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DROP-IT report
Interfacing of B-LFPs with charge transport layers

PREFACE

Following our first-stage review on the status and future of Lead-free perovskites (LFPs), it
is agreed that a competitive evaluation of their development should be provided for, and
the photovoltaic performance would be revised accordingly with the help of structural
hence electronic improvements. As described in TASK 4.1, the interface of most promising
G-LFPs (polycrystalline/nanoparticulated films) in terms of bandgap, electro-optical
properties, stability and processability, with selected charge transport layers is studied.
Within this report, a preliminary literature survey of LFPs aimed at selecting charge
transport layers for inkjet printing application, experimental investigations on interfacing
selected transporting layers with LFPs and a computational methodology to address
interface modelling are presented sequentially. Based on the literature survey and
experimental studies from the consortium, we choose the FASnl; (FA=Formamidine) as the
active absorber layer. Combining experimental and theoretical results, Cso Which is the
analog electron transport layer (ETL) to fullerene derivatives appears as an optimum ETL
choice. The detailed theoretical work consists of two parts and is carried out with the SIESTA
DFT code, suitable for modeling heterostructures containing hundreds of atoms at a
reasonable computational cost. First, the FASnl; slabs are computed along the (001)
direction (as the most energetically favorable direction viewed during crystal growth !) with
different surface terminations and investigating the dependence of physical and electronic

properties on slab thickness..

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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1 Litterature survey of the most appropriate charge
transport layers on interfacing with B-LFPs (Sn based)

Organic-inorganic halide perovskites have been studied extensively in electronics and
optoelectronics over the last decade %3. Their unique and attractive optoelectronic
properties, such as tunable bandgap, strong optical absorption, charge carrier long diffusion

46 have guaranteed their versatile

length and lifetime and solution processibility
applications in solar cells, LEDs, photodetectors and beyond 7. The continuous research
effort in compositional and structural explorations of Pb-based perovskite solar cells (PSCs)
contributes to their rapid increase of maximum achieved light to electricity conversion
efficiency from the initial value of 3.81% ° to the current value of 25.6% (certified 25.2%) 1.
However, the toxicity of Pb, combined with the difficulty in upscaling and poor stability
during solar cell operation are important obstacles for their commercialization 74, To
address the problems of unsatisfied stability and severe toxicity of Pb halide perovskites, Pb-
free perovskites, formed by substituting Pb?* with, for example, Sn?* in 3D cubic structures,
In3*, Bi3*, Sb3*, Ag* mixtures in double perovskite structures, Sn*, Ti** in vacancy-ordered
structures and Bi**, Sb3* in 2D-layered structures, have been considered as promising
candidates because of their lower toxicity and relatively higher stability >*’. For a Pb-free
perovskite-based optoelectronic device, its performance is strongly dependent on the
charge transport ability when interfacing with the electron and hole transport layers (ETL
and HTL). Having proper energy level alignment at perovskites/charge transport layer
interfaces is credited for achieving simultaneously enhanced charge collection efficiency and
open-circuit voltage of the device. Figure 1 shows the schematic of valence and conduction
energy level (Ev and Ec) values of the most representative Pb and Pb-free perovskites at

different types of structures as well as ETLs and HTLs. These values are extracted from

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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experimental and theoretical studies ¥4’. Overall, the bandgaps increase going from | to Br
to Cl accompanied by the upshifting Eyv and downshifting Ec. Meanwhile, the 3D Sn
perovskites have narrower bandgaps and upper Ey and Ec compared to their Pb
counterparts. This upshifted Ev and Ec affect the charge transport from themselves to HTLs
and ETLs. For example, the FASnlz has the Ev and Ec of -5.34 eV and -4.12 eV respectively. Its
electron transport to Ceo (Ec = -4.30 eV) is favorable and its hole transport to NiO (Ey = -5.40
eV) is, however, unfavorable considering the high chance of electron-hole recombination at
the interfaces. We see from Figure 1c that, unlike the 3D Pb-free perovskites, the double,
vacancy-ordered and 2D-layered Pb-free perovskites have relatively broader bandgaps and
less attractive interface energy level alignments with respect to the most often used ETLs,
hampering photovoltaic conversion efficiencies. In addition, due to different types of
perovskite surface terminations, the charge collection can change substantially as they are
associated with charge transport materials. For instance, the surface of MAPbIs favors
electron transport to Ceo when it is terminated with an MAI layer, in contrast, impedes
electron transport to Ceo When it is terminated with a Pbl; layer (see Figure 1a). Therefore,
in this work, our goal is to choose appropriate ETL and HTL and investigate the effect of
perovskite surface terminations on charge transport properties at the HTL/Pb-free
perovskites/ETL interfaces, for the purpose of promoting Pb-free perovskites in the
optoelectronic application.

Up to now, among all possible Pb-free perovskite (LFP) candidates, Sn-based
perovskites alongside their surface and interface functionalization with the assembly of
charge transport layers (CTLs) are considered promising ways to achieve a win-win between
environmental friendliness and cell performance %% Indeed, the record of solar cell
efficiency for a Pb-free material is obtained by an Sn-based material 1. As such Sn-based

perovskites hold great prospects in achieving similar or even higher photovoltaic properties

