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We have studied interactions at an interface between a Methylammonium Lead lodide (MAPbI3) surface and
zinc-phthalocyanine molecules with F substituting peripheral H (F,ZnPc; n = 4, 8, 12, and 16) by employing
hybrid density functional theory (DFT) based simulations. These calculations show that F,ZnPc molecules
form a stable interface with MAPbls, whose binding strength is comparable to that of the un-substituted
(ZnPc) case. As a consequence of fluorination, an increase in the ionization potential/electron affinity
(i.e., a systematic lowering of molecular energy levels), as well as interfacial charge transfer, is observed
whose magnitude depends upon the degree of fluorination. In contrast to the common belief of
unfavorable hole transfer for excessive fluorination, our work unveils that the valence band offset
remains favorable for all ranges of substitution (n); thus, hole transfer from MAPbIs to F,ZnPc is

. 4 29th A 2022 facilitated while the electron transfer process is suppressed. This unusual behavior originates from the
eceive th August . . . . . .
Accepted 9th October 2022 intermolecular interaction and substrate-to-molecule electron transfer at the heterojunction, which

gradually suppresses the downward shift of F,,ZnPc energy levels by increasing the value of n. Given the
DOI: 10.1039/d2n200562d beneficial impacts of fluorination, such as hydrophobicity, our work provides valuable insight for

rsc.li/nanoscale-advances exploiting stable F,ZnPc towards high-efficiency perovskite solar cells.
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Introduction

Within hybrid perovskite solar cells, searching for cheap, stable
and efficient hole transport materials is one of the critical
research areas.”” At the moment, spiro-OMeTAD is commonly
used as a hole transport layer (HTL).** However, spiro-OMeTAD
is expensive and unstable under hot and humid conditions.®
Thus, replacing spiro-OMeTAD is the key to developing durable
and affordable solar cell technology. In this regards, metal-
phthalocyanine molecules (MPc; M = 3d metal and Pc =
NgCs,Hy6) are thermally stable and relatively cheap, and can
easily be grown into ordered thin films.”® Therefore, MPc
molecules are widely used in organic solar cells as a donor
material.® Previous studies have confirmed that MPc can readily
be utilized as a HTL with efficiency approaching ~20%.'%"*
Later, DFT based calculations further elucidated the interface
electronic structure, where a suitable energy level alignment for
hole transfer was found for face-on orientation."*"*

Recently, it has been shown that halogenated molecular
materials offer an excellent choice as a hole selective layer or
HTL.»»*>'¢ Halogenation allows for efficient interfacial charge
(hole) transfer via tailoring favorable energy level alignment.
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Moreover, the presence of halogen bonds at the interface
passivates surface/interface defects, which in turn suppresses
the recombination and thus improves the device stability. The
halogenation of MPc can also be performed by substituting
peripheral H atoms with fluorine (F), resulting in fluorinated
metal-phthalocyanine.'”® The F concentration (i.e., F/H ratio)
within the MPc molecule can be readily controlled (i.e., F,MPc;
n = 1-16), which facilitates suitable energy level tuning for the
perspective applications.” Indeed, F,MPc is employed exten-
sively for different applications such as gas sensing and
molecular electronics/spintronics.?*** The integration of F,MPc
within a perovskite solar cell can be very advantageous; F,MPc
contains a highly hydrophobic C-F bond, which will impede the
well-known moisture-related degradation of MAPbI;.>***
Furthermore, as shown previously, the presence of F (via C-F
bond within fluorinated graphene) at the interface can help to
passivate the grain and surface defects of MAPDI;, thus
improving the device performance and stability.”® This
approach has recently been validated experimentally in the case
of structurally similar porphyrin molecules, where fluorination
significantly enhanced the stability and efficiency of photovol-
taic devices.'® However, the utilization of F,MPc within hybrid
solar cells is contingent upon suitable energy level alignment
with MAPDI; for an efficient charge separation process.

In this work, we have studied an interface between the
MAPDI; surface and fluorinated Zn-phthalocyanine (F,ZnPc) by
employing DFT based simulations. Specifically, four different
degrees of fluorinations are investigated, i.e., F4ZnPc, FgZnPc,
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F1,ZnPc, and (fully fluorinated) F;¢ZnPc. These calculations
show that despite lowering molecular energy levels due to
fluorination, all the fluorinated compounds including F;sZnPc
exhibit an interfacial energy level alignment suitable for hole
transfer (and electron blockage) from MAPbI; to F,ZnPc.

