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ABSTACT: The family of organic-inorganic hybrid perovskite (OIHPs) materials is one of the
most promising for very high efficiency photovoltaic solar cells application. In the present work,
the effect of a series of self-assembled monolayers placed at the TiO,-perovskite junction, on the
functioning of triple cation perovskite solar cells has been investigated. We show that employing
4-chlorobenzoic acid leads to the marked boosting of the solar cells performances. The starting
pristine cell had a 20.3% power conversion efficiency (PCE) and the chemical engineering
permitted to reach a PCE up to 21.35%. Our experimental study completed by density functional
theory (DFT) calculations and modelling show that this improvement is due to the reduction of
interfacial states, to the improvement of the quality of the OIHP material and to the structural
continuity between TiO; and the OIHP. Especially, we demonstrate that the interfacial chemical

interactions are important to consider in the design of highly efficient devices.

1. Introduction
Recently, organic-inorganic hybrid perovskites (OIHPs) have emerged as one of the most
promising family of materials for applications in various fields such as lasers, LED,

photodetectors, scintillation and photovoltaic solar cells." '

This material family exhibits
excellent optoelectronic properties, tunable bandgap, long charge carrier lifetime, low cost and
low-temperature solution processibility. OIHPs thin films can be printed on flexible substrates
for lightweight devices. The record power conversion efficiency of perovskite solar cells (PSCs)
has increased rapidly and continuously during the last decade and is now certified at 25.2%."

PSCs are presently the most performant thin film solar cell technology and they are close to the

efficiency of the best silicon technology.



In the most popular direct structure, a TiO, mesoporous layer is deposited on top of a TiO;
hole blocking layer.'® The OIHP absorber film is grown on top of these layers and is covered by
a p-type molecular semiconductor, typically Spiro-OMeTAD. In the inverted cell structure, the
OIHP layer is deposited on top of the p-type selective contact. The oxide n-type semiconductor
layer blocks the hole transfer and ensures the electron transport.'® The injection of the
photogenerated electrons is a key step in the photovoltage and photocurrent generation. High
efficiency requires a high quality of the interfaces and correct energy band matchings between
the various layers. Engineering the interfaces with facile solution-based processes is an attractive
means to boost the PSC functioning and performances. Self-assembled monolayers (SAMs) are
very interesting for this purpose. SAMs of organic compounds have been implemented in PSC
interfaces and they can potentially induce various positive effects. (i) They can influence the
morphology of the perovskite layer, favor the crystallinity, the grain size and the absence of
pinholes in the absorber material. (i) Organized and aligned SAMs of polar molecules produce a
permanent molecular dipole moment normal to the surface. This polar layer changes the work
function and generates an electric field that can favor the extraction of the photogenerated
charges from the perovskite layer. (ii1) SAMs can passivate the trap states on the oxide selective
contact; (iv) they can also passivate trap states in the perovskite layer. (v) They can delay the
charge recombination and act as an insulating layer.'” (vi) SAMs can also act as barrier between

perovskite and the underlayer and avoid them to react each other.'®"
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Recent results illustrate the interest of applying SAMs to PSCs. For instance, Li et a
introduced the 4-aminobenzoic acid at the interface between TiO, and CH3;NH;Pbl; (MAPI).

Their PSCs had a poor efficiency but the treatment was beneficial to the performances. Zuo et

al.** applied C3-SAMs to planar solar cells based on ZnO electron transporting layer (ETL). The



interfacial engineering improved the MAPI layer morphology and passivated the trap states.
Moreover, the authors claimed a better energy level alignment due to the reduction of the work
function of the ZnO ETL (dipole moment of the C3 molecule). More recently, ZnO was
engineered by a dual-functional SAM.* The treated cells achieved a 18.8% PCE. Wang et al.”®
explored the effect SAMs on NiO-based inverted structure PSCs. They found that 4-
bromobenzoic acid effectively passivates the surface. It reduced the trap-assisted recombination,
improved the surface wettability and minimized the energy offset between NiO and MAPI
perovskite. B-alanine was also employed in inverted structures. The amino group was attached to
PEDOT-PSS while carbonyl terminal group interacted with MAPI. The dipole moment of the
molecular interface modifier favored the charge extraction.”” Palomares et al. directly used
SAMs to replace the commonly used PEDOT:PSS contact layer and reached an efficiency of
17.3% in inverted structure MAPI PSCs.”® In the present literature on PSC, most SAMs
employed feature C60, amine or ammonium groups.'> Will et al. reported that the interfacial
chemical composition can be controlled from Pb-poor to Pb-rich by the SAMs.”” Also SAMs
have been investigated on the top of the perovskite layer.”” It has been shown that thiol group

