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ABSTRACT: The band-edge positions of H-, Cl-, Br-,
methyl-, and ethyl-terminated Si(111) surfaces were inves-
tigated through a combination of density functional theory
(DFT) and many-body perturbation theory, as well as by
photoelectron spectroscopy and electrical device measure-
ments. The calculated trends in surface potential shifts as a
function of the adsorbate type and coverage are consistent with
the calculated strength and direction of the dipole moment of
the adsorbate radicals in conjunction with simple electro-
negativity-based expectations. The quasi-particle energies, such as the ionization potential (IP), that were calculated by use of
many-body perturbation theory were in good agreement with experiment. The IP values that were calculated by DFT exhibited
substantial errors, but nevertheless, the IP differences, i.e., IPR−Si(111)−IPH−Si(111), computed using DFT were in good agreement
with spectroscopic and electrical measurements.

■ INTRODUCTION

Semiconductor/liquid interfaces are promising platforms for
solar fuels production, and hence for solar energy storage. The
efficiency of such systems depends critically on the alignment of
the semiconductor band edges with the Nernst potentials for
fuel production, e.g., with the reduction and oxidation half-
reactions involved with water-splitting and/or CO2 reduction.
The search for semiconductors that have the proper band edge
positions for such reactions is a challenging problem, because
few Earth-abundant, nontoxic, air stable materials exhibit the
desired electronic level alignments. Surface-bound dipoles can
shift the band-edge potentials with respect to the contacting
solution potential, and therefore, in principle, manipulation of
the surface dipole can beneficially be used to tailor the
properties of the interface toward fuel production or toward
more efficient band alignment in solar cell device config-
urations. An understanding of the factors that control the sign
and magnitude of interfacial dipoles for different surface
functionalization would therefore facilitate rational, chemical
based control over the properties of devices based on such
semiconductors.
We have focused on Si surfaces because termination of Si

with chemically stable species, such as Si−C bonds, has been
shown to passivate Si surfaces both electrically and chemi-
cally,1,2 while also allowing for secondary functionalization with
a variety of chemical moieties.3,4 Surface functionalization also
introduces an interfacial dipole and therefore exerts profound
effects on the electrical and electronic properties of the
resulting Si/vacuum, Si/liquid, and Si/metal interfaces.

For example, relative to H-terminated Si(111) surfaces,
methylation of the Si(111) surface introduces a 0.5 eV shift in
the electron affinity (EA), or equivalently in the ionization
potential (IP), as measured by high-resolution photoelectron
spectroscopy under ultrahigh vacuum (UHV).1,5 Consistently,
differential capacitance−voltage (Cdiff-V) measurements on Hg/
Si junctions have indicated a 0.6 eV shift in the surface band-
edge positions for CH3−Si(111) surfaces relative to H−Si(111)
surfaces.6

A similar band-edge shift has been observed for CH3−
Si(111) vs H−Si(111) surfaces in contact with aqueous
solutions, although the magnitude of the shift is smaller in
H2O than that observed in UHV, in accord with expectations
for screening of a portion of the interfacial dipole by the
electrolyte solution.7 Other functional groups, including Cl−,
Br−, and substituted alkyls, produce shifts of differing sign, as
well as magnitude, in the band-edge positions of Si(111)
surfaces. The shift of the band edges is related to the change in
the surface potential, which is directly related to the surface
dipole moment formed at the interface, through the Helmholtz
equation:

πμΔ = −V S4 /zsurf surf, 0 (1)
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where μsurf,z is the component of the surface dipole moment
that is oriented normal to the surface plane for a unit cell of
area S0. The value of μsurf,z is the sum of the dipole moment of
the adsorbate radical (μR,z) and the induced dipole moment
(μind,z). The electronic band structure of the functionalized Si
surface, including the energies of the valence-band edge and
conduction-band edge, will shift in response to a change in
ΔVsurf. A predictive understanding of the formation of surface
dipole moments, μsurf,z, at the adsorbate/silicon interface, and of
the dependence of μsurf,z on the composition and coverage of
the adsorbate(s), is therefore essential to achieving chemical
control of the direction and magnitude of ΔVsurf.
Computations have been performed previously8,9 to under-

