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The effect of organic adsorbates on the silicon (001) surface is investigated using first-principles calcula-
tions. Ethylene and a class of cyclopentene derivatives, containing different functional groups, are considered,
all anchoring to the surface through the same [2+2] cycloaddition mechanism. Because they all show similar
bonding properties, any variation in the surface properties must be related to the functional group. The
structural relaxation induced by the adsorption is discussed, elucidating the effect of both the adsorbate species
and coverage. It turns out that different distortions occur in the molecular geometry, depending on both the
species and the surface coverage, while molecule-to-surface bonding does show very similar features for all the
considered molecules. We show that the presence of the adsorbate can modify the surface charge density, thus
giving rise to an induced dipolar layer that modifies the electrostatic potential outside the surface. Such a dipole
layer can, in turn, be related to surface electron affinity and work function changes. A careful analysis of the
dipole moment and of the electrostatic potential changes is carried out discussing the correlations with the
properties of the isolated molecules. All the results indicate how the surface properties can be tuned through a

suitable choice of the adsorbate.
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I. INTRODUCTION

Hybrid organic-inorganic compounds are expected to play
a crucial role in future technologies and devices. The match-
ing of the best properties of the organic and inorganic phases
gives a unique opportunity of obtaining new systems with
tunable optical, electric, and mechanical properties.1‘7 A
wide range of applications (sensing and biosensing, opto-
electronics, drug delivery, etc.) is expected to come in the
near future, and many routes are being pursued toward new
generations of functional materials.!- Among them, we cite
surface functionalization that consists in transforming sur-
faces in interfaces.>’® Huge efforts have been spent toward
the controlled modification (at atomic level) of surfaces
where a proper choice of both the substrate and the covering
layer is needed.

Silicon (Si) surfaces have been the subject of intensive
investigations.>*>19 The possibility of integration of current
Si-based microelectronics within new functional devices is
believed to be a breakthrough of the future. The silicon (001)
surface is particularly suitable to functionalization with or-
ganic molecules containing a double C=C bond.>">!! This
is due to the particular surface reconstruction whose main
feature is the formation of asymmetric (tilted) Si dimers.>!0
Indeed, the bonding nature of a Si dimer, though still de-
bated, can at least formally be described in terms of a double
Si—Si bond (in analogy with the double C=C bond found
in alkenes). Nonetheless, at variance with the double C=C
bond, the charge density associated with the 77 component of
the bond is thought to be asymmetrically distributed over the
two atoms. This results in tilted Si— Si dimers,> in which the
“second” (7) bond is much weaker than in organic mol-
ecules. The consequences of that are rather significant: the
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adsorption of organic molecules containing a double C=C
bond can occur through a mechanism known as a [2+2]
cycloaddition in organic chemistry.>*!> The 7 bond in both
the surface dimer and the organic molecule breaks, with the
formation of two C—Si o bonds. This reaction is known to
occur even at room temperature, with relatively small acti-
vation barriers. The dimer buckling does play a relevant role
in the adsorption process, as the same reaction is forbidden
(with a huge activation barrier) between two double bonded
C=C groups.

In this paper, first-principles calculations of adsorbed or-
ganic layers on the silicon (001) surface are presented. In
particular, we focus on the changes in the surface electron
affinity induced by the coverage by considering ethylene
(C,H,) and a class of cyclopentene derivatives CsHg-R R,
containing different functional groups. The adsorption in-
duces the formation of a surface dipole layer that, in turn,
can enhance or reduce the ability of extracting electrons from
the surface. The structural and electronic properties of the
different adsorbate-covered surfaces are analyzed in some
detail with an emphasis on the different contributions setting
up the dipolar layer. Moreover, we have made an attempt to
correlate the molecular dipole moments before and after the
adsorption on the Si surface.

The paper is organized as follows. In Sec. II A, the tech-
nical details on the performed calculations are summarized.
The main concepts concerning electron energetics at the
semiconductor surface and semiconductor-adsorbate inter-
face are outlined in Secs. II B and II C. These concepts are
applied to the specific case of the adsorption of ethylene and
a class of cyclopentene derivatives on the silicon (001) sur-
face in Sec. III. Finally, in Sec. IV, some conclusions are
drawn.

©2007 The American Physical Society
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II. THEORETICAL METHOD
A. General

The calculations have been performed using a plane-
wave, pseudopotential method based on the density func-
tional theory (DFT), as implemented in the Quantum
ESPRESSO package.!® The Si atoms have been represented
using a norm conserving pseudopotential built within the
Rabe-Rappe-Kaxiras-Joannopoulos (RRKJ) scheme.'* In the
case of C, N, and H, we have selected ultrasoft pseudopoten-
tials constructed within the same RRKJ scheme. The
Perdew-Burke-Ernzerhof approximation for the exchange-
correlation functional has been adopted.'” The electronic
wave functions have been expanded using plane waves cor-
responding to energies up to 30 Ry, while a 180 Ry cutoff
energy has been used to represent the total charge density.

