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We have studied the interface properties of metal phthalocyanine (MPc, M = Zn, Cu) molecules at
a methylammonium lead iodide (MAPbIs) surface using density functional theory (DFT) based simulations.
From the adsorption energies, the face-on orientation is found to have an order of magnitude stronger
binding energy than the edge-on orientation, where CuPc binds a little stronger than ZnPc with its
closer interfacial distance. Our detailed analysis of interface electronic structure suggests that the edge-
on configuration possesses a large energy barrier for the hole transfer from MAPbIs to MPc molecules. In
contrast, the face-on configuration has no such barrier, facilitating the hole transfer, while at the same
time the desirable alignment of the conduction band suppresses the electron—hole recombination.
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Accepted 10th Septernber 2021 Therefore, the face-on configuration is clearly found to be more suitable for the photovoltaic process, in
line with the experimental reports. Our work emphasizes the impact of MPc orientation upon perovskite

DOI 10.1039/d1ra05909b solar cell efficiency besides other factors such as Pc thin film's mobility and morphology, and provides

Open Access Article. Published on 27 September 2021. Downloaded on 2/8/2026 7:07:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

With efficiency exceeding 25%,"* perovskite halide based solar
cells are the most promising candidates to replace silicon based
solar technology.* Perovskite halide materials are represented
by the formula APbX;, where A is the organic cation while X is
the halide anion.® In general, a perovskite halide photovoltaic
device comprises electron and hole transport layers (ETL and
HTL, respectively) that are placed adjacent to the perovskite
layer to extract photo-excited charge carriers toward their
respective electrodes.” Thus, the efficiency of the device
depends critically upon the perovskite/charge transport layer
interface where the charge separation process takes place.®?
Until recently, Spiro-OMeTAD has been employed widely as
the HTL." However, Spiro-OMeTAD suffers from a number of
issues that inhibit its commercial utilization."** For example, it
is well known that Spiro-OMeTAD is not stable in hot and
humid conditions. Moreover, it is amongst the most expensive
parts of the device due to the multistep synthesis and purifi-
cation. Consequently, the replacement of Spiro-OMeTAD is the
key towards the development of stable and cheap photovoltaic
devices. In this regard, metal-phthalocyanine (MPc; M = 3d
metal, Pc = NgCz,H;6) molecules are amongst the most
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insightful guidance to efficient and stable hole transport layers.

promising materials. These molecules are generally less
expensive than Spiro, thermally stable and can be grown into
structurally ordered thins films."**® Thus far, various studies
have successfully employed phthalocyanine (Pc) molecules
based HTL within perovskite halide solar cells."***

An interesting aspect of Pc materials is their orientation
flexibility which can be exploited to tune photovoltaic proper-
ties. In general, Pc molecules are adsorbed in edge-on orienta-
tion (molecule standing up on the surface) on perovskite halide
surfaces; however, a transformation from edge-on to face-on
orientation (molecule lying flat on the surface) leads to signifi-
cant improvement in photovoltaic efficiency.'”*® This increase in
efficiency is attributed in part to higher mobility in the denser
face-on film, though the impact of molecular orientation on the
charge transfer process at perovskite/HTL interface remains
unexplored. A previous DFT study investigated the face-on ZnPc/
MAPD]; interface which provided useful insights regarding the
nature of the heterostructures.’ However, a direct comparison
between the electronic structures of face-on and edge-on
perovskite/Pc interfaces is still lacking. To bridge this gaps, we
have studied the ZnPc/MAPbI; and CuPc/MAPDI; interfaces in
both edge-on and face-on configurations by employing DFT
simulations. It should be pointed out that CuPc is widely used
material in opto-electronic devices due to its superior transport
properties.*® Through this comparative study, we show that the
hole transfer from MAPbI; to MPc in edge-on configuration is
impeded due to the presence of a large interface energy barrier.
In contrast, face-on orientation facilitates hole transfer and at the
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same time suppresses electron-hole recombination, which are
partly responsible for its superior performance.

