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Abstract

The interaction of trimethylamine (TMA) and dimethylamine (DMA) with the Si(111)-(7 x 7) surface has been
studied by scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and ultraviolet photo-
emission spectroscopy (UPS). STM data for TMA at low coverage show molecular features exhibiting a strong pre-
ference for bonding at the center adatom sites. XPS data show that at low coverage the majority of molecules form a
highly ionic dative-bonded molecular adduct in which the N atom donates electron density to the surface, leading to a
very high N(Is) binding energy of 402.4 eV. UPS data show that the interaction of TMA with the Si(111)-(7 x 7)
surface also involves the restatom, suggesting that formation of dative bonds may also alter the restatom state. At very
high exposures, a new, dissociative pathway becomes important, leading to dissociation and the appearance of new
fragments with lower N(1s) binding energies of 399.1 eV. Corresponding studies for DMA only show dissociative
bonding on Si(111), forming H atoms and N(CH3), species. While the N(CHj3), species bonds primarily to the ad-
atoms, the H atoms can bond to either adatoms or restatoms. Possible reaction mechanism and the reactivity of the
different types of surface silicon atoms are discussed.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

The Si(111)-(7 x 7) surface has been studied
widely because its complex structure provides a
rich variety of chemically inequivalent silicon
atoms, leading to unusually complex and inter-
esting chemistry. The dimer-adatom-stacking fault
(DAS) model, first proposed by Takayanagi et al.
[1], since confirmed by numerous other studies
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[2-7], is depicted in Fig. 1. The primary structural
features are (1) 12 adatoms forming a layer above
the bulk-terminated (111) lattice, (2) a set of six
“restatoms”, (3) a stacking fault under one-half of
the unit cell, and (4) formation of dimers at the
boundaries between the unit cells, and (5) a deep
“corner hole” at the intersection of six unit cells. It
is well-understood that the principal driving force
for this complex reconstruction is the minimiza-
tion of the number of Si atoms with coordination
number less than 4 [1,8]. While the surface recon-
struction achieves 4-fold coordination for the vast
majority of Si atoms, the chemistry of the surface
is dominated by the dangling bonds that remain on
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Fig. 1. Schematic diagram for Si(111)-(7 x 7) “DAS” model
[1]. Corner adatoms (labeled A), center adatoms (labeled B),
restatoms (labeled C) are identified by arrows.

the 19 atoms per unit cell that remain 3-fold co-
ordinated: 12 on the adatoms, six on the resta-
toms, and one at the corner hole. The surface
reconstruction is also accompanied by a variety of
charge transfer processes. Consequently, the elec-
tron density is higher in the “faulted” than in the
“unfaulted” half, and within each half the three
adatoms nearest the corner hole (referred to as
“corner adatoms”, labeled A in Fig. 1) are differ-
ent from the remaining three (referred to as
“center adatoms”, labeled B in Fig. 1) [5,6]. The
six restatoms are labeled C in Fig. 1.

The chemistry of N-containing molecules is
usually controlled by charge transfer processes
involving the “lone pair” electrons on the nitrogen
atom. Similar processes are also believed to con-
trol reactions on silicon surfaces [9-12]. A recent
study [12] showed that on the Si(001) surface,
trimethylamine (TMA) can form a surprisingly
stable dative-bonded molecular adduct in which
the N atom donates substantial electron density to
the underlying Si atom, leaving the N atom in a
quaternary, highly ionic environment. Similar ex-
periments with dimethylamine (DMA), however,
showed that dissociation occurs readily via cleav-
age of the N-H bond. Computational studies have
shown that the ability to form stable dative-bon-
ded adducts is closely connected with the abil-
ity to transfer charge from one silicon atom to
another [12,13]. Since the reconstruction of the
Si(111)-(7 x 7) surface also involves substantial

charge transfer between different atoms, a study
of the interaction between simple amines and the
Si(111)-(7 x 7) surface provides further insight
into how these charge transfer processes impact
the resulting surface chemistry.

2. Experiment

The experiments described here were performed
in several different ultrahigh vacuum (UHV) cham-
bers, each having base pressure of <1 x 10710
Torr. The Si(111) samples (0.005 Qcm, As-
doped) were rinsed in methanol and then cleaned
of residual carbon contamination by exposure to
ozone for approximately 15 min. The samples
were degassed at ~850 K overnight in the cham-
ber and then annealed to 1400 K to remove the
oxide layer. This procedure produces clean, well-
ordered surfaces exhibiting the (7 x 7) recon-
struction [14].

Direct observation of adsorbed molecules was
achieved using a home-built UHV scanning tun-
neling microscope (STM). Images were obtained at
sample bias voltage range from +1.2 to -3.0 V,
utilizing a tunneling current of 100 pA.

