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ABSTRACT: The adsorption of cyclic (alkyl) (amino) carbenes on the
monohydride Si(001) surface is explored within density-functional theory.
Two different adsorption mechanisms are investigated: the carbene
insertion in Si−H bonds and the binding to a surface defect with missing
hydrogen. The relative stability of these configurations depends on the
hydrogen chemical potential, i.e., the surface preparation conditions as well
as on the molecular side groups. The latter are also found to decisively
influence the molecular diffusion. Some adsorption configurations are found
to give rise to electronic states within the silicon bulk band gap. A sizable
reduction of the work function is found upon molecular adsorption.

■ INTRODUCTION
There has been a long-standing interest in the functionalization
of silicon surfaces.1 While the ubiquitous oxide overlayer
frequently utilized in silicon-based integrated circuits functions
well for many microelectronic applications, there is an
increasing desire to tailor the silicon surface and interface
properties more specifically.2 Organic surface functionalization
allows for the synthesis of new classes of hybrid materials with
the objective of combining the Si bulk electronic properties
with tailored surface characteristics, such as tunable reactivity,
biocompatibility, and hydrophobicity. Solar cells that pair the
electron-selective contact of a high-efficiency silicon hetero-
junction with an organic singlet fission material are an
intriguing example in this respect.3,4 The properties of the
organic−inorganic interfaces largely determine the function-
ality of the hybrid material, e.g., in terms of the solar cell
efficiency.5 In many instances, a work function reduction of
surfaces is required in order to facilitate charge carrier
transport. In this respect, surface modifiers that contain
amine groups have proven very successful.6

N-Heterocyclic carbenes (NHCs) are cyclic compounds
containing a divalent carbon atom bound to at least one
nitrogen atom within the heterocycle.9,10 They have proven to
be excellent ligands that allow for the formation of highly
ordered monolayers on metal surfaces, e.g., refs 11−18. The
self-assembled monolayers based on NHCs show a remarkable
resistance to heat and chemical reagents.19 However, NHC
adsorption on silicon has only rarely been studied.8,20,21

Among NHCs, cyclic (alkyl) (amino) carbenes (CAACs)
represent a prominent class of monoaminocarbenes, which
exhibit particularly strong σ-donating properties.22 Like all

carbenes, these molecules possess two unpaired electrons at
the carbene C atom leading to a high reactivity. Additionally,
the atoms adjacent to the carbene C are an amino substituent
and an sp3-hybridized alkyl C atom, leading to a higher
electrophilicity and nucleophilicity than for NHCs.23 CAACs
have been demonstrated to form short-range-ordered over-
layers on coin metal surfaces.24 While the general suitability of
diamino NHCs to functionalize Si(111) has already been
demonstrated,21 there has been only one study on the
adsorption of monoamino CAACs on Si surfaces: Zhukho-
vitskiy et al. investigated the adsorption of cyclohexyl CAAC
(CyCAAC) on Si(111):H and proposed its suitability to
functionalize Si(001):H.8

The present study computationally explores the adsorption
of three different CAAC molecules, including CyCAAC, on the
monohydride Si(001):H surface (Figure 1). Particular
attention is paid to the bonding schemes, the surface diffusion
properties, and the modification of the Si surface electronic
properties in terms of interface states within the Si band gap
and work function changes.

■ METHODOLOGY
The present study is based on the Vienna ab initio simulation
package (VASP)25 implementation of density-functional
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theory (DFT). The generalized gradient approximation
(GGA) is used to model the electron exchange and correlation
interaction. In particular, we used the Perdew−Becke−
Ernzerhoff (PBE) functional.26 In order to account for the
van der Waals interaction, dispersion-corrected DFT (DFT-D)
is used.27,28 Specifically, Grimme’s D3 scheme with Becke−
Johnson damping was applied.29,30 The electron−ion inter-
action is described by projector-augmented waves (PAW).31,32

The electronic wave functions are expanded into plane waves
up to a kinetic energy of 450 eV. A force threshold of 0.01 eV/
Å is used for the structural relaxations. The Si surface is
simulated within a 4 × 4 periodic unit cell and a slab thickness
of eight atomic layers. It is saturated with one hydrogen per Si
surface atom, corresponding to the 2 × 1 dimerized
monohydride phase33 (Figure 1). The bottom three layers
are frozen at the ideal bulk coordinates with a dihydrogen
termination of the bottommost layer. A vacuum layer of 3 nm
is used to decouple the slabs along the surface normal. Dipole
corrections are applied for work function calculations. The
surface Brillouin zone is sampled using a 2 × 2 × 1
Monkhorst−Pack mesh.34 The mesh density is increased to
8 × 8 × 1 for density of states (DOS) calculations. In this case,
a tetrahedral smearing with Blchl corrections35 is used.