2. Methods

All DFT calculations have been performed using planewave
pseudopotential approach as implemented in VASP suite.”
Generalized gradient approximation (GGA) in its PBE parameter-
ization is used as exchange correlation functional.” It is well
known that GGA fails to incorporate the van der Waals (vdW)
interactions which is necessary to study the molecular adsorption
on the surfaces. Therefore, vdW interactions are included by
adding Tkatchenko and Scheffler (TS) dispersion correction to the
total energy and forces.*® Moreover, the estimation of electronic
structure and band gaps are further improved by employing
HSEO06 hybrid functional including spin-orbit coupling.*

Previous experimental work has shown that the average Pc-
surface orientation is ~75° for the edge-on configuration.”
Here, we have adopted this value for the supercell formation of
edge-on configuration. In contrast, Pc molecules were kept
parallel to the MAPbDI; surface in the case of face-on orientation.
A vacuum layer of ~15 A was provided to avoid spurious inter-
actions between periodic images of MAPbI;/MPc system. Bril-
lion zone sampling has been performed on a2 x 2 x 1 k-mesh.
However, no significant change in the electronic structure was
observed as k-mesh was reduced to a single I'-point. Thus, for
computationally expensive hybrid HSE06 plus the spin-orbit
coupling (HSE06 + SOC) calculations, only I'-point is employed.
Spin polarized calculations were performed for MAPbI;/CuPc
owing to the local magnetic moment of Cu, though spin
polarization was not required for MAPbI;/ZnPc. Finally, we also
checked the validity of our results by employing dipolar
correction which provided essentially similar results.

For MAPbI; we have chosen room temperature tetragonal
phase (lattice parameters; a = 8.85, ¢ = 12.65). Specifically,
MAPDI; surface is modelled by taking experimentally prevalent
(001) surface,”® corresponding to 2 x 2 MAPDI; unit cell.
Furthermore, Pbl, termination is considered for MAPbI; (001)
surface which is known to be energetically optimum.” The
band gap obtained by employing HSE06 + SOC approach was
1.66 eV which is in excellent agreement with the experimental
values.”®® As for ZnPc and CuPc, the optimized structural
parameters and HUMO-LUMO gaps were found to be in good
agreement with the previous DFT calculations.***® Structural
optimization was performed for whole MAPbI;/MPc system. The
convergence criteria for energy and forces during the electronic
and structural optimizations were set to 10~ eV and 0.015 eV
A, respectively. To analyze charge transfer at interface, Bader
charges were calculated.*

3. Results and discussion

Fig. 1 depicts different possible adsorption sites of MPc mole-
cules on MAPDbI; (001) surface that are studied in this work,
namely on the top of Pb, I and hollow sites. For face-on
configuration, these adsorption sites correspond to the posi-
tion of center 3d metal of MPc molecules above the substrate. In

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Various adsorption positions of ZnPc or CuPc molecule on
MAPbI3(001) surface studied in this work, namely Pb, | and hollow (H)
sites. Atomic color scheme: Pb (grey), | (purple), N (light blue), C
(brown) and H (white). The dark solid lines represent the lateral
supercell size.

the case of edge-on configuration, the main interaction between
MAPDI; surface and MPc molecules takes place through two
peripheral hydrogen atoms of MPc, present at the interface (see
Fig. 2). Thus, the adsorption site of MPc for edge-on geometry
above MAPDI; surface corresponds to the mean position of
these two hydrogen atoms.

Table 1 further compares the adsorption and structural
properties of MAPbI;/MPc interface within face-on and edge-on
configurations. We first discuss the results of face-on orienta-
tion. The I top site is found to be energetically most stable for
ZnPc. However, the energy difference between Pb and I top sites
is negligibly small (~0.03 eV per cell) so the adsorption on both
Pb and I top sites should be feasible for MAPbI;/ZnPc. On the
other hand, the energy difference between hollow and Pb/I top
sites is rather large (~0.20 eV per cell) highlighting the
unsuitability of hollow site for MPc adsorption in face-on
geometry. For CuPc, Pb top site becomes more favorable than
I, though the energy difference between the two sites still
remains rather small (<0.10 eV per cell). For a proper compar-
ison of adsorption properties, we will mainly focus on the Pb top
site for both ZnPc and CuPc in the following. The MAPbI;-MPc
distances (diy) are rather similar (~3.15-3.20 A) for MAPbI,/
ZnPc and MAPDI;/CuPc interfaces. It should be pointed that
this distance corresponds to the minimum vertical separation
between MPc molecules and MAPDI;, therefore, different atoms
within MPc molecule exhibit varying distance from MAPbI;
surface whose heights may be larger than the value reported in
Table 1. Overall, CuPc is adsorbed relatively closer to MAPDbI; as
compared to ZnPc as highlighted in Table 1. In particular, Cu
within CuPc seems to interact more strongly with the substrate
than Zn in ZnPc since Cu-Pb bond distance is ~0.20 A shorter
than that of Zn-Pb.

