e and t denote experimental and theoretical
reported values.

Molecules u (D) (this work) 4 (D) (previous works)
TMTU 4.18 4.70,[561

TSC 5.18 4.05,0571
DMETU 4.58 4.09,1°8]

DMTA 5.24 4.74,,15°1 551,159
Formic acid 1.47 1.41,160]
4-fluoro-phenylethanamine 234 202,43
Thiocyanic acid 3.64 3.50,161
Phenylethylamine 1.38 1.26,162]
Propylamine 1.53 1.20 — 2.0,163
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with the remaining ligands illustrated in more details in Sections
SV and SVI, Supporting Information).

To analyze the valence energy of the pristine FA*Snl, slab, we
compute the Hartree potential profile (Section SII, Supporting
Information). We observe a successive increase in the valence en-
ergies (E®) with an increase in molecular coverage (Figure 2b).
Corresponding values are summarized in Table 2. To understand
the origin of the shifts, we compute polarization density profiles
(Py(z), Figure 2c), and analyze surface and interface dipoles.

The increase of E** with increased TMTU coverage (Figure 2)
is ascribed to the decrease in surface dipole density (p) induced
by surface functionalization. This decrease results from electron
transfer from the TMTU to the outer perovskite layer, leading to
a dipole direction away from the surface (Figure 2d). We delve
deeper into this phenomenon by examining the interplay of oc-
tahedral tilting in the surface layer and the contraction or ex-
pansion of Snl bond lengths at the surface (see Section SIV,
Supporting Information). Table S1 (Supporting Information) re-
veals that at 25% concentration, compared to 50% concentra-
tion, surface layers exhibit greater distortion with reduced in-
plane Sn—I-Sn angles and increased out-of-plane delta (§) octa-
hedral tilting.!%] Notably, octahedral tilting substantially affects
electronic properties,[®>-%] and deviations from 180° in Sn-I-Sn
bond angles lead to deeper valence levels. This indicates surface
relaxation also influences surface dipole density, subsequently af-
fecting valence energy. Given the above, altering TMTU surface
coverage finely adjusts work function by several meV, causing
valence levels to rise as coverage increases. As a general guid-
ance for experimentalists, it means that besides intrinsic dipolar
properties of the molecules attached to the surface, local inves-
tigations related to surface strain might be interesting to have a
better insight into the band alignments in a heterostructure. It is
already known that using grazing incidence X-Ray diffraction or

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a) FA"Snl; FA"| terminated slabs without (top) and with (bottom) TMTU ligands attached to the surface. The latter case is shown for a 25%
molecular coverage. b) Valence energies for 0% to 50% surface coverage. Valence energy values are determined from the Hartree potential profiles. c)
Polarization density profiles for 0% and 50% molecular coverage. The integration of these polarization profiles results in the surface dipole densities
(Table 2). d) Variation of the electronic charge density upon TMTU functionalization at 25% molecular coverage. For clarity, only one side of the symmetric
slab is displayed. Red and blue color indicate electronic accumulation and depletion region, respectively, while the arrow denotes the net dipole direction.
e) Relation between the change in the valence energies and the surface dipole density with respect to molecular coverage. f) lllustration of the additive

nature of surface dipole densities via polarization density profiles (P, (z)).

Ultraviolet Photoelectron Spectroscopy (UPS)/X-Ray Photoelec-
tron Spectroscopy (XPS) among others might be useful from that
perspective.[68:69]

Next, we expand to discuss other molecules TSC, DMETU,
DMTA, and formate anion.'*3 Table 2 lists Efl” and surface
dipole density values for different concentrations. Upward va-
lence shifts observed for TSC, DMETU, DMTA and formate an-
ion are driven by reduced surface dipole density due to molecule-
to-outer-perovskite charge transfer (Sections SV and SVI, Sup-
porting Information). The upward shift in valence levels for for-
mate anion in FA"Snl, surface is in agreement with recent exper-
imental findings.*!) At different surface coverages, Ap and AE**
for TMTU vary linearly with molecular coverage (Figure 2e,f). No-
tably, Hartree potential alignment computed AE*™ is in excellent
agreement with AE** calculated using Equation 3 (Table 2). To
summarize, all studied cases show an upward valence level shift
as surface coverage increases. The observed trend in effectively
tuning the Esbs energies is DMETU > TMTU > DMTA > TSC
> formate anion. Additionally, these molecules hold promise as
passivating agents, as they do not introduce any molecular states

Adv. Mater. Interfaces 2024, 2400201 2400201 (4 of 1 1)

between their perovskite-based band edges (Figure S12, Support-
ing Information).