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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than their Pb-based counterparts because of their broader absorption range and higher
charge carrier mobility >1. For instance, the comparatively small bandgap of FASnls (FA =
Formamidinium), namely, 1.41 eV, makes it potentially attractive for near-infrared region
harvesting, which is almost unique by comparison to standard perovskites 2. To date, the
short-circuit currents of the best performing Sn-based perovskites can be reasonably
compared to the Shockley-Queisser limit. However, their open-circuit voltages exhibit a
large deficit to that limit, indicating efficient carrier generation and collection but high non-
radiative recombination °3. Efforts in Sn-based perovskites have been devoted to improving
film qualities and eliminating structural and electronic mismatches hence interfacial energy
barriers between themselves and CTLs °*. Meng et al. ! improve the surface-controlled
growth of FASnl; films by adding pentafluorophen-oxyethylammonium iodine (POEI) to
lower surface energy. The highly oriented and smooth FASnIs-POEI film gives an efficiency
of 10.16% in contrast to the 6.93% of pure FASnls film. At the Sn-based perovskite/CTL
interface, a suitable energy level alighnment is the prerequisite for an efficient photovoltaic
device. Since Sn-based perovskites have upshifted conduction and valence band edges
compared to Pb-based ones, an inferior electron and hole transport is expected when facing
most common CTLs >>°°. Surface and interface engineering, such as passivating surfaces to

improve crystallinity as shown by Nishimura et al. *’

or coating FASnlz with
phenylethylammonium bromide to form a dipolar interlayer as introduced by Liao et al >3,
contribute to the optimization of charge transport between perovskite and electron
transport layers (ETLs) thus improving the device performances and slowing down its
degradation *°7%3, To date, a record efficiency of 13.24% of Sn-based perovskite is obtained
by using Ceo as the ETL °’ because of the improved interface band alignment. Also, Boehm et

al. 8 have discussed the influence of surface ligand on the frontier electronic energy levels

across FASnI3/Ceo interface by combining ultraviolet, inverse, and X-ray photoelectron

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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spectroscopy. All the above endeavors have focused on improving photoconversion
efficiency (PCE), optimizing device optimization and exploring new fabrication methodology,
which is all directly related to the surface and interface engineering of perovskites with the
assembly of ETLs.

Currently, except for the Ceo ETL, numerous n-type metal oxides such as TiO, %, SnO>
65 ZnO ©¢, etc. have been explored as ETLs. Among them, TiO; is most often used in PSCs,
especially in most high efficient PSCs including the current record efficiency holder (i.e.,
25.6%) 1. Unfortunately, under illumination, the poor photic stability and charge carrier
mobility of TiO,, especially for the mesoporous-TiO; scaffold, have constrained its long-term
usage in solar devices . Besides, its requirement for the high-temperature process becomes
a huge burden for the manufacturers considering its high production cost. Therefore, other
alternative n-type metal oxides are also developed despite the high performance by using
TiO2. SN0, has a wider bandgap 8, higher transparency % in the visible light region and better
photic stability than the TiO.. Moreover, SnO; is the only one like TiO; which can be both
used as compact layers and mesoporous layers in solar devices. But, no matter in dye-
sensitized solar cells (DSSC) 7° or PSCs 7%, SnO> based solar cells have a relatively lower
efficiency compared to TiO, based ones. Facing this, ZnO, because of its low-temperature
process which is unlike TiO2 72, and similar wide-bandgap to SnO> 73, has become the most
investigated ETL except for TiO2. However, its low-cost manufacturing and high transparency
in the visible light region do not make up its thermal instability under air ambiance. This
instability comes from the fact that during the low-temperature process, the -OH residue on
the ZnO surface will cause the decomposition of perovskite layers. 74 Table 1 lists the
functional layers of different LFP based solar cells at their highest PCEs achieved to date. As
it shows, the choices of ETLs with respect to different Pb-free perovskite materials are quite

limited. The majority ETLs used are Ceo and/or its derivative such as [6,6]-phenyl-Ce1-butyric

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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acid methyl ester (PCBM). For a TiO; LFP based solar cell, the yielding efficiency is far below
its Ceo counterpart.

For solar cell applications, the PCE achieved to date for any of the double perovskites
A,BB’Xs, vacancy ordered double perovskites A2BXs or 2D perovskite derivatives A3B2Xo, is
below 4% and thus far away from the 25.8% achieved with Pb-based halide perovskites’. In
fact, Tin-based lodides ASnls compositions are the most promising with a current record
reaching 14.6%’°. They also allow room for improvements given that the predicted
theoretical limit for thicklayers under AM1.5G illumination for stannates is as high as
32.3%’’. The materials are less stable than their Pb-based counterparts when subjected to
ambient conditions due to the fast Sn?* oxidation. Within the DROP-IT consortium, a
remarkable improvement was achieved recently with over 1300h of operational stability
in N2, with maximum power point (MPP) tracking thanks to chemical engineering by
combining addition of a secondary ammonium salt with that of an effective reducing
agent’8. Specifically, Dipropylammonium iodide together with a well-known reducing agent,
sodium borohydride (NaBH4), aimed at preventing the premature degradation of Sn-based
devices. Similarly, the highest reported PCEs of CsSnls and MASnlI; till now are 12.96%° and
7.78%%°, respectively, although it is proven theoretically that their PCEs are limited to 32.3%
by comparison to 30.5% for lead-based solar cells’’. The much lower stability of Sn-based
perovskite solar cells by comparison to Pb based ones even when encapsulated, led to the

exploration of surface passivation strategies®..

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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Figure 1. Schematic of energy level alignments of the representative conventional 3D, double,

vacancy-ordered double and 2D-layered Pb and Pb-free perovskites (a), charge transport and
extraction interlayers (b), and the most often studied HTL/Pb-free perovskites/ETL configurations.

HTL and ETL represent hole (h*) and electron (e") transport layers. The dotted blocks represent

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under Grant Agreement No. 862656.
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perovskites at BX, or BX/B'Xs (B = Pb, Sn, Bi, Ag, Sb, In; X = 1, Br, Cl) surface terminations. All data

shown here are extracted from experimental and theoretical study '®*’.