stand the electronic and spectroscopic properties of H- and
CH3-terminated Si(111) surfaces as investigated by scanning
tunneling microscopy and scanning tunneling spectrosco-
py.10,11 We describe herein calculations of the band edges of
functionalized Si(111) surfaces for various types and coverages
of adsorbates. Both density functional theory (DFT) and many-
body perturbation theory12 (MBPT), in particular the
perturbative G0W0 approach,13 were used, in conjunction
with a collection of a consistent set of experimental data on the
band-edge positions of a variety of functionalized Si(111)
surfaces, to analyze trends in surface potential shifts as a
function of the adsorbate type and coverage. We present below
a discussion of these trends as well as a detailed comparison
between theory and experiments.

■ COMPUTATIONAL DETAILS
DFT calculations for geometry optimizations and for evaluation
of the surface dipole were performed by use of the plane-wave
package Quantum ESPRESSO.14 Norm-conserving pseudopo-
tentials, the local density (LDA) exchange and correlation
functionals, and plane wave basis sets with a kinetic energy
cutoff of 50 Ry were used. Functionalized Si(111) surfaces were
modeled by six-layer slabs at the experimental bulk lattice
constant (5.43 Å), with the bottom layer terminated by
hydrogen atoms. To avoid spurious interactions between
periodic replicas, a vacuum region of 10 Å was used. A saw-
like potential was applied in the direction normal to the surface,
and the potential was self-consistently adjusted to counteract
the electrostatic potential shift due to the surface dipole
moment. All atoms except for the bottom hydrogen layer were
relaxed during geometry optimizations, until the maximum
force was ≤0.03 eV/Å. A (1 × 1) unit cell and an 8 × 8 k-grid
were used for surfaces at full coverage. Partial coverages, at 25%
of a monolayer, were modeled by use of a (2 × 2) supercell
with a 4 × 4 k-grid, with the remaining atop Si sites terminated
with hydrogen atoms. The dipole moments of the gas phase
molecules and of the radicals were computed using a simple
cubic supercell of 15 Å. In some cases, DFT calculations were
performed with Gaussian 0915 with local basis sets, to compare
the results to those obtained from advanced quantum chemistry
methods, such as coupled-cluster singles and doubles (CCSD)
and second-order Møller−Plesset perturbation theory (MP2).
Many-body perturbation theory calculations within the G0W0

approximation were performed with the ABINIT code16,17

using plane-wave basis sets and a kinetic energy cutoff of 16 Ry,
with the slab geometries optimized at 50 Ry. A 6 × 6 k-grid was
used for the (1 × 1) unit cell. To avoid the need for
electrostatic corrections in G0W0 calculations, symmetric,
doubly adsorbed slabs were used, with a vacuum region of 10
Å. The plasmon-pole model proposed by Godby and Needs,18

which has been shown for bulk Si and H−Si(111) slabs to yield
results of comparable accuracy to those of direct frequency
integration techniques, was used to predict the absolute and
relative energy levels in the vicinity of the valence-band
maximum (Ev), as well as in the vicinity of the conduction-band
minimum (Ec). The absolute positions of the computed energy
levels were sensitive to the slab thickness,8,19 whereas the
geometric and vibrational properties, as well as the computed
surface dipole moments, converged well for slabs of 4−6 layers.
DFT and G0W0 results of IPs are therefore presented for slabs
of 12 layers. Additional computational parameters and
convergence tests with respect to the slab thickness are
summarized in the Supporting Information.

■ EXPERIMENTAL DETAILS
Sample Preparation. Si wafers (74.1 Ω cm resistivity n-

Si(111) (Silicon Quest Inc.) and/or 0.0046 Ω cm resistivity n+-
Si(111) (Addison) for UPS measurements, or n-type Si(111)
with a 12.5 Ω cm resistivity or p-type Si(111) with a 8.25 Ω cm
resistivity (University Wafer) for Cdiff−V measurements) were
cut to the desired size and degreased by rinsing sequentially
with H2O (resistivity ≥18.2 MΩ cm), methanol, acetone,
methanol, and then H2O. Organic contaminants were removed
and a chemical oxide was produced by cleaning the Si pieces for
10 min in hot “piranha acid” (1:3 30% H2O2(aq): 10 M
H2SO4). Caution! Piranha violently reacts with organics. The
oxide was etched, and samples were H-terminated, by
submersion for 18 s in buffered HF(aq) (semiconductor
grade, Transene Co. Inc., Danvers, MA). Anisotropic etching
was performed by submersion of the samples for 9 min into Ar-
purged 11 M NH4F(aq). After preparation, H-terminated
Si(111) surfaces were quickly transferred to a N2-purged
glovebox.