The p(2X?2) reconstructed clean silicon (001) surface is
modeled as an extended slab using a supercell containing 12
layers of silicon (Si), with four Si atoms per layer, and a
vacuum region as thick as 14 Si atomic layers (19 A). The
surface in-plane crystal cell (assumed to be in the xy plane)
was built using the optimized bulk Si lattice constant of
5.47 A, to be compared with the experimental result'® of
5.43 A. Full relaxation of all the atoms but those belonging
to the two central Si layers was allowed. The optimized ge-
ometries are obtained using the Hellman-Feynman forces
with the Broyden-Fletcher-Goldfarb-Shanno algorithm to
minimize the total energy with respect to the atomic posi-
tions. The surface Brillouin zone was sampled using a
(2 X2 % 1) Monkhorst-Pack k-point grid.!”

The adsorbed molecules were placed on both sides of the
slab to ensure inversion symmetry, so minimizing the forma-
tion of artificial electric fields in the vacuum.'® The same
supercell as that used for the clean surface has also been used
in all the calculations (with a minimum vacuum region thick-
ness equivalent to six silicon atomic layers). No significant
variations of the calculated properties were found on increas-
ing the vacuum region.

The surface dipole moments induced by the molecules are
investigated with a detailed analysis of both the charge den-
sity distribution and the electrostatic potential. Because we
deal with a surface problem, planar averages on planes par-
allel to the surface are carried out for the main quantities of
interest (see Sec. II C). For the evaluation of the variations of
the electron affinity and ionization potential induced by sur-
face adsorbates, the knowledge of the vacuum level is
needed. The latter can be easily determined from the value of
the averaged electrostatic potential far enough from the sur-
face. However, the systematic comparison of the vacuum
level in the presence of different adsorbates needs an align-
ment procedure bringing the zero of the energy to the same
value for all the considered systems. The one-dimensional
planar average of the electrostatic potential shows micro-
scopic oscillations that, in our case, almost perfectly repro-
duce a bulklike behavior in the middle of the slab, as it will
be shown in Sec. III B 3 (the bulk potential was computed
using the same surface supercell and the same number of Si
atoms, after removing the vacuum region). To get rid of such
oscillations, this potential can be further averaged on a “mac-
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roscopic” window, and the value of the new average at the
center of the slab can be used for the alignment procedure
(so as to match the bulk value). Therefore, the difference
between the value of the macroscopically averaged potential
at the center of the slab of a given (clean or covered) surface
and that in bulk Si is computed. Finally, both the potential
and the band structure of the given surface are shifted by this
difference. It is worth pointing out that for the alignment
procedure to be meaningful, it is necessary that the center of
the slab reproduces a common environment in all the cases.
In the rest of the paper, the shown potentials and band struc-
tures are meant to have been shifted according to what is
explained above.

The optimized geometry, total energy, and charge density
for the isolated molecules are calculated using a cubic super-
cell (with a side of nearly 16 A). These quantities allow us to
compute surface adsorption energies as well as induced
dipole moments (Sec. 11 C).

B. Electron affinity and ionization potential

The electron affinity (EA) at a semiconductor surface is
the energy needed to carry an electron from the vacuum to
the bottom of the conduction band (CBM). Similarly, the
ionization potential (IP) is defined as the energy required to
bring an electron from the maximum of the valence band
(VBM) to the vacuum.'®?2 The EA is calculated at DFT
level as the energy difference between the vacuum level
(E,4) and the Kohn-Sham (KS) eigenvalue relative to the
bottom of the conduction band of the semiconductor bulk
band structure: xy=E,,.—Ecpy. In the same way, the IP is
computed as I=FE, ,.—Eyg,;, where Eyp,, corresponds to the
top of the bulk valence band. While Eyg,, and E g are
obtained from bulk band structure calculations, E,,. can be
derived from a slab calculation, so that the energy references
for these two systems could be, in general, different. This
problem is nicely solved, thanks to the alignment procedure
described in Sec. II A.

C. Vacuum level and surface dipole

The presence of adsorbates on a surface may induce, as
already mentioned, changes in the vacuum level.>*>* Here,
we summarize the main concepts related to it. By symmetry,
only the dipole component along the surface normal (as-
sumed to be the z direction in the following) is responsible
for the vacuum level modification. For the sake of simplicity,
in the following, planar averages will be labeled with the
same symbol as the corresponding functions.

Let p(x,y,2)=p.(x,y,2)+pion(x,y,z) be the total charge
density of a given slab (p,; and p;,, give the electronic and
ionic contributions to it, respectively). Its planar average can
be defined as follows:

p(z) = % f f dxdy p(x,y,z), (1)
A

where the integral is done on the surface unit cell and A is its
area. An analogous definition can be given for the planar
average V(z) of the electrostatic potential V(x,y,z).
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The z component of the dipole moment per unit surface
(in the following referred to as dipole moment density) can
be related to the electrostatic potential using Eq. (1) and the
Poisson’s equation

cl2 1 cl2 1
p:Jo dzzp(z)=—;T-J0 dzzZ
[ fool2o222)
xay 2+5‘y &ZZ .