30,31

form firm coordination with the perovskite. Hydrophobic molecular SAMs have been used

notably to protect OIHP from moisture and increase the device durability.”* >

In the present work, the effect of SAM interfaces on the functioning of triple cation
perovskite solar cells has been studied. A series of acids with a benzene spacer and various
functional (terminal) groups have been tested. By varying the functional group, the strength and
sign of their molecular dipole moment have been monitored over a wide range. Moreover, the
data have been completed by the study of B-alanine (B-ALA). In these molecules, -COO was the

anchoring group, permitting the SAMs formation and attachment onto TiO, in a bridging



bidentate mode. We show that employing SAMs with a chloride functional group leads to the
marked boosting of the triple cation perovskite solar cells performances. The starting pristine
cells had high performances (PCE up to 20.3%) but the interfacial engineering permitted to reach
a PCE up to 21.35% (stabilized at 20.9%). Our experimental and theoretical study shows that this
improvement is due to the reduction of interfacial states, to the improvement of the quality of the
OIHP material and to the structural continuity between TiO, and the OIHP. To our knowledge, it
is the first time that chloride terminated SAMs are shown to boost the efficiency of PSC and that

acid modified interface PSCs achieve an efficiency higher than 21%.
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Figure 1. Schematic presentation of the investigated mesoscopic perovskite solar cells. The
mesoporous mp-TiO, layer was covered by SAMs (in red) of various para-substituted benzoic
acids and B-alanine before to be covered by the Cs8FAMA perovskite layer.

2. Results

The schematic device structure is presented in Figure 1 and the SEM cross-section is
displayed in Figure Sla (Supporting Information). The perovskite absorber employed was a
hybrid perovskite, mixing three monovalent cations with CsgsFAs0MAy 12Pb(IpssBro.12)3 as a

general formula (hereafter noted Cs8FAMA). The FTO/glass substrate was covered by a



compact and pinhole-free TiO, film by using the spray pyrolysis technique (Compact-TiOz).16
This layer is important to get high performances by avoiding the direct contact between the
perovskite and the FTO and blocking the transfer of holes. A TiO, mesoporous layer (mp-TiO;)
was deposited by spin-coating on its top. The average thickness of this layer was 120-130 nm.
Immediately after its annealing, the mp-TiO, layer was treated with methanol solutions of
various acids as described in the Experimental Section. The investigated acids were para-
substituted benzoic acid derivatives: 4-Chlorobenzoic acid (CBA), 4-methoxy benzoic acid
(MBA) and 4-nitro benzoic acid (NBA). Additionally, B-alanine (also called 3-aminopropanoic
acid and noted B-ALA), an amino-acid, was also investigated. The full study of 4-Bromo benzoic
acid (BrBA) and 4-Amino benzoic acid (ACA) was discarded at early stage as explained in the
Experimental Section. Figure S1b and S1c (Supporting Information) show the aspect of this layer
before and after this treatment, respectively. The mp-TiO, layer covers the substrate and forms a
very open structure. The nanoparticle mean diameter was 30 nm. The SEM images show that it
had exactly the same aspect before and after the acid treatment. The treatment was effective
because the rinsing step removed the reactant excess and only the molecules bound to the TiO,
surface remained. In a previous work, the attenuated total reflection (ATR-IR) technique®*>® was
employed to get information on the attachment of the four different acids on TiO, * (see also the
Supporting Information for details). We showed that the acids are robustly attached onto the
Ti0O, surface and that the attachment occurs in a bidendate bridging mode. This attachment

configuration was confirmed by periodic DFT calculations.”’ The modifiers form a self-

assembled monolayer (SAM) at the surface of the mesoporous TiO, layer.
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Figure 2. (a) XRD patterns of Cs8FAMA perovskite on pristine and acid-treated TiO;
underlayers. The peaks marked by # are indexed to FTO. (b) FE-SEM top views of Cs8FAMA
perovskite layers. (¢) Absorbance and normalized photoluminescence of Cs8FAMA perovskite
layers.

