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The room-temperature adsorption and thermal evolution of allylamine on Si(100)2×1have been investigated by
using temperature-dependent X-ray photoelectron spectroscopy (XPS) and thermal desorption spectrometry
(TDS). The presence of a broad N 1 s feature at 398.9 eV, attributed to a N―Si bond, indicates N―H dissociative
adsorption. On the other hand, the presence of C 1 s features at 284.6 eV and 286.2 eV, corresponding to C=C and
C―N, respectively, and the absence of the Si―C feature expected at 283.2 eV shows that [2+2] C=C
cycloaddition does not occur at room temperature. These XPS data are consistent with the unidentate staggered
and eclipsed allylamine conformer adstructures arising from N―H dissociation and not [2+2] C=C
cycloaddition. The apparent conversion of the N 1 s feature for Si―N(H)―C at 398.9 eV to that for Si―N(H)
at 397.7 eV and the total depletion of C 1 s feature for C―N at 286.2 eV near 740 K indicates cleavage of the C―N
bond, leaving behind a Si―N(H)• radical. Furthermore, the C=C C 1 s feature at 284.6 eV undergoes steep
intensity reduction between740 K and 825 K, abovewhich a newC1 s feature at 283.2 eV corresponding to SiC is
found to emerge. These spectral changes suggest total dissociation of the ethenyl fragment and the formation of
SiC. Moreover, while the total N 1 s intensity undergoes aminor reduction (24%) upon annealing up to 1090 K, a
considerable reduction (43%) is found in the overall C 1 s intensity. This observation is consistent with our TDS
data, which shows the desorption of C-containing molecules including propene and ethylene at 580 K and of
acetylene at 700 K. The lack of N-containing desorbates suggests that the dissociated N species are likely
bonded to multiple surface Si atoms or diffused into the bulk. Interestingly, both the staggered and eclipsed
N―Hdissociative adstructures are found to have a less negative adsorption energy than the [N, C, C] tridentate or
the [2+2] C=C cycloaddition adstructures by our DFT calculations, which suggests that the observed formation
of N―H dissociative adstructures is kinetically favored on the Si(100)2×1 surface.
l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Chemisorption of an organic molecule on a solid surface has been
an important topic in numerous applications. In particular, the surface
provides selectivity and catalytic activity in controlling how the
molecule binds to the surface, which in turn adds new functionalities
to the resulting adsorbate–substrate configuration [1–3]. These new
surface functionalities could lead to better optimized surface
properties, elimination of defects or undesirable characteristics, and/
or introduction of totally new functions [4]. Si(100)2×1 has been one
of themost important substrates in the semiconductor industry. In the
generally accepted asymmetric buckled dimer model for the Si(100)
2×1 surface, one of the two dangling bonds of a surface atom com-
bines with one other dangling bond of a neighboring atom, forming a
strong σ bond, while the remaining dangling bonds of the dimer pair
in effect produces a weak π bond [5]. At room temperature, thermal
motion causes the resulting dimer to dynamically tilt, giving rise to
the buckled dimer [6]. Partial charge transfer from the down-atom
to the up-atom of the buckled dimer produces an electrophilic–
nucleophilic pair (or a Lewis acid–Lewis base pair), causing
asymmetry in the bond lengths and remarkably different site-specific
reactivity [5,7]. Like Si, the carbon atom belongs to Group IV, and
organic molecules therefore offer natural bonding compatibility with
the Si surface and they are widely used for surface functionalization
[8–10]. In particular, multifunctional organic molecules are especially
interesting, because one functional group can be used to anchor the
molecule to a selected site on the surface, while the other functional
groups provide different reaction sites for selective chemistry to
occur. For example, Zhu et al. [11] used a series of chain-like bi-
functional molecules containing the amine, silane and pyrenyl groups
as interconnects between different oxide surfaces and single-walled
carbon nanomaterials, while Voue et al. [12] used grafted N-
hydroxysuccinimidyl ester on a Ge surface for protein detection.
Furthermore, Veiseh et al. [13] deployed bifunctional poly(ethylene
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glycol) polymer to functionalize the surfaces of Fe nanoparticles to
make nanoprobes that recognize glioma cells. Finally, Haick and
Cahen illustrated different techniques of using bifunctional organic
molecules to connect two different surfaces for applications in mo-
lecular electronics [14].

In order to understand the relative reactivity of simple organic
molecules, particularly on the Si(100)2×1 surface, we have recently
conducted a series of studies involving bifunctional molecules. By
comparing the reactivities of several common functional groups
including halogen atoms (Br, [15] Cl, [16]) hydroxyl (OH) [17], carbonyl
(C=O) [17], and carboxylic groups (COOH) [18,19], to a reference group
such as ethenyl group (C=C), we obtain qualitative understanding of
factors that control their reactivities on the Si(100)2×1 dimer surface.
In the present work, we extend our study on bifunctional organic
adsorbates on the 2×1 surface to a popular “linker” molecule [20–27],
allylamine (CH2=CH―CH2―NH2) [28], which contains one of themost
important hydrophilic groups in biological and biochemical sciences,
the amino group (NH2). In the studies of protein andDNA adsorption on
metal [25,26,29] and Si surfaces, [20,27] the ethenyl group was used to
attach allylamine to the surface while the amino group provided the
reaction site to bind to other biological molecules. The surface
functionalization by allylamine through the ethenyl group, leaving a
free terminal amino group, has in effect changed the native surface and
enabled biological reactions to occur, further facilitating biomaterial-
mediated tissue responses and cell adhesion [23,30–32].