Computational methods

All DFT calculations have been performed by employing the
VASP suite, which is based on the plane wave pseudopotential
approach.”® Generalized gradient approximation (GGA) within
PBE parameterization was utilized as an exchange correlation
functional.”” Furthermore, van der Waals (vdW) interactions
were incorporated by adding dispersion correction to the total
energy and forces by employing the Tkatchenko and Scheffler
(TS) approach.?® The electronic structure and band gaps were
further improved by utilizing the HSE06 hybrid functional
including spin-orbit coupling,* which is necessary for correct
estimation of the MAPDbI; electronic structure.

To model the MAPDI; surface, a room temperature tetrag-
onal phase is considered with experimentally determined lattice
parameters, i.e.,a = b = 8.856 Aand c=12.65 A% Specifically,
an energetically optimum MAPbI; (001) surface was used with
a plane periodicity of 2 x 2 and having Pbl, termination.*"*> A
vacuum layer of ~15 A was provided to avoid spurious interac-
tions between the periodic images. The kinetic energy cutoff
was set to 400 eV, while convergence criteria of 107> eV and
0.015 eV A" were employed for energies and forces, respec-
tively. A single I'-point is used for k-point sampling, providing
converged results for the electronic structure.** The binding
energy (Eg) is defined as:

Ep = E(MAPbI;) + E(F,ZnPc) — E(MMAPbLy/F,ZnPc) (1)

where E(MAPbI/F,ZnPc), E(MAPbL;), and E(F,ZnPc) correspond
to the total energies of the combined MAPDI;/F,ZnPc system,
MAPDI; slab, and isolated F,ZnPc molecule, respectively. As per
this definition, a positive (negative) value of Eg suggests a stable
(unstable) interface. Finally, to find stable structures for F,ZnPc,
different possible positions of F ions on the molecular
periphery were considered. The structurally optimum structures
thus obtained are shown in the ESI (Fig. S11).

Results and discussion

Table 1 describes the adsorption properties of F,ZnPc on the
MAPDI; surface, namely, the adsorption site, adsorption
distance, and binding energy as a function of the fluorination
level. For adsorption sites, three high symmetry positions are
considered, which are referenced with respect to the position of
the Zn atom on the MAPbI; surface, i.e., Pb top (Pbyp), I top
(Iop), and bridge position between the I and Pb atoms of
MAPDI;. For all F,ZnPc molecules, Iy, is found to be the ener-
getically optimum adsorption position with an adsorption
energy of 2.4-2.6 eV (Table 1). We note that the energetic
difference between I top and bridge positions is rather small,
though this difference is significantly larger for optimum I top

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Most stable adsorption site, associated adsorption distance
(d), and binding energy (Eg) of fluorinated phthalocyanine molecules
on MAPbI3(001). The adsorption site is referenced with respect to the
position of the Zn atom

Site d(A) Eyg (eV)
ZnPc Liop/Pbrop 2.98 2.54
F,ZnPc Liop 2.91 2.50
FyZnPc Liop 2.89 2.40
Fy,ZnPc Tiop 2.84 2.62
FyeZnPc Liop 2.84 2.46

and Pb top positions (Table S17). This is in contrast to the case
of unsubstituted ZnPc, where differences between all adsorp-
tion positions were rather small and their energies were
comparable.** Furthermore, a gradual reduction in the
molecule-surface separation is observed with fluorination; the
adsorption distance for F;sZnPc is 2.84 A as compared to 2.98 A
for ZnPc. However, fluorination does not bring about a signifi-
cant variation to the binding energies in comparison to that of
unsubstituted ZnPc, whose binding energy was about 2.5-
2.6 eV."