From our investigation of different ligands on the FA"Snl,
surface, resulting in negative surface dipole density variations,
the increase in the valence energies appears directly linked to
the dipole density of the individual components comprising the
whole structure. Hence, it is interesting to disentangle the indi-
vidual role of each effects at the interface. We do so for the exam-
ple of TMTU molecules on a FA™I terminated FA*Snl, surface.
Figure 2f shows the polarization density profiles (Py(z)) com-
puted for i) the pristine perovskite (FA'I slab), ii) the distorted
pristine, where the outer layer experiences the distortion caused
by FA™ vacancies, iii) an isolated molecule, and iv) the whole
structure. The addition of P, (z) profiles from the distorted pris-
tine and the isolated molecule replicates the Py(z) profile of the
whole structure. From these Py (z) profiles, we observe that at the
interface, the TMTU molecule counteracts the polarization den-
sity of pristine perovskite. This results in a net reduction of the
surface dipole density, subsequently lowering the work function
and leading to an upward shift of the valence level.

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 2. Valence energies (Evﬂbs) and surface dipole densities (p) calculated at the PBE+SOC level for various molecules and molecular coverages, ranging

from 0% to 75% on FA”|-terminated FA*Snl; slabs. Change in surface dipole densities (Ap). Shifts in valence levels AEV""S determined by the Hartree
potential alignment [HP] or using the difference of surface dipole density (Equation 3).

E°%[eV] AE® [HP] [eV] px 1071 [C/m] Ap x 1071[C/m] AE? [Equation 3] [eV]
FA*Snl, pristine slab
0% -3.83 - +3.72 - -
FA*Snl; slab with TMTU
25% -337 +0.46 +3.32 - 0.40 +0.45
50% - 266 +1.17 +2.70 -1.02 +1.15
FA"Snl; slab with TSC
25% —3.43 +0.40 +3.38 -0.34 +0.38
50% -3.20 +0.63 +3.17 -0.55 +0.62
FA*Snl; slab with DMETU
25% —-3.28 +0.55 +3.25 - 047 +0.53
FA"Snl, slab with DMTA
25% -3.41 +0.42 +3.36 -036 +0.41
50% —3.09 +0.74 +3.08 -0.64 +0.72
FA*Snl; slab with formate
25% -3.70 +0.13 +3.61 -0.11 +0.12
50% —3.47 +0.36 +3.40 - 032 +0.36
75% -3.33 +0.50 +3.28 - 0.44 +0.49