Several studies on allylamine on Si surfaces have been reported. In
particular, Warner et al. [33] and Wang et al. [4] in separate theo-
retical studies, and Yamada [20], by using high-resolution electron
energy loss and Auger electron spectroscopies, showed that functio-
nalization of Si quantum dots and H-terminated Si(111), respectively,
by allylamine led to a hydrophilic surface terminated with NH2

[20,33]. However, a recent Density Functional Theory (DFT) calcula-
tion on allylamine adsorption on Si(100) by Prayongpan and Greenlief
[34] showed N―H dissociative bonding on a modeled 2×1 surface of
a single-dimer Si9H12 cluster, in marked contrast to the previous work
on Si(111) [20].

To date, no experimental study has been reported for the ad-
sorption of allylamine on Si(100)2×1. Using X-ray photoelectron
spectroscopy (XPS) and thermal desorption spectrometry (TDS), we
demonstrate N―H dissociative adsorption of allylamine on the 2×1
surface, in contrast to the expected [2+2] C=C cycloaddition found
for molecules containing an ethenyl group on the 2×1 surface. By
following the XPS spectra and desorption profiles as a function of
temperature, we also show, for the first time, that the dissociatively
adsorbed allylamine undergoes further dissociation to propene,
ethylene and acetylene and to a N-containing adspecies below
740 K, the latter of which further evolves to form Si nitride at 825 K,
where the hydrophobic Si―N(H)―CH2CH=CH2 surface in effect
becomes a hydrophilic Si―N(H) surface upon annealing. Further-
more, using a double-dimer Si15H16 cluster to model the (2×1)
surface, we provide a more comprehensive description of plausible
adsorption structures by DFT calculations. Despite the more negative
calculated adsorption energies found for the multi-dentate adstruc-
tures, the unidentate N―H dissociation adspecies is preferred.

2. Experimental and computational details

The experimental setup and procedure for the present work have
been described in detail elsewhere [35]. Briefly, a home-built,
ultrahigh vacuum dual-chamber system with base pressure better
than 1×10−10 Torr was used. The upper sample preparation chamber
was equipped with an ion-sputtering gun for sample cleaning and a
four-grid retarding field optics for characterizing the surface mor-
phology by low energy electron diffraction and surface cleanliness by
Auger electron spectroscopy, as well as a gas handling system for
sample dosing. The lower analysis chamber housed facilities for XPS
and TDS analysis. In particular, an XPS electron spectrometer (VG
Scientific CLAM-2), consisting of a hemispherical analyzer of 100 mm
mean radius and a triple-channeltron detector, was used to analyze
photoelectrons excited by unmonochromatic Al Kα radiation (at
1486.6 eV photon energy) delivered by a twin-anode X-ray source. A
differentially pumped 1–300 amu quadrupole mass spectrometer (VG
Quadrupole SXP Elite)was used to provide TDSmeasurements ofmass
fragments thermally desorbed from the sample. A home-built
programmable proportional–integral–differential temperature con-
trollerwas employed to provide a linear sample heating rate of 2 K s−1

[18].
A 10×14 mm2 Si sample was cut from a single-side polished, p-

type (B-doped) Si(100) wafer (0.4 mm thick) with a resistivity of
0.0080–0.0095 Ω cm (Virginia Semiconductors). The sample was first
solvent-cleaned and hydrogen-terminated by using a standard RCA
method under ambient condition [36]. The sample was then mounted
on the sample holder mechanically by using Ta clamps at both ends,
with a type-K thermocouple (wrapped in a Ta foil) securely fastened
onto the front face at one end of the sample [18]. Detailed descriptions
of the samplemounting and preparation procedures were given in our
early work [37]. Briefly, the surface was cleaned in the preparation
chamber by repeated cycles of Ar ion sputtering for 30 m (at an Ar gas
pressure of 4×10−5 Torr, 20 mA emission current, and 1.5–2 keV ion
beam energy) followed by annealing to 900 K for 5 m by passing a
direct current through the sample. The sample was then flash-
annealed to 1100 K for 20 s to obtain the 2×1 reconstructed surface.
The cleanliness of the surface was verified by the sharpness of the low
energy electron diffraction patterns and the lack of contaminant XPS
features (e.g. C 1 s and O 1 s).