RSC Adv, 2021, 11, 31776-31782 | 31777
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Fig. 2 Top and side views of the optimized MAPbls/phthalocyanine interfaces for edge-on and face-on configurations. The most stable
adsorption locations of MPc for edge-on and face-on orientations are hollow and Pb sites, respectively. Atomic color scheme: Pb (grey), |
(purple), N (light blue), C (brown), H (white), red (phthalocyanine's center Zn or Cu atom). Note that the MAPbI3 slab is shifted so that phtha-

locyanine molecule is at the center of the cell.

Table 1 Structural and adsorption properties of MAPbls/phthalocya-
nine interfaces. The presented values are the minimum interface
vertical distance (di)., adsorption energy (E,q4s) and adsorption site

Face-on Edge-on

dint (A) Eaas (eV) Site dint (A) Eads (EV) Site
MAPDI;/ZnPc  3.21 —2.54 Pb/1  3.03 —0.36 Hollow
MAPbI;/CuPc  3.16 —2.59 Pb 3.02 —0.34 Hollow

In order to ascertain the strength of interfacial interactions,
the adsorption energy (E.qs) is calculated as:

E.qs = EOMAPbI;-MPc) — E(MAPbI;) — E(MPc) (1)

31778 | RSC Adv, 2021, N, 31776-31782

where E(MAPbI;-MPc), E(MAPDI;) and E(MPc) correspond to
the total energies of combined MAPbI;-MPc system, MAPDI;
slab and isolated MPc molecule, respectively. As per the defi-
nition of E,qs given in eqn (1), a negative (positive) value
suggests an energetically favorable (unfavorable) adsorption.
The adsorption energies of ZnPc and CuPc on MAPDI; are
similar (~—2.54, —2.60 eV), though it is slightly stronger for
CuPc perhaps since its adsorption distance is somewhat smaller
than that of ZnPc. On the whole, a large negative value of
adsorption energy indicates a highly stable interface for the
face-on configuration.

As for the edge-on configuration, the optimum adsorption
site is hollow in contrast to the case of face-on configuration, as
shown in Table 1. The absence of atoms in the top layer of
MAPDI; at the hollow site means that MPc molecule can come
much closer to the substrate and maximize the interfacial

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interactions. The MAPbI;-MPc separation is 3.03 A for both
ZnPc and CuPc which corresponds to the distance between
peripheral hydrogen atoms of MPc and the nearest neighbor I.
Owing to the interface geometry in edge-on configuration, other
atoms of MPc are at a large distance from MAPbI; substrate so
they do not interact with underlying MAPbI; substrate. Most
crucially, E,4s for edge-on orientation is roughly an order of
magnitude lower than that of face-on orientation. Nevertheless,
despite much weaker binding, an energetically stable interface
is formed for edge-on configuration, in line with the experi-
mental findings.** For comprehensive description of relative
stability of two molecular orientations, realistic factors need to
be considered such as the adsorbate-adsorbate interaction (e.g.
the intermolecular binding energy of —4.9 eV per molecule as
calculated for MPc crystal) and/or uneven surface of MAPbI;
(e.g. edge-on orientation on a flat surface caused by a slanted
one nearby as illustrated in ref. 18).