Table 1. Preparation methods of selected Pb-free perovskites based solar cells with
thehighest yielding photoconversion efficiency PCE. The open-circuit voltage Voc, short-

circuit current Jsc and fill factor FF are included as well.

Voc Jsc FF  PCE

Preparation method Functional layer

[Vl [mA/cm?] [%] [%]
Spin-coating ITO/PEDOT:PSS/MASNI3/PCBM/Ag 0.57 20.68 66 7.78%°
Spin-coating FTO/Cu-NiO/FASnls/PCBM/BCP/Ag 0.69 21.15 74 10.9%
Spin-coating + SnF; ITO/PEDOT:PSS/FAg.75MAg 255nl3/Ceo/BCP/Al 0.55 24.3 67 9.06%
Spin-coating + Gel, FTO/PEDOT:PSS/(FA0.9EA0.1)0.08EDA0.02SN13/Ce0/BCP/Ag/Au 0.84 20.32 78 13.24%
Spin coating + FAI/Snl,/SnF, ITO/PEDOT:PSS/FASNI3/Ceo/BCP/Ag 0.63 21.22 75 10.13
Spin-coating ITO/TiO,/CsSnls (QR)/spiro-OMeTAD/Au 0.86 23.2 65 12.967°
Solid-state reaction FTO/PCBM/CsSngsGegsls/spiro-OMeTAD/Au 0.63 18.41 61 7.11%
Spin-coating + Gel,/SnF; FTO/PEDOT:PSS/FAg.7sMA 25SnI3/PCBM/Ceo/BCP/Ag/Au 0.45 25.58 69 7.9086

Spin-coating FTO/bl-TiO»-/mp-TiO2/FASN(lo.75Bro.2s)s/Spiro-OMeTAD/Au  0.41 19.8 67 5.5 87

* K %
*

* This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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2 Experimental realization of various FASnI; interfaces
and devices

Following the literature survey and the internal discussions among partners involved
in WP4, UJI proposed a systematic study of Tin-based solar cells using FASnls as an absorber.
4 selected different ETLs, all promising in terms of band alignments for carrier extraction
were used namely ZnO, ZnO/Cso, PCBM and Ceo as explained below in the experimental

procedure.

2.1 Experimental procedure

ITO coated glass where chemically etched with zinc powder and HCI (6M) to obtain
the desired ITO pattern, followed by a sequential washing process with soap-water, ethanol,
acetone, and isopropanol, respectively, in an ultrasonic bath for 15 min each. Then, the
substrates were dried with N; flow and subsequently introduced in an UV-Ozone lamp for
20 min. The PEDOT:PSS solution was filtered with 0.45 um PVDF filter and spin coated on
top of ITO at 5,000 rpm (2,000 rpm of acceleration) for 40 s and annealed at 130 °C for 20
min in ambient conditions. After the HTL deposition the substrates were introduced in a N»-
filled glovebox, for the FASnIs layer deposition. The perovskite layer was deposited by one-
step method with an antisolvent-based method, by adding FASnls precursor solution on top
of PEDOT:PSS and spin coated at 4,000 rpm for 50 s. Then 400 uL of chlorobenzene were
dropped on top of the substrate after 20 s of spinning, followed by a two-step annealing at
70 °C for 1 min and at 100 °C for 19 min. After the perovskite layer, a different ETL (Ceo,
PCBM, ZnO or ZnO/Ceo) was deposited as follow:

- Ce0: A 30 nm layer was thermally evaporated.

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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- PCBM: A solution of 20 mg/ml dissolved in Chlorobenzene, was spin coated at 2000
rpm for 30s and annealed at 70 °C for 10 min.

-Zn0: Zinc Oxide nanoparticle ink solution dispersed in IPA (Sigma Aldrich), was spin
coated at 2000 rpm for 30s and annealed at 70 °C for 10 min.

-Zn0/Ceo: Zinc Oxide nanoparticle ink solution dispersed in IPA (Sigma Aldrich), was
spin coated at 2000 rpm for 30s and annealed at 70 °C for 10 min. Then 30 nm of Cso was
thermally evaporated.

After the ETL deposition, a 6 nm layer of BCP and 100nm of Ag were thermally

evaporated.

2.2 Results and Analysis

The Vo, Jsc, FF, and PCE are shown on Figure 2. In addition, forward scan J-V curves
of FASnl3 champion devices using the 4 ETLs are displayed on Figure 3. The analysis reveals
that Ceo compared to PCBM, ZnO/Cso and ZnO provides the best characteristics in term of
Voc, Jsc, FF, and PCE. The short circuit courrents of the ZnO/Cgo and ZnO based devices are
limited, which is pointing toward a lack of efficiency charge extraction. Therefore, despite
favorable band alignements, the interface quality with ZnO has a detrimental effect on the
device performances, even when ZnO is combined with Ceo. The device based on PCBM yield
more sizeable short circuit current values, but not as high as the ones for the case of Ceo.
This might be partly attributed to less favorable band alignhementwith FASnls (see figure 1
and Section I). Moreover, the reproducibility of the process used for PCBM is more limited
than for Ceo as shown by the larger dispersion of the experimental Jsc values spread over
about 10mA.cm?. From the perspective of electron extraction, Ceo appears as the optimum

corresponding to state of the art current values. From Table 1 in section, the two champion

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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devices reported with Cso and PCBM correspond to efficiencies of about 10.1%%* and
10.9%%2. The main target for further device optimization is therefore the low open circuit
voltage which is less than 0.4V in our case against more than 0.6V in two champion devices
from the litterature. The non-optimized Voc is a very well-known limitation of Sn-based solar
cells, by comparison to their lead-based counterparts. Among the various phenomena
discussed in the literature (see the recent paper by DROP IT partner’®) and leading to
experimental low Voc, the presence of trap states that originated from the oxidation of Sn
+2 to Sn +4 is nowadays a classical explanation. Limiting this oxidation related to the bulk
properties of Sn-based materials appears as a crucial step toward solar cell device
performances, on par with Pb-based ones.