2.2.2. Positive Surface Dipole Variation

NH,SCN is widely used to regulate the structure of a 2D-quasi-
2D-3D Sn perovskite film.[238] Experimental UPS analysis of
varying SCN amounts (0 to 15%) demonstrates a downward shift
in the valence levels.”) The same E2* decrease is observed in bulk
3D tin perovskites upon SCN anion inclusion (FA*Snl, (SCN),,
x=0, 1, 2, and 3).5% In light of the available experimental data,
we compute the valence energies and surface dipole densities as
a function of molecular coverage for the SCN anion on FA*Snl,
surface. Considering the reported crystal structures for adducts
between SCN and metals such as Pb or Sn,[*>7%! an iodine atom is
replaced by the sulfur of the SCN anion. The relaxed structure of
the slab with SCN anions is shown in Figure 3a (middle panel).
We observe a gradual decrease in E** with an increase in SCN
anion coverage ranging from 0 to 100% (Figure 3b, top panel).
Recently, fluorination has emerged as a potent strategy to en-
hance both organic and perovskite solar cell performance, pro-
moting exciton dissociation and charge transport by introduc-
ing a strong electric dipole moment through fluorine substitu-
tion on PEA cations.”7# The high electronegativity of fluorine
atom withdraws electrons, causing NH,* cations to accumulate
more positive charge, resulting in a stronger electrostatic inter-
action between ligand and the [Snl(]*~ framework.”>] The NH,*
group of FPEA™ cation substitutes a FA™-atom of the outer layer
of the FA"Snl, surface Figure 3a (bottom panel). We note a down-
ward shift in valence levels for molecular coverage varying from
25 to 100% (Figure 3b, bottom panel). The linear correlation per-
sists for both AE®* and Ap as molecular coverage increases for
both the FPEA cation and SCN anion (Figure S14, Supporting
Information). Figure 3c illustrates the additive nature of surface
dipoles using FPEA as an example. From the profile, we notice
at the interface, the FPEA molecule largely align in the same di-
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rection as the pristine perovskite, resulting in a substantial in-
crease in the surface dipole density and the decrease in valence
energy. The decrease of E2** for FPEA cation is attributed to the
increase in surface dipole density induced by surface functional-
ization (Table 3). Notably, a 2D tin-perovskite capping layer with
FPEA cations provides protection for 3D FASnI; grains, yielding
a remarkable PCE of 14.81%.8]

Recently, P. Li et al. have reported FPEA derivatives that im-
proved the crystallinity of the perovskite films and monitor the
energy level alignments with UPS measurements at low (8%)
concentration.[**] Inspired by this work, we perform a compar-
ative analysis of three isomeric fluorinated ligands (4-FPEA, 3-
FPEA and 2-FPEA), at an approaching low concentration (11%).
Such concentration is achieved by turning to an in-plane 3x3 su-
percell with 2 k-points in each direction (Figure 3d). At a cover-
age of 11%, we observe the following trend for E**: 2-FPEA >
3-FPEA > 4-FPEA (Figure 3e, bottom panel). The magnitude of
this downward shift is directly correlated with the absolute val-
ues of the dipole moments: 4-FPEA, 3-FPEA, and 2-F-PEA ex-
hibit dipole moments of 2.02, 1.30, and 0.90D, respectively.[**]
We note a downward shift in the valence levels of 3-FPEA and
4-FPEA in comparison to the pristine energy levels, which is
consistent with experimental observations. However, the overall
trend does not align with the experimental data reported for the
valence bands derived from UPS spectra analysis (Figure 3e (top
panel)).l**] This is related to several effects not considered in our
functionalized slab modeling. First, in experiments, presence of
I, and I~ on the pristine surface is reported as well as a decreas-
ing amount of Sn** with increasing number of ligands. In ad-
dition, the experiments provide substantial evidence of a notable
shift in the Fermi level with respect to the vacuum, indicative of a
p-doped semiconductor.[*3] Hence, this example of isomeric fluo-
rinated ligands clearly highlights the limitation of the considered
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Figure 3. a) FA*Snl; FA"| terminated slabs without (top) and with (bottom) SCN and FPEA ligands attached to the surface. The NH;* group is placed
at a FA"-vacancy of the outer layers on each side of the surface and is illustrated with 25% molecular coverage (see zoom view). b) Valence energies
computed from the Hartree potential profiles for 0% to 100% surface coverage. c) Additivity of surface dipole densities illustrated with the plot of the
polarization density profiles (P, (z)) computed for FPEA on a FA*| terminated FA*Snl, surface. For clarity, only one side of the symmetric slab is shown. d)
FA*Snl; FA*| terminated slabs with FPEA derivatives (2-FPEA, 3-FPEA and 4-FPEA) ligands on the surface, and is illustrated for 11% molecular coverage.
e) Experimental valence energies (top panel, red)[*}] and DFT computed Evﬂbs for 11% surface coverage (bottom panel, pink). f) Comparison of valence

energies of pristine FA*Snl;, FA*| terminated slab without and with PEA,

and 4-FPEA cations at 50% molecular coverage. The remaining molecular

coverage (25%, 75%, and 100%) of PEA cations on FA*I-terminated slab is provided in the Supporting Information. The electrostatic potential map
shows a more pronounced charge separation in the FPEA cation compared to the PEA cation.