The integration extremes are z=0 (center of the slab) and z
=c¢/2 (at the middle of the vacuum region). On the right side,
the terms containing the partial derivative of V with respect
to x and y give a zero contribution to the integral. The re-
maining term can be integrated by part, giving

1 c
p=ZT{V<E)—V(O)]. (3)

The vacuum level can be expressed as E,,=—eV(c/2)=
_eVUaC'

It will be useful to label with different superscripts the
quantities p and V for clean (p/, V) and covered (p°, V<)
surfaces, respectively. By means of the alignment procedure
previously depicted (see Sec. IT A), at the center of the slab,
Ve and V¢ overlap reproducing the bulk oscillating poten-
tial, so that at the center of the slab, we have V<°(0)=V<(0).
This is an important point because it shows that a variation
of the surface dipole density Ap=p“°—p‘ induced by the
coverage induces, in turn, a proponional variation of the
vacuum level energy AE=—e(V<% ~V< ). Taking into ac-
count Eq. (3), it follows that

AE=—-4melAp. 4)

The EA and IP change by the same amount, since their varia-
tions are only due to the vacuum level changes. From now
on, we will focus on EA and IP changes with respect to the
clean surface. The EA and IP values, for each system, can be
obtained by adding the corresponding variation AE to the EA
and IP of the clean surface, respectively. If we express the
energy in rydbergs and the dipole density in a.u.”! [namely,
define y=yx/(e?/2ap), p=pagle, with ay the Bohr radius],
Eq. (4) becomes (for the EA, the same applies to the IP)

Ay=-8mAp. (5)

Finally, it is worthwhile stressing that, with the conventions
used here, a positive dipole is oriented outward and causes a
negative shift of the EA.

III. RESULTS AND DISCUSSIONS
A. Isolated molecules

We consider ethylene and a class of cyclopentene deriva-
tives CsHg-R\R, shown in Fig. 1. For cyclopentene [Fig.
1(a)] R,=R,=H, while one of these two H atoms is replaced
with a functional group in the other cases. It turns out that
two nonequivalent configurations are obtained if a given
functional group replaces either R; or R,. They will be re-
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FIG. 1. (Color online) A ball-and-stick plot of the cyclic mol-
ecules CsHg-R|R, investigated in this work, with (a) R;=R,=H
(cyclopentene), (b) R;=H, R,=NH,, (c) R;=NH,, R,=H, (d) R,
=CyN,Hs, R,=H, and (e) R;=H, R,=CN. Black arrows indicate
the direction of the dipole moment of the isolated molecule.

ferred to as the “axial” and “equatorial” configurations: for
example, Figs. 1(b) and 1(c) show a substitutional amino
(NH,) group in axial and equatorial configurations, respec-
tively. A bond to the ring atoms is termed axial or equatorial
according to whether it makes a relatively large or small
angle, respectively, with the plane containing or passing clos-
est to a majority of the ring atoms. The five molecules shown
in Fig. 1 correspond to (a) cyclopentene (CsHg), (b) axial-4-
amino-cyclopentene (CsHgNH,H), (¢) equatorial-4-amino-
cyclopentene  (CsH¢HNH,), (d) axial-4-(2,5-dicyano-
toluene)-cyclopentene (CsH¢CyN,HsH), and (e) equatorial-
4-cyano-cyclopentene (CsH¢gHCN). The total dipole
moments computed for this set of molecules are reported in
Table I. Black arrows in Fig. 1 indicate the orientation of
these dipole moments.

B. Silicon surfaces

1. (001)-(2X2) clean surface

As mentioned before, the p(2X2) reconstruction of the
clean Si(001) surface leads to the formation of dimer rows,

TABLE 1. The computed dipole moment of the isolated

molecules.

|ul (D)
C,H, 0.0
CsHg 0.270
CsHgNH,H 1.368
CsHgHNH, 1.242
CsHgCyN,HsH 3.316
CsHGHCN 4.247
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FIG. 2. (Color online) A perspective of the silicon (001) surface
in the p(2 X 2) reconstruction. Dimers are alternately buckled along
the dimer rows.

along which Si-Si dimers are alternately buckled (see Fig. 2).
The calculated buckling angles? (about 19°) and dimer bond
length (2.37 A) are in a good agreement with the experimen-
tal results.?

An interesting point coming from our calculations is that
the buckling of the atomic layers is not limited to the dimer
(considered as the first layer) formation. The buckling can be
quantified as the difference Az between the z coordinates of
two neighbor Si atoms along the dimer direction (such atoms
belong to the same layer in the unreconstructed surface). As
shown in the left panel of Fig. 3, the dimer buckling (Az
=0.76 A) is clearly the most relevant, but also the third and
the fourth layers show a significant buckling (Az=0.27 A
and Az=0.20 A, respectively).

Concerning the electronic band structure, surface states
lying in the bulk silicon band gap appear, associated with the
dangling bonds originated by the p(2X2) surface recon-
struction. As indicated in Fig. 4(a), these surface states can
be distinguished in 7 bonding (7, ,) and 7" antibonding
(WT,W;) states. A qualitative agreement is found with other
theoretical calculations of the silicon surface band
structure.?