In the following part of this report, the FASnlz and Cso have been chosen as the
absorber and ETL to further investigate at the atomic level the physical and electronic

properties considering both the external surfaces and buried interfaces.

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under Grant Agreement No. 862656.
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Figure 2. Statistics of the FASnl; based devices with different electron transport layers, where a.

shows Open circuit voltage, b. current density, c. Fill factor and d. Efficiency.

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under Grant Agreement No. 862656.
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Figure 3. Forward scan J-V curves of FASnl; champion devices using different electron transport

layers.

Table 2. Parameters corresponding to the J-V curves on Figure 3.

ETL Voc[V] Jsc[mA/ cm?] FF [%] PCE [%]
Ceo 0.336 20.38 62.76 4.29
PCBM 0.251 16.16 53.72 2.18
Zn0/Cgo 0.271 1.69 17.97 0.082
Zn0O 0.167 0.23 3.81 0.0015

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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3 Detailled theoretical methodology developped for
the FASnI3/Cgo case

3.1 Materials and Methods

At room temperature, the bulk FASnl; and Ceo are in face-center cubic space phases.
The theoretical calculations are performed using the SIESTA 8% package, which has been
implemented within the DFT and also with a basis set of finite-range of numerical atomic
orbitals. The DFT calculations have been carried out with the generalized gradient
approximation (GGA) functional in the Perdue-Burke-Ernzerhof (PBE) form *° Troullier—
Martins pseudopotentials °1, and a basis set of finite-range numerical pseudoatomic orbitals
for the valence wave functions 2. In addition, 1s?, 2s?2p?, 2s%2p3, 5s25p°, and 5s24d'%5p?
were used as valence electrons for H, C, N, | and Sn respectively. For lattice comparison, the
van der Waals functional of Dion et al. °* with exchange modified by Cooper ** (VDW-C09)
has been applied for the bulk lattice comparison to GGA-PBE functional. Facing the severe
bandgap underestimation at the GGA-PBE level, a recently developed DFT-1/2 method 9>
is also applied with the ambition to achieve more accurate bandgaps but less demanding
computational resources. This DFT-1/2 method removes half an electron from the valence
band top and places it to the conduction band bottom, yielding correct ionization energy

therefore a better bandgap approximation. .

. Slab structures. The FASnl; (001) slabs are modeled at different numbers of
octahedral layers (nL) considering both Snl,-terminated and FAl-terminated surfaces with a
2x2 in-plane periodicity. Heterostructures. The FASnl3/Ceo heterostructure is modeled by
assembling the FASnl3 (001) slab at a 2x2 in-plane periodicity with the Cso(001) slab at a 1x1

in-plane periodicity, as shown in Figure 2-4. For Snl,-C60 bonding, C atoms from the C60 side

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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are placed on top of Sn atoms, | atoms, and voids between them from the FASnls; side
respectively, which are simplified as “topSn”, “topl” and “topvo”. In the same way, for FAI-
C60 bonding, C atoms from the C60 side are placed on top of FA atoms, | atoms and voids
between them from the FASnIs side respectively, which are simplified as “topFA”, “topl” and

“topvo”.

a. @topSn @topl  @topvo b- @topFA  @topl @topvo

Figure 2-4. Schematics of the FASnl3 (001)/Ceo (001) heterostructures with (a) Snl>-Ceo
interfacial bonding @topSn, @topl, @topvo stacking patterns respectively and with (b) FAI-
Cso interfacial bonding @topFA, @topl, @topvo stacking patterns respectively. Atoms in

grey, pink, blue and black represent elements C, I, Sn, and FA™ respectively.

3.2 Physical and electronic properties characterization

3.2.1 Slab stability

The thermodynamic stabilities of Snl,-terminated and FAl-terminated slabs are

evaluated by the differences in energy (AE) between one FASnl3 stoichiometry unit in the

slabs (E§Z§2m3 at Snl,-termination; EFFﬁén,g at FAl-termination) and in the bulk (Ey,;x)- The

number of octahedral layers (nL) is used to represent the slab thickness. Because of the

surface truncation, the chemical formulae of Snl.-terminated and FAI-terminated slabs are

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.

18



npmn;:
®
UW

Uyh é :
l
DRop-on demand flexible Optoelectronics & Photovoltaics by means of Lead-Free halide perovskiTes

Deliverable D4.2

not with perfect multiples of one FASnl3 unit, which are FA,,Sn, sl3m+g and
FA,, 481, 15,44 respectively, where m equals 4 times the slab thickness, i.e, m = 4nlL.
Therefore, an excess of either 4Snl, or 4FAl units is found for either Snl,-terminated or FAI-
terminated slab. In order to directly compare the values of AE between both surface
terminations, the total electronic energy of the excess units (namely, 4 X Egy;, at Snl,-

termination and 4 X E4; at FAl-termination) need to be subtracted from the parenting slab

FAI

EZM2 at Snl-termination and E <iap at FAl-terminationA negative AE means that

(namely, E,

the modeled slab is thermodynamically stable. The higher the absolute value of AE, the
more stable the slab.

The surface energy (o) is used to measure the preference of slab formation under
different experimental conditions, which is expressed as

1
0= 24 (Eslab - Zx:FA,Sn,I Nx.u;lab TS + PV) (3)

slab 3re the number and chemical potential of each type of entity in the slab,

where Nyand p;
respectively, and A is the surface area. P, V, T and S are pressure, volume, temperature and
entropy, respectively. (5)

To prevent the FASnl3z (001) slab from spontaneously breaking into energetically more
favored compounds, the chemical potential of the compound in a stable slab should be
lower than that in its bulk phase, reading u5'*? < u?“* The higher the absolute value of o,

the easier the surface formation.

