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In the light of hybrid functional density-functional theory calculations of the core-excited and core-ionized
states, this paper discusses original N 1s x-ray photoemission spectroscopy �XPS� and near-edge x-ray absorp-
tion fine-structure �NEXAFS� experimental data on the single-domain �vicinal� Si�001�-2�1 surface saturated
by NH3 at 300 K. The theoretical approach enables to discuss the vibrational shape of the N 1s XPS spectrum
and quantifies the binding-energy splitting due to intrarow and inter-row hydrogen bondings between amine
pairs. The observed N 1s NEXAFS peaks are interpreted through the analysis of the contour maps of the
antibonding Kohn-Sham orbitals of the NH2 adsorbate and through the � Kohn-Sham calculation of the
transition energies, laying a theoretical basis for a discussion of the adsorbate spatial orientation. Finally,
suggestions are given for future directions of research to get a further knowledge of a system that has potential
applications as a template for molecular layer deposition and supramolecular assembly.
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I. INTRODUCTION

Motivated in the early 1990s by technological consider-
ations related to fabrication processes of microelectronics,
that is, silicon nitridation,1–6 the study of the adsorption and
reaction of NH3 on Si�001�-2�1 is experiencing a renewed
interest,7–16 especially because surface imaging by scanning
tunneling microscopy �STM� has pointed to the self-
assembly capacity of the adsorbates.8,10–12,14–16 More gener-
ally, the study of adsorption modes of nucleophilic lone-pair
bearing molecules, such as ammonia and amines,17–20 has
raised a great interest as these molecules probe the “zwitte-
rionic” nature of the buckled surface dimers that orientates
chemical reactions to first order �see Ref. 21, where an up-
dated discussion of the �001� surface reconstruction can be
found� and as their spatial ordering at the surface is a conse-
quence of interactions mediated through the silicon surface
electronic states.22

Concerning the adsorption of ammonia on Si�001�-2�1,
the consensus is the following: vibrational
spectroscopies1,3,7,13 as well as x-ray photoemission spectros-
copy �XPS� �Refs. 4–6 and 9� show that the reaction is dis-
sociative via N-H bond breaking. N 1s XPS �Refs. 5 and 9�
combined with theoretical calculations23 indicates that mo-
lecular decomposition is limited to the formation of Si-NH2
and Si-H groups on Si�001�. The molecular adsorption
state—the molecule donates its lone pair to the electrophilic
“down” dimer atom—is a metastable intermediate state ob-
served by STM only in very small amounts at 65 K,8 in

contrast to the case of tertiary amines that can remain
blocked in this state at 300 K.17–20

On the other hand, there is general consensus neither on
the adsorption sites of the molecular fragments nor on the
relative distribution of the various possible adsorption pat-
terns. Indeed NH2 and H can be attached either to the same
dimer �“on-dimer” configuration� or to two adjacent dimers
pertaining to the same row �“interdimer” configuration�. On-
dimer dissociation leads to a nitrogen saturation coverage of
0.5 monolayer �ML�, that is, one molecule per dimer, a value
compatible with ammonia uptake measurements2

�0.50�0.15 ML�. Recent STM images published by Owen
et al.10 and Bowler and Owen11 are interpreted in terms of
“on-dimer” NH2 and H adducts displaying different contrasts
�NH2 is “brighter” than H for a −2 V sample bias�: NH2
groups would align on the same side of a dimer row �linear
mode� or on alternating sides �zigzag mode� �see Fig. 1� with
a statistical ratio linear:zigzag close to 1:1 for adsorption at
300 K.10 However, Chung et al.12,14,16 challenged the preced-
ing interpretation of linear patterns: they are reinterpreted as
resulting from “interdimer” reactions, with H and NH2 frag-
ments on the same side of the row and silicon dangling
bonds on the opposite side. The work by Chung et al.12,14

pointed also to a large dominance of zigzag patterns at 300 K
at high coverage, in contrast to Refs. 10 and 11.

Neither is there any agreement from infrared studies on
the relative distribution of the zigzag and linear patterns. The
infrared studies are based on the sensitivity of the Si-H
stretching frequency toward H bond formation between ad-
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jacent NH2 in on-dimer linear patterns. An earlier study was
indicative of a zigzag absorption mode,7 while a recent
work13 points to a majority of “linear patterns”
�linear:zigzag=2:1�. As shown in the theoretical work by
Rignanese and Pasquarello,24 N 1s XPS would be able to
detect directly the formation of hydrogen bonds in amine
pairs placed on the same side of the dimer row. By perform-
ing a periodic density-functional theory �DFT� calculation,
within the “pure” generalized gradient approximation
�GGA�, Rignanese and Pasquarello found that for a nitrogen-
nitrogen distance of 3.42 Å, the H donor and H acceptor
nitrogen 1s binding energies are split by 0.4 eV. The H ac-
ceptor nitrogen has the highest binding energy. The sizable
impact of a relatively weak H bonding on core-level binding
energies has been further confirmed by a recent hybrid DFT
�Becke 3-parameters Lee-Yang-Parr �B3LYP� exchange-
correlation functional� quantum chemistry work by our
group on a similar system, water-dosed Si�001�-2�1 that
exhibits Si-H and Si-OH moieties.25 The O 1s binding en-
ergy is split by 0.28 eV between paired H-acceptor/H-donor
hydroxyls, with an O-O distance of 3.373 Å �close to the
N-N distance calculated in Ref. 24�. In fact, as no doublet
was observed in the already published experimental N 1s
XPS spectra of the ammonia-dosed surface,5 Rignanese and
Pasquarello24 concluded that DFT calculations lend little

support to the “linear pattern.” In addition to the intrarow
interaction considered in Ref. 24, we examine the formation
of H-bond between two adjacent NH2 pertaining to two dif-
ferent dimer rows. Our calculations �Sec. IV A� will show
that this “cross-trench H-bond” �see Fig. 1� is even stronger
than the intrarow one.

Angular- and energy-dependent N 1s photoelectron dif-
fraction �PED� measurements combined with multiple-
scattering calculations can provide valuable information on
the adsorbate geometry. In the PED work by Franco et al.,26

Si-N distances and bond angle are deduced from the experi-
mental data fitted with the isolated �i.e., not H bonded� amine
model. To what extent amine pairing in adjacent sites �within
and across dimer rows� has an influence on the PED curves
remains an open question.