X-ray photoelectron spectroscopy (XPS) were
obtained using a Physical Electronics hemispheri-
cal analyzer and a monochromatized Al K, source
(1486.6 eV). The Si(2p) peaks were used as an in-
ternal standard for both energy and intensity. The
XPS spectra reported here have been adjusted to
yield a constant 99.4 eV binding energy for the
bulk Si(2ps») line. Peak widths are reported as the
full-width at half-maximum (FWHM). Ultraviolet
photoemission spectroscopy (UPS) experiments
were performed in the same system, using a dif-
ferentially pumped Vacuum Generators He I dis-
charge source (21.2 e¢V). Spectra were obtained
with a pass energy of 2.95 eV. To maximize the
surface sensitivity, the UPS spectra were obtained
with the analyzer at an angle of 80° from the
surface normal. The Fermi level was determined
by measuring the UPS spectrum for the tantalum
clip on the sample holder. Sample temperatures
were measured using an infrared pyrometer (for
T > 750 K) and by measuring the power applied to
the sample during the experiment, and later cali-
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brating with an thermocouple attached directly to
the sample surface (for 7 < 750 K); estimated ac-
curacy is 50 K.

TMA and DMA were purchased from Ald-
rich with 99% purity. They were further purified
through several freeze-pump-thaw cycles. The
molecules were introduced to the UHV chambers
through variable leak valves; in each vacuum sys-
tem the purity of the introduced gases was verified
in situ via mass spectroscopy. While the rise in
chamber background pressure was used as an in-
dicator for overall dose, the actual exposures at
the surface are higher due to the chamber ge-
ometry. All exposures are given in Langmuirs (1
Langmuir = 1 L =1 x 107 Torrs).

3. Results
3.1. Trimethylamine on Si(111)

3.1.1. Scanning tunneling microscopy

Fig. 2 shows constant-current STM images (100
pA tunneling current) of a clean Si(111)-(7 x 7)
sample and the same sample after exposure to 0.1
L TMA at 300 K. The image for the clean surface
(Fig. 2a) obtained with the sample biased at +1.6
V clearly shows the 12 adatoms of the (7 x 7) re-
construction in one unit cell. After the sample was
exposed to 0.1 L TMA, STM images obtained with
the sample biased at +1.2 V (Fig. 2b), reveal a
large number of apparent protrusions (imaged as
bright regions in the topographic images). Analy-
sis of the spatial distribution of these protrusions
shows that they are maximized directly above the
known positions of the adatoms, with an apparent
height approximately 2 A higher than the sur-
rounding adatoms.

Analysis of the spatial distribution of the pro-
trusions shows that there is no detectable differ-
ence in the number of features in faulted vs.
unfaulted subunits of the (7 x 7) unit cell. How-
ever, there is a significant preference for bonding
at the center adatom sites compared to the corner
adatoms sites. In Fig. 2b, for example, there are 25
bright protrusions (~83% of the total) bonded at
center adatom sites and only 5 (~17%) at cor-
ner adatom sites. Similar analysis of other images

Fig. 2. STM images of a clean Si(11 1) surface and after ex-
posed to 0.1 L TMA with a tunneling current of 100 pA and
different sample biases. (a) The clean surface, +1.6 V, (b) after
exposure, +1.2 V (c) after exposure, +1.0 V (d) after exposure,
-1.6 V.

leads us to conclude that there is a persistent
preference for bonding at the center adatom sites.

To help understand the nature of the molecular
contrast obtained in the STM, images were ob-
tained at other voltages. Fig. 2c shows that when
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the sample bias is decreased to +1.0 V the adatoms
of the (7 x 7) reconstruction are still visible, but no
distinct molecular features are observed. Similarly,
when the sample bias is changed to negative values
(thereby involving electrons tunneling out of
occupied electronic states of the sample), the sur-
face again appears nearly identical to the clean
Si(111)-(7 x 7) surface over the entire bias range
between —1.6 (Fig. 2d) and —-3.0 V (not shown).
Overall, we find that while positive bias voltages
>1V lead to the observation of molecular features
like those observed in Fig. 2b. At bias voltages
between +1.0 and —3.0 V the molecular features
are much more difficult to distinguish from the
unreacted surface.