3.2.2 Heterostructure stability

The work of adhesion (W,,) is used to determine the preferential adsorption site

when the Cso molecule in its fcc lattice approaches the FASnls surface,

Waa = (ERSéms ceo — Eddtns, — EZ2")/24 )

* K %
*

This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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where Ef§ene, ., Efih, and EZ are the total energies of the FASnls/Ceo
heterostructure, and its isolated FASnIs slab and Ceo slab respectively, A is the interfacial

area, and the 2 is because of the symmetric top and bottom surfaces.

3.2.3 Energy level alighments

As proposed by Kleinman %7, in a semi-infinite crystal, planarly averaging the potential
along the direction normal to slab surface (here in the z-direction) rules out the contribution
of potential from neighboring slabs, thus giving a correct work function Wy . The
corresponding vacuum level (E, cuum) €an be used as a reference while processing the
absolute energy level alignment . By planarly averaging Hartree potential profiles (V5'%?)
of a FASnl; slab as well as that of bulk FASnl; (V,2%¥), we obtain the absolute valence band
edge (Ey) after aligning V2“ to V314P at the bulk-like interior part with a value of AV (=
yslab _ ybulk)

Ey = Eyiu + AVy + AEyacuum (8)
where EL¥K is the VBM of bulk FASnls and AE,;c,um is the vacuum level shift. The absolute
conduction band edge (E.) is obtained by combining the E}, value and the experimental
bandgap E; of bulk FASnl;,

Ec=Ey +E; (9)

Similarly, by planarly averaging Hartree potential profiles of the FASnIs3/Ceo

heterostructure (VHFAS"I3/C6°) and of the isolated FASnIs slab (VHFAS"I3) and Ceo slab (VHC6°),
we obtain the valence (VBO) and conduction band offsets (CBO) from the following two

equations:

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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and,

CBO = VBO + E; ™" — E;*° (11)

where E 253 and Ey, are VBMs of the isolated FASNIs slab and Ceo slab respectively,

EFASnls

g and E;“’ are experimental bandgaps of bulk FASnIz and Ceo taken from references >2

and % respectively, and AV, =V 45"3/Co0 _ [y FASR (o 17C60) are ysed to align the Vi of

the isolated FASnIs (or Ceo) slabs to the heterostructures.

3.2.4 Link between work function and surface dipole

There is a link between the work function and the surface dipole. According to the
definition of the displacement electric field:
D =¢€,E+P (12)
where g, is the permittivity in a vacuum, E is the electric field and P is the polarization
density that captures the field due to “trapped” dipole moments. Comparing the divergence
of Eq. (12) to Gauss's law, we have p, = =V - P where py=py, ... .+ Pp;,... is the bound
charge density comprising of both electronic and ionic parts.

For each modeled FASnIz slab, we obtain its surface dipole density p by
/2
p = f;o P,(2)dz. (13)
From Leung et al. 1%, the surface dipole and the work function are related within the
framework of local density approximation formulation. The change of work function AW, =

Ag is unambiguously consistent with the change of the dipole moment Ap via the equation

below,
Ap = —e2 = —-1.809 x 10~8Ap (14)

€o

where ¢ isin J, charge e isin C, €, is in F/m and p is in C/m.

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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4 THEORETICAL RESULTS AND DISCUSSION

4.1 FASnl; and Cgo bulk materials

The lattice parameters a (= b = ¢), bandgaps (E;) and bulk moduli (B,) of room
temperature (RT) face-centered cubic (fcc) FASnls and Cgo 101192 gre listed in Table 3-1. For
FASnIs, due to its fast re-orientational motion of FA cation and in order to fulfill the average
RT lattice symmetry, a fictitious atom “FAP” (where “PS” refers to the use of a pseudo-atom
and the associated pseudopotential) has been developed in our group, to mimic the
effective cation size in the perovskite cage 10319 As listed in Table 3-1, the lattice
parameters obtained from such procedure using the GGA-PBE level of theory °° match better
with the RT experimental values than what is obtained from the VDW-C09 level of theory %,
while the E, obtained from both functionals are underestimated. Given the E,
underestimation, a recently developed DFT-1/2 method %> has been chosen to
simultaneously achieve better bandgap accuracy and low computational cost instead of the
hybrid functionals or even more demanding many-body corrections, which are not
affordable for large heterostructures. Figure 3-1 compares the band structures of bulk
FASnl; and Cso at GGA-PBE and DFT-1/2 level of theory. We see that the bandgap of FASnI;
at the GGA-PBE level stays direct at the “R” k-point for the DFT-1/2 calculation, but its value
has been expanded by exhibiting a 491 meV downshift of the valence band maximum (VBM)
and a 538 meV upshift of the conduction band minimum (CBM). Similarly, the direct bandgap
of Ceo at the GGA-PBE level has been expanded by the DFT-1/2 method with a 117 meV
downshift of the VBM and a 203 meV upshift of the CBM. Figure 3-2 plots the band
structures of bulk FASnIs and Ceo considering the spin-orbit coupling (SOC) effect. Unlike the

negligible SOC effect of Ceo, FASNI3 has a sizeable spin-orbit splitting located at the CBM. The

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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corresponding bandgap shrinkage of FASnls (around 0.4 eV) agrees well with Tao et al. 1%

and Umari et al. %7, Considering the severe bandgap underestimation of FASnls under the

GGA-PBE+SOC calculation, we select the following three levels of theory in our subsequent

surface and interface calculations, namely, GGA-PBE for structural minimization, DFT-1/2

and DFT-1/2+SOC for electronic structure calculations.