The molecular adsorption energies Eads are calculated as
=E E E Eads tot s m (1)

where Etot, Es, and Em are the energies of the adsystem, the
substrate, and the gas-phase molecule, respectively. Nudged
elastic band (NEB) method and potential energy surface
(PES) calculations are performed using a six-layer slab, where
the lowest layer is frozen. Here the force threshold is reduced
to 0.02 eV/Å as well. This introduces an adsorption energy
error bar of less than 0.02 eV. The sampling points of the PES
are separated by 0.96 Å in the [100] and [010] directions. At
these sampling points, the carbene C atom is fixated laterally.
All other degrees of freedom are allowed to relax freely. Four
different initial configurations are probed for each sampling
point.

Two different adsorption configurations (Figure 2) are
probed for each of the three molecular species shown in Figure
1: the carbene insertion into the Si−H bond of a fully H-
terminated Si surface36 (denoted as I in the following) and a
dative bond to a defect site. In the latter case (denoted as II), it
is assumed that the molecule bonds to a non-hydrogen
saturated Si dimer. Bonding scenarios I and II differ by the
amount of surface-adsorbed hydrogen. In order to compare
them energetically, the hydrogen chemical potential μH as a
function of the surface preparation conditions, i.e., temperature

T and partial pressure p, has to be taken into account. This is
done here by calculating the thermodynamic potential

U nH H (2)

with U = Etot − Es,clean − Em, where Es,clean is the energy of the
Si(001) surface without hydrogen termination and nH refers to
the number of hydrogen atoms. The deviation of the hydrogen
chemical potential from its molecular energy is approximated
by the expression for an ideal two-atom gas,
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Here Vq = (h2/2πmkT)3/2 is the quantum volume, and Zrot and
Zvib are the rotational and vibrational partition functions,
respectively.

■ RESULTS AND DISCUSSION
In order to determine the most stable adsorption geometry for
each molecule in configurations I and II, different starting
configurations are probed. In particular, the angle that the
CAACs enclose with the [100] direction was varied (Figure 3).
Here a step size of 22.5 was used and all non-symmetry-related
adsorption configurations were probed, while no variation of
the side-group geometries was initiated. This procedure is

Figure 1. Molecules (1 (CAAC-57), 2, and 3 (CyCAAC8)) and the
monohydride Si(001):H surface studied here.

Figure 2. Comparison of the two bonding scenarios for the exemplary
case of 1.
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certainly not exhaustive but should provide the most relevant
candidates for the subsequent structural relaxation.

The adsorption energy as a function of the molecular
orientation is shown in Figure 4a. In the case of 1, only a small
dependence (ΔEads < 0.4 eV for I, ΔEads < 0.18 eV for II) is
noted. This can be understood in terms of the small side
groups that allow for a nearly free rotation of the molecule. In
contrast, a clear dependence of the adsorption energy on the
molecular orientation is found for 2: the highest binding
energies are obtained for α ≈ 0°. In this case, the vdW
interaction between the benzene side group with the Si-dimer
structure is most favorable. Strong variations of the adsorption
energy with several maxima are found in the case of 3. This
results from the large side groups, which sterically interact with
the corrugated Si(001):H surface.

In Figure 4b, the variation of the Si−C bond lengths and the
azimuth angles between the bond projected on the (001) plane
and the [100] direction are shown. Evidently, the CAAC
molecules with larger side groups exhibit larger bond lengths
(3: d ≈ 2.05 Å) than molecules with small side groups (1: d ≈
1.95 Å). This is again related to the steric interaction with the
substrate. Similar observations were made in ref 8. A majority
of azimuth angles range from 135 to 225°, which corresponds
to 180 ± 45° and is in line with the orientation expected from
the topography of the Si surface.

What determines the adsorption energy in the minimum-
energy configurations highlighted with red circles in Figure 4a?
In Figure 5, we compare the contributions from van der Waals
and chemical bonding as well as molecular and substrate strain
to the total adsorption energies of the three CAACs in
configurations I and II. Here the strain contributions to the
energy balance are obtained from single-point calculations of

Figure 3. Investigated molecules (a) 1, (b) 2, and (c) 3 enclose the angle α with the [100] surface direction.

Figure 4. (a) Molecular adsorption energies as a function of molecular orientation. The respective energy maxima are highlighted. (b) Si−C bond
lengths and bond orientations relative to the [100] direction. The outer polar chart shows the total bond length d, while the inner chart represents
the bond length projected on the (001) plane, d sin(θ).