The EA and IP which we compute for the clean surface
are y=4.31 eV and 1=4.96 eV, respectively (at the general-
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FIG. 4. (Color online) Surface band structure for the (a) clean
surface and (b) half and (c) fully covered Si(001):C,H, surfaces.
Filled and empty states are indicated with solid and dashed lines,
respectively. The shaded regions represent the projection of the bulk
band structure in the two-dimensional surface Brillouin zone. The
top of the bulk valence band is set at zero. The surface states 7 and
o gradually disappear on increasing the coverage. The points J and
J" are defined in the same way as in Ref. 25.

ized gradient approximation level). It is also possible to
evaluate a range of variability for the work function ¢
=E,,.—Ep; defined as the energy difference between the
vacuum and the Fermi level (FL). At variance with metals,
the work function (WF) of a semiconducting material is not
an intrinsic property,?> simply because the position of the
Fermi energy in the forbidden energy gap depends on the
experimental conditions (e.g., the doping). However, the
presence of surface states in the band-gap region, as in the
case of silicon, causes the well known pinning?’~? of the
Fermi level. Our computed WF range is 4.93-5.11 eV, in
very good agreement with other theoretical works.”?> To
match theoretical values to experimental results, one should
use quasiparticle corrections (e.g., within the GW many-
body approximation®®) to the computed KS eigenvalues. In
Ref. 22, a fair agreement with experimental results3!=3* for
the WF is found using the GW corrected values.

Az=0.20

1.34

| % < I — Az=0.00
~\ _ Az=0.04
o) 147 & -0

WI 1.35

Az =0.00

Az=0.00 )
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FIG. 3. (Color online) Optimized geometries for the clean silicon (001) surface (left panel) and the half (central panel) and fully
(right panel) covered Si(001):C,H,. Both the buckling Az and the interlayer distances are given in A.
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2. (001)-(2X2): C,H,

The adsorption of ethylene on the Si(001) surface occurs
through the [2+2] cycloaddition reaction. The relaxed geom-
etries are computed for both half coverage, which is one
molecule per dimer pair [or 0.5 ML (monolayer)], and full
coverage, which is one molecule per dimer (or 1 ML). As
already stated above, both the 7 component of the C=C
bond and the 7-like component of the Si dimer bond break
leading to the formation of two C—Si o bonds. As such, the
cycloaddition leads to the unbuckling (Az=0.00 A) of the
involved dimer (see Fig. 3, central and right panels) without
changes on the dimer bond length (the o component of the
bond is preserved®). The C—C bond length after adsorption
is 1.56 A, in good agreement with the experimental result2®
of 1.62+0.08 A. Moreover, the computed value is much
closer to a C—C single bond than to a double one, as shown
by the comparison between ethane (C,Hy) and ethylene
(C,H,). In the case of ethane, the C atoms are singly bonded
with a bond length3® of 1.535 A and sp® hybridized with a
L CCH measured angle*® of 111.17° to be compared with the
one (112.6°) we computed for the adsorbed ethylene. These
results confirm the C—C double bond breaking and the sp®
hybridization of the same C atoms as a consequence of the
cycloaddition reaction.

The layer buckling difference between clean and covered
surfaces is mainly restricted to the first layer, where the
dimer involved in the cycloaddition is unbuckled. In fact,
with a 0.5 ML coverage, only one dimer per pair is unbuck-
led (see Fig. 3, central panel), while both dimers in the sur-
face unit cell are unbuckled with a 1 ML coverage. As
clearly shown in Fig. 3 (central and right panels), also a
variation with respect to the clean surface is found on the
third and the fourth layers (buckling of Az=0.20 A and Az
=0.14 A, respectively). A general trend toward the reduction
of the buckling with the coverage is observed, and it is in-
teresting to note that also the distance between the second
and the third layers gradually decreases on increasing the
coverage, going from 1.55 A (clean surface) to 1.47 A (1
ML coverage).

Focusing on the electronic properties, the surface states
(clearly related to the Si-Si dimer) are gradually removed as
the coverage increases and disappear at full coverage, as
shown by comparing the near-gap band structures in Fig. 4
(the shaded areas are projections of the bulk band structure in
the two-dimensional surface Brillouin zone). The ethylene
adsorption induces EA changes of Ax=-0.64 eV for 0.5 ML
and Ay=-1.17 eV for 1 ML coverage.

An interesting comparison with recent experimental
data’’ can be done in the case of full coverage. In Ref. 37, a
detailed study is reported on the adsorption of C,H, on an n
doped Si (001) surface. From their data, we can extract a
value of the work function of 3.2 eV to be compared with
our calculated value of 3.14 eV. Although the agreement is
very good, it is necessary to detail the assumptions we have
used for obtaining 3.14 eV. The first point is that at full
coverage, there are no surface states in the band gap, as
shown in Fig. 4(c). This means that at room temperature, the
Fermi level is, because of doping, just below the bottom of
the conduction band. It is therefore reasonable to assume that
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TABLE II. The Si—C bond length for the different adsorbates
and coverages.

Half Full
coverage coverage

C,H, 1.955 1.959
CsHg 1.960 1.976
CsH¢NH,H 1.957 1.973
CsH¢HNH, 1.962 1.970
CsH¢CyN,HsH 1.966

CsH¢HCN 1.964 1.970

in this particular case, there is a negligible contribution from
band bending so that work function and electron affinity are
nearly the same. Our 3.14 eV is the difference between the
vacuum level and the conduction band bottom.