Cl Termination. Cl−Si(111) samples were synthesized as
described previously.20 H-terminated Si(111) samples were first
submersed into a saturated solution of PCl5 (Alfa Aesar,
99.9998% metal basis) in anhydrous chlorobenzene (Sigma
Aldrich, 99.8%) with an initiating amount, <1 mg per 5 mL, of
benzoyl peroxide (Sigma Aldrich, 97% reagent grade). The
reaction solution was heated to 90 °C for 45 min. The solution
was drained, and the sample was rinsed with chlorobenzene,
followed by tetrahydrofuran (THF). Cl−Si(111) surfaces were
immediately alkylated or transported, under anaerobic con-
ditions, into UHV for analysis.

Br Termination. After anisotropic etching (vide supra), H−
Si(111) surfaces were loaded into one side of a two-chamber
glass, Schlenk apparatus. Each chamber was isolated by a
Kontes tap that led to a glass connection to the opposite
chamber. The glass connection was additionally isolated from
Ar/vacuum by use of a third Kontes tap. The chamber that
contained the H−Si(111) sample was evacuated, and under
static vacuum, degassed Br2 was transferred from the second
chamber to cover the H-terminated sample. A UV light was
applied for 5 min, and the Br2 was removed via vacuum. The
entire apparatus was sealed and transferred into a N2(g)-filled
glovebox for mounting the samples and subsequent anaerobic
transfer of the samples to the XPS/UPS system.

CH3 and C2H5 Termination. CH3−Si(111) and C2H5−
Si(111) surfaces were synthesized by a two-step halogenation/
alkylation reaction.20,21 Cl-terminated surfaces were terminated
with either CH3 or C2H5 groups by use of a 1.0 M solution of
R−MgCl (diluted from 3.0 M CH3MgCl in THF, Sigma
Aldrich or 2.0 M C2H5MgCl, Sigma Aldrich) in THF
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(anhydrous, inhibitor-free, Sigma Aldrich). The R−MgCl
solution was heated to 60 °C for 1−5 h. After alkylation, the
reaction solution was drained and the sample was rinsed with
THF. Residual Mg salts were removed by sequential sonication
in THF, methanol, and then H2O, for 10 min each.
Instrumentation. XPS and UPS Acquisition. X-ray photo-

electron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS) data were collected at 5 × 10−9 Torr using
a Kratos AXIS Ultra DLD with a magnetic immersion lens that
consisted of a spherical mirror and concentric hemispherical
analyzers with a delay-line detector (DLD). An Al Kα (1.486
KeV) monochromatic source was used for X-ray excitation, and
the He−I (21.2 eV) line was used for UV excitation. Ejected
electrons were collected at an angle of 90° from the horizontal.
The instrument was calibrated using a clean, metallic standard
of Ag for a 9 V applied bias. Gold was run alongside the Si
samples to ensure calibration was maintained.
XPS survey scans from 0 to 1200 eV were performed to

identify the elements that were present on the surface. Mg was
not detected on any sample after workup. Data were also
collected from a H-terminated Si(111) sample that was
synthesized in parallel, to provide an internal standard. Samples
were annealed in vacuum at 175−190 °C for >2 h. Si 2p
(104.5−97.5 eV), C 1s (292−282 eV), Br 3d (68−78 eV), and
Cl 2p (206−196 eV) high-resolution XPS data were collected
on all samples. The high-resolution XPS data were analyzed
using Casa XPS v2.3.15. A simple substrate-overlayer model
was used, as reported previously, to evaluate the surface
coverage.22 UPS data were exported, and the low kinetic energy
cutoff was analyzed (using Igor Pro) to determine the work-
function of the sample as

