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An interface between a metallic cluster (MgAly,) and a semiconducting cluster (RegSeg(PMesz)s) is shown to be
marked by a massive dipole reminiscent of a dipolar layer leading to a Schottky barrier at metal-semiconduc-
tor interfaces. The metallic cluster MgAl;, with a valence electron count of 38 electrons is two electrons short
of 40 electrons needed to complete its electronic shells in a superatomic model and is marked by a significant
electron affinity of 2.99 eV. On the other hand, the metal-chalcogenide semiconducting cluster RegSeg(PMes)s,
consisting of a RegSeg core ligated with five trimethylphosphine ligands, is highly stable in the +2 charge-
state owing to its electronic shell closure, and has a low ionization energy of 3.3 eV. The composite
cluster RegSeg(PMes)s—MgAl;, formed by combining the MgAly, cluster through the unligated site of
RegSeg(PMes)s exhibits a massive dipole moment of 28.38 D resulting from a charge flow from
RegSeg(PMes)s to the MgAly, cluster. The highest occupied molecular orbital (HOMO) of the compo-
site cluster is on the MgAl,, side, which is 0.53 eV below the lowest unoccupied molecular orbital
(LUMO) localized on the RegSeg(PMes)s cluster, reminiscent of a Schottky barrier at metal-semicon-
ductor interfaces. Therefore, the combination can act as a rectifier, and an application of a voltage
of approximately 4.1 V via a homogeneous external electric field is needed to overcome the barrier
aligning the two states: the HOMO in MgAl;, with the LUMO in RegSeg(PMes)s. Apart from the bias
voltage, the barrier can also be reduced by attaching ligands to the metallic cluster, which provides
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chemical control over rectification. Finally, the fused cluster is shown to be capable of separating
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1. Introduction

Metal semiconductor junctions play an important role in
modern electronics."® When a metal is interfaced with a
semiconductor, the difference in chemical potentials across
the junction causes diffusion of charge carriers that generate an
internal dipolar layer and a Schottky barrier.°* Consequently,
an in-built potential accompanied by an internal electric field
at the interface results in a directional electrical current under
an applied external bias voltage. For bulk interfaces, the nature
and quality of the crystal, the diffusion near the interface, and
the presence of impurities can all contribute to the alignment
of the electronic levels and hence the height of the barrier.">™"”
As the pace of technology carries us towards smaller length
scales, it is interesting to ask if nanoscale motifs exhibiting
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electron—-hole pairs with minimal recombination, offering the potential for photovoltaic applications.

dipolar characteristics can be designed and if there are novel
ways to control the rectifying facets of nano-junctions.
An attractive alternative is electronics based on a single
molecule™®" composed of two clusters. Such systems exhibit
valuable and unusual properties such as current rectification,
photovoltaics, electronic switching, and negative differential
resistance (NDR).>**' The majority of such research has
focused on homoatomic molecular units.*?

In this work, we investigate the possibilities of connecting a
metallic cluster with a semiconducting cluster to test the
hypothesis that the charge transfer across the interface might
induce significant shifts in the level alignment across the
junction. The charge flow could result in a significant dipolar
field at the interface leading to a Schottky-like'*"* barrier for
transmission. The nano-interface could offer rectification
characteristics and separate electrons and holes upon the absorp-
tion of radiation. The purpose of this work is to investigate these
intriguing possibilities by considering a supermolecule composed of
an aluminum-based cluster and a metal chalcogenide-based cluster.

