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We elucidate the electronic structure of both filled and empty states of ordered alkyl chains bound to the
Si�111� surface by combining direct and inverse photoemission spectroscopy with first principles calculations
based on density functional theory. We identify both filled and empty interface-induced gap states, distinguish
between those and states extending throughout the monolayer, and discuss the importance of these findings for
interpreting transport experiments through such monolayers.
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I. INTRODUCTION

The electronic structure at interfaces between molecular
and nonmolecular phases, a subject of considerable recent
interest,1–3 is very sensitive to basic aspects of the interface,
e.g., molecule-substrate bonding, molecular orientation, and
geometric structure. The electronic structure is also crucial
for understanding charge carrier injection and transport, as it
is the “arena” in which charge transport processes take place
and any barrier for transport will be defined by this structure.

Long-chain alkanes, a fundamental class of organic com-
pounds and a useful model for polyethylene—a simple
polymer4—can form well-ordered monolayers on �semi�-
noble metals, facilitating both experiment and comparison to
theory.5–12 Indeed, much work is directed at understanding
metal/alkane interfaces.5–7,10,11 Equally interesting and im-
portant, however, are semiconductor/alkane interfaces.12 Mo-
lecular interfaces with semiconductors are potentially richer
in their behavior than those with metals because of the vari-
ety of possible band structures and of the potential for con-
trolling their properties via doping, temperature, or optical
excitation.

A specific motivation for analyzing the Si/alkane inter-
face is provided by our recently reported electronic transport
experiments for the Si/alkane/Hg heterostructure, which
were interpreted with the aid of ultraviolet photoelectron
spectroscopy �UPS� and inverse photoemission spectroscopy
�IPES�.12 This analysis exposed rich transport phenomena
that stimulated the present theoretical study, where we aim to
help identify the electronic states that define the energy lev-
els determining the interface energetics in general and the
tunnel barrier in particular.

Here we elucidate the electronic structure of the Si�111�/
alkane interface. This is achieved through analyzing both
filled and empty states, by combining first principles calcu-
lations based on density functional theory �DFT� with the
direct and inverse photoemission spectroscopic data that
were used also for interpreting the transport results. Impor-
tantly, we identify both filled and empty interface-induced
gap states and distinguish between those states and molecu-
lar states extending throughout the monolayer.

II. EXPERIMENTAL APPROACH

Alkyl chains of various lengths were deposited at the
Weizmann Institute on n- and p-Si�111� �1–10 ohm cm� as a
densely packed monolayer of aliphatic chains.12–14 All
Si�111� /CnH2n+1 samples were characterized by water con-
tact angle, ellipsometry, and Fourier transform infrared spec-
troscopic measurements. The absence of oxide at the alkyl/Si
interface was verified by x-ray photoelectron spectroscopy
�XPS�.

Electron spectroscopy of filled and empty states
of Si�111� /CnH2n+1 was performed at Princeton Uni-
versity in an ultrahigh vacuum �UHV� chamber �base
pressure=6�10−11 Torr� equipped with both UPS and IPES.
The samples were sent from the Weizmann Institute under
inert atmosphere and transferred to the UHV system with
minimum ambient exposure time. Valence band spectra were
obtained by UPS, using the He II line �40.8 eV� of a dis-
charge lamp, with a resolution of 150 meV determined from
the width of the Fermi edge measured on a clean polycrys-
talline Au substrate. Empty states were measured by IPES in
the isochromat mode using a photon detector centered at a
fixed energy of 9.2 eV, with a resolution of 450 meV.15 The
C18H37, C16H33, C14H29, and C12H25 samples were measured
at 80 K, while the C10H21, C8H17, and C6H13 samples were
measured at room temperature. Experimental times were
generally kept to a minimum to minimize damage to the
molecular layer16 �an issue elaborated below�. The photocur-
rent density was 2–3 nA/mm2 in He II UPS, and the sample
current density was �25 nA/mm2 in IPES. The UPS and
IPES energy scales were aligned by measuring the position
of the Fermi level on a freshly evaporated Au film. The po-
sition of the vacuum level, Evac, was measured for each sur-
face using the onset of photoemission.