Allylamine (99.9%purity), a colorless, odorless liquid,was purchased
from Sigma-Aldrich and was degassed by several freeze–pump–thaw
cycles before exposure to the clean Si(100)2×1 surface. The exposure of
the chemical was controlled by backfilling the sample preparation
chamber to an appropriate exposure pressure (as monitored by an
uncalibrated ionization gauge) using a variable leak valve for a
preselected time duration. All exposures were performed at room
temperature and reported in units of Langmuir (1 L=1×10−6 Torr s).
Unless stated otherwise, a saturation exposure has been used for both
temperature-dependent XPS and TDS experiments.

XPS spectra were collected with an acceptance angle of ±4° at
normal emission from the Si sample and a constant pass energy of
50 eV, giving an effective energy resolution of 1.4 eV full-width-at-
half-maximum (FWHM) for the Si 2p photopeak. The binding energy
(BE) scale of the XPS spectra has been calibrated to the Si 2p feature of
the bulk at 99.3 eV. After appropriate background subtraction (using
the Shirley background), individual XPS spectral components could be
fitted with Gaussian–Lorentzian lineshapes by using the CasaXPS
software. For temperature-dependent XPS experiments, the sample
was flash-annealed to the preselected temperature and allowed to
cool back to room temperature before collecting the XPS spectra.

TDS profiles were obtained from the sample, after carefully
positioned at 1 mm from the orifice (2 mm dia.) of the differentially
pumped housing of themass spectrometer to ensure that the detected
mass fragments originated only from the Si sample [37]. Due to the
spatial separation between the thermocouple position and the
sampling position viewed by the mass spectrometer, the temperature
scale was calibrated by using the temperature of the desorption
maximum for recombinative H2 desorption from Si monohydrides
(780 K) [38]. The uncertainty of determining the desorption temper-
ature was estimated to be ±20 K.

Electronic structure calculations were performed using the DFT/
B3LYP method [39] with the Gaussian 03 package [40]. The hybrid
B3LYP functional, consisting of Becke's 3-parameter gradient-cor-
rected exchange functional [41] and the Lee–Yang–Parr correlation
functional [42], has been found to provide generally good agreement
with the experimental data for the adsorption of many molecular
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systems on Si(100)2×1 [15,18,37]. Moderately sized basis sets,
including 6-31G(d), 6-31+G(d), 6-31++G(d), and 6-31++G(d,p),
have been used in the present work and were found to give similar
optimized geometries, with the larger basis set providing a lower total
energy. To simulate the Si surface structure, the cluster model has
often been used, with the one-dimer cluster (Si9H12) [34] giving
poorer comparison with the experimental bond lengths and tilting
angles [43] than the double-dimer cluster (Si15H16) [6,44,45], and
higher-order dimer clusters [46]. While higher-order dimer clusters
generally give better results, significant increase in the computational
effort and time is required. In the present work, we employed the
double-dimer cluster to model the Si(100)2×1 surface, because the
double-dimer cluster offers a good compromise between accuracy
and computational time, while facilitating observation of the dimer
buckling effect and investigation of other phenomena related to inter-
dimer interactions, which cannot be studied by using just a single-
dimer cluster [46]. To obtain an initial guess for the Si15H16 cluster, we
used a new procedure by first constructing the bulk structure
from experimental crystallographic data [43,47] for the Si space
group (Fd−3 m 227) in the Diamond3 crystallographic freeware, and
then followed by adding the terminal H atoms and refining the
positions of the dimer atoms based on the experimental crystallo-
graphic data of the surface [43] in GaussView [40]. The resulting
cluster structure was then fully optimized with Gaussian 03 [40]. The
present procedure can be easily extended to higher-order dimer
clusters and is discussed in more detail elsewhere [48].

In the present work, we also introduced amore systematic method
of obtaining the equilibrium geometry of the free chain-like organic
molecule (allylamine), before allowing it to become an adsorbate on
the surface, by first calculating the total energy as a function of the
dihedral angle [48]. By scanning the dihedral angle of the four
backbone atoms of allylamine (N C―C C) using a small basis set [6-
31G(d)] over 360° in 1° steps, we could obtain not only all the local
minima for the staggered and eclipsed conformer geometries but also
the transition states, which eliminated the risk of missing the true
local minimum in the structural optimization procedure. Once the
local minima were found with the smaller basis set, they could be
used for further optimization by using a larger basis set to provide a
more refined geometry. The resulted conformers were combinedwith
that of the Si15H16 cluster to be fully optimized, without any
geometrical constraint, to obtain the adsorbate–substrate configura-
tions (ASCs). The corresponding adsorption energy,ΔE, was estimated
by the difference between the total energy for the optimized
structures of the ASCs and the sum of the total energies of a free
conformer and the Si15H16 cluster. Frequency calculations were also
performed for all of the optimized geometries, in order to assure that
the local minima correspond to the equilibrium structures and not
transition-state structures. All the total energies were obtained
without zero-point correction and no basis set superposition error
correction was made to ΔE [48].