For the PSC preparation, a triple monovalent cation perovskite, CsS§8FAMA, was employed.

The crystallinity of the Cs§FAMA films prepared on pristine TiO, and on the acid-modified



TiO, underlayers was investigated by x-ray diffraction (XRD).* In Figure 2a, the characteristic
peaks at 14.1°, 20.0°, 24.3°, 28.4° and 31.8° are indexed to the (001), (011), (111), (002) and
(012) crystal planes, respectively.*” The peaks present the same intensity and position for the
various samples. They are also characterized by similar FWHMs. The FWHM of the (001), (011)
and (002) peaks were measured at about 0.11°, 0.09° and 0.12°, respectively. From these
similarities, we conclude that the SAMs presence and the chemical nature of the interfacial
modifiers do not significantly influence the perovskite layer crystallinity. The broaden peak at
12.7° shows the presence of Pbl, impurity. It is noteworthy that more Pbl, is found in the MBA
sample. The morphology of Cs8FAMA deposited on the various underlayers is compared in
Figure 2b. The layers are perfectly covering and pinhole-free. They are made of well-crystallized
grains with a size in the 210-280 nm range. No significant change in the grain shape, size and
size dispersion could be observed on these views. Therefore, on the contrary to what was found
for instance in the case of MAPI on a NiO underlayer,'® surface modifiers have no significant
effect on the growth and crystallinity of the perovskite. The absorbance spectrum of the various
perovskite samples is presented in Figure 2c. It is characterized by an absorption edge at 750-780
nm. The curves for Cs8FAMA on the pristine TiO; and on the acid treated TiO, overlap. It
shows that the perovskite layer thickness is unchanged after the treatment with the various acids
and that all the samples have the same perovskite thickness. The direct bandgap of Cs8FAMA is
determined at 1.60 eV and is independent of the interlayer chemical nature (Figure S3,
Supporting Information). The normalized photoluminescence spectra are presented in Figure 2c.

The spectra overlap and are centered at 770 nm.
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Figure 3. (a) Reverse scan J-V curves and (b) EQE of PSCs engineered by various acids.

Table 1. Photovoltaic J-V parameters of best CSSFAMA cells.

T
600

Wavelength {nmj)

Cell Scan direction Voc/V Jsc/ MAcm?  FF/% PCE /% HI / %°
Reverse 1.110 23.29 78.53 20.30

Blank 6.6
Forward 1.105 23.27 73.81 18.97
Reverse 1.101 24.25 79.81 21.35

CBA 12.9
Forward 1.086 24.26 70.59 18.60
Reverse 1.094 23.87 79.29 20.73

MBA 19.3
Forward 1.068 23.85 65.70 16.73
Reverse 1.096 23.10 76.69 19.43

B-ALA 12.6
Forward 1.075 23.10 68.42 16.99
Reverse 0.696 419 37.86 1.11

NBA 9.0
Forward 0.702 3.49 41.28 1.01

PCErey—PCEfor

* Hysteresis index defined as: HI(%) = ——
rev

We have fabricated solar cells based on the device structure depicted in Figure 1 to
investigate the effect of the TiO./perovskite interface engineering on the cell functioning and

performances.'* The current-voltage (J-V) curves of the best cells are presented in Figure 3a and



the data for the reverse and forward scans are gathered in Table 1. The performances varied
significantly with the treatment. The blank cell achieved an efficiency of 20.3% (Voc= 1.11 V,
Jsc= 23.3 mA.cm'z, FF= 78.5). Compared to the untreated cells, the CBA-Cs8FAMA devices
presented much better performances. The highest efficiency achieved was 21.35% (Voc=1.10 V,
Jsc=24.25 mA.cm, FF= 79.8). The performance of the MBA cell was close to the blank one. B-
ALA cells were less efficient than the blank cell while this compound has been described in the
literature to boost the PCE of various MAPI solar cells.”**** NBA cells exhibited a very low
efficiency. The presence of NBA SAMs deteriorated all the J—J parameters, and the efficiency
was very low. It this probable that this additive introduces trap states and defects at the interface
which are at the origin of large parasitic charge recombination reaction. The EQE spectra are
reported in Figure 3b. Excluding NBA, the EQE values are very high with the highest quantum

efficiencies for the CBA cells, in good agreement with the superior Jsc for this device.