Figure 5. Contributions to the CAAC adsorption energies for the
molecular species and adsorption configurations considered here. See
the text.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c07316
J. Phys. Chem. C 2023, 127, 1973−1980

1975

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07316?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c07316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the respective systems in both fully relaxed and bonding
geometries. For the van der Waals contribution to the energy,
we rely on the VASP output. Obviously, II results in higher
adsorption energies than I due to the higher electronegativity
of the respective surface bonding sites. As expected, larger
molecules experience a stronger vdW attraction to the
substrate than smaller ones. At the same time, the larger side
groups give rise to a repulsive strain, both in the substrate and
in the molecule. The molecular strain is particularly
pronounced for configuration I, where the H insertion leads
to a rehybrization of the carbene C atom from sp2 to sp3.
Configuration II, on the other hand, leads to stronger
modifications of the substrate geometry.

However, the energetically most preferable adsorption
configuration is determined not only by the adsorption energy
but also by the hydrogen chemical potential. This is
demonstrated in Figure 6, where we compare the thermody-

namic potential changes of the minimum-energy configura-
tions. It can be seen that for hydrogen chemical potentials
smaller than −1, −0.8, and −0.6 eV, respectively, dative
bonding II is more favorable than insertion reaction I for 3, 2,
and 1. At room temperature and for pressure ranges typical for
ultrahigh vacuum, I is the stable adsorption configuration for
all carbenes investigated. Elevated temperatures are needed to
stabilize bonding configuration II.

Given that the relative stability of I and II depends on the
surface preparation conditions, it is interesting to explore the
possibility of transitions between these two bonding
configurations. Provided atomic hydrogen is available, II will
spontaneously transform to I. The transition I → II is studied
exemplarily for 3 using the nudged elastic band (NEB)
method.37−39 Starting from the minimum-energy structure of 3
in configuration I, at first a hydrogen transfer from the
neighboring Si dimer atom to 3 is assumed. This corresponds
to step 1 in Figure 7. In step 2, the two hydrogen atoms form
H2 and desorb from the surface. The precise energetics of this
process depends again on the hydrogen chemical potential, as

indicated in Figure 7. In any event, however, it is an activated
process with a minimum-energy barrier of about 0.3 eV.

The formation of well-ordered molecular overlayers depends
on the adsorption/desorption as well as diffusion character-
istics of the adsorbed species. This will be investigated next.
The NEB calculated reaction paths leading to the adsorption of
1, 2, and 3 in configuration I are shown in Figure 8. While for
1 and 2 the energy is continuously lowered upon approaching
the surface, there exists a precursor state for 3. An energy
barrier of about 0.2 eV needs to be overcome to reach the
global minimum-energy structure. The precursor state
corresponds to a vdW adsorbed molecule without significant
deformations from the gas-phase geometry.

The existence of the precursor state has immediate
implications for the potential energy surface experienced by
the adsorbed molecules. The respective calculations are shown
in Figure 9. In the case of bonding scenario I, diffusion barriers
of 1.7 and 1.8 eV have been found for 1 and 2, respectively,
regardless of the diffusion direction. In contrast, 3 experiences
no significant diffusion barriers as long as it remains solely vdW
bound to the surface, i.e., remains in the precursor state A
shown in Figure 9c. Obviously, suitably chosen side groups
allow for tuning the diffusion characteristics.

This holds to some extent even if the attraction to a surface
defect site, modeled here as an unsaturated Si dimer, is
considered (Figure 9d−f). 1 and 2 are strongly attracted to the
surface defect and experience barriers of about 2 eV along
[010] and 2.4 eV along [100] between neighboring defect
sites. These barriers are significantly reduced to about 1 eV for
3, as here the reactive carbene atom is sterically protected by
the side groups. Generally, the surface defect has a large
catchment area, i.e., a large region where the molecules are
likely to bond covalently to the substrate. In the case of 1, the
catchment area extends nearly to the whole unit cell. Within
the catchment area, further bonding scenarios may occur that
affect the structural integrity of the substrate, as shown in
Figure 9g.

Finally, the modification of the Si(001):H surface electronic
properties due to CAAC adsorption is investigated. In Figure
10, the electronic densities of states for the most stable
adsorption geometries are compared with data for clean

Figure 6. Comparison of the relative stability (in terms of the grand
canonical potential) of the CAAC adsorption configurations as a
function of the hydrogen chemical potential. The crossing points are
indicated. The blue and red dashed lines cannot be discriminated,
since the corresponding configurations are nearly degenerate in
energy.