3. Results and discussion

3.1. DFT computational study of adsorbate–substrate configurations

Fig. 1 shows the optimized free-molecule geometries of two
conformers of allylamine, which correspond to two local minima at
dihedral angles of 126.0° and 353.0° [48]. Table 1 compares the total
energies for the optimized geometries of the conformers for four
different basis sets. Not surprisingly, the total energies of the
conformers are found to be effectively identical within the limitation
of the present calculation, i.e. with a difference less than 0.003 hartree
(or 7.88 kJ). Furthermore, the small energy barriers among local
minima, with at most 0.006 hartree (or 15.75 kJ), suggest that the
conformers are equally probable at room temperature. More complete
discussion of the present calculation is given in [48].
Fig. 2 shows plausible ASCs obtained from geometry optimization
of allylamine eclipsed (E) conformer (Fig. 1b) and staggered (S)
conformer (Fig. 1a), respectively, on the double-dimer Si15H16 model
surface for Si(100)2×1. Table 1 summarizes the corresponding
adsorption energies and total energies for the ASCs calculated by the
DFT/B3LYP method for four different basis sets. As expected, the total
energies of the ASCs obtained by the larger basis set aremore negative
than those obtained by the smaller basis set. Furthermore, while the
adsorption energies do not appear to follow a particular trend with
increasing size of the basis set, the 6-31++G(d,p) basis set generally
gives the least negative value. ASC E1 (Fig. 2a) and ASC S1 (Fig. 2d)
correspond to unidentate adstructures resulting from N―H dissocia-
tion of the E and S conformers, respectively, leading to the formation of
Si―Nand Si―Hbonds on the Si dimer pair. ASC E2 (Fig. 2b) andASC S2
(Fig. 2e) correspond to similar N―H dissociative products with the
dissociated H bonded on a neighboring dimer diagonally across from
the Si―N bonding site (cross-dimer). It should be noted that
unrestricted B3LYP method has been used to obtain convergence for
the open-shell structures of ASCs E2 and S2. Not surprisingly, the
adsorption energies for N―H dissociative products are found to be
quite similar to one another, with ΔE for ASC E1 (−218.47 kJ mol−1)
[S1 (−213.80 kJ mol−1)] more negative than that for ASC E2
(−194.95 kJ mol−1) [S2 (−209.71 kJ mol−1)], which could be quali-
tatively attributed to extra energy required for H migration from one
dimer to another. Furthermore, ASC E3 (Fig. 2c) and ASC S3 (Fig. 2f)
correspond to the respective bidentate adstructures resulting from [2+
2] C=C cycloaddition reaction of the ethenyl group of the E and S
conformers. The dative bonding between N and the electron-deficient
down-atom site of the Si dimer leads to the initial attachment of
allylamine to Si through N followed by N―H dissociation and
rearrangement to eventually form ASC E1 (S1). The reduction of the π
bond (of Si dimer) and the subsequent formation of two Si―C bonds in
the cycloaddition reaction has been generally found to produce a less
stable adstructure than the correspondingN―Hdissociation reaction. In
the present case,we also observe a less stable [2+2] C=C cycloaddition
product for ASC E3 (ΔE=−169.50 kJ mol−1) than ASC E1. However, a
more stable cycloaddition product is found for ASC S3 (ΔE=
−231.72 kJ mol−1) than ASC S1, which is likely due to the formation
of dative bonding between N and Si through the N electron lone-pair
brought about by theproximity of the aminogroup to theneighboring Si
dimer. The remaining ASC E4 or S4 (Fig. 2g) involves simultaneous
interactions of both amino and ethenyl groups of either the E or S
conformer with the two Si dimer pairs to produce essentially the same
[N, C, C] tridentate adstructure. The adsorption energies for the
tridentate ASCs (−337.78 kJ mol−1 for E4 and −335.14 kJ mol−1 for
S4) are found to be the most negative among all the ASCs, which
suggests that the tridentate ASCs are the most thermodynamically
stable adstructures. Despite the most negative values found for the
tridentate ASCs, we do not expect these to play a major role, because of
the high activation energy needed formultiple bond dissociations (such
as N―H and C=C).

It is also of interest to note that the bond lengths for the unidentate
ASCs (E1, E2, S1, S2) are found to be essentially unchanged (within
0.01 Å) from those of the free conformers (Fig. 2), and the Si―N bond
length (1.75 Å) is also identical for all the unidentate ASCs as well as
the tridentate ASCs. For the cycloaddition products, the Si―C bond
length (1.95 Å) is essentially the same for both E3 and S3, while the
corresponding C=C bond length has changed from 1.34 Å to that of
the C―C value (1.58 Å), with the other C―C and C―N bond lengths
remaining unchanged, upon [2+2] cycloaddition.