defect- and dopant-free surface models but at the same time pro-
vides insight on the sole effect of surface dipole modification.
Furthermore, experimental studies have demonstrated that
the incorporation of bulky cations like PEA can improve band
alignment and efficiency in mixed Sn-Pb halide perovskite so-
lar cells,l”®! also employed as an ultrathin, low-dimensional per-
ovskite layer on the surface of FASnl; solar cells.””] The ex-
perimentally observed upward shift in E2*,1”7] aligns well with
the results of our calculations as presented in the Section SVII,

Table S9 (Supporting Information). Likewise, the behavior of
the PA cation!*! exhibits similarities, as shown in Section SVII,
Table S9 (Supporting Information). It is noteworthy that when
comparing 4-FPEA and PEA cations on the FA*Snl; slab, the
PEA cation exhibits an upward shift in valence levels, whereas
the FPEA cation demonstrates a downward shift compared to
the pristine slab (Figure 3f). This highlights the role of fluorine
atoms in withdrawing electrons from the benzene ring, result-
ing in significant charge separation within the molecule. This, in

Table 3. Valence energies (E‘V’bs) and surface dipole densities (p) computed at the PBE+SOC level for SCN and FPEA ligands with coverage changing

from 0% to 100% on FAIl-terminated FA*Snl; slabs. Change in surface dipole densities (Ap). Shifts of valence levels AEl‘be computed from the Hartree
potential alignment [HP] and from the difference of surface dipole density (Equation 3).

E,®*[eV] AEP[HP]eV] px 107" [Cm™] Apx 10-"[Cm™] AE?>[eV] [Equation 3]
FA"Snl, slab with SCN anion
Pristine —3.83 - +3.72 - -
25% —-3.90 -0.07 +3.78 +0.06 - 0.06
50% —3.99 -0.16 +3.86 +0.14 —-0.15
75% —4.07 —0.24 +3.93 +0.21 -0.23
100% —4.21 -038 +4.06 +0.34 -038
FA"Snl, slab with FPEA cation
Pristine —3.83 +3.72 - -
25% —3.86 —-0.03 +3.77 +0.05 - 0.05
50% —3.94 -0.11 +3.85 +0.13 —-0.14
75% -3.97 —-0.14 +3.87 +0.15 -0.16
100% —4.05 -0.22 +3.95 +0.23 -0.26
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Figure 4. a) FA“Snl; FA”| terminated slabs without (top) and with F atom on the surface for a coverage of 25%. Corresponding b) valence energies and

c) polarization density profiles.

turn, gives rise to a strong dipole—a characteristic not observed
with the PEA cation. This trend is consistent with T. Liu’s re-
cent observation of the energy levels obtained by UPS spectra for
MAPbI, films.[”8]

2.3. Effect of F atom on FA*Snl, slab

In order to prevent the oxidation of Sn?* to Sn**, various addi-
tives such as SnF, have been incorporated into precursor solu-
tions leading to enhanced perovskite film quality.”! Gupta et al.
reported a ~0.2 eV upward shift in the band edges of CsSnBr,
upon SnF, addition,®] while another study also demonstrated
an upward shift in valence levels with varying coverage.!®!! While
Nishikubo et al. found no shift in valence band edge positions for
MASnI; or FASnI; with SnF,, they did observe a slight change
in the edge position upon air exposure.®?!