Adsorbate patterning in the Si�001�-2�1:NH3 system is
determined by a subtle balance between two possible mecha-
nisms: �i� the interaction can be mediated by the substrate
and �ii� the interaction can be direct through H bonding �be-
tween neighboring NH2 or between NH2 and an incoming
NH3 molecule�. As Widjaja and Musgrave showed it
theoretically,22 the poisoning of the site adjacent to that of
molecular adsorption favors zigzag patterns if the molecular
precursor lifetime is sufficiently long; on the other hand,
SiNH2-NH3 interactions via H bond formation �reinforced by
charge transfer via the substrate� favor linear patterns. How-
ever, the interaction is not limited to dimer rows: in Ref. 11,
Bowler and Owen proposed that H bonding between an in-
coming NH3 and an existing NH2 group could also lead to
correlated adsorption across dimer rows. A correlation analy-
sis of STM images of the surface at very low coverage first
presented by Chung et al.14 and then reinterpreted by Owen
and Bowler15 supports this view. Judging from the occupied-
state state image of the surface at high coverage given in Fig.
2 of Ref. 11 and admitting that the bright spots correspond to
amines, about 20% of the NH2 groups are in a position to
form cross-trench H bonds.

A better knowledge and control of ammonia adsorption
patterns is indeed crucial, as the NH2 covered Si�001� sur-
face could be exploited to graft arrays of multifunctional
molecules of technological interest without incurring the risk
of producing multiple adsorption geometries, which is often
observed when these molecule interact directly with the
clean surface.27,28 While the “classical” reaction schemes of
amines with organic functionalities have not been tested
yet,29 it has been proven that an organometallic molecule
tetrakis�dimethylamido�titanium reacts at 300 K with SiNH2
groups in UHV conditions.30 In the field of supramolecular
assembly, it has been reported that amine fragments on
Si�001� govern the crystalline growth of a molecular solid
copper phthalocyanine via the repulsion between the � sys-
tem of the deposited molecule and the amine lone pair.31

These two very recent observations will certainly fuel the
interest for studying and controlling the adsorption patterns
of NH3-reacted Si�001�.

Despite the numerous photoemission studies devoted to
ammonia-reacted Si�001�,4–6,9,26 a further characterization of
its electronic structure was worth being undertaken, espe-
cially in view of the questions related to surface patterning.
The present work presents high-energy resolution

FIG. 1. �Color online� The adsorption patterns of ammonia on
Si�001�-2�1 assuming the on-dimer dissociation process. The ball
and stick picture is the result of a DFT quantum chemistry calcula-
tion �see text�, using two-dimer clusters to mimic the surface, the
“intrarow” Si15H16 cluster and the “cross-trench” Si33H30 cluster. H,
N, and Si atoms are represented by small white, medium size green,
and large brown spheres, respectively �the H atoms used to passi-
vate the cluster dangling bonds are not represented�. The following
nomenclature is used: A �H-acceptor�, D �H-donor�.
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��80 meV� XPS and original near-edge x-ray absorption
fine-structure �NEXAFS� spectroscopy32 data. NEXAFS,
which was still lacking to the ensemble of spectroscopies
applied to the present system, probes the empty states of p
symmetry localized around the core-excited nitrogen. In this
respect, NEXAFS is complementary to the valence-band
photoemission that probes occupied states, however, with the
drawback of mixing adsorbate and substrate contributions.
Using linearly polarized radiation and carrying out angle-
dependent measurements of the absorption intensity, NEX-
AFS gives information on the spatial orientation of the un-
occupied molecular orbitals �UMOs�.32 The XPS and
NEXAFS experimental data were interpreted in the light of a
hybrid functional DFT calculation of adsorption geometries
and core-ionized/core-excited states. Given the present ex-
perimental resolution, a special attention was devoted to the
simulation of the XPS N 1s spectrum, including vibrational
broadening and H-bond induced binding-energy shifts. The
calculation of the NEXAFS N 1s transition energies has en-
abled an unambiguous attribution of the main experimental
spectral features to a set of unoccupied antibonding orbitals.
Finally, the NEXAFS spectra �in the framework of the dipo-
lar approximation� have been computed for various adsorp-
tion patterns and their theoretical dichroic behavior com-
pared with the experimental one.

II. EXPERIMENT

A. Setup and sample preparation

The experiments have been performed at TEMPO
beamline33 SOLEIL synchrotron facility �Saint Aubin,
France�. The radiation source is an Apple II type insertion
devices �HU80�. The photon energy selection is obtained by
simply rotating “variable line spacing” plane gratings. The
resolving power E /�E is better than 15000 on the whole
energy range �50–1500 eV�. 90% of the photon intensity is
focused in a spot 45 �m long in the horizontal direction and
5–10 �m wide in the vertical dimension using two mirrors
in a Wolter configuration �a spherical mirror is directly fol-
lowed by a toroidal mirror and the photon beam is deviated
horizontally�.

The beamline is equipped with an end station dedicated to
electron spectroscopy studies of surfaces. The analysis cham-
ber �base pressure=10−10 mbar� is equipped with a
SCIENTA-200 electron analyzer, fitted with a new delay-line
two-dimensional �2D� detector, designed and commercial-
ized by the Instrumentation and Detectors Laboratory of
ELETTRA Synchrotron Facility �Trieste, Italy�. A UHV
preparation chamber fitted with a heating stage is connected
to the analysis chamber.