Fig. 2 depicts the optimized interface geometry for face-on
and edge-on orientations. As discussed earlier, only hydrogen
atoms of MPc can interact with the underlying MAPbI; surface
for the edge-on configuration. Thus, the interaction is weak and

View Article Online
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ZnPc/CuPc retain their planar conformation. On the other
hand, impact of interfacial interaction is much more evident for
the face-on orientation. As a consequence of structural opti-
mization, the center metal (Cu/Zn) of MPc moves slightly away
from Pb site such that N atom of MPc is placed at the top on I
atom of MAPDI; surface (top view). Crucially, a noticeable
deviation from square planar geometry of MPc is observed in
face-on case; outer edges of MPc molecule move towards
MAPDI; substrate (side view) and as a consequence, MPc
molecule is distorted. Specifically, the vertical distance between
center metal and peripheral hydrogen is calculated to be 0.45 A
for ZnPc and 0.40 A for CuPc while its value is zero for the
pristine MPc with planar D, symmetry. The presence of this
bending in MPc molecules underscores the presence of more
attractive interaction of peripheral atoms with the substrate
than inner atoms, albeit rather weak overall due to large
adsorption distances.

Fig. 3 elaborates the impact of MPc molecular orientation on
the interfacial electronic structure as calculated from HSE06 +
SOC approach. Here, we mainly focus on the interface atomic
layers, i.e., the atoms that are directly involved in the charge
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Fig.3 MAPbI3/MPc interface (Pb + | for MAPDbls, H or C + N for MPc) DOS with (a) M = Zn, (b) M = Cu for edge-on configuration, and (c) M = Zn,

(d) M = Cu for face-on orientation. Dashed vertical lines indicate the

position of band minima/maxima while double arrow horizontal lines

present the band offsets. Zero of energy corresponds to the Fermi level (E). It is noted that Zn or Cu contribution is not appreciable for HOMO or

LUMO in (c) and (d).

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 1, 31776-31782 | 31779


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05909b

Open Access Article. Published on 27 September 2021. Downloaded on 2/8/2026 7:07:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
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AVBM ~ 0.4 eV [;_

ACBM ~ 1.6 eV

/‘1
AVBM ~ 0.8 eV | \

Edge-on Face-on

Fig. 4 Schematic depiction of the energy level alignment at MAPDblz/
CuPc interface for (left) edge-on and (right) face-on orientations. For
the edge-on orientation, hole transfer is impeded due to presence of
large barrier (~0.8 eV). In contrast, the face-on orientation facilitates
hole transfer due to favorable valence band offset of ~0.4 eV.

transfer process within a photovoltaic device. Thus, only
peripheral hydrogen atoms are considered for edge-on config-
uration since only these atoms interact with the substrate,
where the highest occupied molecular orbital (HOMO) driven by
carbon atoms does not couple directly with surface PbI, layer.
Conversely, for the face-on case, all atoms of MPc are included
owing to the flat geometry of MPc at the interface. Similarly, for
MAPDI; substrate the top Pbl, layer is considered. Density of
states (DOS) for edge-on orientation is qualitatively similar for
MAPDI;/ZnPc (Fig. 3a) and MAPbI;/CuPc (Fig. 3b). The valence
band maxima (VBM) and conduction band minima (CBM) are
dominated by MAPDbI; surface Pb and I atoms. Importantly, the
main contribution MPc H atoms comes from deep inside the
valence band, i.e., ~1.0 eV below VBM. Besides, the contribu-
tion from MPc H in conduction band lies at least ~1.6-1.7 eV
above the CBM. In contrast, a noticeable difference is observed
for face-on configuration (Fig. 3c and d). The VBM is dominated
by MPc C atoms, and it lies ~0.4-0.5 eV above the peak mainly
contributed by top PbI, layer of MAPbI;. Therefore, an appre-
ciable band offset (difference between VBM of MAPbI; and
HOMO of MPc) is observed for the valence band. The main
contribution for the CBM comes from MAPbI; while MPc (C, N)
states appear ~1.0 eV higher. Similar to the case of edge-on,
electronic structure of face-on configuration is not signifi-
cantly affected by the change of 3d metal of MPc molecule.