The adsorption geometry is further elaborated in Fig. 1,
which schematically depicts F;¢sZnPc adsorption on the MAPbI;
Iiop position. As highlighted in previous work,''* the planar
conformation of unsubstituted ZnPc is significantly distorted
on the MAPDI; surface. In particular, peripheral H atoms move
towards the surface such that a large vertical downshift of 0.45 A
is observed for H with respect to Zn. In contrast, this vertical
distortion is much less pronounced in F,ZnPc. For example, the
maximum vertical distance between peripheral F and Zn is
reduced to 0.16 A for F;¢ZnPc. Nevertheless, the fluorinated case
has greater distortion energy of the adsorbate or substrate due
to the adsorbate-substrate coupling with respect to the sepa-
rated equilibrium structure (eqn. S(1)), where the total distor-
tion energy is calculated to be 0.46 eV and 0.20 eV for F,sZnPc/
MAPDI; and ZnPc/MAPDI;, respectively (Table S2t). Meanwhile,
a gradual increase in charge transfer from MAPDI; to F,ZnPc is
observed as the number of fluorine atoms increases. Specifi-
cally, a charge transfer of ~0.18, 0.25, 0.29, and 0.34 e is

Fig.1 Optimized structure of F1gZnPc adsorbed on MAPbI3(001), (left)
top and (right) side views along [100]. The solid square in the top view
denotes a 2 x 2 supercell of a tetragonal primitive cell. Atomic colour
scheme: Pb (grey), | (purple), N (light blue), C (brown), H (white), Zn
(red) and F (green).
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observed for F,ZnPc, FgZnPc, F1,ZnPc and F,,ZnPc, respectively,
according to Bader charge analysis, while the magnitude of
interfacial charge transfer is much smaller (~0.03 or 0.10 e) for
ZnPc/MAPDI;.** This gradual increase of charge transfer with
fluorination is associated with the higher electronegativity of F
than H. Such charge transfer from the substrate to F;¢ZnPc
could give rise to stronger electrostatic attraction between them
with respect to the case without fluorination. However, upon
fluorination, the electrostatic energy gain is impeded by
a greater distortion energy (~0.26 eV) as there was no significant
difference in the calculated adsorption energies of F;sZnPc
and ZnPc.

Fig. 2 presents the electronic structure of the F,ZnPc/MAPbI;
interface, where the partial density of states (PDOS) is depicted
as a function of the fluorination level. Overall, the electronic
structure of MAPbI; and F,ZnPc does not seem to vary signifi-
cantly due to interfacial interactions. This is understandable
since direct hybridization between F,ZnPc and MAPDI; is rela-
tively weak as discussed above. Nevertheless, an important
trend is observed; a gradual downward shift of the PDOS of
F,ZnPc with increasing n is observed with respect to that of
MAPbI;. Indeed, going from F,ZnPC to F;6ZnPc, both the
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Fig.3 Comparison of the molecular C PDOS for F1ZnPc/MAPbI3(001)
(solid line, C_FZnPc) and ZnPc/MAPbI3(001) (dashed line, C_ZnPc) by
adjusting the two vacuum levels to be equal to each other. The positive
and negative energy values indicate the unoccupied and occupied
states, respectively.

HOMO and LUMO of phthalocyanine molecules (which are
dominated by C atoms) are pushed to lower energies by
~0.45 eV. This effect is further demonstrated in Fig. 3, where
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calculations were performed with the HSEO6 plus spin—orbit coupling approach. Dashed vertical line represents the Fermi level. The contri-

butions of F, N, and C atoms of F,ZnPc are given by F_Pc, N_Pc, and C_
the contributions of N, C, and sum of Pb and |, respectively, of MAPbIs.
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Pc, respectively, and N_MAPbls, C_MAPblz, and Pb + |_MAPbIs denote
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the molecular C PDOSs are plotted together for F;ZnPc/MAPbI;
and ZnPc/MAPDI; such that their vacuum levels are aligned.
Evidently, both the HOMO and LUMO of F;¢ZnPc are shifted
downward by ~0.55 eV compared to that of ZnPc.