To take a full advantage of the capability of N 1s NEX-
AFS spectroscopy to determine NH2 bond orientations, the
ammonia molecule needs to be deposited on a single-domain
vicinal surface. It is well known that on-axis nominal �001�
surfaces consist of 2�1 and 1�2 domains in equal quanti-
ties, with the dimer rows of one domain running perpendicu-
lar to the dimer rows of the other. On the other hand, a

vicinal Si�001� surface cut by 5° off �001� axis toward �11̄0�

forms a regular array of bisteps �of height 2.715 Å� and
single 2�1 reconstructed surface domain terraces �of an av-
erage width 31.03 Å�. Bistep formation implies that all
dimer rows are perpendicular to the step edge; with a 5°
miscut angle, dimer rows on terraces contain on the average
7.6 Si2 units34 plus—on the step edge—a pair of trigonally
rebonded atoms.35 The �phosphorus� n-doped �resistivity
5 ��cm� wafers were submitted to a prolonged outgassing
at 600 °C in the UHV preparation chamber. Then the
samples were transferred in the analysis chamber and
cleaned of their silica protective layer by heating at
�1100 °C. The surface cleanliness was checked by XPS.
The silicon surface was then saturated by NH3 reaction prod-
ucts by dosing at room temperature under a pressure of
10−7 mbar �ion gauge uncorrected reading� for 15 min. We
have checked by low-energy electron diffraction �LEED� that
a single-domain pattern is observed. We give in Fig. 2 the
LEED image of a vicinal surface saturated with ammonia.
Note that half-order spots are only seen along the �110� di-

rection. Spot doubling along the �11̄0� direction reflects the
step edge periodicity of terraces with equal widths.

B. XPS

The Si 2p core-level spectra were measured at h�
=130 eV �overall experimental resolution �30 meV�. The
N 1s core-level spectra were recorded at h�=455 eV �over-
all experimental resolution �80 meV�. Electrons were de-
tected at 0° from the sample surface normal and at 46° from
the polarization vector E. The zero binding energy �the
Fermi level� is taken at the leading edge of a clean metal
surface in electrical contact with the silicon crystal. The
binding energy of the Si 2p3/2 component of the clean
�n-doped� silicon surface is found at 99.30 eV.

C. N KVV Auger yield NEXAFS measurement
and data analysis

The x-ray absorption spectra were measured in the so-
called Auger yield mode, exploiting the 2D detection of the

FIG. 2. LEED pattern of a Si�001�-2�1 vicinal surface satu-
rated with ammonia at room temperature. Bistep edges and dimer

axes are along the �110� direction �the miscut is along �11̄0��. Note

the absence of half-order spots along �11̄0�, the dimer row direc-
tion. The energy of the electron beam is 56.5 eV.
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electron analyzer, operated in the so-called “fixed mode.”
The pass energy was set to 200 V, so that the nitrogen KVV
Auger yield could be measured within an energy window of
�12 eV centered at a kinetic energy of 375 eV. The photon
energy was scanned in the 395–420 eV range. As the surface
nitrogen coverage is low ��0.5 ML�, a photon bandwidth of
80 meV was chosen to obtain good Auger yield statistics
within reasonable acquisition times �typically 30 min�.

The raw N KVV Auger yield spectra from the ammonia-
reacted sample were divided by the reference grid current
that monitors the x-ray intensity variation with h�. To avoid
strong variations in photon intensity versus photon energy
due to the undulator peak, the synchronous scanning of un-
dulator gap and monochromator was made. The photon flux
increased smoothly by only 30% between h�=395 eV and
h�=420 eV. This ensured a very reliable normalization pro-
cedure, which consists in plotting curves having an equal
absorption jump, just before the edge �395 eV� and �30 eV
after.

Finally, the photon energy was calibrated by subtracting
the kinetic energy of Si 2p photoelectrons excited by first-
order radiation �h�� to that of Si 2p photoelectrons excited
by the second-order radiation �2�h��. To check for
synchrotron-radiation damage beam effects, we compared
systematically the shape of the N 1s XPS spectra before and
after the x-ray absorption measurements.

The vicinal surface we used enabled NEXAFS measure-
ments with the electric field vector E of the radiation placed

at 20° from the surface normal within the �11̄0� plane �graz-
ing incidence� and placed in the surface plane �normal inci-
dence�. For the in-plane geometry, E was positioned either
orthogonal �along �110�� or parallel to the dimer rows �along

�11̄0��, by rotating azimuthally the sample by 90°.

III. COMPUTATIONAL

A. Adsorption geometries

We have started from the isolated amines using a one-
dimer cluster �Si9H12�. Ignoring inter-row interactions, zig-
zag and aligned �intrarow H-bonded� patterns have been re-
produced, using a two-dimer-in-a-row cluster �Si15H16�. A
cross-trench two-dimer cluster �Si33H30� has been used to
examine the H-bond interaction between two amines pertain-
ing to two adjacent dimer rows. The competition between
intrarow and inter-row hydrogen bondings that need still
larger silicon clusters has not been examined.

Electronic structure calculations were completed with the
GAMESS�U.S.� �Ref. 36� software package using Becke three
parameter exchange functional,37 along with the
Lee-Yang-Parr38 gradient-corrected correlation functional
�the so-called B3LYP functional�. We have used effective
core potentials �due to Stevens, Basch, Krauss, and Jasien
�SBJK� and built into the GAMESS package� for Si atoms, a
6-31G� basis set for the terminating H atoms of the clusters,
a 6-31G� plus three diffuse functions �one s and two p� for
the H atoms of the adsorbate, and a 6-311G� basis set �plus
two diffuse functions, one s and one p� for N. The added
diffuse functions enable a better theoretical treatment of the

hydrogen bond, as we have verified in the case of the water
dimer ��H2O�2�.25 Besides the basis set choice, it is generally
admitted that the hybrid approach gives better results than
the pure GGA method in the calculation of H bonds, the
latter tending to overestimate the bond strength.39,40 During
the computation all silicon clusters were fully relaxed, except
the Si33H30 cluster for which the four Si atoms at the bottom
were kept at bulk lattice positions. The calculated adsorption
geometries are shown in Fig. 1, while characteristic distances
and angles are collected in Table I.

For all models, the Si-N distance �1.75–1.77 Å� we find
is consistent with the bond length deduced from the PED
study,26 that is, 1.73�0.08 Å. We calculate a Si-N bond
angle relative to the surface normal of 21.2° for the gauche
models in excellent accord with the PED value of 21° �4°.
The angle we find for the “antimodel” �28.8°� is only 4° off
the interval of values given by PED. For the �intrarow� linear
pattern, we calculate an N-N distance �a H-bond length� of
3.55 Å, significantly shorter than the lattice spacing of

3.84 Å along the �11̄0� direction. This demonstrates the for-
mation of a hydrogen bond �length 2.69 Å� between the two
amine groups. The N-N distance we find is longer �by �4%�
than those calculated with a pure GGA functional, i.e.,
3.44 Å in the work of Bowler and Owen11 and 3.42 Å in the
work of Rignanese and Pasquarello.24 The comparison to the
above-mentioned periodic slab calculation also indicates that
the �fully relaxed� cluster is not so “floppy” as to lead to
unrealistic short distances. For its part, the cross-trench
H-bonded NH2 pair model �Si33H30 cluster� gives a N-N
bond distance �H-bond length� of 3.30 Å �2.27 Å� signifi-
cantly smaller than that of the intrarow interaction.