Table 3-1. Lattice parameters a (= b = c¢), electronic bandgaps (E;) and bulk moduli (B,)

of cubic FASnl3 and Ceo in this work at different levels of theory using DFT and comparison

to RT (unless specified) experimental results and other DFT-based theoretical results. In the

present work, a pseudo-atom FAP is used to mimic the effective FA cation size in the

perovskite cage at RT.

FASnI3 Ceso
Functional _ _
a [A] E, [eV] B, [GPa] alA] Eg[eV] B, [GPa]
GGA-PBE 0.50 21.13 1.19 32.43
GGA-PBE+SOC 0.11 - 1.20 -
6.31 13.97
This work DFT-1/2 1.53 - 1.51 -
DFT-1/2+S0OC 1.14 - 1.51 -
VDW-C09 6.15 0.19 - 13.82 1.14 -
1.41°2 14.1510 21364
6.32 (300 K)108 14,7113
Exp. 6.30 (275 K1 1.386% - 14.20102  1.70% 4.0t
' 1.34109 14.26111 1,702 '
0.96115 2.15120
6.4411> 12.9617
Cal. 0.70116 13.1911° 2.12121 -
6.40116 15.10118
1.40106 1.66122

* This project has received funding from the European Union’s Horizon 2020

* X x
*
*
research and innovation programme under Grant Agreement No. 862656.

23



DRop-on demand flexible Optoelectronics & Photovoltaics by means of Lead-Free halide perovskiTes

Deliverable D4.2

Energy [eV]

Energy [eV]

Figure 3-1. Electronic properties at GGA-PBE and DFT-1/2 level of theory: (top) band

structures of bulk FASnIs; (bottom) band structures of bulk Ceo
eV.

. The Fermi level is set to zero
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Figure 3-2. Electronic properties at GGA-PBE+SOC and DFT-1/2+SOC level of theory: (top)
band structure of bulk FASnls; (bottom) band structure of bulk Ceo. The Fermi level is set to

zero eV. The ASOC in (a) means spin-orbit splitting at the CBM.

4.2 Thermodynamic stability at various surface terminations

421 FASnl; (001) slab

The Snl-terminated and FAIl-terminated slabs are thermodynamically stable as
shown by the negative values of AE (Figure 3-3a). Moreover, the FAl-terminated slabs are
energetically more stable than the Snl;-terminated ones. By increasing the slab thickness
from 4L to 14L, |AE| decreases and reaches a convergence around 10L. We can conclude
that the slab at the thickness of 10L can be considered from the energetic viewpoint as a
composite structure made of a bulk-like interior region plus surface layers. So, the 10L will
be taken for the subsequent heterostructure modeling. Note that, the AE at DFT-1/2 and
DFT-1/2+S0OC levels follow the same trend as the AE at GGA-PBE level, though their values
are more negative regardless of the slab thickness.

Figure 3-3b plots the evolution of o with respect to the chemical potential difference
(USn? — u2ii’). Note that the u$ii? — ughi® is in range of [AEf; 0], where AE? is the
formation energy of a bulk structure from a thermodynamics point of view. As it shows, at
GGA-PBE, DFT-1/2 and DFT-1/2+SOC levels, the o of Snl,-terminated slabs are in between [-
19.45; 14.56], [-39.37; 10.10], [-35.01; 11.99] meV/A? respectively and that of FAI-
terminated slabs are in between [-40.52; -74.53], [-52.70; -101.84], [-48.47; -95.47] meV/A?
respectively. The smaller o values at FAl-termination in comparison to those at Snl,-

termination indicate that FAI-terminated slabs will be formed preferentially. Besides, when

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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the ugii? — ugni® is smaller than -3.10 eV at GGA-PBE level (or, -6.22 eV at DFT-1/2 level, -
5.57 eV at DFT-1/2+SOC level), Snl,-terminated slabs will not be formed at all because of
positive o values.

Octahedral layer [L]
4 6 8 10 12 14

B Snly-
FAI-

2

AE [meV /FASnl,]

-800
GGA-PBE

=3

{==FASnl; formed
N Bl

-~

40 -

FA rich
FA poor

o [meV/A?

-80 -

— Snl-
FAl-

-120

-8 -4 0
slab . bulk
Mg, -, [€V]

Figure 3-3. Thermodynamical properties of FASnl3 (001) slab at GGA-PBE level of theory
respectively: (a) the difference in energy AE between FASnIs unit in the slabs and in the bulk
as the slab thickness goes from 4L to 14L; (b) surface energy o at the converged thickness of

10L as a function of chemical potential difference pgii? — u2ii*.

4.2.2 FASnI; (001)/Ceo (001) heterostructures

Before proceeding, the interfacial distance d is optimized by computing the W, of a
series of unrelaxed heterostructures at a varying d 23. By polynomial fitting this W,, vs d to
the 4™ order, we have the adjusted R-squares (Adj. R?) over 0.99 for all systems. From these
fitted curves, we obtain the optimal interfacial distances (dopt) located at the lowest W,

(written as Wyq unretaxea )» @ summarized in Table 3-2. The lower value of the

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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Waa unrelaxea, the higher stability of the heterostructure. So, the stability sequence of Snlz-
Cs0 bonding is @topvo > @topSn > @topl and that of FAI-Ceo bonding is @topFA > @topvo >
@topl. Obviously, Snl,-Ceo @topvo and FAI-Cso @topFA are the two most stable systems for
the respective interfacial bondings. Also, the W,,; after relaxing atomic coordination
(written as Wyg reraxea) are listed in Table 3-2. We see that the W4 eiqxeq have more
negative values than W4 ynreiaxeqa and follow the same trend as Wy4 ynretaxea, €Xcept for
the opposite values of Snl,-Ceo @topSn and Snl-Ceo @topl systems. At all levels of theory,
the obtained Wy reiaxeq Of Snl2-Ceo @topvo have a larger absolute value than that of FAI-
Ceo @topFA, which means that the Snl-terminated surface is more favorable for Ceo
adsorption than the FAI-terminated one, although the Snl,-terminated surface is viewed as
less energetically stable in a vacuum than the FAI-terminated one.