There is another interesting observation to be made. The
paper of Livneh and Asscher®® discusses the results of mea-
surements concerning work function variations during C,Hy
adsorption on the Ru (001) surface. The point is that these
authors have shown that the nature of C,H, bonding on this
metal is similar to the one discussed in this work, being the
bonding due to an sp? hybridization. At full coverage, they
measure a work function variation of —1.31 eV. Now, if we
take our full coverage Ay=-1.17 eV, we see that there is
some consistency between these values. If we consider that
the ratio between the Si(001) surface unit cell area and that
of the Ru (001) surface is roughly 1.19, our Ay must be
multiplied by 1.19 giving —1.39 eV, which is very near to the
experimental estimate of —1.31 eV. It appears from this
simple estimate that provided that the type of bonding on a
surface does not change dramatically upon changing the
material,®® the electron affinity variations are, somehow,
transferable properties. However, a more clear assessment of
this interesting point would require specific calculations
which, at the moment, are beyond the aim of this work.

3. (001)-(2 X 2) H C5H6-R1R2

A question arises on whether the bonding properties (bond
lengths and angles) are the same or not for different molecu-
lar adsorbates, all anchoring to the surface through the same
mechanism. In Table II, we report the computed Si—C bond
length for the different adsorbates and both at half and full
coverages. It is seen that a significant dependence on the
adsorbate species is not found. Only a small increase of the
bond length with coverage can, in fact, be observed. Simi-
larly, dimer buckling and interlayer distance do not show
appreciable differences with respect to the ethylene case (see
Fig. 3).

Concerning the electronic properties, in a previous work,
we have already shown that no signature in the midgap re-
gion can be detected*’ due to the adsorption of this class of
molecules (the results are very similar to those shown in Fig.
4 in the case of ethylene). Only low-lying electronic bands
depend on the adsorbate, in agreement with some experimen-
tal results.*!
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FIG. 5. (Color online) The planar average of the electrostatic
potential for bulk Si and clean and (half) covered silicon (001)
surfaces. Bulklike oscillations, independent of the adsorbed mol-
ecule, are obtained in the middle of the slab. Eyg,, and Ecpy, rep-
resent the top of the bulk valence band and the bottom of the bulk
conduction band, respectively.

In Fig. 5, we show the averaged electrostatic energy for a
0.5 ML coverage of the different surface-adsorbate com-
plexes. Bulklike oscillations (independent of the adsorbate
species) can be observed in the middle of the slab (z=0) in
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all the cases. More interestingly, the shift in the vacuum level
position with respect to the clean surface is clearly visible.
From this shift, we compute Ay for all the adsorbates and
coverages, as summarized in the first column of Table III.

From both Fig. 5 and the corresponding values listed in
Table III, it emerges very clearly the possibility of tuning the
organic-semiconductor interface as far as the transfer of elec-
trons is concerned.

Cycloaddition involving cyclic alkenes causes a complex
structural deformation. In order to study these effects in a
systematic way, we introduce the buckling angles ¢y, ¢,, and
@3 as shown in Fig. 6. The C—C and Si—Si bonds in-
volved in the cycloaddition nearly lie in the same plane (ex-
cept for CsHgCoyN,HsH) so that the two Si—C bonds per
molecule show nearly the same buckling angle ¢;, suggest-
ing the use of the average value as a deformation parameter.
For the same reason, the ¢, and ¢5 averages are considered.
The molecule reconstruction due to the adsorption can be
viewed as a two-step effect, that is, the orientation of the
molecule with respect to the surface and the deformation of
the cyclic alkene structure. The former is related to ¢,, and
the latter to ¢s.

In Fig. 7, front (upper panels) and side (lower panels)
views of the CsHgHCN molecule are shown in the (a) iso-
lated and (b) adsorbed (0.5 ML) configurations. A simple
scheme of the cyclic alkene structure is also represented in
Fig. 7(c) for clarity. For a more direct comparison, the iso-
lated molecules have been oriented so as to have the C,—C,

bond [see Fig. 7(c)] oriented along the [110] direction and
the same ¢, as the adsorbed molecule. Different values of ¢3
for the isolated ((p?”) and the adsorbed (gogd“) configuration
clearly show the deformation of the cyclic alkene structure
after adsorption.

In the case of 0.5 ML, because the mutual distances be-
tween neighbor molecules are large (exception made for

CsHqCyN,HsH), all the molecules undergo approximately

TABLE III. Calculated EA variation Ay (eV) and total surface dipole moment density variation Ap (in
units of 1073 e/ay) with respect to the clean surface. The various contributions to Ap are reported [see Eq.
(8)]. The last column is the adsorption energy (in €V), defined as in Eq. (10). Different adsorbates and both

half and full coverages are considered.