The attachment of an electron withdrawing element like F in
place of H is expected to lower both the HOMO and LUMO
resulting in an increase in both the ionization potential and
electron affinity, as observed in Fig. 2 and 3.** Indeed, fluori-
nation is used to induce n-type transport within phthalocyanine
molecules, which otherwise exhibit p-type behavior.”” The key
impact of the environmental coupling (i.e., underlying MAPbI,
surface) is a noticeable reduction in this downward shift of
energy levels. For example, the HOMO level shifts down by
~0.9 eV from bare ZnPc to bare F,¢ZnPc, which is reduced to
~0.55 eV after adsorption on the MAPbI; surface. This reduc-
tion is likely to eliminate the concern of too much fluorination
causing an F,ZnPc HOMO level lying below the valence band
maximum (VBM) of MAPbI;. The origin of such advantageous
properties is studied with additional PBE calculations for the
environmental effect on the molecular HOMO level. As shown
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in Fig. 4a, the energy level of the ZnPc HOMO is calculated to be
—5.0 eV with respect to the vacuum level for the isolated case,
whereas it is —5.33 eV for the adsorbed case on MAPbI;, and
thus the ZnPc HOMO level is lowered by 0.33 eV upon adsorp-
tion. In addition, for ZnPc/MAPbI3, the second highest occu-
pied orbital is from the substrate VBM and its energy level of
—5.84 eV is very close to that of the pristine MAPbI3 surface
(—5.82 eV). Similar results for F16ZnPc are shown in Fig. 4b.
One can see that the molecular HOMO level rises upon
adsorption from —5.69 to —5.57 eV; thus, it still remains above
the substrate VBM (—5.77 eV). Hence our PBE results in Fig. 4a
and b agree qualitatively well with the HSE06 results in Fig. 2
and 3, namely the downward shift of the ZnPc HOMO level upon
fluorination is suppressed when the molecules are adsorbed.
We attribute the main reason to intermolecular and surface-
molecular electrostatic interactions. Fig. 4c shows the HOMO
levels of ZnPc (solid) and F,¢ZnPc (dashed) additionally for two
intermediate hypothetical environments displayed between the
isolated (gas phase molecule at left most) and the adsorbed case
(surface-molecule interaction at right most). For the first

(b)
F¢ZnPc  F,,ZnPc/

MAPbDI,

MAPbI,

—5.57

E—E,(eV)

—5.69

=5.77 —5.82

Surface-molecule
interaction

Molecular
distortion

Fig. 4 The HOMO energy levels relative to the vacuum level for an equilibrium structure of the molecule (left most), MAPbIs(001) substrate

(rightest), or heterosystem (middle). (a and b) ZnPc and Fi6ZnPc for the

molecule, respectively. (c) Solid (dashed) horizontal lines show ZnPc

(F16ZnPc) HOMO energy levels relative to the vacuum level for the equilibrium structures of an isolated gas phase molecule (left most) and an
adsorbed molecule (rightest). The effect of intermolecular interaction and molecular distortion on the HOMO is shown in the middle left and
middle right, respectively. In the middle left, the gas molecules are arranged into a square lattice, and in the middle right, the non-planar

distortion by the interaction with the substrate is additionally included.
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environment checking the intermolecular interaction, we
arranged the gas phase ZnPc or F;,ZnPc molecules into a square
lattice, where the lattice constant is chosen such that the
intermolecular distance (Fig. S2t) is equal to that of the
adsorbed molecules (Fig. 1). From Fig. 4c, one can see that the
lateral molecule-molecule interaction lowers or raises the
HOMO level for ZnPc or F;¢ZnPc, respectively, with respect to
the isolated case. This opposite trend is caused by the positive
(+28.8 ea,”) and negative (—36.0 ea,”) molecular quadrupole
moments* in the case of hydrogen and fluorine as peripheral
species. We note that similar intermediate behavior is also ex-
pected if different (e.g. axisymmetric) molecular structures are
used for partially fluorinated molecules (Table S3, Fig. S3, and
S47). The second environment additionally includes the mole-
cule distortion caused by the interaction with the substrate. We
note that the surface Pbl, layer has —0.98 e Bader charge, and
thus relatively positive peripheral hydrogen atoms of ZnPc or
central atoms including Zn of F;¢ZnPc tilt down to the
substrate. Such slight derivation from the perfect planar shape
makes the HOMO level further lower for two cases, as shown in
the third panel indicated by molecular distortion in Fig. 4c.
Finally, the presence of the substrate turns out to lower the
HOMO level significantly for ZnPc; whereas it makes it a little
higher for F;sZnPc, mainly due to repulsive potential from
additional electrons transferred from the substrate to the
molecule. The magnitude of the HOMO level downward shift is
in the order of F,ZnPc > FgZnPc > F;,ZnPc (Fig. S57).