III. COMPUTATIONAL APPROACH

Theoretical electronic structure calculations were done for
alkyl chains chemisorbed on a Si�111� surface in a symmet-
ric slab configuration17 within a three-dimensional periodic
supercell, as shown in Fig. 1. All calculations were per-
formed with at least six atomic layers of silicon and at least
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20 “atomic layers of vacuum,” found sufficient for mimick-
ing a surface-terminated material. Because previous
experimental18–20 and theoretical8,9 analyses suggested a
molecular coverage of half the Si atoms on the surface, a
2�2 surface structure21 with alkyl chains attached to two of
the four surface Si atoms,8 was used, as shown in Fig. 1�b�.
Dangling surface Si bonds were passivated by H atoms �also
shown in Fig. 1�. Additional calculations were performed on
hypothetical “freestanding” arrays of alkane chains, formed
by removing all Si atoms from the above-described super-
cells and replacing C-Si bonds with C-H bonds.

The Kohn-Sham equations of DFT were solved using the
plane-wave approach as implemented in the Vienna ab initio
simulation package �VASP�.22 The local density app-
roximation23 �LDA� was employed for the exchange-
correlation functional. Theoretical simulation of experimen-
tal spectra was performed by computing partial density of
states �pDOS� curves corresponding to the contribution of
the alkyl chains and the highest silicon monolayer �including
all passivating hydrogens� to the total DOS. Only for the
case of a H-passivated Si surface were all Si layers used.

The raw theoretical pDOS spectra were further modified
so as to compensate for inherent limitations of state-of-the-
art DFT computations. First, it is well known that even
when LDA yields density of states spectra that are in excel-
lent agreement with experiment, it does so only to within a
rigid shift.24 This shift can ultimately be traced back to an
effective averaging over a discontinuity in the exchange-
correlation Kohn-Sham potential at integer particle numbers,
that is present in the exact exchange-correlation potential but
missing in LDA.25 Thus, the filled state pDOS was shifted
downwards �by 2.0 eV� so as to provide best agreement with
experiment for the positions of the leading UPS peak. Sec-
ond, the Kohn-Sham gap is known to underestimate the true
band gap even if the exact functional is used.26 Therefore,
the empty state pDOS curve was rigidly shifted indepen-
dently �by 1.25 eV upwards� so as to provide best agreement
with experiment for the positions of the leading IPES peak.
Note that, partly because of these shifts and partly because of
the quantum size effect associated with simulating Si with a
slab of only a few monolayers, the Si band gap is too large
�see below�. Third, Kohn-Sham eigenvalues are approxima-
tions to relaxed electron excitation energies. Agreement

tends to be better for higher lying electrons �i.e., those in
orbitals closer to the highest filled one� than for lower lying
ones,27 resulting in a somewhat “compressed” band. There-
fore, the occupied pDOS curve was additionally stretched by
15%, so as to provide best agreement with the position of
deeper lying UPS peaks—a frequently employed procedure
for correcting for the difference between the shifted Kohn-
Sham eigenvalues and the true one-particle excitation
energies.28 Finally, the shifted and stretched simulated UPS
curves were convoluted with a 1.0 eV �0.9 eV for the
H-passivated surface� wide Gaussian. The simulated IPES
curves were convoluted with a 0.5 eV wide Gaussian. Unlike
the previous steps, this broadening is not due to a limitation
of DFT. Rather, it is aimed at mimicking the effective experi-
mental resolution.

IV. RESULTS AND DISCUSSION

Figure 2 compares experimental UPS and IPES spectra
of a C10H21 self-assembled alkyl chain monolayer on
a Si�111� substrate with theoretical simulations for both
a C10H21/Si�111� slab and a “freestanding” C10H21 layer. For
comparison, experimental and theoretical spectra of
H-passivated Si�111� surface are also shown. For the purpose
of focusing on electronic states relevant to transport, Fig. 3
compares experimental UPS and IPES spectra of alkyl
chains of various lengths with theoretical simulations, in an

FIG. 1. �Color online� “Ball and stick” models of the slab ge-
ometry used for simulation of C10H21 alkyl chains adsorbed on
Si�111� surface. �a� Side view. �b� Top view �down the molecular
backbone�. A single-surface unit cell with two alkyl chains and two
passivating H atoms is also shown.