The choice of the aluminum-based cluster is based on
extensive research over the past three decades that has shown
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that confined nearly free electron gas in metallic clusters
exhibits quantum states grouped into shells as in atoms.**"®
The levels order as 1S, 1P, 1D, 2S, 1F, 2P, etc. and clusters with
2, 8, 18, 20, 34, 40, etc. valence electrons exhibit closed shells
and relative inertness while the clusters with unfilled shells
exhibit valence as in atoms. In this work, we have chosen the
MgAl;, cluster with 38 valence electrons for the metal-based
component.’”*® The cluster needs two electrons to acquire a
filled shell and is marked by a significant electron affinity
enabling it to act as a strong acceptor. Noting this valence
state, we chose RegsSeg(PMes)s for the semiconductor-based
cluster as the previous work®® has shown that a RegSeg cluster
marked by covalent bonds is highly stable in the +2 charge-
state. To facilitate the charge exchange, the ResSeg cluster was
decorated with five trimethyl phosphine (PMe;) donor ligands.
Our previous work has shown that these ligands lead to a lifting
of the electronic spectrum that reduces the ionization energy of
the cluster without affecting its valence configuration.?**°>
In fact, we will show that it has an ionization energy,**"** which
is even lower than that of a Cs atom, making it a suitable donor.
Hence, the key idea is to combine semiconductor clusters with
lower ionization energy and a stable +2 state with the metallic
cluster having higher electron affinity, marked by a stable —2
charge-state. The combination may trigger a significant charge
transfer from the semiconducting cluster towards the metallic
cluster resulting in a gigantic dipole moment across the junction.
Additionally, the composite cluster might become stable,
completing its electronic shell closure. Our key objective is,
thus, to examine if the metal-semiconductor junction is
marked by a dipolar layer. At small sizes, the role of the valence
band edge and the conduction band edge are taken over by the
HOMO and LUMO levels. By projecting the projected density of
states (PDOS), we examine the HOMO and LUMO of the two
individual clusters and check whether the junction across the
two clusters presents the analog of the Schottky'*** barrier.
An important parameter characterizing the interface is the height
of the Schottky barrier."”>"*"> By applying a forward or backward
bias voltage, the height of the barrier can be modulated. This allows
current flow at low forward bias while the barrier increases for the
backward bias. It is interesting to ask if there are other ways of
changing the barrier height. Here, we show that at the molecular
interface, the height of the barrier can be controlled by attaching
ligands. In fact, the barrier can even be inverted by attaching charge
transfer ligands offering a chemical approach to modulate the
rectification characteristics. Finally, we show that the composite
cluster, which mimics Schottky barriers,">** can effectively separate
electron-hole pairs offering the potential for light harvesting.

2. Results

2.1. Electronic properties of the metallic and semiconducting
building blocks

We start with a brief review of the electronic characteristics of
the metallic and semiconducting clusters that are building
blocks of the composite supermolecule. As mentioned earlier,
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the quantum confined nearly free electron gas in the metallic
cluster can be modeled by a spherical Jellium with a positive
background of the size of the cluster.’*3® Al is a trivalent
element while Mg is divalent; the MgAl,, cluster with 38 valence
electrons corresponds to 158> 1P® 1D' 28> 1F' 2P shells
resembling the unfilled P shell of halogen atoms. As we will
show, our first-principles calculations confirm this description.
The ground state of the cluster corresponds to a distorted
icosahedral structure with an Mg atom at the center
surrounded by 12 Al sites. The 2P* shell has a filled majority
P shell (2P%), while the minority shell has a single electron
resulting in a triplet ground state. Fig. 1(a) shows the calculated
adiabatic ionization energy (AIE), adiabatic electron affinity
(AEA), dipole moment, and the spin multiplicity (M) of the
MgAl,, cluster. The adiabatic energies are obtained by looking
at the energy difference between the neutral and ionic clusters
in their respective ground states. The relatively high adiabatic
ionization energy and electron affinity of the MgAl;, cluster
point to its electrophilic character.

The semiconductor counterpart is derived from the ligated
metal chalcogenide clusters. We have judiciously chosen the
semiconducting cluster as ResSeg(PMe;)s as we know from the
previous studies®? that the +2 state of the ResSeg cluster
core is highly stable. Furthermore, donor ligands such as
tri-ethylphosphine (PEt;) or tri-methylphosphine (PMes)
can reduce the ionization energy of the cores, making them
excellent donors.***!