3.2. XPS study of the allylamine adsorption on Si(100)2×1 at room
temperature

The XPS spectra of allylamine on Si(100)2×1 have been collected
for a number of room-temperature exposures (0.5 L, 2.5 L, 5 L, 10 L,



Fig. 1. The equilibrium structures of (a) staggered and (b) eclipsed conformers of allylamine obtained by the DFT/B3LYP/6-31++G(d,p) calculation.
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20 L, 50 L, 100 L, and 200 L), and the similarities in the spectral pro-
files suggest that the predominant adspecies are the same over the
range of studied exposures. In Fig. 3, we show representative N 1 s and
C 1 s spectra for a low (2.5 L) and a saturation exposure (100 L).
Evidently, except for the lower overall intensities, the shapes of both
the N 1 s and C 1 s spectra are essentially unchanged from the low to
saturation exposure. The single broad N 1 s feature at 398.9 eV BE
(with 1.9 eV FWHM) (Fig. 3a, b) can be attributed to Si―N(H)―C , in
good accord with earlier studies that reported N 1 s BE at 398.4–
399.1 eV for N―H dissociation products [49–54]. It should be noted
that the N 1 s BEs for tert-butylamine, diethylamine, and methylethy-
lamine [49], dimethylamine and trimethylamine [52], 1,4-phenyle-
nediamine [53] and other alkylamines [54] adsorbed on Si(100)2×1
or dative bonded to the surface through the electron lone-pair have
been reported at 399.5–402.3 eV [49–54]. The present N 1 s
assignment is also in good agreement with the N 1 s BE (399.1 eV)
for glycine on Si(111)7×7 upon dissociative N―H adsorption [55].
Based on the present assignment, we can rule out the [2+2] C=C
cycloaddition ASCs E3 and S3 (Fig. 2) as the plausible adsorption
products, because of the lack of N 1 s feature at a higher BE associated
with the terminal amino group (399.5–402.3 eV BE) [49–54].

TheC1 s spectra (Fig. 3c, d) arefittedwith twobroadpeaksat 284.6 eV
and 286.2 eV BE (with 1.7 eV FWHM). Previous studies showed that the C
1 s BEs for C―N (286.0 eV) and C=C bonds (284.2–285.0 eV) are
generally higher than that for Si―C (284.3–283.2 eV) [18,49,50,52,54].
The observed C 1 s features at 284.6 eV (Ca) and 286.2 eV (Cb) can
therefore be attributed to the ethenyl C (C=C) and methylene C in the
C―N bond, respectively. Furthermore, the approximate relative in-
tensity ratio of 2 to 1 found for Ca 1 s and Cb 1 s is in good accord with
Table 1
Adsorption energies (in kJ mol−1), where applicable, and total energies (in hartree), given i
and eclipsed (E) conformers, and different adsorbate–substrate configurations (ASCs) obta

Adsorption energy (kJ mol−1)
[Total energy (hartree)]

Basis set

6-31G(d)

Si15H16 cluster [−4352.059071]
Allylamine conformers
with dihedral angle

126.0° (S) [−173.246768]
353.0° (E) [−173.246158]

ASC E1 −232.426903
[−4525.393756]

ASC E2a −208.870287
[−4525.384783]

ASC E3 −176.925802
[−4525.372616]

ASC E4 −357.911757
[−4525.441550]

ASC S1 −231.644951
[−4525.414263]

ASC S2a −228.503776
[−4525.392871]

ASC S3 −253.479344
[−4525.402384]

ASC S4 −356.311173
[−4525.441550]

a The unrestricted B3LYP functional has been used to take into account of the unpaired e
the stoichiometric ratio of the ethenyl to methylene C atoms, further
supportingourpresent assignment. Theabsenceof anydiscernible feature
below284 eV BE confirms that the formation of Si―C bonds, as a result of
[2+2] C=C cycloaddition of the ethenyl group, is unlikely and therefore
can be used to excludemulti-dentate ASCs (E3, S3, E4, and S4, Fig. 2). This
observation is in marked contrast to the formation of a Si―C bond (via
saturationof C=Cto formanunidentate adstructure) found for allylamine
on Si(111) [20] and Si quantum dots [33]. Our XPS data therefore
definitively identify the presence of the unidentate N―H dissociation
products (ASCs E1, E2, S1, and S2), despite their less negative ΔEs than
those of the multi-dentate ASCs (Table 1), which suggests that the
formation of these unidentate adspecies is kinetically favored.

3.3. Temperature-dependent XPS and TDS studies of thermal evolution
products

Fig. 4 shows the XPS spectra of N 1 s and C 1 s regions for a sat-
uration (100 L) room-temperature exposure of allylamine on Si(100)
2×1 surface collected upon flash-annealing to different temperatures.
The corresponding intensities of individual fitted N 1 s and C 1 s
components, relative to the intensity of the Si 2p peak, are also shown
as a function of flash-annealing temperature. The N 1 s feature for
Si―N(H)―C at 398.9 eV is found to be remarkably stable, with
essentially no reduction in the intensity, up to 565 K (Fig. 4a). From
650 K to 825 K, theN 1 s feature for Si―N(H)―C has almost complete-
ly diminished, while a new feature at 397.7 eV BE emerges and becomes
a dominant feature. The intensity of the latter feature remains effectively
unchanged upon further flash-annealing to 1090 K. TheN1 s feature at a
lower BE can be assigned to Si―NH, present either as a radical or bridge-
n square parentheses, of the double-dimer Si15H16 cluster, free allylamine staggered (S)
ined by DFT/B3LYP calculations with four different basis sets.