FIG. 2. �Color online� Experimentally measured �i� and theoreti-
cally simulated �ii� UPS and IPES data for a C10H21 alkyl chain
adsorbed on the Si�111� surface, together with theoretically simu-
lated UPS and IPES data for a hypothetical freestanding C10H22

alkane chain monolayer �iii�. Also shown are experimentally mea-
sured �iv� and theoretically simulated �v� UPS data for a
H-passivated Si�111� sample. Inset: zoom-in on the near-gap region
of curves �i–iii�. Arrows in both main figure and inset denote high-
est occupied and lowest unoccupied monolayer states �see text for
details�.
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energy window around the Fermi level. To gain further
insight into the origins of the electronic structure of the ob-
served spectra, Fig. 4 provides a theoretical electronic struc-
ture map of C10H21/Si—a contour plot of the local density of

states as a function of position perpendicular to the interface
and of energy.

Figure 2 reveals that the experimental spectrum of
C10H21/Si differs dramatically from that of the H-passivated
Si surface, indicating that the UPS signal from the alkyl
chains dominates. Such domination is reasonable in light of
the surface sensitivity of UPS and IPES and the length of the
alkyl chains. It is further supported by the fact that very
similar spectral features are found in UPS spectra from al-
kane chain crystals29 and other alkane-containing
systems.5–7,29–31 Assignment of individual spectral features to
specific alkyl-related orbitals was already given in previous
work of Seki, Ueno, and co-workers4,6,29,30 and is not re-
peated here.

Figure 2 also shows very good agreement between theory
and experiment. All major features found experimentally by
UPS and IPES for the C10H21 chain are reproduced in the
simulated spectra.32 Likewise, major UPS features of the
H-passivated Si surface are reproduced by the computation.

Overall agreement with the experimental spectral features
is important because it allows us to rely on the computation
of quantities not accessible in the present experiments, espe-
cially the spectrum of the hypothetical freestanding alkane
chain monolayer �Fig. 2� and the electronic structure map
�Fig. 4�, for further interpretation. Such agreement is not
trivial because the success or failure of DFT-based
interpretation/prediction generally rests on the adequacy of
the approximate functional used. This can be a problem in
studies of organic/inorganic interfaces because, while LDA is
known to work very well for Si,33 it may fail on the organic
side.34 In our case, the above-mentioned band shifting and
valence band “stretching” suffice for obtaining quantitatively
meaningful results, lending credence to the rest of the analy-
sis. LDA failures in electronic structure calculations of or-
ganic molecules can often be traced back to a spurious self-
interaction �i.e., a Coulomb repulsion of an electron from
itself� in highly localized orbitals.34 Here, this is not a major
problem.

Obtaining this level of agreement between theory and ex-
periment requires a broadening of the theoretical data by a
1.0 eV Gaussian—clearly significantly larger than expected
from instrumental resolution �0.15 eV for UPS and 0.45 eV
for IPES� and thermal broadening. For the low-temperature
spectra, broadening by a somewhat narrower, but still signifi-
cant, Gaussian of width �0.5 eV was found to be necessary.
Added to the fact that UPS spectra of Si�111�-C16H33 taken
with 25 meV resolution nearly overlap with the spectra taken
with 150 meV resolution,16 this result suggests that the low-
temperature effective experimental resolution is limited by
inhomogeneous broadening resulting from residual static dis-
order in the alkyl monolayer. The broadening used to fit
theory to experiment may therefore serve as a figure of merit
for the “electronic structure quality” of the layer.