Table 3-2. The work of adhesion W,,; before and after relaxing atomic coordination (written
as Waq unretaxea @aNd Wag reraxea) at the optimal interfacial distances dopt extracted from

Erreur ! Source du renvoi introuvable..
|

Bonding Pattern ot [i-'\] F:;:Cr/‘ié‘;;ed Wad retaxed [meV/Az]
GGA-PBE GGA-PBE DFT-1/2 DFT-1/2+S0OC

@topSn 3.2 —10.4 —6.3 —14.4 —30.7

Snl-Ceo  @topl 3.4 —6.3 —8.7 —52.9 —43.7
@topvo 2.8 —13.2 —16.2 —55.5 —46.8
@topFA 34 -2.0 —-5.6 —42.1 —44.9

FAI-Ceo @topl 3.4 14 -11 —23.7 —25.9
@topvo 35 -0.9 —3.5 —27.4 —30.0

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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4.3 Electronic properties at various surface terminations

4.3.1 FASnIl; (001) slab

Figure 3-4 plots the planar averaged Hartree potential profiles (V;34?) of 10L Snl,-
terminated and FAl-terminated slabs (as examples), as well as that of bulk FASnls (V2#),
From the AV}, we obtain the absolute band edges, see Figure 3-5. At the GGA-PBE level, the
Ey, of Snl,-terminated slab decreases while that of FAl-terminated slab increases as the slab
thickness increases continuously. However, at the DFT-1/2 level, the E, values for both
terminations smoothly decrease. A similar evolution is seen at the DFT-1/2+SOC level (not
shown here). The reason for this coinciding prediction comes from the fact that the SOC is
negligible at the VBM %4, An abrupt drop in the E} is found for the 6L FAl-termination
regardless of the levels of theory. In addition, the E}, reaches a convergence at the thickness
of 10L as well, which serves as an auxiliary to our previous stability convergence. With
respect to slab thickness, the Snl,-terminated slabs are found to be more sensitive to surface
states than the FAl-terminated ones, as proven by their more pronounced band edge
variation. A proper guess for the two terminations having dissimilar sensitivities is given by
their nonidentical slab stabilities.

Compared to FAI-terminated slabs, the Snl;-terminated ones have their band edges
further away from the E,,;.,,m at the GGA-PBE level while closer to the E,;.um at DFT-1/2
with and without SOC levels. So, the correction of pseudopotentials of Sn and | atoms in the
DFT-1/2 method are proven strong enough to substantially divert the relative position of

band edges. In particular, at the GGA-PBE level, the difference of E;, between 10L Snl,-

terminated and FAl-terminated slabs AE}, (= E{,WZ — EFAL, representing their Coulomb

potential difference in a vacuum with respect to the Fermi level) is 0.780 eV, while at DFT-
1/2 level, the AE, are -0.641 eV. Here, our DFT-1/2 computed E}, of Snl>-terminated and
FAI-terminated slabs match fairly well with the results from Liao et al. 1% and Koh et al. >2
respectively. However, as pointed out previously %, the experimentally reported values for

E, cover a large energy range from -4.7 eV to -6.0 eV 19°26164109.125 \yhjch might be related

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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to different sample preparations or experimental conditions. We may reasonably infer from
the present simulations that different surface terminations may play a role in the large

dispersion of experimental values.

a. 04 GGA-PBE
>
2
I .64
S 6
b 121 1AV, =-0.03 eV
° oA GGA-PBE
>
2
T -6
>
121 PAV,=+0.46 eV
120 144 168
z [A]

Figure 3-4. Planar averaged Hartree potential profiles V; of 10L Snl,-terminated (a) and FAI-
terminated (b) slabs along the z-direction at GGA-PBE (green lines) level of theory. The AVy
is the value used to align the V of bulk FASnls (dark lines) to that of FASnIs slabs.
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Figure 3-5. Absolute valence E}, and conduction E- band edges of Snl,-terminated and FAI-
terminated slabs from 4L to 10L at GGA-PBE (black blocks) and DFT-1/2 (red blocks) level of
theory. The experimental bandgap value of bulk FASnlz is used from reference 2.
Experimental data exp-a (orange blocks), exp-b (green blocks) and exp-c (purple blocks) are

extracted from references %, 1% and > respectively. More experimental data 196125,

To understand the microscopic origin of that large AE},, between two terminations,
charge distribution and polarization profiles are used for characterizing the changes of work
function and surface dipole. Figure 3-6a-b plots the planar averaged electron density
(05198 (2) gretronic IN €°/A3) of FASnI; slab at the GGA-PBE level, which points out that the
Snlx-terminated surface is charge concentrated while the FAI-terminated slab is charge
deficient, indicating an electron transfer from the FAI- layer to Snl,- layer at the surface
outmost region. This electron transfer brings about a local surface dipole pointing in the
opposite direction, which is responsible for the shift of work function A¢, according to Eq.

(9). Between two terminations, the difference in their bound charge densities is obtained by

ApstaP(z) = pgnlz(z) — pF4l(z) (see Figure 3-6¢). It is found that in slabs the Ap;'®?(z)

mainly occur at the surface areas and they are symmetric with respect to the middle of the
bulk-like interior. As a result, the differences in their polarization densities AP (z) =
P ™2(z) — P,F(2) (see Figure 3-6d, in C/m?) will fade away in the bulk-like interior
justifying the assumption of vanishing dipoles at z = z,, and they counteract each other at
the opposite surface layers.