6-31+G(d) 6-31++G(d) 6-31++G(d,p)

[−4352.071932] [−4352.073387] [−4352.091204]
[−173.259134] [−173.259364] [−173.273235]
[−173.258024] [−173.258229] [−173.272228]
−223.194018 −223.351836 −218.467199
[−4525.414967] [−4525.416687] [−4525.446641]
−199.721391 −199.812732 −194.952013
[−4525.406027] [−4525.407722] [−4525.437685]
−170.436827 −170.721300 −169.496215
[−4525.394873] [−4525.396641] [−4525.427989]
−343.308043 −343.396943 −337.775590
[−4525.460716] [−4525.462410] [−4525.492083]
−218.431728 −218.559800 −213.795804
[−4525.414263] [−4525.415996] [−4525.445868]
−215.065496 −214.939892 −209.710053
[−4525.412981] [−4525.414618] [−4525.444312]
−234.443786 −234.506536 −231.716837
[−4525.420361] [−4525.422070] [−4525.452694]
−340.394316 −340.418497 −335.137697
[−4525.460716] [−4525.462410] [−4525.492084]

lectrons of these ASCs.



Fig. 2. Optimized geometries of the adsorbate–substrate configurations (ASCs) for eclipsed (a, b, c, g) and staggered conformers (d, e, f, g) of allylamine on a model Si(100)2×1
surface: (a, b, d, e) N―Hdissociation, (c, f) [2+2] C=C cycloaddition, and (g) [N, C, C] tridentate products. The corresponding adsorption energies calculatedwith the 6-31++G(d,p)
basis set are given in parentheses.

Fig. 3. XPS spectra of C 1 s (right) and N 1 s regions (left) for (a, c) a low (2.5 L) and
(b, d) a saturation (100 L) exposures of allylamine on Si(100)2×1 at room temperature.
The inset shows a plausible N―H dissociative adstructure with the ethenyl Ca and
methylene Cb atoms appropriately identified.
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bonded to a second Si atom as Si―N(H)―Si, resulting from C―N bond
cleavage of the unidentate N―H dissociation adspecies, e.g. ASC E1.
Elimination or replacement of C with an electronegativity (χ) of 2.5
(Pauling scale) [56] with a better electron donor such as Si (χ=1.8) is
expected to increase the partial negative charge of N (χ=3.0), which in
turn causes the corresponding N 1 s feature to appear at a lower BE.

The present assignment for similarly adsorbed NH fragments is
also consistent with the BEs (397.2–397.8 eV) for alkylamines and
other amino-containing species adsorbed on Si(100) reported pre-
viously [49–54]. It is of interest to note that only a relatively minor
reduction (24%) in the overall intensity of N 1 s features at 650–740 K
is observed (Fig. 4b), which indicates predominant dissociative
conversion of unidentate N―H dissociation adspecies into NH-
containing fragments on the surface. Furthermore, the lack of relevant
N-containing desorption fragments at 650–740 K as illustrated by our
TDS data shown below rules out the desorption of any N-containing
species from the surface and suggests that the observed reduction
corresponds to diffusion of dissociated N (or NH) fragments into the
bulk.

Like the N 1 s spectrum, the corresponding C 1 s spectral envelope
remains unchanged until the flash-annealing temperature of 565 K



Fig. 4. Temperature-dependent XPS spectra of (a) N 1 s region and (c) C 1 s region for a saturated exposure (100 L) of allylamine on Si(100)2×1 at 300 K, and upon sequential
flash-annealing to 390 K, 475 K, 565 K, 650 K, 740 K, 825 K, 910 K, 995 K and 1090 K. Corresponding temperature profiles of the intensities of (b) N 1 s (IN 1 s) and (d) C 1 s (IC 1 s)
for Si―N(H)―C at 398.9 eV, Si−NH at 397.7 eV, Cb at 286.2 eV, Ca at 284.6 eV and SiC at 283.2 eV, alongwith their total intensities N 1 s (Ntot) and C 1 s (Ctot), all with respect to
Si 2p (ISi 2p).
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(Fig. 4c) is reached. Between 565 K and 650 K (Fig. 4c), the methylene
Cb 1 s peak at 286.2 eV is found to undergo a marked reduction and
becomes totally diminished at 740 K (Fig. 4c). As expected, the
temperature evolution of Cb 1 s therefore parallels that of the N 1 s
feature at 398.9 eV, both of which mark the C―N bond cleavage at
565–740 K. In contrast to the Cb 1 s feature, the intensity of the
ethenyl Ca 1 s feature at 284.6 eV has remained unchanged up to the
annealing temperature of 740 K, above which dramatic intensity
reduction is observed. This reduction in the Ca 1 s intensity continues
to 825 K and is complete at 910 K (Fig. 4d). This indicates that above
740 K, the dissociated propenyl species (―CH2CH=CH2) stays on the
surface and undergoes further dissociation into smaller fragments
(e.g. ―CH2, and ―CH=CH2) on the surface and/or desorption.
Starting at 740 K and becomingmore notable at 825 K, the emergence
of a new C 1 s feature at 283.2 eV, commonly attributable to SiC,
[18,49,50,52,54] is clearly evident (Fig. 4c). The growth of the SiC
feature is complete at 910 K, above which no significant change is
found (to 1090 K). The growth evolution of the SiC feature is
consistent with the proposed thermal dissociation of smaller C-
containing fragments into CHn and finally to C on the surface above
740 K. In contrast to the minor reduction in the total N 1 s intensity, a
considerable loss in the total C 1 s intensity (N43%) is found over the
flash-annealing temperature range. This larger C 1 s intensity
reduction indicates that a significant amount of C has been removed
from the surface through the thermal desorption of C-containing
adspecies.