Considering the varying experimental reports in the literature,
we revisit the role of F atom through substitution of the I atom on
the FA*Snl, surface (Figure 4a). We observe an upward shift in
E®* shown in Figure 4b (see values Table $10, Supporting Infor-
mation). According to our study, the intrinsic trend is related to
the change in surface dipole density obtained by integrating the
area under the peak of Py (z) (Figure 4c). Our findings may offer
insight into experiments, suggesting that an upward shift in the
valence band edges is the most likely scenario when the FA*Snl,
surface is functionalized with F-atoms. This trend mirrors obser-
vations in experiments involving CsSnBr; upon the addition of
SnF, .81l The potential huge shift of the valence band associated
with the addition of SnF, is something that could be incorpo-
rated into the design of Sn-based perovskite cell architectures.
Besides, material characterization techniques should be used to
check whether this addition is leading to F accumulation at the
surface.

2.4. Determination of an Effective Dielectric Surface Constant

The variation of the dielectric properties along a stack in a mul-
tilayered heterostructure are usually introduced in classical em-
pirical modeling of optoelectronic devices by considering bulk di-
electric properties of individual layers. However, in order to get
an insight into interfacial contributions to the dielectric constant
profile advanced first-principles methods are required.!®*#°] We
utilize this approach to showcase the combined effect of elec-
tric susceptibility contributions on surfaces functionalized with

Adv. Mater. Interfaces 2024, 2400201 2400201 (7 of 11)

molecular ligands. We compute the position-dependent high-
frequency dielectric profile along the stacking axis (z) for per-
ovskite surface-attached molecule TMTU (Figure 5). At the cen-
ter of the pristine slab, we recover a value of ¢, = 7.81 for the
dielectric constant, in good agreement with prior work.[®®! The
same value is obtained at the center of the slab in presence of
the TMTU molecule. On the other hand, the behavior near the
surface varies. By applying the following equation,®’]

8whole structure (

__ pristine distorted isolated molecule _
o z) = e (2) + € (z)—-1 (1)

o

the dielectric constant profiles of the entire structures can be
effectively decomposed into its individual components, show-
casing the additive nature of electric susceptibilities. We have
taken some of the molecules investigated in this study as exam-
ples; their position-dependent high-frequency dielectric profiles
(¢,,) are provided in the Section SXII (Supporting Information),
with values ranging between 1 and 1.3. Further, we have com-
pared ¢,, with ¢, calculated using the traditional capacitor model
(vide infra).

2.5. Reassessing the Traditional Capacitor Model for Molecular
Functionalization of Pb-free Halide Perovskite Surfaces

We revisit the conventional capacitor model, #8391 widely applied
on surfaces like Au metals®! and TiO,.®V In this model, the sur-
face’s work function is modulated by — eAV, where AV is the po-
tential drop in the capacitor model, leading to A¢p = — eAV. The
expression for A¢ is derived from Poisson’s equation, as follows:

N cos@
—e—

AP = (2)

€&

Here, N,, u, 6, ¢,, and ¢, denote the number of dipoles per
unit area, dipole moment, tilt angle between the dipole and sur-
face normal (Figure 1j), dielectric constant, and permittivity of
free space, respectively. Equation 2) provides valuable insights
into the influence of molecular dipoles on device properties, en-
compassing molecular orientation and surface coverage. How-
ever, this formulation depends on the choice of dielectric per-
mittivity, as previously discussed for monolayers at the water-air
interface.[®8] Two plausible values of ¢, can be considered: i) ¢,
for the perovskite material and ii) the effective dielectric constant
¢,, at the molecule positions.

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Additivity of electric susceptibilities illustrated with the plot of the position dependent high frequency dielectric profiles € ., computed for TMTU
ligand on a FA*I terminated FA*Snl, surface. Dielectric profile for a) distorted pristine b) isolated molecule c) whole structure (black color) and sum of

distorted pristine and isolated molecule (orange color).

By combining DFT-calculated dipole moments (u) from iso-
lated molecules (Table 1), dipole orientations from optimized
functionalized surfaces, and A¢ (—AE*™) obtained via the
Hartree potential, we determine the effective dielectric constants
¢, (Table 4). Notably, the dielectric constant at the molecule po-
sitions closely approximates the value needed for an approxi-
mate capacitor model, but agreement is qualitative. Additionally,
the dipole orientation significantly deviates from the ideal sce-
nario where @ = 0. Thus, the capacitor model shall in no case
be considered as quantitative. Meanwhile, our semi-classical ap-
proach allows recovering the trends already captured by a simple
capacitor model with possibly quantitative predictions, and fur-
ther provides atomistic information at the interface. This insight
sheds light on the interplay among surface dipoles, surface relax-
ation, and charge transfer, all of which directly influence the work
function.