By integrating the PS4’ (z) using Eq. (13), we obtain the surface dipole moment

stab in C/m) and the difference of ps'*” between two terminations (ApSl#? = pSnlz —

(p
pF4l), as listed in Table 3-3. From this Aps!??, the difference of work function between two

terminations A¢s'*? is achieved using Eq. (14). We find that the values of A@S'*? are in

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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excellent agreement with those of AE}, extracted from Figure 3-5 at GGA-PBE and DFT-1/2
levels. Note that, results at DFT-1/2+SOC level are not shown here. This tells us that the gap
of absolute valence band edges between two surface terminations is uniquely due to the
shift of their surface dipoles. The agreement between AE}, and A¢ not only confirms the
proportional relationship between the changes of surface dipole and work function %, but
also underlines the link between surface dipole and energy level alignment, as proposed by
our group 1%, Specifically, the Aps!®? obtained from GGA-PBE calculation is positive while
that obtained from DFT-1/2 calculations is negative. It means that compared to FAI-
terminated surface, Snl,-terminated surface is predicted to have less concentrated surface
charges under DFT-1/2 calculation than those under GGA-PBE calculation. This corresponds
to the VBM distributions in the insets of Figure 3-6, where the Snl,-terminated surface
charges at DFT-1/2 level relocate towards the slab interior part in comparison to those at
the GGA-PBE level, meanwhile, the FAI-terminated ones remain evenly distributed around

the surface vicinity for all levels of theory.

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under Grant Agreement No. 862656.
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Figure 3-6. Planar averaged electron density profiles p3'*? (2) ietronic Of 10L Snl,-terminated
(top) slabs along the z-direction at the GGA-PBE level of theory. Differences of planar
averaged bound charge density Apf,lab (z) (bottom) between two terminations at GGA-PBE
and DFT-1/2 level of theory. Insets in (top) are VBM distributions near surfaces with an

isovalue of 1.5x10* e/A3 at different levels of theory. Atoms in pink, blue and black

represent elements |, Sn, and FA™ respectively.

Table 3-3. Surface dipole moment ps'®? of 10L Snl>-terminated and FAI-terminated slabs as
well as their differences Ap$!a? = pS™fz — pFAl gt each level of theory. Comparison of the
work function differences A@$'%? using Eq. (9) and the absolute valence band edge

differences AE}, (= E]fnlz — EFAT) extracted from Figure 3-5.

Functional GGA-PBE DFT-1/2

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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Termination Snlp- FAI- Snl,- FAI-

pStaP [xE-11, C/m] 3.564 2.870 3.057 3.628
ApStb [xE-11, C/m] 0.694 -0.571
AP [eV] 0.777 -0.641
AE,[eV] 0.780 -0.638

4.3.2 FASnl;3 (001)/Ceo (001) heterostructures

From the planar averaged Hartree potential profiles of the FASnl3/Ceo heterostructure
and of the isolated FASnIs slab and Ceo slab, see Figure 3-7 where Snl-Ceo @topvo and FAI-
Ceo @topFA are taken as examples. In fact, the FASnI3/Ceo heterostructures belong to the
type-ll interface band alignments with the absolute band edges of FASnIs higher than those
of Ceo. This tells us that under illumination, the excited electrons in FASnls absorbers can
transport freely to the Ceo ETL while the excited holes are blocked from drifting into the Ceo
ETL, yielding a small interfacial electron-hole recombination. This small interfacial
recombination proves the wide use of Ceo as an effective ETL in Pb-free perovskite solar cells
3764127 \We observe that the VBOs and CBOs computed by DFT-1/2 and DFT-1/2+SOC are of
relatively larger magnitudes than those computed by GGA-PBE, and their values match
perfectly with the experimental data from other studies >¢°799112 ranging in 0.9-1.2 eV and

0.6-0.9 eV respectively.

:***1 This project has received funding from the European Union’s Horizon 2020
LA research and innovation programme under Grant Agreement No. 862656.
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Figure 3-7. Planar averaged Hartree potential profiles Vi of the FASnl3/Ceo heterostructures
and the isolated FASnIs slabs and Ceo slabs with (a) Snl;-Ceo @topvo and (b) FAI-Ceo @topFA

interfaces at the GGA-PBE level of theory. Numbers followed behind the components in the

FASnI3/C, FASnI
VH 3/Ce0 _ Vv 3

. (or V7%°) used to align the V4 of the isolated

legend box are the AV, =

FASnI3 (or Ceo) slabs to the heterostructures.

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under Grant Agreement No. 862656.
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5 GENERAL CONCLUSIONS AND PERSPECTIVES

In this report, we have presented a literature survey of LFPs aiming at selecting
charge transport layers that could be used for the inkjet printing applications. This survey
is followed by experimental investigations of various FASnl; devices using selected
interfaces. Finally, a detailed computational methodology to address atomistic interface

modeling by DFT has been developed.

The DROP IT partners have decided to focus both experimentally and theoretically
on FASnI3 /Ceo heterostructures and devices, which appear as a good compromise in terms
of device performances, especially for charge extraction leading to sizeable short circuit
current values. The practical Voc limitations have been attributed to oxidation issues, which
are specific of Sn-based perovskite bulk properties rather than interface issues.
Circumventing these problems as shown by DROP partners by chemical engineering,
combining addition of a secondary ammonium salt with that of an effective reducing agent,

shall have in turn beneficial effects on device stability’®.

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under Grant Agreement No. 862656.
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