= −W 21.2 BEf (2)

where 21.2 eV is the excitation energy, Wf is the work function
of the sample, and BE is the binding energy intercept
extrapolated from the secondary-electron cutoff. The Si 2p
and Wf information was used as previously reported to
determine the band-bending,1 Ebb.
Cdiff−V Measurements. Impedance measurements were

performed by formation of Si/monolayer/Hg junctions. Back
contacts were made in air or under flowing N2 by scratching a
Ga/In eutectic into the backside of pieces of the Si, and contact
was made to the Ga/In by placing the sample on a Cu block. A
Kalrez O-ring was used to confine the Hg (Electronic grade,
99.9998% (metal basis) Alfa Aesar) and to control the junction
area (0.114 cm2 as determined using an Epson scanner, Image J
1.41). The Hg was contacted by a Pt wire. Impedance
measurements were performed in an Ar-filled glovebox, and
data were obtained with a Schlumberger Model SI 1260
frequency response analyzer controlled by ZPlot for Windows
(V. 2.6). Frequency sweeps of ±10 mV from 10 to 106 Hz were
performed at increments of 0.05 V dc reverse bias from 0 to 0.5
V. Data with a phase response >85° were fit (using ZView) to a
simple parallel capacitor and resistor in series with an additional
resistor.

■ RESULTS
Experimental Data on the Positions of the Valence-

Band Edges. Figure 1 presents the UPS data of Si(111)
surfaces with different functional groups on 0.004, 1.2, 12.5, and
74 Ω cm P-doped, n-type and 8.65 Ω cm B-doped, p-type Si
wafers. All surfaces exhibited similar values of Wf to within 0.15
eV. Values obtained from the 1.2 and 12.5 Ω cm resistivity

samples are reported in Table 1. For the highly doped samples,
the small discrepancy in Wf for samples that had different

dopant densities was attributed to a shallow depletion width
relative to the mean-free path of elastic scattering of the
electrons, which prohibited straightforward quantification of
the band-bending. The error for low-doped samples was
attributed to a small amount of charging in the higher resistivity
samples. Overall, the trend of ΔWf in Table 1 is consistent with
the prediction of the surface potential shift, ΔVsurf, based on the
dipole moment of the adsorbate radicals and electronegativity
rules (vide infra). However, the magnitude of ΔWf is not
necessarily the same as that of ΔIP (≈ΔVsurf). Wf can be
expressed as

= − − = − − + −W E E E E E EIP ( ) IP ( ) ( )f F vs F vb vs vb
(3)

where Evb and Evs are the bulk and surface valence-band levels,
respectively. Therefore, Wf depends not only on IP but also on
(1) the energy difference between the Fermi level and the
valence-band edge in the bulk, EF − Evb, and (2) the degree of
band-bending at the surface, Ebb = Evs−Evb. For samples of the
same dopant density, variation of EF − Evb is expected to be
negligible. However, the band-bending effects may have an
influence on the measured work functions of different samples.
Table 1 lists the IP (and ΔIP) computed as IP = Wf + [Eg −
(Ecb − EF)] − Ebb, where Ecb − EF was calculated from the
doping density of the n-type Si(111) samples, and Ebb was
derived in a similar fashion to ref 1. Clearly, most samples have

Figure 1. UPS spectra of H−, CH3−, and Br−Si(111) surfaces
showing the shift in secondary-electron cutoff, and therefore inWf (see
eq 2), with surface functionality.

Table 1. Summary of Wf from UPS Data and the Derived IP
Values (See Text) of Functionalized n-Type Si Surfacesa

sample
doping
level Wf [ΔWf] Ecb − EF Ebb IP [ΔIP]

H I 4.16 0.0285 0.19 5.02
H II 4.24 0.0224 0.29 5.05
CH3 I 3.59 (−0.57) 0.0285 0.32 4.36 (−0.66)
C2H5 I 3.61 (−0.55) 0.0285 0.36 4.34 (−0.68)
Cl II 4.60 (0.36) 0.0224 −0.05 5.75 (0.70)
Br I 4.32 (0.16) 0.0285 −0.07 5.48 (0.46)

aThe square brackets show the relative Wf and IP values with respect
to those of H−Si(111). Doping levels “I” and “II” correspond to
samples with a resistivities of 12.5 and 1.2 Ω cm, respectively. All
energies are in eV.
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some degree of band-bending, leading to a difference between
ΔIP and ΔWf.
Calculated Positions of the Valence-Band Edges. Table