Ax Ap Pa Apy, Ap; Egs

Half coverage
C,H, —-0.642 1.878 2.113 —-0.249 0.014 -1.794
CsHg -0.834 2.440 2.488 —-0.049 0.001 -1.534
CsH¢NH,H -1.204 3.523 3.620 —-0.104 0.008 —-1.546
CsH¢HNH, —-1.344 3.930 3.941 -0.021 0.010 -1.501
CsHgHCN 0.114 —-0.331 -0.214 —-0.124 0.006 -1.534
CsHgCoN,HsH -1.912 5.592 5.736 —-0.143 0.001 —1.441

Full coverage
C,Hy —-1.165 3.409 3.546 -0.573 0.436 -1.770
CsHg -1.394 4.078 4.236 —-0.593 0.435 —-0.935
CsH¢NH,H -1.706 4.991 5.150 —-0.593 0.435 -0.957
CsH¢HNH, —-1.828 5.346 5.673 —-0.761 0.434 -1.039
CsHgHCN 1.826 -5.344 —4.634 -1.149 0.440 —-0.853
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[001]

[110]

FIG. 6. (Color online) Buckling angles ¢;, ¢,, and ¢;3, defined
as angles between the projection of the corresponding bond onto the
(110) plane (the xz plane in our case) and the [001] direction (the z
axis).

the same deformation, as shown in Table IV. It means that
the deformation of the cyclic structure is mainly related to
the nature of the adsorption reaction (cycloaddition),
whereas only a marginal role is played by both the functional
group species and its position (equatorial or axial). As shown
by a comparison between Figs. 7(a) and 7(b), the sp* hybrid-
ization of the C,. atoms leads to a new orientation of the
C.—H bonds. The C,=C, double bond breaking causes a
significant variation of the C,—C,. bond length and, as a
consequence, a not negligible modification of the cyclic alk-
ene structure. In fact, the variations of the H atom mutual
distances are due to the rotation of the sp* structure of C,

e 4.26

Ca

1.77 7 7 1.7”.
2.65

L,

v CL' CL‘
1.34 1.58
. () (b) (©)
iso ads
L ¢3 ¢)3
X

-~

FIG. 7. (Color online) Front (upper panels) and side (lower pan-
els) views of CsHgHCN in the (a) isolated and (b) adsorbed (0.5
ML) configurations. (c) A simple scheme of the cyclic structure is
also shown for clarity. Some relevant distances are also reported (in
A).
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TABLE IV. Buckling angles (in degrees, see Fig. 6 for their
definition) for different adsorbed species and both 0.5 and 1 ML

coverages.

ads

iso

@1 2 @3 #3
Half coverage
CsHg -2 52 13 31
CsH¢NH,H —4 50 10 33
CsHgHNH, -2 54 16 33
CsHgHCN -1 55 18 31
Full coverage
CsHg -14 27 27 6
CsHgNH,H -13 28 28 2
CsHgHNH, -15 23 -19 11
CsHgHCN -14 24 -15 0

valence orbitals with respect to the isolated configuration.
The reorientation of the C,—C, bonds corresponds to a
rigid rotation of the C,-R|R, structure, as shown by compar-
ing Figs. 7(a) and 7(b) for CsHgHCN.

In the case of 1 ML coverage, the mutual repulsion be-
tween neighbor molecules results on functional groups point-
ing outward with respect to the surface. For example, in the
case of the amino-cyclopentene shown in Fig. 8, the equato-
rial and axial configurations show different values of 4%
(see also Table IV), but the functional group is found at the
same distance from the surface. This means that, on increas-
ing the coverage, the cyclic alkene deformation becomes
strongly dependent on the position of the functional group
(equatorial or axial). We can conclude this analysis by ob-
serving that the structural change due to cycloaddition is not
limited to the atoms directly involved in the reaction. In this
sense, we can speak of nonlocal structural effects upon the
molecule due to the cycloaddition reaction. Concerning the
buckling of the silicon layers, no significant variation is ob-
tained (at a fixed coverage) for all the adsorbates with respect
to the case of C,H,, so that the surface deformation due to

z

Z Vad
— "E RV
VA «—

a)
b)
L >
FIG. 8. (Color online) Side view of CsHg (left panels),

CsHgHNH, (central panels), and CsHgNH,H (right panels) in the
(a) isolated and (b) adsorbed configurations at 1 ML coverage.
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FIG. 9. (Color online) EA variation as a function of the surface
dipole change due to the adsorption of the different molecules. Both
coverages are represented.

adsorption is only connected to the nature of the reaction (the
cycloaddition leads to the unbuckling of the Si—Si dimer)
and the coverage.

C. Surface dipole analysis

In Sec. II C, we have shown that the functionalization of
the surface produces an EA variation directly proportional to
the surface dipole moment density variation Ap. The numeri-
cal values of Ap [as calculated from Eq. (2)] and Ay [as
calculated as variation of the vacuum level, see Fig. 5] for all
the cases studied fall closely on a solid line with a slope of
81 as expected from Eq. (5) and as shown in Fig. 9.