In experiments, such clusters are generally synthesized with
the PEt; ligands;**"*® however, we have chosen analogous PMe;
to reduce the computational cost. We have considered a cluster
with five ligands so that one of the unligated metallic sites is
open to bind with a counter cluster (MgAl;, cluster). The
semiconducting cluster ResSeg(PMe;)s has a triplet ground
state with a small HOMO-LUMO (HL) gap of 0.16 eV.
Fig. 1(d) shows that a larger HOMO-LUMO gap can be realized
by removing two electrons. Interestingly, our calculations
show that the RegsSeg(PMes)s cluster has an ionization energy
of 3.32 eV, which is lower than that of a Cs atom.**** This low
adiabatic ionization energy (and a small electron affinity of only
0.53 eV) of the cluster points towards its nucleophilic character.
The one-electron energy levels of MgAl;, and RegsSeg(PMe3)s
shown in Fig. 1(c and d) reveal that the energy difference
between the HOMO levels of the respective bare clusters is
approximately 2.6 eV. Furthermore, the transfer of two elec-
trons from HOMO and HOMO-1 levels of the RegsSeg(PMes;)s;
cluster to the lowest LUMO-levels of the MgAl;, cluster seems
energetically favorable as MgAl;, has two unfilled states in the
minority channel. Then the clusters might combine through
ionic charge transfer to form a stable composite system with an
electronically closed shell.

2.2. Electronic properties of the ResSeg(PMe;)s—-MgAl,;, dimer

A composite cluster molecule was formed by combining the
RegSg(PMe;)s cluster with the MgAly, cluster through its
unligated site, as shown in Fig. 2(a). Fig. 2(a) also provides
the electronic properties and the spin multiplicity of the
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Fig. 1 The ground-state structures and electronic properties of the (a) MgAly, cluster and (b) RegSeg(PMes)s cluster. (c) One-electron energy levels of
MgAl;, and (d) one-electron energy levels of RegSeg(PMes)s. The red solid and dash lines represent the occupied and unoccupied levels, respectively.
The energy given in green gives the energy difference between the HOMO levels in RegSeg(PMes)s and MgAly, clusters. Few bond lengths shown with red

text are in A.

composite cluster. Note that while both bare clusters are
triplets, the fused cluster has a singlet ground state with a
significantly larger HL gap of 0.53 eV (shown in Fig. 2(b)), more
prominent than that of individual bare clusters. We calculated
the binding energy (BE) of the molecule using the following
expression.

BE = E(Reeseg(PMe3)5) + E(MgAllz) — E[Resseg(PMe3)5—MgA112)

(1)

Where E is the total energy of the respective systems. The BE
is found to be 3.26 eV, characteristic of a strong bond. To
further characterize the bonding, we calculated the binding
energy of an isolated Re-Al since the two clusters are bound
with a similar Re-Al bond. The calculated binding energy is
1.51 eV. A comparison between the BE of the isolated Re-Al and
the composite cluster shows that the bond in the cluster
molecule is considerably stronger, suggesting a possible ionic
rearrangement. Before we address this, we would also like to
add that we calculated the energy required to remove a
ligand from the fully ligated ResSeg(PMes)s cluster to
create the binding site for combining the MgAl;, cluster.
The ligand (PMe;) removal energy to attain RegSeg(PMe;)s from
RegSeg(PMes)s is found to be only 0.88 V, far smaller than the

This journal is © the Owner Societies 2021

molecular binding energy, showing that the fused cluster molecule
is stable.