2 summarizes the band gaps and IPs of H-, CH3-, C2H5-, Cl-,
and Br-terminated Si(111) surfaces at full coverage, as
computed within LDA and G0W0. At the LDA level, the
calculated band gaps were severely underestimated compared
to the experimental value of Eg,bulk

exp = 1.12 eV. The computed IP
values were underestimated by about 0.5−0.7 eV compared to
the values determined from photoelectron spectroscopy1,23 or
from electrical junction barrier measurements.6 For all of the
surfaces studied herein, the valence- and conduction-band-edge
states remained bulklike, and no in-gap states were induced by
the terminal groups. However, the finite-slab thickness caused a
variation of Eg among different surfaces, which diminished as nL
increased. For example, the band gaps of H−Si(111) and Br−
Si(111) predicted by LDA differed by 0.1 eV at nL = 12 (Table
2), but only by <0.02 eV at nL = 36.
The application of G0W0 self-energy corrections to the

computed DFT/LDA levels significantly improved the
calculated values of the absolute IP. At this level of theory,
the band gaps were overestimated by 0.3−0.4 eV with respect
to Eg,bulk

exp . The G0W0-corrected band gap of the H−Si(111)
surface decreased to 1.43 eV at nL = 18 and to 1.40 eV at nL =
24. From the value of Eg calculated at nL = 6, 12, 18, 24, Eg

G0W0

could be roughly fitted by the function Eg
G0W0(nL) = Eg

G0W0(nL →
∞) + constant·nL

−1.6, with Eg
G0W0(nL →∞) = 1.3 eV, which is in

agreement with the computed G0W0 gap of 1.31 eV for bulk Si
from Γ to X (see Supporting Information). As shown in Table
S2 (Supporting Information), the G0W0 correction to Ev
converged well for nL = 6, whereas the calculated value of Ec
was more sensitive to variations of nL. The overestimate of the
calculated Eg value therefore did not originate from theoretical
approximations but rather from numerical approximations, in
particular from the slow convergence, with respect to the slab
thickness, of the energy gaps calculated using G0W0. Table 2
therefore reports the computed values of the IP, instead of the
computed values of the EA, for comparison to experimental
data.
Table 2 also displays the calculated relative IP values with

respect to the IP calculated for H−Si(111), with the difference
denoted as ΔIPR:H. These ΔIPR:H values were almost identical
at the G0W0 and the DFT/LDA levels, as the same DFT wave
functions were used in the G0W0 calculations, yielding the same
values of μsurf,z and ΔVsurf in eq 1. In the calculations, ΔIPR:H is
not exactly equal to ΔVsurf,R:H and differed slightly at the G0W0

and DFT/LDA levels, primarily because of the finite-size effects
introduced by the slab model approximation.

■ DISCUSSION

Overall, the sign and magnitude of the predicted ΔIPR:H values
in Table 2 were in reasonable agreement with experiment,
although the shift was systematically overestimated by the
calculations. We note that the experimentally prepared C2H5−
Si(111) surfaces are usually terminated by both H and C2H5
groups, with an estimated C2H5 coverage between 60% and
95% of a monolayer.23−25 We considered 100% atop site
termination by ethyl functionality because previous studies27

have indicated that full coverage of the C2H5−Si(111) surface is
not necessarily limited by thermodynamics when the surface is
prepared by the chlorination/alkylation method, due to the
large free energy change gain during the reaction. To provide a
comprehensive comparison with experiments, we also
performed DFT calculations for the C2H5−Si(111) surface at
partial coverages of 25%, 50%, and 75%. The computed IP
shifts as a function of the coverage have been plotted in Figure
S1 (Supporting Information), and these shifts fell within the
error bars of the experimental data.
The measured, or experimentally derived, ΔIPR:H values for