The statistical analysis of the performances in Figure 4 and the averaged values in Table S1
(Supporting Information) confirm the consistency of the trend. The PCE of the CBA cells is
markedly superior to the blank due to higher Voc and Jsc parameters. On the other hand, NBA is
detrimental for the device functioning. The Jsc is very low with an average value at about 3

mA.cm. Combined with the low Voc and low FF, it generates a PCE of only 1%.

10
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Figure 4. Statistical analysis of the J-V curve parameters of 20 cells from the same batch.

In Table 1 is also reported the hysteresis index (HI). This index is larger for the acid treated
samples compared to the blank cell (HI = 6.6%). The highest HI is found for the MBA PSC with
HI = 19.3%. The stabilized efficiency was determined by tracking experiments. The results are
gathered in Figure 5a and Figure S4 (Supporting Information). We note that the superior
performance of the CBA cells is confirmed with a stabilized PCE of 20.9% reached after 2 min
while the blank cell achieved only a 20.0% stabilized PCE. We also notice that the systems have
a slower response time in the case of the acid-modified cells. For instance, the steady state
maximum power was reached after 80 s for the CBA PSC while it was found after only 20 s in

the case of blank one. More generally, the SAMs modified devices always exhibit a slower rise

11



than the blank pristine one (Figure S4, Supporting Information). The rise can be attributed to the
re-organization of the interface upon polarization. This re-organization is linked with the
mobility of ions in the Cs8FAMA perovskite and to the ionic redistribution. An interesting
information is that the different time scale in the tracking curves is related to the hysteresis. The
longer is the time to reach the steady state, the higher is the hysteresis in the J-V curve. Also, we
have shown elsewhere that the slow electrical phenomena are also related to the low frequency

. 16,44
capacitance measured on PSCs. 5
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Figure 5. (a) Tracking of the maximum overall power conversion efficiency of the CBA and
blank cells. (b) Forward and reverse J-V curves of CBA cell with the stabilized maximum power
point (MPP). (c) Stability test of unencapsulated cells treated with various acids. (d) PL emission
spectra of fresh, three days matured and 12 days aged Cs8FAMA layer deposited on glass.
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An important question is whether the hysteresis is detrimental for the high steady-state
efficiency of our PSCs. In Figure 5c, we have plotted the maximum steady-state power point
(MPP) of the CBA cell. This parameter is close to the reverse scan J-V curve. It does not look
influenced by the hysteresis. Similarly, for the blank cell and the B-ALA cell, the MPP is close to
the reverse scan J—V curve (Figure S4, Supporting Information). Our data show that in the high
efficiency triple cation solar cells, the hysteresis is not a problem for the steady-state efficiency
of the device. It corresponds to ionic reorganizations and a larger hysteresis only means that

achieving the steady state current will take longer time.

The stability of unencapsulated cells was followed for two months (Figure 5c). The PSCs
exhibited a good stability and had a similar evolution. It is concluded that the interface
modification is not detrimental for the stability. Because the SAMs are placed under the OIHP
layer, no improvement in stability was found. We can note that some groups have successfully
implemented the strategy of placing SAMs with hydrophobic properties on top of the OIHP layer
to enhance the device stability.’*® Therefore engineering the interfaces of the perovskite on both
sides could be a successful strategy to get highly efficient and stable PSCs. In Figure 5c, we can
see that the MBA cells were less stable. It can be linked to the larger amount of Pbl, present in

the OIHP of these cells as shown by the XRD patterns in Figure 2a.