We calculated the molecule’s dipole moment to explore if
the strong binding in the composite molecule is due to charge
rearrangements. The cluster is marked by a massive dipole
moment of 28.38 D. This indicates a substantial charge
rearrangement in the molecule. For comparison, we can
consider an ionic molecule NaCl, which has a dipole moment
of ~9.0 D.*” Furthermore, we carried out a Hirshfeld charge®®
analysis of the total charge in the two fragments: MgAl;, and
RegSeg(PMes)s. The results indicate that the MgAl;, fragment
gains almost 0.82 e~ from the metal-chalcogenide cluster
during the formation of the fused-molecule, approximately
matching with the natural charges,”® as shown in the ESIt
Table S1. The substantial charge rearrangement can be better
visualized from a Hirshfeld charge*® difference (Aqy) diagram
which shows the amount of charge donated/accepted by
individual atoms during the formation of the composite sys-
tem. Fig. 3a shows the Agy diagram in which the overall charge
difference range is represented by a red-white-blue gradient
colormap. A negative (red) color indicates those atoms that
have accepted the charge, whereas the positive (blue) value
categorizes the donor atoms. The intensity of the color is
proportional to the amount of charge accepted or donated by
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Fig. 2 (a) Ground-state structure and electronic properties of the fused MgAl;,—RegSeg(PMes)s. (b) One-electron energy levels of the fused molecule.

(c) Projected density of states (PDOS) on MgAl;» and RegSeg(PMes)s fragments of the fused cluster. The green solid and dashed lines represent the HOMO
and LUMO levels in the individual cluster fragments. Few bond lengths shown with red text are in A.

the respective atoms. It is evident from Fig. 3a that the majority
of the Al atoms in the MgAl;, cluster act as strong electron
acceptors during the dimer formation while the Se and Re atoms
in the RegSeg(PMej3)s fragments act as donors. The four Se atoms
near the inter-cluster junction are the strongest donor among
the rest. The electron density difference (EDD) of isosurfaces
(Fig. 3b) leads to a similar conclusion. During the dimer for-
mation, the electron densities are mainly accumulated on the Al
atoms (red regions) in the MgAl,, fragment, whereas the electron
densities are depleted (blue regions) from the RegSeg(PMes)s
cluster, especially from the Se atoms that are near the junction.

-0.1

+0.1

Fig. 3

Charge rearrangements at bulk metal-semiconductor inter-
faces are inspired by matching the Fermi energy on the metal
and semiconductor interfaces. Consequently, we investigated
the electronic states in the molecule to obtain insight into the
dipole formation. Fig. 2(b) shows the one-electron levels in the
molecule, which has a HOMO-LUMO gap of 0.53 eV, higher
than the corresponding gaps in the individual species, suggesting
that the electronic levels in the respective clusters are undergoing
substantial rearrangement. To probe these, we investigated the
projected density of states (PDOS) of the two fragments in the
composite cluster. The continuous and the dotted lines represent

(a) The Hirshfeld charge difference (Aqn, H atoms are hidden for clarity) and (b) electron density difference (EDD) plot of the fused MgAl;,—

RegSeg(PMes)s. The red color indicates charge accumulation, and the blue color shows charge depletion during the dimer formation.
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the HOMO and LUMO in the respective cluster-based peaks in
PDOS, as shown in Fig. 2(c). The PDOS reveals that the HOMO of
the composite cluster molecule is mainly composed of the
electronic states located on the MgAl,, cluster, indicative of a
lifting of the spectrum on the MgAl,, side.

Furthermore, it is implied that the MgAl;, cluster is
receiving the electronic charge, and the two unfilled states
above the HOMO in the bare MgAl;, cluster (as shown in
Fig. 1(c)) are now filled. By the same token, the LUMO of the
composite cluster, mainly consisting of electronic states on the
RegSeg(PMes)s side, suggests that the HOMO and HOMO-1 of
the majority spin states in the bare ResSeg(PMejs)s (as shown in
Fig. 1(d)) are getting unoccupied. This results in an apparent
large gap of around 2 eV, as shown in Fig. 2(c). Such
arrangements of the HOMO and LUMO levels in separate
regions of the composite cluster are helpful as the states on
the individual side can be manipulated using ligands or the
external electric field. A clear manifestation of the charge
rearrangement is evident from the gigantic electric dipole
moment of 28.38 D. To further gain insight into the large
dipole moment, we calculated the dipole moment assuming
the charge transfer between the centers of mass of two
fragments: RegSeg(PMe;)s and MgAly,. The approximate
distance (r.) between their center of masses is 7.224 A, while
the charge transfer (Ag) is almost 0.82 e~. Using the equation
dipole = r.-Aq, we found an approximate value of 28.45 D
compared with 28.38 D found in DFT calculations. The
representative figure and calculation of the dipole moment
are provided in ESIT Fig. S1.