The theoretical spectra of the “Si-adsorbed” and free-
standing alkane monolayers �Fig. 2� are nearly indistinguish-
able, again supporting the dominant alkane chain contribu-
tion. However, a subtle but significant difference is identified
in the “tail” regions of the UPS and IPES spectra, �2–3 eV
below and above the Fermi level, respectively �see inset of
Fig. 2�. These “tails” are present in the experiment and in the

FIG. 3. �Color online� �a� Experimentally measured UPS
and IPES data in an energy window around the Fermi level,
for a CnH2n+1 alkyl chain adsorbed on the Si�111� surface
�n=8,10,12,14,16,18�. Also shown are UPS data for C6H13 on the
same surface and for a H-passivated Si�111� sample. �b� Theoreti-
cally simulated UPS and IPES data in an energy window around the
Fermi level, for a CnH2n+1 alkyl chain adsorbed on the Si�111�
surface �n=6,8 ,10,12�. Also shown are the simulated UPS data for
the H-passivated Si�111� surface. Both experimental and theoretical
curves were normalized to leading peak intensities.
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Si-adsorbed calculation, but absent in the freestanding simu-
lation. They are absent in previous measurements of alkane
chain crystals29 but similar tails are present in UPS measure-
ments of methyl-terminated Si�111� surfaces.35

For proper interpretation of the data, we need to consider
that saturated hydrocarbons can be damaged during UPS and
exposure to electron beams of certain energies36 and that
such damage increases the intensity of the low energy UPS
and IPES tails. As shown in Fig. 3�a�, even for spectra taken
with minimal exposure time, as in our experiments, these
tails are not eliminated. Indeed, a detailed study of damage
causes and consequences for alkyl chain monolayers sug-
gests that even a rigorous correction procedure does not
eliminate the tails.16 These tails, therefore, are part of the
intrinsic Si/alkyl monolayer spectrum—in agreement with
our theoretical findings of Fig. 3�b�. Further analysis shows
that orbitals involved in the Si-C bonding are at �−5.8 eV
and �−6.4 eV—well outside the tail energy �and energies of
transport-relevant orbitals in general�, ruling out a different
simple explanation.

Figure 3 provides also further insight into the nature of
the UPS and IPES tails. In both experiment �Fig. 3�a�� and
theory �Fig. 3�b��, it is readily observed that the intensity of
these tails relative to that of the leading peak decreases with
increasing chain length.37 Because both UPS and IPES are
surface-sensitive, this strongly suggests that these tails are
related to the underlying silicon and/or the Si-alkyl interface.
However, as noted above, they do not correspond to levels of
orbitals involved in the actual Si-C interfacial chemical
bonding.

In experiment, the UPS and IPES tails decay because of
the finite electron mean free path. The latter is expected to be
longer in the IPES experiment than in the UPS experiment
due to the lower kinetic energy of the electrons in the
former.38 Indeed, the decay of the IPES tail with increasing
chain length is more gradual than that of the UPS tail. Inter-
estingly, the exposure time of the Si�111� /C10H21 spectrum
has been longer and indeed a “bump” due to UV damage is
showing in that spectrum. Nevertheless, the trend is clear. In
the simulated spectra, the tails decay with chain length, even

though the electron mean free path is not included in the
computation. This is because the contribution of the interface
region to the overall pDOS is smaller for the long chains
than for the short ones.