surfaces with the same functionalization can also vary by a few
hundred millielectronvolts, depending on the probing techni-
ques and/or the surface condition. For example, the UPS and
Cdiff−V results are fully consistent with previous electrical
junction measurements,6 both of which yielded ΔIPR:H shifts
that were systematically larger than those determined by the
use of high-resolution synchrotron photoelectron spectroscopy
measurements in UHV.1,23 This behavior may be partly caused
by the approximated band-bending in estimating the value of
ΔIPR:H based on ΔWf of different samples in photoelectron
measurements. In addition, effects of physisorbed molecules, of
the Helmholtz double-layer (in electrochemical experiments),
and of metal atoms on electron distribution across the surface-
bound molecular dipole likely vary between UHV conditions
and ambient-pressure experiments. Thus, despite the errors of
DFT within local and semilocal approximations in predicting
the absolute energy position of the conduction- and valence-
band edges, the computed DFT energy level dif ferences can be
considered to be in satisfactory agreement with experiments as
well as with results from higher levels of theory.
As demonstrated herein, for a specific functionalized Si

surface, the absolute position of the band edges can be obtained
by computing, at the DFT level, the dif ferences with respect to a

Table 2. Band Gaps (Eg) and Ionization Potentials (IPs) of H-, CH3-, C2H5-, Cl-, and Br-Terminated Si(111) Surfaces and
Relative IP with Respect to That of H−Si(111) (ΔIPR:H) (All Energies in eV)

LDA G0W0 exp

R Eg
a IP [ΔIPR:H] Eg IP [ΔIPR:H] IP [ΔIPR:H]

H 0.73 4.83 [≡0] 1.53 5.46 [≡0] 5.29,b 5.31c

CH3 0.70 4.06 [−0.8] 1.50 4.71 [−0.8] 4.80b [−0.5], 4.76c [−0.6], [−0.7],d [−0.6]e

C2H5
f 0.72 3.83 [−1.0] 1.53 4.52 [−0.9] 4.94b [−0.4], 4.79c [−0.7], [−0.7],e [−0.7]e

Cl 0.65 5.89 [1.1] 1.46 6.56 [1.1] [1.2−1.5],g [0.7]d

Br 0.62 5.59 [0.8] 1.44 6.27 [0.8] [0.5]d

aEg was evaluated between Γ̅ = {0, 0, 0} and M̅ = {1/2, 0, 0} (see Supporting Information). bReferences 1 and 23, high-resolution synchrotron
photoelectron spectroscopy measurements. cReference 6, estimated from barrier heights of Hg/Si junctions using forward bias J−V data as IP =Wf

Hg

− qΦb,J−V + Eg, where Wf
Hg = 4.49 eV is the work function of Hg and Eg is assumed to be 1.12 eV.

dThis work, determined from UPS measurements
of the work function shift and estimated band-bending. eThis work, similar to ref 6 but using Cdiff−V data. fSurface coverage of the C2H5−Si(111)
surface was estimated to be 60% in this work (see Supporting Information) and 65−95% in previous studies,23−25 whereas a full coverage was
assumed in our calculations. gReference 26, Kelvin probe measurements.
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reference surface, e.g., H−Si(111), whose energy band structure
is well characterized by experiments:

≈ Δ +IP (target) IP IP (ref)n
theo DFT exp

L (4)

≈ Δ +EA (target) EA EA (ref)n
theo DFT exp

L (5)

Such an approach provides an accurate and convenient
means for estimating the band-edge positions of complex
surfaces, e.g., with disordered or mixed adsorbate species,
without resorting to accurate, but more expensive, GW
methods. One of the advantages is that when carrying out
DFT calculations, a relatively large value of nL can be used to
minimize the finite-size effects.
According to eq 1, at a fixed coverage, the direction and

magnitude of ΔVsurf is controlled by the dipole moment of the
adsorbate radical (μR) and the induced dipole moment (μind).
Below we discuss two scenarios, depending on the magnitude
of μR:

(1) μR,z ≈ 0. For nonpolar terminal groups, or for terminal
groups with vanishing dipole moment along the surface
normal, μsurf,z and ΔVsurf are solely determined by μind,
which depends on the direction and magnitude of the
charge exchange at the adsorbate/substrate interface. For
example, according to the electronegativity (denoted as
χ) relation χSi[=1.9] < χH[=2.1] < χBr[=2.96] <
χCl[=3.16], electrons are extracted from the Si when
the surface is terminated with H, Cl and Br atoms,
resulting in negative values of μsurf,z and causing all of the
energy levels to move downward with respect to the
vacuum level. In particular, because χCl,Br − χSi ≫ χH −
χSi > 0, ΔVsurf is expected to be substantially larger for Cl-
and Br-terminated silicon surfaces than for H−Si(111)
surfaces. Consistently, the measured and GW-corrected
IP values of these surfaces (shown in Table 2) were all
higher than IPbulk = 5.2 eV, with increases in IP by 1.1
and 0.8 eV estimated upon chlorination or bromination,
respectively, of the H−Si(111) surface, consistent with
the trend observed experimentally.26

(2) μR,z ≠ 0. For polar terminal groups, the situation is more
complicated. μsurf,z usually follows the sign, and relative
magnitude, of μR,z. As shown in Table 2, the measured
and GW-corrected IP values of CH3- and C2H5-
terminated Si(111) are both lower than IPbulk, consistent
with the positive dipole moments of these alkyl groups.
However, if μR,z is small, μsurf,z may be significantly

influenced by contributions from μind. For example, the
computed μR,z of the thienylBr radical is 0.24 D, but μind
is negative when thienylBr groups replace one-fourth of
the terminal hydrogen atoms of H−Si(111), due to the
larger electronegativity of the thienylBr. Hence, μsurf,z
becomes negative and opposite in sign to μR,z (Table 3).

Table 3 lists the values of μsurf and ΔVsurf calculated at the
DFT/LDA level for Si(111) surfaces terminated at full coverage
by different functional groups. Values are also listed for surfaces
at one-quarter coverage, with the remaining atop Si atoms
saturated by H. The bottom Si layer was always terminated by
H atoms, and ΔVsurf was defined as the vacuum level difference
between the top and bottom sides of the slab, which
approximately corresponds to the surface potential difference
between two semi-infinite Si(111) surfaces that were
terminated with hydrogen and with the target terminal groups,
respectively. The relative magnitude of μsurf followed the trend
of μR,z for polar terminal groups (μR,z ≠ 0) and followed the
electronegativity relations for nonpolar terminal groups (μR,z =
0). However, the surface coverage of the adsorbate had a sizable
impact on μsurf,z. Specifically, the magnitude of the induced
dipole moment increased with coverage, as a result of the
enhanced intermolecular screening from neighboring, parallel
dipole groups, effectively reducing μsurf,z and causing a slower,
nonlinear increase of ΔVsurf. Hence, for terminal groups whose
dipole moment is zero or vanishes along the direction normal
to the surface, e.g., H, Cl, Br, etc., knowledge of the atomic or
molecular electronegativity values appears to be sufficient to
allow an approximate estimate of ΔVsurf. For polar adsorbate
molecules, e.g., CH3, C2H5, or their derivatives, the value of the
dipole moment of the radicals is also required. The actual value
of μsurf,z also depends on the orientation and surface coverage of
the adsorbate, as well as on the strength of intermolecular
screening, which is a complex function of the molecular
polarizability. An accurate estimate of μsurf,z and of ΔVsurf for a
specific surface arrangement can in such cases be obtained by
performing first-principles electronic structure calculations, as
was done in this work.
Because of computational difficulties in applying advanced

quantum chemistry (QC) methods (e.g., CCSD, MP2) or
hybrid density functionals (e.g., B3LYP, PBE0) to large,
periodic systems, DFT/LDA was used throughout the work
for functionalized Si(111). To estimate the accuracy of μsurf and
therefore ΔVsurf computed by DFT/LDA, the dipole moments
of a series of short-chain silanes, R−SiH3, which have a similar
C−Si bonding structure to R−Si(111) were evaluated using

Table 3. Computed Surface Dipole Moment Per Terminal Group (μsurf, Debye) and Surface Potential Difference (ΔVsurf, eV) of
Various Terminal Groups at One-Quarter or Full Coveragea