A closer inspection to the dipole layer induced by the
adsorbate can be achieved if the different contributions to Ap
are separated. The chemisorption process induces two main
effects: a structural deformation of both the surface and the
adsorbing molecule as discussed above and a charge transfer
following the formation of the chemical bond. The two pro-
cesses cannot be abstracted in reality, but a hypothetical two-
step experiment can be simulated in the calculation. For a
given surface-adsorbate system, we first compute the equi-
librium relaxed geometry. Next, all the Si atoms are removed
from the supercell and the total (ionic+electronic) charge
density p, of the isolated adsorbate layer is self-consistently
computed. Finally, the adsorbate layer is removed from the
supercell and the charge density p, of the silicon surface is
computed. This allows us to get rid of charge density varia-
tions induced by relaxation, thus abstracting only the contri-
bution coming from the formation of the chemical bonds.?**?
In fact, the difference defined as Ap,=p—(p,+p.) is nothing
else than the electron density redistribution due to the
surface-molecule bond formation. The corresponding in-
duced dipole density is

c/2
Ap,,:f dz zApy(2). (6)
0
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FIG. 10. (Color online) Cumulative sum of Ap,, [see Eq. (9)] at
0.5 ML coverage for C,H,, CsHg, and CsHsHNH,.

By indicating with p, the charge density of the clean sur-
face, the total surface dipole variation (with respect to the
clean surface) can be rewritten as follows:

cl2
Ap= J dz z(p - py)
0

cl2
:J dzz(p=p.—p;)
0

c/2 cl2
+ J dz z(p; = py) + f dz zp,
0 0

=Apb+Aps+pa’ (7)
so that Eq. (5) becomes
Ax=-8m(Apy+ Aps+Pa)- 8)

With this procedure, the total surface dipole moment density
variation Ap can be viewed as made from the sum of three
different contributions: Ap,=p’—p,, which is the variation of
the surface dipole moment density due to the surface struc-
tural relaxation, Ap,, the induced dipole moment density due
to the formation of the chemical bond, and p,, the projection
on the z axis of the dipole moment of the molecule in the
adsorbed configuration, divided by the surface unit cell area.
The computed values are reported in Table III for half and
full coverages. The data listed in this table may be comple-
mented with the cumulative sum of Ap, defined as

Apy(z) = J~ dz'7' Apy(z') )
0

and shown in Fig. 10 for different adsorbates at 0.5 ML
coverage. It is evident that Ap,(c/2)=Ap,.

Figure 10 nicely shows that the variations of the dipole
density associated with the formation of the chemical bond at
and around the Si—C bonding sites are very similar for all
the molecules considered. This is consistent with the very
small differences in the Si—C bond length for different ad-
sorbates shown in Table II. From Table III, it can be seen that
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FIG. 11. (Color online) EA variation as a function of the pro-
jection of the dipole moment along the z axis (divided by the sur-
face area) of the molecules in the adsorbed configuration (a) at 0.5
ML and (b) at IML coverages (see text).

the contribution of Ap; is negligible at 0.5 ML, while it
becomes comparable and opposite to Ap, at 1 ML coverage.
In any case, the main contribution to the total surface dipole
variation Ap is represented by p,,.

In the last column of Table III, we report the adsorption
energies for the different molecules at both half and full cov-
erages. Such energy is defined as

Eads = [E— (ES + 2nEm)]/2n, (10)

where E is the total energy of the surface-molecule complex,
E is the total energy of the p(2X2) reconstructed Si(001)
surface, and E,, is total energy of the isolated molecule. Both
E and Ej are referred to a 2 X 2 surface unit cell containing n
molecules (1 or 2 for half and full coverages, respectively),
and the factor of 2 takes into account the fact that molecules
are adsorbed on both sides of the slab. It turns out that, at a
fixed coverage, the mutual repulsion of neighbor molecules
results in less stable structures for the surface-adsorbate com-
plexes with the larger molecules. For the same reason, full
coverage results in higher adsorption energies, with negli-
gible difference only in the case of ethylene. No apparent
correlation is found between adsorption energies and mol-
ecule dipole moments.

D. Can we correlate electron affinity variation to isolated
molecule dipole moment?

In the previous section, we have seen that the main con-
tribution to the surface dipole comes from p,, defined as the
z component of the dipole moment density of a molecular
“layer” obtained by removing all the Si atoms from the su-
percell. In Fig. 11, we show the variations of electron affinity
Ay as a function of —p, for both (a) half coverage and (b)
full coverage. Both the data point calculated from the elec-
trostatic potential analysis (see Sec. II B and Table III) and
the theoretical straight line [calculated from Eq. (5)] are re-
ported. The main finding is that Eq. (5) is able to fit the
calculated Ay even if, at variance with Fig. 9, the p, com-
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TABLE V. Dipole moment per molecule of the molecular slab
(P,/n, with n=1 or n=2 for 0.5 and 1 ML coverages, respectively)
and of the isolated molecule (Pif) calculated with the geometry of
the molecular adsorbate. The difference between the second and the
first column is the depolarization contribution APZe””l (see text).
The dipole moments are in units of eag.