In light of DOS results presented above, Fig. 4 depicts the
interface energy level diagram which is crucial for the under-
standing of charge transfer process within photovoltaic devices. For
brevity, we focus on MAPbI,;/CuPc case as the results for MAPbI,/
ZnPc are qualitatively similar. For edge-on orientation, the inter-
mediate H state of CuPc lies deep inside the valence band. Thus,
a hole created by photoexcitation of MAPbI; cannot be easily
transferred to HOMO of CuPc due to the presence of large energy
barrier (~0.80 eV) through peripheral H. In contrast, no such energy
barrier exists for face-on orientation, thus hole transfer across the
interface is facilitated. Moreover, the lowest unoccupied molecular
orbital (LUMO) of CuPc is situated at a much higher energy than the

31780 | RSC Adv, 2021, N, 31776-31782

View Article Online

Paper

Table 2 Charge transfer (in unit of electronic charge) and ionization
energies (eV) of MAPbIs/phthalocyanine heterostructures. For the
charge transfer, positive (negative) values represent electronic charge
gained (lost) by phthalocyanine molecule due to adsorption. It is noted
that the ionization energy of clean MAPbIs surface is 6.10 eV

Charge transfer (e) Ionization energy (eV)

Face-on Edge-on Face-on Edge-on
MAPDI;/ZnPc —0.010 +0.034 6.09 6.07
MAPbDI;/CuPc —0.013 +0.033 6.10 6.09

conduction band of MAPbI; for both orientations. This means that
photoexcited electrons in the conduction band of MAPbI; cannot be
transferred to the LUMO of CuPc. This electron blockage is helpful
in reducing the deleterious recombination process.

Additional impacts of MPc molecular orientation on the
perovskite solar cell performance is described. As we checked
the muffin-tin charges of a Pb and an I surface atom with the
muffin-tin radii of 1.7 and 1.5 A, respectively, before/after face-
on molecule adsorption, they amount 2.81/2.79 and 4.30/4.31,
respectively, for the face-on orientation, 2.82/2.81 and 4.32/
4.32, respectively, for the edge-on. It indicates negligible
charge transfer at the interface or no interface dipole, which is
confirmed with our data in Table 2. In addition, as also listed in
Table 2, our ionization energies of all four heterostructures by
HSEO06 + SOC are almost equal to that (6.10 eV) of clean MAPDI;.
This indicates that the orbital hybridization at the interface is
negligible, and that the electronic structures of individual
components remain almost intact before and after adsorption.
Nonetheless, two peripheral hydrogen atoms for the edge-on
configuration causes the substantial amount of hole injection
barrier. In fact, from Fig. 4, the hole injection barrier corre-
sponds to the potential energy height (V;, ~ 1.2 eV) for an
electron at HOMO of MPc to be transmitted to VBM of MAPbI;.
To estimate roughly the suppressed magnitude of hole injection
rate for the edge-on compared to face-on, the tunneling prob-
ability formula exp[—2(2m.V,,/i%)L] is adopted with L ~ 1.0 A
(corresponding to C-H bond length), which gives ~0.3.

Controlling the molecular orientation to tune photovoltaic
properties is already well established in organic solar cells.****
Current findings provide helpful insight about detailed inter-
face properties of perovskite and MPc. However, our result of
Fig. 4 suggests a great enhancement of hole transfer rate when
the face-on configuration is stabilized as usually done in the
experiments by proper peripheral functionalization. Neverthe-
less, commonly observed multiple facets or domains of perov-
skite surface results in non-uniform stacking of MPc molecules
around the boundaries, which would impede the -carrier
mobility. Thus attempts to have sufficient face-on contacts with
proper functionalization might not be satisfactory for highly
improving the efficiency, furthermore MPc's capability of
surface defect passivation is unknown. Instead, one might
introduce a proper capping interlayer*=¢ for not only passiv-
ating surface defects, but regulating a rough surface for better
MPc contact.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

We have studied the MAPDI;/Pc interface in both the edge-on
and face-on configurations by employing DFT based simula-
tions. These results show that interfacial interaction are much
stronger for the face-on orientation since the adsorption energy
is an order of magnitude higher for face-on configuration as
compared to edge-on case. As a consequence of stronger coupling
with underlying MAPDbI;, Pc molecular geometry is distorted for
face-on configuration while it retains it square planar geometry
within edge-on orientation. Beside much weaker interfacial
coupling, electronic structure calculations indicate that edge-on
orientation does not support the hole transfer process due to
unfavorable valence band offset. In contrast, face-on interface
facilitates hole transfer while at the same time suppressing the
electron-hole recombination process. Overall, our results
underscore the impact of molecular orientation on interface
energy alignment and charge transfer process.
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