Figure 7. Reaction path for the I → II transition of 3 including
hydrogen desorption. Desorbing H atoms are indicated. The
energetics depends on the hydrogen chemical potential, as shown.
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surfaces. The DOS values for the perfect monohydride surface
and the surface including an unsaturated Si dimer are shown in
Figure 10e,a, respectively. In the latter case, dimer-related
surface states P1 and P2 occur close to the Si bulk band edges.
P1 is due to an s-like state at the “up” dimer atom. It is
energetically lower than the sp3 hybrid orbitals of bulk Si and
occurs below the valence band maximum (VBM).1 P2 is close
to the conduction band minimum (CBM) and corresponds to
the unoccupied p-like orbital of the “down” dimer atom.40−44

The adsorption of CAACs to the surface defect modifies P1
and P2 to P1′ and P2′, respectively; see also Figure 10i, in
which the shift P1 → P1′ of the “up” dimer atom state results
from the rehybridization of the s-like dangling bond orbital to
an sp3-like dangling bond due to molecular attachment at the
“down” dimer atom. The shift P2 → P2′ is due to the
transformation of the formerly unoccupied Si surface state at
the “down” dimer atom to a dative bond filled with two
electrons of the carbene C atom: the dative bond formation
results in a low-energy bonding orbital located in the valence

band and an antibonding orbital P2′ higher in energy than the
formerly unoccupied p orbital P2. The shift P2 → P2′ is largest
for 1, less pronounced for 2, and hardly visible for 3. This is
due to the different Si−C bond strengths discussed above. In
the case of the insertion reaction I at the ideal monohydride
surface, the adsorption of 1 and 2 gives rise to pronounced
peaks M1 and M2 close to the VBM, as shown in Figure 10f,g.
They correspond to molecular states (Figure 10i). Obviously,
the existence and energetic position of band gap states, often
detrimental for applications due to charge carrier recombina-
tion, can be tuned by modifying the molecular species.

Similar to earlier observations,21 CAAC adsorption on
Si(001):H is found to reduce the surface work function (Table
1). The work function reduction is particularly strong at the
defective Si surface, bonding scenario II: in the case of 2
adsorption, a reduction by 1.44 eV is calculated. The work
function reduction due to the insertion reaction I is less
pronounced. It amounts roughly to 0.5 eV and is essentially
explained by the molecular dipole (Table 1).

Figure 8. Reaction paths leading to the H insertion of (a) 1, (b) 2, and (c) 3, i.e., the respective configuration I. For 3, an energy barrier of 0.18 eV
has to be overcome.

Figure 9. Potential energy surfaces (PES) for bonding scenario I, with 1, 2, and 3 shown in a−c, respectively. The PESs for the attachment of 1, 2,
and 3 to an unsaturated Si dimer are shown in d−f, respectively. g shows the adsorption structures resulting from the attachment of 1 to the specific
sites indicated in d.
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The strong work function reduction of Si upon CAAC
adsorption not only will facilitate the electron transport in
heterostructures but also can be used to tune the energy barrier
at heterojunction interfaces, as well as photoemission,
thermoionic emission, absorption, photoluminescence, and
catalytic and carrier injection properties of silicon-based
electronic devices.

■ CONCLUSIONS
The energetics, structure, and electronic properties of CAAC
adsorbed monohydride Si(001):H surfaces were explored
within DFT. The adsorption energy and diffusion character-
istics depend largely on the molecular side groups. In
particular, it was found that large side groups give rise to a
van der Waals bonded precursor state that allows for nearly
barrierless diffusion and may assist in the formation of ordered
overlayers. While all previous successful attempts to function-
alize Si surfaces with ordered NHC overlayers used [111]-

oriented substrates and required a boron δ-doping layer
underneath the uppermost Si atoms, the present calculations
indicate that suitably chosen NHC side groups will allow for
the formation of ordered overlayers (i) even in the absence of
B doping and (ii) on Si(001) surfaces predominantly used in
the micro- and nanoelectronics industry: CAACs weakly
attached to the surface by dispersion forces can diffuse at
low temperatures to form well-ordered structures. Moderate
annealing will then attach the adsorbate to the surface by
covalent bond formation.

Surface defects in terms of unsaturated Si dimers act as
trapping sites for surface diffusing molecules. The relative
stability of dative-bonded and insertion-reacted carbenes
depends on the surface preparation conditions and may be
varied with the hydrogen partial pressure and temperature.
Molecular adsorption on Si(001):H leads to electronic states
close to the bulk band edges. These states are more
pronounced for strongly bonded small molecules compared
to molecules where the reactive carbene atoms are protected
by large side groups. CAAC adsorption on silicon strongly
reduces its work function. Depending on the bonding scenario
and molecular species, reductions by more than 1 eV are
calculated.
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