Only optimized geometry energies calculated with the
same cluster size, that is, the two-dimer intrarow cluster
Si15H16, can be consistently compared. They are also re-
ported in Table I referenced to the linear model energy, that
is, the most stable structure. The three zigzag geometries
have systematically higher energies than the linear pattern by
0.050–0.070 eV �1.2–1.5 kcal/mol�. This calculated energy
difference agrees with the previous quantum chemistry
B3LYP calculation by Queeney et al.7 �1 kcal/mol� but is
larger than that found by Rignanese and Pasquarello;24 0.5
kcal/mol �0.02 eV� per 2�2 surface unit �a value that is
within the accuracy of their method� with a GGA functional.
The energy difference of +14 meV �0.3 kcal/mol� we find
between the zigzag gauche-C2 and the zigzag anti �Fig. 1 and
Table I� that lies within the accuracy range of our calculation
is notably smaller than the value of 40 meV per 2�2 surface
unit given in Ref. 41.

B. Core-excited and core-ionized calculations

The Franck-Condon �FC� principle states that during an
electronic transition the molecular geometry can be assumed
to be unchanged. Within this framework, the ground-state
optimized geometries we find following the procedure de-
scribed in Sec. III A for the molecule plus Si cluster system
is the starting point of the calculation of ionization potentials
�IPs� and NEXAFS transition energies. The quantum chemi-
cal ab initio calculations of the N 1s excited states are also
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performed at a DFT level of theory.42,43 We used a modified
version of the GAMESS�U.S.� program, enabling �i� the choice
of a fractional occupancy for the core hole and �ii� the cal-
culation of singlet core excited energy values.44

The excited atom was described with a large basis set. For
N we use the IGLOO-III basis, to which diffuse functions were
added. For the H atoms, passivating the silicon cluster a
6-31G� basis was used; for those of the adsorbate, diffuse
functions were added. For the calculation of N 1s IP �the
so-called vertical transition energy�, the �Kohn-Sham
method �denoted hereafter �KS� is applied. The IP is the
difference between the energy of the excited state repre-
sented by a core hole in the 1s orbital and that of the ground
state. Absolute values of NEXAFS transitions are also calcu-
lated via the �KS procedure. The energy of the core-excited
state is obtained by removing one electron from the 1s and
adding one to the UMO of interest, i.e., by calculating the
NEXAFS state �1s�1�UMO�1. Then the transition energy is
obtained as the difference between the energy of the excited
state and that of the ground state. The relativistic correction
of 0.3 eV is included, according to Triguero.45 The �KS
triplet final-state transition energies are corrected using the
sum method of Ziegler et al.46 to account for the spin con-
servation in dipolar transitions leading to a singlet final state.
�KS energies have been calculated for the molecular orbitals
leading to the major oscillator strengths �computed in the
framework of the dipolar approximation�. A comparison be-
tween the �KS calculation outputs can be made for the vari-
ous adsorption models we have considered.

While this separate state Kohn-Sham scheme is a conve-
nient and accurate option for IP and first core-excited transi-
tion energies calculations, it is not always applicable to cal-
culate the whole x-ray absorption spectrum due to problems
of collapse in optimizing higher-excited states. To circum-

vent this difficulty, we diagonalize a potential built from or-
bitals where a 1s electron is removed �the full core hole is
denoted FCH� and put into one UMO or “distributed” into
more UMOs—in the latter case, their occupancy is frac-
tional. The excited electronic levels are then determined by
the electrostatic field of the remaining molecular system. The
eigenvalues and eigenvectors give the full spectrum of exci-
tation energies and moments. The transition energy is simply
the difference between the energy of the virtual orbital and
that of the 1s orbital and the oscillator strengths are obtained
from the eigenvectors within the dipolar approximation.

An ad hoc FCH-UMOs potential is found �i� when the
relative difference between the various energies corresponds
to the calculated �KS ones and �ii� when the oscillator
strengths �dipolar approximation� compare to those of the
�KS method. As the absolute values of the energies may be
0.5–1 eV off the �KS �and experimental� ones, the NEXAFS
spectra are repositioned on an absolute energy scale provided
by the energy of the first bound excited state calculated with
the �KS method described here above. Below the calculated
IP, the NEXAFS spectrum consists of the discrete lines cal-
culated by method broadened by convolution with a Gauss-
ian of 0.8 eV full width at half maximum �FWHM�. For
transitions calculated above IP, we convert the discrete lines
into a continuum using the Stieltjes imaging procedure47 �the
calculated continuum cross section is convoluted with the
same Gaussian function used for the discrete part below IP�.

C. Vibrational fine structure of N 1s XPS spectra
and its calculation

The theoretical analysis is based on the determination of
the energy surface of the ground and the core-ionized states.
To estimate the respective contributions of the Si-NH2 moi-

TABLE I. Calculated bond lengths d, N-N distances �in Å�, bond angles, and dihedral angles �in degree� obtained from the geometry
optimizations shown in Fig. 1. B3LYP hybrid functional, “large basis” sets �see Sec. III C� were used. Results of GGA periodic calculations
by Rignanese and Pasquarello �Ref. 24� and Bowler and Owen �Ref. 11� are given for comparison. For the H-donor group, � �� indicates the
free hydrogen, while � †� indicates the atom involved in the H bond. For calculations using the double-dimer Si15H16 clusters, optimized
structure energies �in meV� are referenced to that of the most stable one: the linear pattern.