In order to determine the desorption products thermally evolved
from the adspecies remaining on the surface (as inferred from Fig. 4),
TDS experiments were performed. Fig. 5 shows the TDS profiles of
selectedmass fragments of m/z 2, 26, 27, 28, 39, 41, and 42 for a room-
temperature saturation exposure (100 L) of allylamine on Si(100)
2×1. It should be noted that we have also monitored other mass
fragments includingm/z 17, 30, 31, 56 and 57 but found no detectable
intensity. The lack of m/z 56 (C3H5NH+) and m/z 57 (C3H5NH2

+)
signals, corresponding respectively to the base mass and parent mass
of allylamine, indicates that the unidentate N―H dissociation
adspecies does not desorb molecularly from the surface [28]. Fur-
thermore, the absence of detectable TDS signals for m/z 30 (CH2NH2

+)
and m/z 31 (CH3NH2

+), corresponding to the base mass of both
methylamine and ethylamine and to the parent mass of methylamine,
respectively, and for m/z 17 (NH3

+), corresponding to the parent (and
base) mass of ammonia, shows that N-containing adspecies do not
desorb from the surface. This observation therefore confirms our
earlier hypothesis that N fragments likely diffuse into the bulk
(Fig. 4b). For m/z 2 (Fig. 5a), the large desorption feature observed at
780 K can be attributed to the recombinative desorption of H2 from
silicon monohydrides [38]. For the remaining TDS profiles in Fig. 5, a
common desorption feature at 580 K has been found for m/z 26, 27,
28, 39, 41 and 42, suggesting a common source. Given that the
cracking pattern of propene (CH3CH=CH2) contains m/z 26 (C2H2

+),
m/z 27 (C2H3

+), m/z 39 (C3H3
+), m/z 40 (C3H4

+), m/z 41 (C3H5
+, base

mass) and m/z 42 (C3H6
+, parent mass) [28], the TDS feature at 580 K

could correspond to recombinative desorption of propene, arising
from a propenyl radical (•CH2CH=CH2) with H, upon C―N bond
cleavage observed at 565–650 K in Fig. 4. The TDS feature of m/z
28 (C2H4

+, parent and base masses of ethylene) found at 580 K



Fig. 5. TDSprofiles for selected fragmentsofm/z (a)2, (b)26, (c) 27, (d) 28, (e) 39, (f) 41, and
(g) 42 for a saturation (100 L) exposure of allylamine on Si(100)2×1 at room temperature.
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suggests desorption of ethylene, the cracking pattern of which also
includesm/z 27 (C2H3

+) andm/z 26 (C2H2
+). The additional desorption

intensities found for m/z 27 and m/z 26 not accountable from
Fig. 6. Schematic model for thermal evolution of an unidentate N―H dissociation adspecie
propene, ethylene and acetylene, along with surface C-containing fragments (e.g., CH2, and
desorption from propene could therefore be attributed to ethylene
desorption at 580 K. In addition, an additional TDS feature at 700 K is
also observed for m/z 26 (Fig. 5b) and not for other mass fragments,
which corresponds to desorption of acetylene (with m/z 26 as its
parent and base masses), generally found at a similar temperature as
reported in earlier studies [17,35].