A more attentive scrutinizing of the evolution curves (Figure 5¢) shows that the efficiency of
all the devices increased during the first few days. A surprising maturation period is found at the
beginning. To elucidate this performance improvement phenomenon, photoluminescence

measurements were conducted. Figure 5d shows the spectra of a fresh layer and of a three days
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old layer. The PL intensity is about ten times higher after the few days of storage. Therefore,
during this maturation step, the structural quality of the HP is improved, defects are
annealed/passivated and the radiative recombination increases. Then, when the layer is aged, the

PL intensity decreases due to the perovskite degradation (Figure 5d).

3. Discussion

We will now discuss the effect of SAMs on the PSC performances. We have shown above
that they have no significant influence on the morphology of the perovskite layer, on their
crystallinity and on the grain size. Various interfacial modifiers have been tested that cover a
wide range of dipole moment by varying their para-substituents and spacers. By periodic DFT
modeling, the anchoring of the acids by their carboxy group onto the TiO; surface has been
confirmed and the attachment mode has been found bridging bidentate.*” The functional groups
will induce different interaction with the perovskite layer and the modifiers will also exhibit
molecular dipole moment of various strength and sign. Since the latter parameter is reported to
be key in interfacial engineering of opto-electronic devices in several papers, dipole moment
values have been investigated by ab-initio periodic DFT calculations. They have been calculated
for the isolated molecules (1) as well as for the molecules bound to the TiO; surface. In the latter
case, we have been interested in the molecular dipole moment component normal to the surface,
noted pi. The effect of the methanol solvent on the adsorber configuration has been taken into
account. The wvalues are disclosed in Table S2 (Supporting Information). They were
systematically lower than the value for the isolated molecules due to the molecule tilting and to
the charge transfer that accompanies the acid binding onto the surface. The value ranged from -

0.50 D (MBA) to 2.22 D (NBA). However, the cell performance and Jsc (Table 1) do not follow

the order of p,. For instance, CBA and NBA have the same sign for p,, but the former boosts
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the performances, while the latter presents poor efficiency. To get further insight into the dipole
moment effect on the PSC functioning, p. have been calculated by modeling the
oxide/CBA/perovskite interface. The model details are developed below. The calculated p, are
gathered in Table S3 (Supporting Information). For CBA, if this parameter is rather high at 1.55
D for the isolated molecule, it is much less, viz. 0.61 D, when the molecule is sandwiched
between the two layers. It illustrates that discussion of the dipole moment effect based on data

23-26

for the isolated modifier molecule, as found in many papers (e.g. references ), 1s not accurate

and must be refined.

The next parameter that must be scrutinized is the quality of the perovskite. The quality of
the formed Cs8FAMA layer for various acid-treated TiO, underlayers was probed by measuring
the slow photoluminescence decay of the perovskite which is assigned to the bimolecular
recombination.** The absorber was excited at 470 nm with a diode laser. The curves in Figure S5
(Supporting Information) provide the following decay lifetimes: 183 ns, 117 ns, 79 ns, 64 ns, and
18 ns, for CBA, MBA, blank, B-ALA and NBA cells, respectively. We found a good correlation
between the slow decay time (t5) and the cells Jsc: the higher 14, the higher Jsc. Actually, this
parameter reflects the quality of the OIHP material and high values reflect low quenching
phenomena in the bulk. Our data shows that CsSSFAMA formed on the CBA, and in a less extent,

on the MBA has a better structural quality than the pristine material.

To further explain the marked enhancement of the cell performance with CBA SAMs, we
performed periodic hybrid DFT calculations of the heterostructure. Since band alignment
between the perovskite and the oxide is a key point for efficient electron injection in the cell, all
calculations have been performed at the computationally-demanding hybrid DFT level. Chloride