2.3. Alignment of barriers using electric field and chemical bias

The difference in the HOMO-level located on the MgAl,, side
and the LUMO on the ResSeg(PMe;)s side is 0.53 eV, which is
indicative of a Schottky-like'>"® barrier for the transport of
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electrons. We wanted to examine if the barrier could be
reduced by applying an external homogeneous electric field
perpendicular to this interface. To this effect, we applied an
external electric field of various strengths to see the positioning
of the electronic states. We defined the positive z-axis as the
axis from the center of mass of the fused cluster towards the
RegSeg(PMe;)s cluster perpendicular to the junction, as shown
in Fig. 4(a). An applied field along the negative z-axis, i.e., from
the center of mass of the fused cluster towards the MgAl;,
cluster, increases the electronic levels in the MgAl;, cluster.
At the same time, the metal-chalcogenide counterpart is
changed only slightly, as shown in Fig. 4(c and d). Finally, as
shown in Fig. 4(d), a field of 0.005 atomic unit, which roughly
corresponds to a voltage of 4.1 V, almost aligns the two states:
the HOMO level in the MgAl;, region to the LUMO on the
RegSeg(PMes)s part.

Reducing the barrier by applying an electric field is similar
to the case of solid interfaces; meanwhile, we also examined if
there is a chemical way to minimize the barrier. As we have
previously shown, the electronic states in the clusters can be
shifted by adding ligands.’® The donor ligands raise the electronic
spectrum while the acceptor ligands move the electronic levels
towards lower energies. Here, we wanted to raise the levels in the
MgAl;, cluster to match its HOMO with the LUMO on the
ReeSeg(PMes)s side. Hence, we used donor ligand N-ethyl-2-
pyrrolidone (EP = C¢H;;NO), which primarily shifts the electronic
spectrum in the upward direction without changing the effective
valence count of the system. The EP ligand is structurally similar
to the monomeric unit of poly(N-vinyl-2-pyrrolidone) or PVP,
which was successfully utilized by Tsunomaya et al. to stabilize
gold clusters by charge exchange for catalytic applications.>'*

To examine this possibility, we explored the different
possible Al-sites on the MgAl,, cluster to attach the EP ligands.
We observed that the attachment of EP ligands lowers the gap

(b) MgAl, ReSeg®Mey)s (€) MgAl, ReSeyPMe,);

(d) mgal, RegSegPMes),
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(a) The + z-axis for the applied electric field. (b) PDOS for E = 0.00 Hartree (H), (c) LDOS for E = —0.0025 H and (d) PDOS for E = —0.005 H.
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Fig. 5 (a) Ground state structure of the MgAl;>(EP)4RegSeg(PMes)s cluster.
(b) PDOS in fragments: ligated metallic clusters MgAl;x(EP), and

RegSeg(PMes)s. The green solid and dashed lines represent the HOMO
and LUMO levels in the individual fragments.

by raising the electronic levels of the MgAl,, cluster with only
a marginal influence on the electronic states on the
RegSeg(Pmes)s side. Finally, attaching 4 EP ligands to the
MgAl;, cluster almost aligns the HOMO of the MgAl,, with
the LUMO of the RegsSeg(PMe;); side. Fig. 5(a) shows the ground
state structure of the MgAl;,(EP),ReqsSeg(PMe;)s cluster among
all possible isomers with 4 EP ligands attached to the Al-sites.
The effective gap is reduced to only 0.06 eV, as shown by the
PDOS plot in Fig. 5(b). Changing the barriers by adding ligands
opens a new area where one can use chemical and electrical
means to control the barrier heights in these nanodevices.