3. Conclusions and Perspectives

In summary, we used a recently developed methodology that
establishes a close relationship between variations in surface
dipole density and the work function, employing both classi-
cal Maxwell’s equations and first-principles calculations. The key
findings of this work are outlined here:

i. Quantitative prediction of valence energy level shifts with
atomistic understanding: Although, the influence of surface
passivation and/or functionalization on the change of work
function or absolute valence energy levels is, in general, clear
from experiments, the connection between them from a the-

oretical perspective is often not reported in a quantitative
manner. Here, we show through FASnI; case systems the
predictive power of the methodology, as well as its limita-
tions, and how the shifts in valence energy levels can be in-
terpreted in terms of surface dipoles, charge transfer and sur-
face relaxation (lattice strain).

ii. Role of F atom on FASnI; slab: In order to prevent the oxida-
tion of Sn** to Sn**, various additives such as SnF, have been
incorporated into precursor solutions leading to enhanced
perovskite film quality. We investigate the effects of F-doping
on surface properties and work function, noting an upward
shift in the valence levels.

iii. Demonstration of additivity of surface dipole densities and
electric susceptibilities: Taking two examples with inverted
surface dipoles, we show that surface dipole densities and
electric susceptibilities are quasi-additive in functionalized
surfaces, illustrating how the present methodology allows to
inspect -down to the atomic scale- the interplay between sur-
face dipoles and band edge energy levels and its potential
to provide guidance for readjustment of band alignments in
buried interfaces.

iv. Assessment of purely classical approaches for molecular
dipoles atinterfaces: Classical approaches are popular among
experimentalists and sometimes theoreticians to discuss the
effect of dipolar monolayers on the potential drop across in-
terfaces. By computing the various ingredients of the well-
known capacitor model from first principles, we inspect the
strengths and weaknesses of the model.

v. Generality of the approach: Surfaces and interfaces are
pervasive in nanostructures and devices across different

Table 4. Calculated effective dielectric constants (g,) using Equation 2), where A¢ corresponds to the work function change (A¢ = —AEl'j‘bS) determined
via the Hartree potential approach. u represents the dipole moment obtained from DFT calculations (Table 1), and 6 denotes the tilt angle between the
dipole and the surface normal (Figure 1j). €4 and ¢, are the dielectric constants of the perovskite materials and the effective dielectric constant at the

molecule position, respectively.

—eNucos 6

Molecule Ap = —AESbs u[D] 0 (°) pcos 0 [D] &= he £ £,
TMTU —0.47 4.18 53 2.52 1.26 7.81 1.18
TSC —0.40 5.18 60 2.59 1.53 7.81 1.10
DMETU —0.55 4.58 26 4.09 1.76 7.81 1.22
DMTA —-0.43 5.24 53 3.15 1.74 7.81 1.15
Formic acid (formate) -0.13 1.47 39 1.14 2.07 7.81 1.04
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technological applications. In all these systems, the proper-
ties of surfaces and interfaces play a key role. Our compu-
tational strategy provides practical means to design and op-
timize surface and interface energies for enhanced optoelec-
tronic device performance, extending its applicability well be-
yond the specific context of metal halide perovskites.

Further extensive combined theoretical and experimental in-
vestigations are required to capture the complexity of surfaces
and interfaces and we hope that the present study will stimulate
work in this direction.