Pattern

Optimized
structure
energy dSi-N dN-H dSi-H dH bond NN �Si-Si-N

Linear Si15H16 0 2.69,2.61a 3.55,3.42,b3.44a

acceptor 1.75�1.76� 1.013 1.50

donor 1.75�1.79� 1.011� /1.015† 1.50

Zigzag �anti� Si15H16 +52 1.75�1.76� 1.011 1.50 5.70 118.8

Zigzag �gauche- Si15H16 +66 1.75 1.011 1.49 5.21 111.2

C2�
Zigzag �gauche- Si15H16 +50 1.75 1.012 1.49 4.79 5.41 111.2

C1�
Cross trench Si15H16 1.51 2.27 3.30

acceptor 1.75 1.014 1.51 120.9

donor 1.75 1.017� /1.022† 1.51 112.25

aReference 11.
bReference 24.
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ety and of the underlying silicon substrate to the vibrational
broadening, we have calculated the equilibrium geometries
and vibrational frequencies48 of three models NH2-SiH3,
NH2-Si-�SiH3�3, and H2N-Si9H12 characterized by an in-
creasing size in the silicon cluster that approximates the sub-
strate. A detailed Franck-Condon analysis of the spectra, as
developed in Ref. 49, has been carried out. The vibrational
wave function for the core-excited state is assumed to be a
product of 3N-6 one-dimensional harmonic oscillators
�where N is the number of nuclei� that are described either by
the same or different normal coordinates and sets of frequen-
cies as those of the ground state. The analytical approach is
based on the expression of the overlap between two products
of harmonic oscillators, where the full core-ionized
potential-energy surface is displaced from the ground-state
equilibrium position. In order to speed up the calculation, the
6-31G� basis set optimized by Carniato and Millié50 and Car-
niato and Luo51 �referred hereafter as “small bases”� has
been used.

IV. RESULTS AND DISCUSSION

A. X-ray photoemission

The Si 2p XPS core levels measured in surface sensitive
conditions at a photon energy of 130 eV �Ref. 52� are shown
in Fig. 3. Reaction with ammonia �300 K, 10−7 mbar, and 15
min� induces a sizable downward band bending: the bulk
Si 2p3/2 binding-energy shifts from 99.30 eV �clean surface�
to 99.63 �eV� �ammonia-dosed surface�. The disappearance
of the outer-dimer-atom component �at −0.50 eV from the
bulk Si 2p3/2 component of the clean surface� indicates that
the surface is saturated. As the coverage is close to one NH2
per dimer �saturation�, all the necessary conditions are gath-
ered to observe possible effects of hydrogen pairing in linear
adsorption patterns on N 1s XPS and NEXAFS spectra.

The N 1s core level of the saturated surface we have
measured at h�=455 eV is given in Fig. 4. The peak can be
fitted by a single Voigt component peaked at a binding en-
ergy of 398.95 eV. This binding energy is characteristic of

Si-NH2 fragments.5,9,23 We do not detect NHx�x	2� species
that should be found at lower binding energies �from −0.6 to
−1.3 eV according to the degree of dehydrogenation23�. This
indicates that the molecular dissociation on a vicinal
surface—that besides terrace dimers, presents bistep edge
sites �pairs of trigonally bonded silicons� amounting to
11.6% of all the reaction sites of the vicinal surface—is not
different from the one observed on a nominal surface.

The overall width of the N 1s Voigt profile is 0.675 eV
�we take a Lorentzian lifetime width of 115 meV, as for N2,53

and a Gaussian width of 600 meV�. Despite the experimental
resolution �80 meV�, we do not observe vibrational series in
this symmetric N 1s peak. The N 1s peak is narrower than
those previously measured �0.75 eV9� on the Si�001� sur-
face. Considering the instrumental resolution of 80 meV, a
Gaussian inhomogeneous broadening �encompassing struc-
tural plus vibrational contributions� of 595 meV is deduced.
The sources of inhomogeneous broadening are of two types:
�i� vibrational and �ii� structural.

Let us first examine the vibrational aspect. As a first step,
we have calculated how vibrations could contribute to the N
1s XPS spectrum breadth of an isolated amine, following the
procedure described in Sec. III C. In the core-ionized state,
the molecular fragment changes its geometry. For all three
models �H2N-SiH3, H2N-Si�SiH3�3, and H2N-Si9H12; see
Table II�, we note �i� a depyramidalization of the Si-NH2 unit
�the four atoms become coplanar�, �ii� a N-H bond-length
reduction of 3.7% �0.973 Å instead of �1.01 Å in the
ground state�, and �iii� a strong increase �9%� in the Si-N
bond length ��1.91 Å instead of �1.75 Å in the ground
state for H2N-Si�SiH3�3, and H2N-Si9H12 models�. Changes
in frequencies upon core ionization are reported in Table III.
The remarkable fact is the strong decrease in ��Si-N� fre-
quency �from 822 to 531 cm−1 for the H2N-Si9H12 cluster�
associated with the elongation of the bond. The FC factors
are calculated taking into account the different sets of vibra-
tional frequencies for the core-ionized and ground state. The
values of the FC factors indicate that the N 1s XPS vibra-
tional profile is determined by the simultaneous excitation of
��Si-N� and of �high-frequency� ��N-H� stretching modes,
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FIG. 3. �Color online� XPS Si
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face �dotted line� after exposure to
ammonia under a pressure of
10−7 mbar for 15 min �300 K�.
The photon energy was 130 eV.
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energy. Note the complete
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band bending �330 meV�; the
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+0.78 eV from the bulk line of
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on one hand, and of the Si-�H�3 or Si-�Si�3 symmetric bend-
ing modes, on the other hand.

The calculated N 1s XPS profiles �including the natural
lifetime and the experimental broadening� are reported in
Fig. 5 for the three models. Note in passing that the IP �ver-
tical transition; see Table IV� decreases with an increasing
number of silicon atoms simulating the substrate.54 The N 1s
XPS spectra are in fact composed of many overlapping vi-
brational progressions, one progression from each excited
core-hole state vibrational level in each normal mode. One
sees that the spectral shapes are strongly affected by the val-
ues of the Si-�H�3 /Si-�Si�3 bending mode frequencies �the
“substrate contribution”�. For the small NH2-SiH3 cluster, the
FC factors associated to the symmetric bending of the
Si-�H�3 moiety are equally distributed over several vibra-
tional overtones �up to v�=4�. Therefore, the calculated
spectrum is rather symmetric, with a FWHM of �650 meV.
In contrast to the preceding, the low frequencies of the
Si-�Si�3 bending modes associated to NH2-Si-�SiH3�3 and
H2N-Si9H12 clusters lead to FC factors with high values only