Based on the electronic structure discussed above, Fig. 5
depicts the interfacial energy level alignment between the VBM

MAPbI, | F,ZnPc
I -t N
AVBM ~ 0.45 eV
MAPbDI; | F\,ZnPc
AVBM ~0.20eV [

Fig. 5
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of MAPbI; and the HOMO of F,ZnPc, which is important for
understanding the impact of fluorination on the charge (hole/
electron) transfer process. For comparison, the corresponding
HOMO level of unsubstituted ZnPc is also shown. As shown in
Fig. 3, the ionization potential of F,ZnPc increases due to
fluorination. Most crucially, despite the downward shift of the
HOMO, the energy level alignment remains favorable for hole
transfer from MAPDI; to F,ZnPc since the molecular HOMO
level is placed above the VBM of MAPbI;. In particular, a size-
able energy level offset (AVBM) is present for F,ZnPc, FgZnPc,
and F,,ZnPc, which should facilitate the interfacial hole trans-
fer. However, for the fully fluorination case (F;sZnPc), the band
offset is almost zero. This means that the hole transfer process
will be feasible though not necessarily efficient.

These findings clearly show that the adsorption of F,ZnPc on
MAPDI; leads to the formation of a stable interface, whose
adsorption energy is comparable to that of its unsubstituted
counterpart, i.e., ZnPc/MAPDI; interface. The presence of the
hydrophobic C-F bonds at the F,ZnPc/MAPbI; interface will
impede the moisture-related degradation of MAPbI; and may
also help to passivate surface defects, as is shown for other
halogenated molecules.> Moreover, the electronic structure
(Fig. 3) and interfacial valence level alignment (Fig. 5) demon-
strate that the hole transfer from MAPDI; to F,ZnPc is feasible,
while the alignment of conduction bands ensures electron
blockage. In particular, for a relatively low substitution level of F
(e.g., F4ZnPc), the valence band offset is appreciable, which
should facilitate the hole transfer process while inhibiting the
electron transfer simultaneously. It should be further pointed

MAPbDI, | FZnPc

o — — -1 8
AVBM ~ 0.31 eV |

MAPbDI,

AVBM ~ 0 eV

Interfacial energy level alignment between the VBM of MAPbI5 (red horizontal line) and the HOMO of F,ZnPc (black solid horizontal line).

Dashed horizontal line represents the HOMO of unfluorinated ZnPc. As the fluorine content increases, the ionization potential of F,ZnPc
increases as compared to unfluorinated ZnPc as highlighted by an increase in '6". Concomitantly, the valence band offset (AVBM) between

F.ZnPc and MAPbIs gradually reduces.
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out that the hole mobility of F,ZnPc has the same order of
magnitude as that of ZnPc in the bulk heterojunction system,
while an increase in ionization potential due to fluorination
may increase the open circuit voltage (V,.), which will improve
the overall efficiency of the device.'®** The comparable hole
mobilities of ZnPc and F,ZnPc are in agreement with our band
structure calculations (Fig. S61).

Finally, as highlighted in Fig. 5, the HOMO of unsubstituted
ZnPc lies at higher energy than that of F,,ZnPc such that the hole
transfer is feasible from F,ZnPc to ZnPc. This means that
besides the hole transport medium, a heterojunction (MAPbI,/
F,ZnPc/ZnPc) can be formed, where a protective and hole
selective interface layer of F,ZnPc can be deposited between
MAPbDI; and a usual hole transport layer such as ZnPc. Also,
from an experimental report,® the degree of crystallinity is
lowered for fluorinated ZnPc compared to that of unsubstituted
ZnPc and the roughness of F,ZnPc is two times smaller than
that of ZnPc, and hence the junction interface will become
smooth due to the presence of F,ZnPc towards a better elec-
tronic contact. There might be a deteriorating effect like carrier
trapping caused by the F,ZnPc/ZnPc interface, but the impact is
not significant and rather provides a way of tuning the ioniza-
tion energy continuously.***® Overall, the presence of F,ZnPc as
an interlayer or hole transport medium will improve the
stability of solar cell devices against moisture and the hole
extraction efficiency.

Conclusions

We have studied interactions at an F,ZnPc/MAPDI; interface by
employing DFT based simulations. The results show that F,-
ZnPc forms a stable interface with the MAPbI; surface with
binding energies comparable to that of the unsubstituted case.
The alignment between the MAPbI; VBM and F,ZnPc HOMO at
the interface promotes hole transfer from MAPbI; to F,ZnPc,
while impeding the deleterious electron transfer process
simultaneously. These results suggest that incorporating F,-
ZnPc into photovoltaic devices as a protective interlayer or as
a hole transport medium should significantly improve the
device stability without any noticeable reduction in the efficacy,
particularly for lower level F substitution (e.g., F4ZnPc and
FgZnPc).
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