4. Experimental Section

Density functional theory (DFT) calculations are carried out using
a finite-range numerical atomic orbital basis set within the SIESTA
code.[9293] The van der Waals density functional with C09 exchangel®*!
within the van der Waals DF2 (exchange-correlation term) framework was
employed to optimize atomic positions.[>] In order to mimic the struc-
tural properties of 3D bulk materials at room temperature, Cs as a pseu-
doatom was employed instead of FA (FA*Snl;, FA* = FA replaced with
Cs).* The structures are relaxed using the fast inertial relaxation en-
gine (FIRE) algorithml®®] until they fulfill the following relaxation criteria:
i) energy difference <10~ eV for two consecutive ionic steps, and ii) maxi-
mum atomic forces < 0.02 eV A~". Single-point calculations are performed
using generalized gradient approximation (GGA) with PBE functional,l®’]
accounting for spin-orbit coupling!®®! over vdwDF2-C09 optimized struc-
tures. For bulk FA*SnI3, a polarized double-zeta basis set with a 50 meV
energy shift is employed. Accurate surface property description requires
diffuse orbitals (6s, 6p, 6d) for | atoms on the top two atomic layers on
both sides of the slab, using 30% diffuse orbital size or cutoff radii.l*’]
Calculations adopt a real space mesh grid energy cutoff of 350 Ry. High-
frequency dielectric constant profiles involve an electric field 0f 0.025 V A~!
along the [001] direction. Additional computational details are provided in
Section Sl (Supporting Information).

Next, the methodology used to establish the relations between sur-
face/interface dipoles and work functions was briefly outlined. A semi-
classical approach combining classical physics with DFT calculations is
employed as discussed in more detail in previous works.[>*>3] The sur-
face is modeled with a perovskite slab composed of layers perpendicu-
lar to the z-axis. The convention for the dipole of the molecule deposited
on the surface is shown in Figure 1. The functionalization of the sur-
face with molecules results in two types of dipoles: the intrinsic molec-
ular dipole and the one arising from molecule-surface interactions. Both
affect the perovskite surface energetics. The slab is designed to ensure
the dipole density to vanish in the central bulk region (z = zy = 0), as
well as in the middle of the vacuum region (at z = %) (see details in
Section SlI, Supporting Information). To bridge this approach with Le-
ung et al.,,[1%] the numerical implementation of the surface dipole density

c/2
p = [ Py(2)dz is combined with Poisson’s equation to obtain the work
7
function (¢ = egﬁ). For semiconductors, DFT calculations of defect-free
surfaces at T = 0 K,[>*%3] relating the work function ¢ to the energy of the
top of the valence band (E?%*, with origin fixed at the vacuum level) is fea-

sible, Eﬁbs =—¢ = —55£~ The relationship between a shift in the valence
0

energy (AE;"’S) and a change in surface dipole density Ap reads:

A
AR = ¢ =2 = _1300%1078Ap )

€0

In this work, the DFT-based approach was further validated by compar-
ing AE2% values obtained from Equation 3 to shifts in valence energies
determined by using the well-known method of Hartree potential align-
ments (AEjbs).“m]
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The robustness of the methodology was assessed by examining slab
of FASnl; without functionalization of the surfaces. FA*Snl; slab was
constructed from its cubic structure.['%2] The FA*| terminated surface is
found to be more stable than the Snl, terminated surface during crystal
growth,[1%3] thus, focus on the FA*I terminated (001) surface of FA™Snl;.
Specifically, a slab with a thickness of 8 octahedra layers and a 2 x 2 in-
plane supercell was considered to investigate the impact of surface func-
tionalization (see Supporting Information for details). Charge density, po-
larization density profiles, surface dipole densities, and Hartree potential
alignments (Figure S1, Supporting Information) are used to compare dif-
ferent approaches to compute work function shifts. Notably, the limita-
tions of the used PBE functional were acknowledged in accurately predict-
ing band edge energy levels as well as bandgaps in certain cases. Expand-
ing beyond the PBE level, such as with hybrid functionals or GW, partic-
ularly for systems with thousands of atoms, is impractical. Therefore, in
addition to the valence energies Ef’,‘bs, surface dipole shifts Ap and work
function shifts AE\?bs (Tables 2 and 3) were also provided. Remarkably,
these shifts remain generally well determined regardless of whether PBE
or higher-level theories are employed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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