Θ = 1/4 Θ = 1

R radical μR μind μsurf ΔVsurf μind μsurf ΔVsurf

CH3 0.67 −0.25 0.41 −0.31 −0.38 0.28 −0.84
CH3CH2 0.83 −0.34 0.50 −0.37 −0.48 0.35 −1.04
CH3CHCH 1.38 −0.45 0.93 −0.68 −0.94 0.44 −1.29
CH3CC 1.69 −0.28 1.41 −1.04 −1.09 0.60 −1.77
thiophenyl 1.07 −0.29 0.78 −0.57
thienylBr 0.24 −0.30 −0.06 0.04
Cl 0 −0.60 −0.60 0.45 −0.38 −0.38 1.11
Br 0 −0.60 −0.60 0.45 −0.30 −0.30 0.88

aFor comparison, dipole moments of corresponding radicals (μR) are also listed, and their geometries are fixed at those of the corresponding silane
derivatives to avoid sp3 to sp2 conversion upon geometry optimization. The induced dipole moment was defined as μind = μsurf − μR. All reported
dipole moments are components along direction normal to the surface and the subscript “z” was omitted for simplicity.
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DFT with different exchange−correlation functionals and
advanced QC methods. All calculations were performed with
the G09 package15 using the cc-pVTZ local basis set, with the
geometries optimized using B3LYP/aug-cc-pVTZ. The dipole
moment (μmol) was defined to be positive if it pointed from a
partial negative charge at SiH3 to a partial positive charge at the
other moiety (R).
Table 4 shows that for alkylsilanes, the calculated values of

μmol were the largest when computed by DFT with local and
semilocal exchange−correlation functionals (LDA and PBE).
The value of μmol systematically decreased as exchange
contributions were included. Further inclusion of correlation
contributions (MP2 and CCSD) only slightly changed the
value of μmol. As the chain length grew, μmol increased relatively
slowly. The change in μmol was calculated to be more
substantial as the degree of saturation varied, e.g., from propyl-
to propenyl- and propynylsilane. For example, propynylsilane
has a dipole moment that is almost twice as large as that of
propylsilane. For all of the hydrocarbons studied herein, the
value of μmol predicted by LDA was larger, by about 0.1 D, than
the values obtained using CCSD, whereas the relative errors
decreased as the absolute value of μmol increased, being largest
for methylsilane (Δμmol ∼ 14%).
For comparison, Table 4 also list the computed dipole

moments of Cl−silane and Br−silane, which have a negative
sign due to the large electronegativity of Cl and Br. Results
from LDA and CCSD were within a few percent from each
other and were higher than the experimental values by ∼0.1 D.
On the basis of the comparison of the LDA-calculated and

experimentally obtained values of μmol, the LDA calculations are
expected to slightly overestimate the values of μsurf,z and ΔVsurf
for functionalized Si(111) surfaces. For example, the IP
difference between H−Si(111) and CH3−Si(111) surfaces
was calculated at the LDA level to be 0.8 eV, whereas a value of
0.5−0.7 was extracted from experiments.1,23 The LDA errors in
μsurf,z, in general, may be less severe than that in μmol, as LDA
tends to overestimate the intermolecular screening, which
partially cancels the overestimate in the adsorbate dipole
moment, especially when the adsorbate forms a closely packed
monolayer.

■ CONCLUSIONS

We have described first-principles calculations and photo-
electron spectroscopy and electrical device measurements of
functionalized silicon surfaces, aimed at understanding trends in
the magnitude and sign of the surface dipoles as a function of
the adsorbate. The results have established the performance of
different levels of theory (semilocal DFT and MBPT) in
predicting the absolute values of and trends in surface dipole
moments. Despite the use of local exchange−correlation

approximations and finite-size effects, DFT/LDA calculations
based on finite-slab models provided a qualitatively and
quantitatively reliable picture of the trends of the surface
potential shift caused by the type and coverage of different
adsorbate species. The use of MBPT calculations significantly
improved the predictions of the absolute energy positions of
the band edges obtained within LDA. Overall, the electronic
structures of functionalized Si(111) surfaces as a function of the
gas-phase dipole moment, molecular polarizability, and surface
coverage were well described by combining methods at
different levels of theory. Our integrated experimental and
theoretical results allowed rationalization of the trends in
surface potential shifts as a function of the adsorbate type and
coverage, thereby providing insight into the design of optimal
surface/liquid interfaces for production of electricity and/or
fuels from sunlight.
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