at the v=0→v�=0 transition. Moreover, the fact that the
Si-N bond becomes longer and softer in the excited state
makes the ��Si-N� mode reach a high FC only for the v=0
→v�=0 transition. The conjugation of these two effects
leads to narrow and asymmetric N 1s peaks. For the
H2N-Si9H12 cluster, the FWHM is �320 meV and the high-
frequency ��N-H� series becomes discernible, which—we
recall—is not observed experimentally. The conclusion of
the present vibrational analysis of the N 1s XPS peak, using
the “most realistic” cluster �H2N-Si-Si9H12�, is that an iso-
lated amine cannot provide a sufficiently large vibrational
broadening to explain the experimental FWHM of 675 meV.
If one assumes �i� that the amines on the real surface can be
described as a collection of �nearly� isolated fragments,
whose N 1s fine vibrational substructure is well described by
the preceding approach and �ii� that, for reasons that will be
explained further on, their N 1s binding energies follow a
Gaussian distribution then one finds that this “structural
broadening” would have a FWHM of �0.6 eV �we subtract
quadratically the calculated isolated amine N 1s peak to the
experimental one�. While all amines are, at first sight, chemi-
cally equivalent, what are the possible causes leading to such
a large structural broadening?

Rignanese and Pasquarello24 already drew attention to the
fact that hydrogen bonding between adjacent pairs in �in-
trarow� linear patterns may have a sizable impact on the N 1s
binding energies. Using a two-dimer cluster �Si15H16�, we
calculate that the H-acceptor and H-donor nitrogen IPs of the
linear model are split by 0.4 eV �see Table IV�. These two IP
values bracket the “noninteracting SiNH2” IP value of the
zigzag models. Our B3LYP results are qualitatively and
quantitatively in very close agreement with the previous pure
GGA calculation. For the cross-trench H-bonded amines �a
configuration that was not addressed in Ref. 24�, the calcu-
lated energy splitting between acceptor and donor IPs is
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FIG. 4. �Color online� Experi-
mental N 1s XPS spectrum
�circles� of the NH3-saturated sur-
face �300 K, 10−7 mbar, and 15
min�. After Shirley background
subtraction, the spectrum is fitted
by a single Voigt component at
398.95 eV of FWHM 0.675 eV.
The Lorentzian �Gaussian�
FWHM is 115 meV �600 meV�.

TABLE II. Calculated bond lengths �in Å�, bond angles, and
dihedral angles �in degree� of the core-ionized amine �B3LYP hy-
brid functional and “small” bases, see Sec. III C�. A comparison is
made with the ground state. Three models are considered.

Ground state Core-ionized

Optimized geometry

�SiNHH 141.8,a141.8,b145.5c 179,a175,b180c

dSi-N 1.737,a1.757,b 1.750c 1.842,a1.917,b1.912c

dN-H 1.012, 1.013b,c 0.976,a 0.973b,c

aH2N-SiH3.
bH2N-Si-�SiH3�3.
cH2N-Si9H12.
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0.7 eV. This sizable increase in the IP splitting with respect
to the intrarow linear pattern is a consequence of the reduced
H-bond length �−0.42 Å�.

As stated before, the theoretical vibrational contribution
alone �Fig. 5� does not account for the experimental breadth
of the N 1s peak �675 meV�. Let us now examine if H
bonding can explain the observed broadening. In Fig. 6, we
simulate the N 1s peak considering pure isolated amines
�Fig. 6�a��, pure �intrarow� linear patterns �Fig. 6�b��, a 50:50
mixture of isolated amine and linear pattern �Fig. 6�c�� �a
zigzag:linear ratio close to one at 300 K is suggested by the

authors of Refs. 10 and 11�, and finally a 40:40:20 mixture of
isolated amine, intrarow linear, and cross-trench configura-
tions. Each individual component is a Gaussian of FWHM
0.32 eV, accounting for vibrational,55 lifetime, and experi-
mental broadening. Looking at Fig. 6�b�, it appears that the
hypothesis of a pure linear pattern must be eliminated, as the
two �0.4 eV apart� components remain well separated in the
synthetic curve �this was also the main conclusion of Ref.
24�. On the other hand, mixed patterns lead to a substantial
broadening of the synthetic curve, especially when cross-
trench H bonds are taken into account �see curve �d��. The

TABLE III. Initial and final-state frequencies �cm−1� calculated for the three clusters H2N-SiH3, H2N-Si-�SiH3�3, and H2N-Si9H12.
Franck-Condon �FC� factors are given for v� ranging from 0 to 6. 1000 cm−1 which corresponds to 0.12399 eV.

Cluster type Mode

Initial state
Frequency

�cm−1�

Final
State

frequency
�cm−1�

FC factors

0 1 2 3 4 5 6

H2N-SiH3

Si-�H�3

symmetric bending 1010 960 0.15 0.24 0.26 0.18 0.10 0.04 0.02

��Si-N� 832 626 0.47 0.39 0.12 0.02

��NH2� symmetric
stretching 3683 3813 0.62 0.26 0.08 0.03

H2N-Si-�SiH�3

Si-�Si�3

symmetric Bending 114 124 0.49 0.11 0.08 0.08 0.08 0.06 0.04

��Si-N� 806 525 0.42 0.22 0.18 0.11 0.05

��NH2� symmetric
Stretching 3556 3836 0.80 0.15 0.03

H2N-Si9H12

Si-�Si�3

symmetric Bending 224 221 0.33 0.35 0.21 0.08 0.03

��Si-N� 822 531 0.48 0.18 0.17 0.11 0.04

��NH2� symmetric
stretching 3547 3827 0.59 0.26 0.11 0.02

FIG. 5. �Color online� Theo-
retical vibrational N 1s spectra
calculated for the three cluster
models NH2-SiH3,
NH2-Si-�SiH3�3, and H2N-Si9H12.
The spectral shape includes the
experimental Gaussian broadening
and the natural core-hole lifetime.
The corresponding FC factors and
IP are given in Table III and Table
IV, respectively.
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latter picture of ammonia adsorption at 300 K—in accord
with the STM image interpretation of Refs. 10 and 11—can
thus account for the experimental FWHM of the N 1s peak.