Fig. 6 summarizes the schematic pathways proposed for the
thermal evolution of unidentate N―H dissociation adspecies (e.g.,
ASC E1). In particular, the unidentate adspecies (Structure I) under-
goes N―C bond cleavage (Structure II), producing the propenyl
radical (•CH2―CH=CH2, Structure IIa, IIc) that either recombines
with H and desorbs as propene (pathway b) at 490–685 K (Structure
IIb) or stays on the surface with the formation of Si―C bond (pathway
c). The propenyl adspecies further dissociates via C―C bond breakage
(Structure IId), producing methyl radical (attached to the surface
through a Si―C bond) and ethenyl radical (CH2=CH•, Structure IIe)
that desorbs as acetylene at 700 K (Structure IIf). Both pathways
(b and c) result in the formation of Si―N(H)―Si that remains stable
on the surface (up to our maximum attainable temperature of
1090 K). The unidentate adspecies (Structure I) could also evolve
through pathway d with C―C bond cleavage (Structure III) to form
ethenyl radical and (•CH2―NH―Si) adspecies (Structure IV). The
ethenyl radical could recombine with H and desorb as ethylene
(pathway e) at 490–685 K (Structure IVd) or dehydrogenate as
acetylene (pathway f) at 635–755 K (IVb), while the C―N bond
cleavage of the remaining methylene amine adspecies could lead to
the formation of methylene and methyl adspecies (with Si―C bond
formation), respectively, along with Si―N(H)―Si. Given that H
s (Structure I), depicting the possible pathways for the formation of Si―N(H)―Si, and
CH3).
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abstraction involves the breakage of Si―H bond (with a bond
dissociation energy of 293 kJ mol−1) [57] to produce ethylene while
dehydrogenation involves dissociation of C―H bond (399 kJ mol−1)
to produce acetylene, it is therefore not surprising that the desorption
maximum of m/z 26 for acetylene occurs at a higher temperature
(700 K) than those of m/z 26, 27, and 28 for ethylene (580 K).
Furthermore, the similar desorption maxima of m/z 26, 27, 28, 39, 41
and 42 found for propene and ethylene (both at 580 K) are consistent
with the similar bond dissociation energies of C―N (356 kJ mol−1)
and C―C bonds (385 kJ mol−1) required, respectively, in the for-
mation of propenyl (pathway b) and ethenyl adspecies (pathway e). It
should also be noted that the ethenyl radical produced through
pathways c (Structure IIe) and e (Structure IVc) could also stay on the
surface and undergo total decomposition to form smaller hydrocar-
bon fragments that give rise to the SiC C 1 s features observed above
700 K (Structure IIg).

4. Concluding remarks

In the present work, we have carried out temperature-dependent
XPS and TDS experiments on the room-temperature adsorption of
allylamine on Si(100)2×1. DetailedDFT calculations, involving both the
eclipsed and staggered conformers of allylamine on a model surface
based on the double-dimer Si15H16 cluster, have also been employed to
interpret our data. Our XPS data show that room-temperature
adsorption of allylamine on Si(100)2×1 leads to an unidentate N―H
dissociation adspecies, instead of the bidentate [2+2] C=C cycloaddi-
tion or [N, C, C] tridentate adspecies. This result is in good accord with
the previouswork on the adsorption of the amino-containingmolecules
on Si(100), in which N―H dissociative adsorption through the amino
group is found to be the primary process [49–54]. In our earlier work on
ethenyl-containing bifunctional molecules (allyl alcohol, allyl aldehyde
[17], and acrylic acid [18]) on Si(100)2×1, we show that adsorption
proceeds through surface reactions of the hydroxyl [17], carbonyl [17],
and carboxyl [18] groups, with the ethenyl group remaining intact. The
presentwork also shows that the amino group ismore reactive than the
ethenyl group and that N―H dissociative adsorption is the preferred
route. The nature of the surface bonding for allylamine on Si(100)2×1
is, however, in marked contrast to that found for the adsorption of
allylamine on Si(111) [20] and Si quantum dots [33], which show an
unidentate adspecies bonding through saturation of oneof the ethenyl C
atoms with the amino group intact. This difference suggests that the
surface structure itself [i.e. (100) vs (111)] plays an important role in the
adsorption of bifunctional molecules.

In addition to the formation of propene desorbate, our TDS data on
allylamine also show common desorbates, such as ethylene and
acetylene, arising from thermal evolution of the ethenyl group, that
are also found for allyl alcohol, allyl aldehyde [17], and acrylic acid on
Si(100) [18]. The formation of Si―N(H) and/or Si―N above 650 K is
also confirmed with the presence of the respective N 1 s features in
our temperature-dependent XPS study. Surface functionalization of Si
(100)2×1 by allylamine therefore offers a number of interesting
control opportunities, by in effect converting the double-bond of a Si
dimer of the 2×1 surface to a C=C double-bond of the “dangling”
ethenyl group after N―H dissociative adsorption, which effectively
replaces silicon chemistry by organic chemistry to better serve the
role of an organic linker molecule. By annealing the functionalized
surface to 825 K, the organic moiety is desorbed and the surface is
transformed to a N or NH terminated Si surface, in effect converting a
hydrophobic surface to a hydrophilic surface. Such a conversion can
be easily achieved by controlling the annealing temperature.

Finally, our DFT calculations based on the double-dimer cluster have
significantly extended the calculation of Prayongpan and Greenlief
(based on the single-dimer cluster) [34]. The use of the double-dimer
cluster tomodel the 2×1 surfacehas allowedus to uncover new [N, C, C]
tridentate ASCs (with ΔE=−335.14 to −337.77 eV), which are
considerably more stable than the N―H dissociation ASCs (with ΔE=
−194.95 to −218.47 eV), in contrast to the [2+2] cycloaddition ASCs
(with ΔE=−169.50 to −231.72 eV) being only slightly more stable.
Despite these considerably more stable tridentate ASCs, our experi-
mental result implicates the unidentate N―H dissociation adspecies as
the only viable product, which suggests that the formation of such an
adstructure is kinetically favored on the Si(100)2×1 surface. This latter
result shows that a sufficiently large cluster is necessary to model the
2×1 surface in order to provide amore comprehensive picture and new
insights to the intricate silicon surface chemistry of bifunctional organic
molecules.
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