Figure 4 shows that the UPS and IPES “tails” are ob-
served in the Si local DOS, decaying gradually into the al-
kane chain, so that from the local DOS of �roughly� the
fourth CH2 group and onwards, no significant tail state is
seen. Such behavior is known in inorganic heterostructures
as “induced density of interface states” �IDIS, sometimes
referred to as interface-induced gap states �IFIGS��39–41—a
generalization of Heine’s “metal-induced gap states” �MIGS�
concept for metal/semiconductor interfaces.41–43 MIGS are
Bloch states of the metal that tail into the semiconductor
over the energy range where the conduction band of the
metal overlaps the forbidden gap of the semiconductor. IDIS
are similar, but both filled valence states and empty conduc-
tion states tail from the lower gap material �Si, here� to the
higher gap material �alkyl chains, here�. Note that the experi-
ment presented here does not fully detect the Si substrate as
such because of the thickness of the alkyl monolayer, and
only very weak emission from states reaching to the top of
the Si valence band can be recorded via UPS.16 The present
experiment does, however, detect the IDIS tails due to their
hybridization with molecular states. Thus, with these rela-
tively long alkyl chains, agreement between theory and the
combined UPS/IPES experiment �Fig. 2� is maintained de-
spite the spuriously large adjusted Si band gap. The “deeper”
IDIS �i.e., those closer to the top of the Si valence band and
bottom of the Si conduction band� are missing theoretically
because of this large gap. However, they are also missing
experimentally because the degree of hybridization with mo-
lecular states decreases with the “depth” of the state.

For inorganic heterojunctions, MIGS and IDIS concepts
were very useful for understanding localized interface states
and their effect on interface band alignment.39–43 However,
analyses of metal/organic interfaces based on these concepts
are relatively few �and recent�.11,44–47 This is even more so
for organic/organic interfaces,48 and we are not aware of any
use of IDIS in the analysis of molecular/nonmolec-

FIG. 4. Contour map of the lo-
cal density of states for the C10H21

alkyl chain on Si�111�, as a func-
tion of position perpendicular to
the interface and of energy. The
gradual evolution of the electronic
structure along the alkyl chain is
highlighted by indicating the band
gap in the silicon �which is spuri-
ously large due to adjustment of
the alkyl gap, see text�, the �cor-
rect� alkyl HOMO-LUMO gap,
and the IDIS-related variable en-
ergy gap in the transition region.
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ular interfaces. The recent Cu/alkane interface analysis by
Kiguchi et al.11 �via near-edge x-ray-absorption fine structure
�NEXAFS� experiments� appears to be the only one to point
out a direct experimental signature of MIGS. Our results are
distinct in several aspects. First, IDIS, rather than MIGS, are
identified. Second, they are identified for both filled and
empty states. Third, the electronic structure signature of
these states is obtained directly.

The identification of IDIS has important consequences for
the assignment of what are commonly denoted as the highest
occupied molecular orbital �HOMO� and lowest unoccupied
molecular orbital �LUMO� at an interface, using Figs. 2 and
3. Technically �but only technically�, these should be as-
signed to the top and bottom of the two observed IDIS tails,
respectively, because IDIS necessarily involve some hybrid-
ization with molecular orbitals. However, these levels are not
the ones determining the overall barrier height for electrons
�holes� between the Si conduction �valence� band and the
alkyl conduction �valence� band, because they decay rapidly
into the alkyl chain. Instead, those are determined by the
lowest unoccupied and highest occupied alkyl levels that ex-
tend throughout the chain. The energy positions of such
states are easily identified via Fig. 4 and, as an example, they
are denoted as arrows in Fig. 2. They are the first “knee,” and
not the “tail onset,” in both the UPS and IPES spectra. One
can retain the HOMO and LUMO nomenclature for these
states, but with “M” standing for “monolayer” rather than
“molecular,” i.e., denoting states extending throughout the
monolayer.49

Figure 4 shows that transition from the electronic struc-
ture of silicon to that of the alkyl chain is far from abrupt,
but instead increases gradually over �4 CH2 units—a non-
negligible length for alkyl chains short enough to support

experimentally detectable currents through them. This sug-
gest that a complete transport analysis, beyond, e.g., simple
Simmons-type analysis,50 should employ a more elaborate
model of an energy-dependent density of states, as in Fig. 4.

V. CONCLUSIONS

We have elucidated the electronic structure of both filled
and empty states of ordered alkyl chains bound to the Si�111�
surface by combining direct and inverse photoemission spec-
troscopy with first principles calculations based on density
functional theory. We identified both filled and empty
interface-induced gap states and distinguished between those
and molecular orbitals extending throughout the monolayer.
Finally, we showed that distinguishing between these two
types of states is crucial for interpreting transport experi-
ments.
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