B. NEXAFS spectroscopy

The valence electronic structure of the SiNH2 adduct is
determined via N 1s NEXAFS spectroscopy that probes the
empty molecular orbitals. The experimental spectra are given
in Fig. 7. Concomitantly, useful information on the adsorbate
bond orientation can be obtained by using highly anisotropic
single-domain vicinal surface. The N 1s normalized absorp-
tion curves are measured with three orientations of the radia-
tion polarization E: at 20° from the normal to the surface,
parallel to the dimer axis, and parallel to the dimer rows �i.e.,
in plane, perpendicular to the dimer axis�. From one acqui-
sition scan to another, we have not noticed any change in the
Auger yield curves, indicating that the sample degradation is
insignificant. We indentify three absorption peaks positioned
at photon energies 400.36 eV �A�, 400.96 eV �B�, and 401.64
eV �C�. Despite the small photon bandwidth of 80 meV, we
do not observe any vibrational fine structure. The relative
intensities of peaks A, B, and C depend strongly on the ori-
entation of E. Peak B is clearly associated to a UMO that has
a strong p projection perpendicular to the surface plane. On
the other hand, A and C peaks are transitions to UMOs hav-
ing strong p projections within the surface plane. Here, the
use of a single-domain vicinal surface is crucial: A�C� is
stronger �weaker� when E is parallel to the dimer axis �par-
allel to the row direction�. Therefore, the dichroic behavior
of the N 1s spectrum indicates that the three absorption
peaks at 400.36, 400.96, and 401.64 eV correspond to tran-
sitions to three UMOs with three p components born on or-
thogonal axes.

At this stage of the discussion, a comparison of the elec-
tronic structure of ammonia with that of the Si-NH2 fragment
is useful. Ammonia has three antibonding molecular orbitals:
the lowest unoccupied molecular 4a1

� �with the p component
along the C3v axis� and two degenerate 2e� orbitals �with p
components in a plane orthogonal to the C3v axis�. It is thus
expected that substitution of a H atom by a Si atom to give
the Si-NH2 fragment will induce the splitting of the doubly
degenerate 2e� levels, hence the observation of three transi-
tions in the N 1s NEXAFS spectrum of the ammonia covered
surface. This expectation is confirmed by the Kohn-Sham
contours of the antibonding orbitals of the NH2 fragment to
which one 1s electron is transferred �Fig. 8�. For the sake of

4

3

2

1

0

S
im

ul
at

ed
In

te
ns

ity
(a

rb
.u

ni
ts

)

1.0 0.5 0.0 -0.5 -1.0
N 1s Binding Energy (eV)

(a) FWHM=0.32 eV

(b)

(c) FWHM=0.48 eV

(d) FWHM=0.62 eV

FIG. 6. �Color online� Synthetic N 1s curves considering �a�
pure isolated amines, �b� pure intrarow linear patterns, �c� a 50:50
mixture of noninteracting amines and H bonded linear patterns, �d�
a 40:40:20 mixture of noninteracting amines, H-bonded linear pat-
tern, and cross-trench configurations. Each individual component is
assimilated to a Gaussian of FWHM 0.32 eV �including vibrational,
lifetime, and experimental broadenings�. The overall FWHM of the
synthetic curves is also given. The zero of binding energies is ref-
erenced to that of the isolated amine. In �d�, we assume that the
acceptor and donor IPs are symmetrical with respect to that of the
isolated amine.

TABLE IV. �KS calculation of IP and NEXAFS transitions for the isolated Si-NH2 fragment and the
Si-NH2 pairs in “zigzag anti” and “H-bonded linear” patterns. Energies are given in eV. Large basis sets �see
Sec. III B� are used, unless marked by an asterisk � ��, in which case the optimized small basis set �Sec. III C�
is adopted. Note the decreasing IP values with increasing cluster sizes.

Model Calculated IP �vertical transition� Calculated NEXAFS transitions

Isolated NH2�SiH3� 404.83�

Isolated NH2�Si�SiH3�3� 404.43�

Isolated NH2�Si9H12� 404.10, 404.17� A: 400.00 B: 400.80 C: 401.15

Zigzag �Si15H16� 403.99 A: 399.90

H-bonded linear �Si15H16� 403.77 �H donor� A: 399.85

404.17 �H acceptor� A: 400.00

H-bonded cross-trench �Si33H30� 403.30 �H donor�
403.98 �H acceptor�
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clarity, we show the case of the isolated anti SiNH2 fragment
attached to a Si9H12 cluster. Orbital A derives clearly from
the ammonia 4a1

� orbital, while B and C are derived from the
2e� one. The energies of the �1s�1�UMO�1 states �referenced
to the ground state� are also indicated in Fig. 8 �see also
Table IV�. They are in good quantitative agreement �to
within �0.3 eV� with the observed NEXAFS transitions of
Fig. 7. Given this agreement, the common labeling of the
experimental transitions and of the calculated antibonding
molecular orbitals is justified. H bonding between intrarow
pairs has also a limited effect on the molecular-orbital con-
tours; the 1s to A �KS NEXAFS transitions energies is little
affected �“acceptor” and “donor” transitions are split by only
0.15 eV, see Table IV�, in contrast to what is observed for the
IP. We have checked that the amine rotation around the Si-N
axis does not modify appreciably the contours of the A, B,
and C antibonding orbitals �apart from a change in the spatial
orientation�. Due to the fact that the Si-N axis makes an
angle of about 21° with respect to the surface normal, it is
clear from Fig. 8 that any rotation around this axis will let
the “vertical” p component of UMO B little affected. On the
other hand, the positioning of the NH2 unit with respect to

�11̄0� and �110� axes can be easily determined from the in-

plane dichroism of the two “horizontal” p components of A
and C �that are orthogonal one to another�. Naturally, the
experimental implementation of this theoretical prediction
could be made difficult by the co-occurrence of multiple ad-
sorption patterns on the “real” surface.