was supposed to strongly interact with the inorganic framework of the perovskite, creating a
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structural continuity between TiO, and the perovskite. To validate this hypothesis, an interface
model has been built. MAPI was chosen as the perovskite instead of CsSFAMA since: (i) the
former is structurally simpler than the latter, with the different moieties playing the same role in
both systems, (ii) the efficiency enhancement has also been proven with CBA in MAPI cells (see
Table S1b, Supporting Information). From a structural viewpoint, conclusions obtained for the
MAPI-based model should therefore be qualitatively similar to those obtained with a CsS§SFAMA -
based model. Starting from converged surface models of the oxide and MAPIL a
MAPI/CBA/TiO, interface was built. For the oxide part, the building block is a (2x2) supercell
model of the anatase TiO, most stable(101) surface with a thickness of 8 slabs layers (8 O-Ti-O
trilayers), accounting for 96 atoms with lattice parameters a= 14.981 A, b= 11.088 A and y=
109.7°. For MAPI, a (110) surface orientation, MAI-terminated, was considered as this surface is
known to be stable” and the MAI termination can be expected to bind more easily with a
functionalized oxide surface than the Pbl, termination. A slab with 3-Pbl, layers was cut out
from the MAPDbI; bulk system (space group 14/mcm), with a, b and v lattice parameters of 12.343
A, 12.555 A and 90.0°, resulting in a rather large cell parameter mismatch between the TiO, and
MAPI lattices. The interface was created by using CBA as a linker: the carboxylate part was
used to bind to TiO; in a bridging bidentate mode, while CI atoms were oriented towards the Pb
atoms of MAPI close to the TiO, substrate, and Pb-CI bonds were created by substituting all I of
the last layer of the MAPI surface with Cl atoms. To ensure charge neutrality of the resulting unit
cell, H" of the last layer of MA moieties of MAPI were then removed. Finally, cell parameters
matching was ensured by modifying the MAPI lattice to match the cell parameters of the TiO,
supercell. The resulting interface model had P1 symmetry, with 328 atoms and 3876 atomic

orbitals. The lattice was then fully-relaxed, and all atoms were allowed to relax except for the 6
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bottom layers of the TiO, substrate which were kept fixed to their relaxed positions in the clean

supercell.

Figure 6. Schematic drawing of the MAPI/CBA/TIO; interface unit cell. (a) Whole system; (b)
zoomed portion of the MAPI/CBA/TiO, binding. Data in black correspond to distances (in A),
while the red ones correspond to atom numbers mentioned in the text. The solid yellow line
represents the unit cell. Red, light grey, white, green, purple, dark grey, blue and grey spheres
correspond to O, Ti, H, CI, I, Pb, N and C atoms, respectively.

Figures 6a and 6b show the interface structure after geometry optimization. The left figure is
the whole interface model and the right one focuses on the interfacial region. The optimized a
and b cell parameters for the obtained structure are 14.821 A and 11.003 A, respectively, and the
v angle is 108.0°. These values are close to those of the TiO, supercell considered to build the
model, with only a small shrinking after relaxation. Based on the data reported in Figure 6b, we

can conclude that the interface obtained between MAPI, CBA and TiO; is mainly ensured by
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both Ti-O and Pb-Cl bonds. Indeed, a bridging bidentate mode is involved between the
carboxylate group of CBA and TiO,, while strongly distorted PbIsCl octahedra can be evidenced
between MAPI and CBA. It should however be noted that the Cl atoms and deprotonated
CH;3NH;" groups have a competitive binding to the Pb atoms. For instance, Pb atoms 2 and 4
bind to neighboring CI atoms with distances close to 3.5 A. On the other hand, Pb atoms 1 and 3
present larger distances with Cl (around 4.6 A) than with the NH, groups of the deprotonated
CH;3;NH;" moieties (around 2.5 A). It should also be noted that the four CBA ligands in the
interface unit cell have tilting angles with respect to the ¢ axis of 30.0°, 38.6°, 38.6° and 46.9°.
These values are generally larger than the 30.3° value obtained for the adsorption of CBA on
TiO, anatase (101), indicating that the CBA ligands can lay on the TiO, surface with favorable

H'/r interactions in order to act as efficient linkers for the interface formation.

From the computed data, the presence of a halogen substituent on the ligand (Cl in the case
of CBA) seems an important requirement for a stable bonding with the perovskite. On the other
hand, the relatively fixed conformation of the CBA ligand imposed by its binding to the TiO,
surface built a favorably organized CBA-TiO; interface for the binding of perovskite. This is
probably not the case when more flexible ligands are chosen (see the 4-nitrobenzoic acid (NBA)

case for instance).
4. Conclusions

In summary, we have demonstrated that the engineering of the interface between perovskite
and titania is important to get highly efficient perovskite solar cells. By using this strategy, we
have been able to prepare PSCs reaching a PCE of 21.3% (stabilized at 20.9%). We have shown