P,/n P —Apderely pis

Half coverage
C,H, 0.452 0.492 0.08
CsHg 0.533 0.633 0.16
CsH¢NH,H 0.775 0.932 0.17
CsH¢HNH, 0.844 1.020 0.17
CsHgHCN —-0.046 -0.070 0.34
CsH¢CoN,HsH 1.228 1.819 0.32

Full coverage
C,Hy 0.380 0.499 0.24
CsHg 0.453 0.649 0.30
CsHgNH,H 0.551 0.731 0.25
CsH¢HNH, 0.607 0.793 0.23
CsHgHCN —-0.496 —-0.853 0.42

ponent of the dipole moment density is used, rather than its
total variation Ap. This confirms that the main contribution
to Ay comes from p,.

In designing a particular interface, it may be important to
know in advance whether or not we can estimate the EA
variations from the knowledge of the properties of the iso-
lated molecule (dipole moment, in this case).

We can calculate P;,, the z component of the dipole mo-
ment of the isolated molecule, after rotating each molecule,
so as to have the same ¢, buckling angle of the adsorbate, as
previously depicted [see, for example, Figs. 7(a) and 8(a)]. In
Fig. 12, we plot P;, versus P,=Ap,, where P, is calculated at
0.5 ML coverage (both P;; and P, are dipole moments rather
than dipole moment densities). The straight line is a linear
regression of the plotted points. It is seen that an evident
correlation between the two dipole moments cannot be
found. Combined with the results of Figs. 9 and 11, this
shows that the nice agreement with Eq. (5) is lost if one

T T T
C,HHNH, o

0 02 04 06 038
Pa/eaB

FIG. 12. (Color online) The projection of the dipole moment
along the z axis for adsorbed (P,) and isolated (P;,) configurations.
It should be noted that in this figure, P, and P;, are the dipole
moments rather than the dipole moment densities.
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constructs a plot using the dipole moment (or its z compo-
nent) of the isolated molecule. This supports our picture of
“nonlinear” effects induced by the surface-molecule bond-
ing, associated with a significant geometrical deformation of
the molecules.

Indeed, the adsorption induces a change in the hybridiza-
tion of the two C, atoms (see Fig. 7) from sp? to sp>. The sp?
orbitals show similar orientations for all the studied mol-
ecules (ethylene and cyclopentene derivatives), but this does
not result in similar variations of the molecule dipole mo-
ment. As shown in Fig. 1, the dipole orientation strongly
depends on the functional group and its position with respect
to the molecule (equatorial or axial). As a result, similar
changes and reorientations of the C,sp> orbitals can cause
different reorientation of the functional group and, in prin-
ciple, different dipole moment variations.

We conclude by observing that “nonlinearity” in dipole
moment variations could also be associated with depolariza-
tion effects. Simply because these are polarizable molecules,
the dipole moment of the molecular layer P, can be different
from that of the isolated molecule even in the absence of any
geometrical reorganization.” To get rid of such effects, we
can related P, with P;, through

Pn=(PJn—PS) + (P = Py) + Piy= AP + AP™" 1 Py,
(11)

where the subscript a is always referred to the geometry of
the adsorbed molecule. Here, Pfl‘Y is the dipole moment of an
isolated molecule (so no depolarization effects are included)
having this geometry, whereas APZe”"lzPa—Pff and AP:fZ‘”
=P — P, Therefore, depolarization (AP%"*) and relaxation
(AP''™) effects have been separated out. If AP“ is not
zero, the coverage induces molecule-molecule interactions
that modify its dipole moment even if no relaxation effects
would take place. In Table V, we show the dipole moment
variations associated with depolarization effects. It turns out
that depolarization effects may determine changes in the iso-
lated molecule dipole moment from 8% to about 40%. Such
changes are larger for full coverage. Nonetheless, a plot of
AP%r! versus P,/n shows linear correlation between the
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two. Therefore, the previous conclusion that it is not possible
to correlate the changes in the electron affinity with the di-
pole moment of the isolated molecule should be attributed to
(nonlinear) effects induced by distortion, namely, APZel‘”‘,
rather than polarization effects.

IV. CONCLUSION

In this work, we have given a detailed description of the
formation of a dipole layer due to the adsorption of ethylene
and of a class of organic molecules with the general formula
CsHg-R|R,, where R; and R, are functional groups control-
ling the molecular dipole moments. We have seen that al-
though these molecules adsorb on the silicon (001) surface
through the same mechanism, both the silicon substrate and
the molecule geometry have a reconstruction which depends
on both the molecule type and the coverage. These recon-
structions induce a significant variation in the surface dipole
moment, which results in a corresponding variation of the
electron affinity. A detailed analysis of the various contribu-
tions to the surface dipole has revealed that the common
practice of linking the electron affinity variations directly to
the dipole moment of the isolated molecule is, as a rule, not
always correct. The exception to this rule is when a mol-
ecule, after adsorption, does not change its geometry. A par-
ticularily interesting case is that of the benzoic acids with
different parasubstituents that control the dipole moment.
Measurements of the electron affinity do show a clear linear
relation with the dipole of the isolated molecule and this is
due to the fact that the bonding to the surface does not cor-
rupt the benzene ring.*>-* In other words, while the cycload-
dition reaction with the molecules considered in this work
gives rise to a reconstruction which changes the geometry
and the orientation of the molecule, it is likely that this does
not occur with the benzoic acids.
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