To interpret the NEXAFS experimental data, we have cal-
culated the theoretical absorption curves corresponding to
the four intrarow models given in Fig. 1. The spectra simu-
lated with a �1s�1�A�1 FCH-UMO potential are given in Fig.
9 The �1s�1�A�1 potential gives satisfactory energy spacing
between the three adsorption structures �E�B�-E�A�
�0.8 eV, E�C�-E�A��1.4 eV� when compared to the �KS
values reported in Table IV �E�B�-E�A��0.8 eV,
E�C�-E�A��1.2 eV� and to the experimental values
�E�B�-E�A��0.6 eV, E�C�-E�A��1.3 eV�. For all studied
patterns, the intensity of peak B is maximum when the elec-
tric field E is perpendicular to the normal to the surface and
is very weak when E is contained in the surface plane. As
shown in Fig. 8, the p component of B is oriented rather
normal to the surface and this orientation is not affected by
the rotation of the amine around the Si-N axis. This is indeed
observed experimentally. Spectrum simulations also show
that peaks A and C are polarized within the surface plane.
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Consequently, the various patterns are essentially distin-
guished one from another with the characteristic in-plane di-
chroism of structures A and C. The zigzag antipattern gives
the most dichroic behavior with A strictly polarized along the
Si-Si dimer axis and C along the dimer row �the dichroism
can be easily guessed from the p component orientations of
the three UMOs depicted in Fig. 8�. The two gauche models
give also dichroic in-plane absorption curves, but this time
A�C� is more intense when E is parallel to the dimer row
�dimer axis�. As expected from their respective orientations
at right angle, the H-bonded amines of the linear pattern give
practically nondichroic curves, for E parallel to the dimer
axis and the dimer row

How do NEXAFS simulated spectra compare with experi-
mental ones recorded at room temperature? Let us first ex-
amine the case of the pure linear pattern. The simulated
NEXAFS spectra show a weak dichroism in the surface
plane, in good accord with the experimental spectra. Note
that the spectrum of the cross-trench H-bonded model we
have not calculated should also be in good accord with the
experiment, as its dichroic behavior should resemble that of
the intrarow linear model �Fig. 9�d��, swapping the two in-
plane directions. For their parts, none of the zigzag patterns
provide, individually, the experimentally observed in-plane
NEXAFS dichroism. The energies of the various zigzag pat-
terns being quasidegenerate, their population should be
nearly the same at 300 K, assuming low rotation barrier
heights. The NEXAFS dichroism of the “averaged” zigzag
patterns given in Fig. 10 agrees also satisfactorily with that
of the experimental spectra.

V. CONCLUSIVE REMARKS

In this paper dedicated to the study of the electronic struc-
ture of a single-domain Si�001�-2�1 surface saturated by
ammonia at 300 K, we present original N 1s XPS and NEX-
AFS data combined with hybrid functional DFT calculations
of core-ionized/core-excited states. Despite the presence of
bisteps, we have observed that the adsorption on vicinal sur-
faces leads to the exclusive dissociation of ammonia into H
and NH2 fragments, as it is the case for nominal �001� sur-
faces. The experimental N 1s XPS peak �binding energy
398.95 eV� measured with an experimental resolution of 80
meV is characterized by a symmetric and featureless shape
�FWHM 675 meV�. On the other hand, the simulated N 1s
XPS spectral shape �taking into account the vibrational con-
tribution� of the isolated amine is narrow �FWHM
�320 meV, taking an experimental resolution of 80 meV�,
asymmetric, and exhibits a clear ��N-H� vibrational series.
The discrepancy with experiment points to structural contri-
butions to the observed N 1s XPS spectral broadening. The
IP calculations confirm that H-bonding between amine pairs
in intrarow linear patterns induces a N 1s binding-energy
splitting of �0.4 eV. This splitting increases to 0.7 eV for
cross-trench H-bonding. IP splitting due to H bonding can be
considered as a source of broadening in the XPS N 1s spec-
trum.

The empty molecular orbitals of the NH2 fragment have
been probed by N 1s NEXAFS spectroscopy. We have ob-

FIG. 8. �Color online� Contours of the unoccupied molecular
orbitals ��1s�1�UMO�1 NEXAFS state� calculated for the isolated
�anti�geometry of the Si-NH2 fragment �a Si9H12 cluster is used�.
The antibonding molecular orbitals A, B, and C are responsible for
the most intense NEXAFS transitions with the same name in Fig. 7.
The corresponding 1s to UMO �KS transition energies are also
given.

FIG. 9. �Color online� Theoretical NEXAFS spectra of NH2

pairs relative to the adsorption patterns given in Fig. 1 along three
directions: normal to the surface �squares�, parallel to the Si-Si
dimer axis �continuous black line�, and parallel to the dimer row
�dashed red line�. A two-dimer Si15H16 cluster and a �1s�1�A�1 FCH-
UMO potential are used. �a� The zigzag antipattern, �b� the zigzag
gauche-C2 pattern, �c� the zigzag gauche-b pattern, and �d� the lin-
ear �H-bonded pair� pattern.
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served three transitions at h�=400.36 eV �A�, h�
=400.96 eV �B�, and h�=401.64 eV �C�. Calculated �
Kohn-Sham transition energies of the �Si-NH2 adduct are in
very good agreement with the measured NEXAFS peak en-
ergies, which is a further confirmation of prior interpretations
of the XPS N 1s spectra. The Kohn-Sham contours of the
antibonding levels show that the rotation of the NH2 frag-
ment around the Si-N axis can be tracked by the dichroic
behavior of NEXAFS transitions A and C within the �001�
plane �B being always polarized perpendicular to the sur-
face�. The experimental N 1s absorption dichroism �within
�001�� measured at 300 K can be satisfactorily reproduced by
the simulated NEXAFS spectra of the H-bonded pattern and
by the averaged contributions of the three nearly degenerate
zigzag conformations.

The picture of the Si�001� surface dosed with ammonia at
300 K that emerges from this comparison between theory

and experiment is that of mixed zigzag and linear patterns in
comparable amounts �with inter-row interactions�, in good
accord with the interpretation of the STM occupied-state im-
ages of the saturated surface advocated by Bowler and
Owen10,11 and challenged by Chung and co-workers.14–16

The calculated in-plane dichroic behavior of the N 1s NEX-
AFS curves suggests further experiments to be made. First,
the linear-to-zigzag ratio could be modified by changing the
adsorption temperature11 �for instance, adsorption could be
made below 120 K on a c�4�2� statically buckled
surface21�. Second, in view of the application of the
ammonia-reacted Si�001�-2�1 surfaces as templates for mo-
lecular layer deposition and supramolecular assembly, the
present spectroscopic tools appear particularly well adapted
to follow any change in the spatial orientation and chemical
environment of the amine terminations in interaction with a
molecular overlayer.
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