that in high efficiency triple cation PSCs, the chloride functionalized benzoic acid molecule
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provides a significant beneficial effect. CBA forms a SAM at the TiO; surface and is attached in
a bridging bidentate mode. This interlayer did not change the perovskite film morphology and
crystallinity. We have also shown that its effect cannot be due to the band energy level
management by its molecular dipole moment, moment which is reduced in a large extent while
sandwiched between TiO, and the perovskite. Actually, our experimental and theoretical
investigations emphasize that CBA SAMs at the oxide/perovskite interface is beneficial for the
structural continuity, the trap state reduction and for the global quality of the perovskite. We
show that the presence of a halogen substituent on the ligand (Cl in the case of CBA) is a
significant requirement to establish a stable bonding with the perovskite. We point out that the
interfacial chemical interactions are important to consider for the design of highly efficient
interfaces and that the relatively fixed conformation of the CBA ligand, imposed by its binding
to the TiO, surface, built a favorably organized CBA-TiO, interface for the binding of

perovskite.
5. Experimental section

The fluorine-doped SnO, (FTO) substrates (TEC 7 from Pilkington) were etched and pattern
as described elsewhere.* The TiO, blocking layer was deposited as in Ref.”>. The meso-TiO,
nanoparticulate layer preparation is described in Refs**#4*®_ The mesoporous TiO, layer surface
was modified by adsorbing SAMs of 4-chlorobenzoic acid (CBA), 4-methoxy benzoic acid
(MBA); 4-nitro benzoic acid (NBA) and B-alanine (B-ALA) as described in Ref.*’. Their
molecular structures are shown in Figure 1. It is noteworthy that aside these four acids, we also
evaluated, in a preliminary test, two other benzoic acid derivatives, namely the 4-bromobenzoic
acid (BrBA) and the 4-aminobenzoic acid (ACA). In Table S5, the results averaged for several

cells, show a superior PCE for BrBA-based cells compared to the blank ones but inferior to
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CBA-based devices. Table S5 also shows a PCE lower than the blank cells for the ABA-based
devices. These acids were not further investigated.

A precursor solution of CsgsFAg.80MAg.12Pb(lo.8sBro.12)3 was prepared by mixing 179 mg
of formamidinium iodide (FAI), 17.4 mg of methylammonium bromide (MABr), 27.0 mg of Csl,
548 mg of Pbl, and 57.1 mg of PbBr,, in a solvent mixture of 220 ulL. DMSO and 780 uLL DMF.
The solution was stirred for a minimum of 3-4 h at room temperature in the glovebox before
use.*”* 42 pL of this solution was placed on top of the substrates. A two-step spin-coating
program was employed: first spinning at 1000 rpm for 10 s and then at 6000 rpm for 30 s. 100
ML of chlorobenzene was dripped 20 s after the starting of the spinning routine. The films were
then annealed at 105 °C for 1 h.

The solution of Spiro-OMeTAD (Borun New Material Technology) was prepared as in
Ref.** and it was deposited by spin-coating. Perovskite and HTM layers were fabricated in a dry
air glovebox with RH < 10%. Finally, the gold back contact was formed on the Spiro-OMeTAD
layer by thermal evaporation. The contact thickness was 70-80 nm.

The J-V curves were recorded as described in Refs*****°. The tracking experiments were
performed under ambient conditions. The current was followed at the voltage of the maximum
power. For the stability tests, the cells were stored in a N, filled glovebox and kept under
ambient lighting between the PV characterizations.

The XRD patterns of the OIHP films were measured with a PANanalytical X-Pert high-

resolution X-ray diffractometer (XRD) and as described in Ref.**

. The absorbance spectra were
recorded by a Cary 5000 UV-Vis-NIR spectrophotometer. A glass/FTO/TiO,/mp-TiO, sample
was used as the baseline. The photoluminescence spectra were recorded by a Cary Eclipse

fluorescence spectrophotometer. The sample morphologies were examined with a high resolution
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Ultra 55 Zeiss FEG field-emission scanning electron microscope (FE-SEM) in the in-lens mode.

The full experimental details are provided in the Supporting Information.
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