2.4. Optical absorption and electron hole separation

We now examine the potential application of the composite
molecule in photovoltaics to separate the electron-hole pairs
with marginal recombination. The gigantic dipole moment of
28.38 D in the fused molecule suggests that the charge could be
separated. To examine this possibility, we analyzed the location
of the HOMO in the anionic and cationic clusters. Fig. 6(a)
shows that the spin densities of the anionic and cationic
composite clusters are localized entirely on the separate
regions. The molecule’s absorption spectrum using time-
dependent density functional theory is shown in Fig. 6(b),
which shows that the first significant optical excitation energy
is found at approximately 1.0 eV. This excitation energy is
significantly higher than the HL gap of 0.53 eV in the system,
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Fig. 6 (a) The spin density on the MgAl;,—RegSeg(PMes)s cluster shows

the location of the electrons and holes (b) the optical absorption spectra of
the composite MgAl;,—RegSeg(PMes)s cluster.

showing that the electron-hole recombination is unlikely as
one relaxes to the states near the HOMO-LUMO gap. The
lowest energy excitation is found around 0.53 eV; however,
the associated oscillator strength is significantly small, with a
mere value of 4.125 x 10~ °® atomic unit. Furthermore, the
electrons and holes of the lowest energy excitations are
localized on different clusters, as shown in ESIT Fig. S2. These
excitations are optically very weak, leading to a low probability
of electron-hole recombination via dipole allowed processes.
Hence, such a Schottky barrier'>"? type superatomic molecule
provides an attractive way to create separated electron-hole
pairs for light harvesting.

3. Conclusions

We have investigated a fused molecule consisting of the metallic
and the semiconducting cluster that exhibits a Schottky-like'>*?
characteristic at its interface. It is known that a forward bias
opens the switch for the current flow in the bulk systems.
The molecular Schottky barrier’>'® also shows a similar
phenomenon. When the external homogeneous electric field is
applied to the composite cluster molecule, the electronic levels
on the metallic cluster MgAl,;, are shifted with respect to the
electronic states in the semiconductor cluster ResSeg(PMejy)s,
thereby aligning the electronic levels at the interfacial region.
Hence, the molecule opens the possibility of favored electron
transport through the junction at a lower forward bias.
Furthermore, a novel strategy to manipulate the electronic states
in the fused molecule using the ligands, labeled as chemical
bias, is also proposed. In the studied system, the EP ligands
attached to the metallic cluster serve the purpose of alignment of
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electronic levels on the individual cluster to open a path for
favored electron transport. Finally, the composite molecule with
the gigantic dipole moment is shown to separate electron-hole
pairs with negligible recombination, making it an attractive
candidate for photovoltaic applications.

4. Methods

4.1. Theoretical techniques

Theoretical studies in this work are based on first-principles
density functional methods using the Amsterdam Density
Functional (ADF) program.>® The exchange-correlation
functional proposed by Perdew, Burke, and Ernzerhof (PBE),
which uses the generalized gradient approximation (GGA) was
used.”® The TZ2P basis set>>® was used with a large frozen
electron core. The local minimum for each structure was found
using the quasi-Newton®” method with no symmetry restriction
ascertaining the lowest energy structures. The threshold for the
electronic convergence was set to 1 x 10~ % Hartree, and the
default convergence criteria (as implemented in ADF>®) were
utilized for all the geometric optimizations. We have probed
several spin multiplicities ranging from 1 to 5 to determine the
most energetically stable ground state structures for the anions,
neutral, and cation clusters (see Table S2 in the ESI¥).
Moreover, relativistic effects were incorporated using the
zero-order regular approximation (ZORA).>® Natural population
analysis (NPA) was performed by using the NBO 6.0"° module
implemented within ADF.”® The electric field calculations were
performed by aligning an external electric field with the cluster
along the z-axis. The positive z-axis is defined as the axis from
the center of mass of the composite cluster towards the
RegSeg(PMe;z)s cluster. The voltage was computed by
multiplying the applied homogeneous electric field with the
distance between the terminal atoms along the z-axis of the
composite cluster. Finally, the TD-DFT>° calculation was
employed to calculate the optical absorptions, with the lowest
500 dipole-allowed excitations mimicking the optical spectra.
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