3.1.2. X-ray photoelectron spectroscopy data

In order to identify the chemical species ob-
served in STM images, XPS experiments were
performed. Fig. 3 shows N(1Is) and C(1s) spectra
of a Si(111) surface after exposure to different
doses of TMA at 300 K. After 0.5 L exposure, the
N(1s) spectrum shows one dominant peak at 402.4
eV with a FWHM of 1.0 eV. The C(1s) spectrum
likewise shows a dominant peak at 287.5 eV with
a FWHM of 0.9 eV, close to the resolution of
the XPS instrument. Higher exposure leads to the
formation of additional surface species giving rise
to a small N(1s) peak at 399.1 eV and weaker C(1s)
peaks at 284.5-286.4 eV. After exposures higher
than 20 L, the higher binding energy peak remains
nearly unchanged, but the peaks at lower binding
energy increase significantly in intensity and at an
exposure of 80 L, represent the dominant contri-
bution to the total spectrum. Overall, the C(1s)
and N(1s) spectra show that adsorption initially
forms the N(1s) and C(ls) peaks at high bind-
ing energy, which saturate after ~20 L exposure.
Further exposure occurs with a lower reaction
probability and preferentially yields the peaks with
lower binding energy.

Although the surface never achieves a true
“saturation” coverage, we note that the initial
adduct saturates at exposures of ~20 L, and that
at this coverage the high-binding energy peaks
represent ~80% of the total N(1s) and C(1s) area.
Quantitative analysis of peak areas shows that
after exposing a Si(111)-(7 x 7) surface to 20 L
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Fig. 3. (a) N(Is) and (b) C(1s) XPS spectra of a Si(1 1 1) surface
exposed to different doses of TMA at 300 K.

TMA, the ratio of total N(1s) to Si(2p) peak areas
(Anis/Asiop) 1s 0.8. For comparison, we also mea-
sured the corresponding spectra (not shown) after
saturation exposure of a Si(001) surface to
ammonia (NHj3) and to TMA, under identical
experimental conditions. The adsorption of am-
monia on Si(001) yielded a single N(1s) peak at
399.1 eV and an area ratio Anis/Asipp of 3.4 for a
saturated surface [12]. Similarly, the adsorption of
TMA on Si(00 1) yielded spectra similar to those
observed here on the (11 1) surface, but with an
area ratio Anis/Asipp of 1.6. Since previous studies
have established that the saturation N coverage for
NH;/Si(00 1) is about 1 nitrogen atom per 2 silicon
atoms (~3.3 x 10" cm™2) [15] we can estimate the
N coverage from 20 L TMA on Si(111) to be
approximately six nitrogen atoms per (7 x 7) unit
cell.
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Quantitative analysis of the N(1s) spectra shows
that although the initial adduct saturates after ~20
L exposure, the total N coverage continues to in-
crease slowly at higher exposures. After exposure
to 80 L, the N coverage (now consisting primarily
of the low-binding energy peaks) corresponds to
~12 nitrogen atoms per unit cell. An experiment
at a much higher exposure (~200 L) on a 190 K
surface (spectrum not shown) yielded peaks at the
same energies, with an N coverage of ~23 nitrogen
atoms per unit cell. At exposures of >20 L the
N(1s) and C(1s) peak areas increase only slowly
with exposure; this indicates that the sticking
probability is smaller than what is observed a
lower exposures.

Fig. 4 shows the results of a thermal stability
study in which a Si(1 1 1) sample was exposed to 20
L of TMA at 300 K, then was heated for 10 min to
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Fig. 4. (a) N(1s) and (b) C(1s) XPS spectra of a Si(1 1 1) surface
exposed to 20 L of TMA at 300 K and subsequently annealed at
elevated temperature. All spectra were obtained after cooling
the sample back to 300 K.

the temperatures indicated in the figure, and finally
was cooled to 300 K for XPS analysis. Annealing
to 400 K induces a decrease in the area of the
N(1s) peak at 402.4 eV and the C(1s) peak at 287.5
eV, with a corresponding increase in the area of
the N(1s) peak at 399.1 eV and the C(1s) peaks at
284.5-286.4 ¢V. Since the total C(1s) and N(1s)
peak areas do not change, we conclude that heat-
ing to 400 K induces some dissociation, but
without any significant desorption. However, an-
nealing to 600 K significantly decreases the inten-
sities of the 402.4 eV N(1s) peak and the 287.5 eV
C(1s) peak and also causes a ~40% decrease in the
total peak area, suggesting that some species de-
sorb from the surface. Further annealing to 800 K
leads to a N(1s) peak at 397.7 eV and a C(1s) peak
at 283.2 eV, which arise from silicon nitride and
silicon carbide, respectively [16-20].

The XPS spectra in Figs. 3 and 4 include N(Is)
and C(1s) peaks at quite high binding energies.
The 402.4 eV N(1s) binding energy is much higher
than the values of 398.5-399.5 eV observed for
typical amines [11,16,21-24] and is close to the
value of 402.2 eV we observed previously for TMA
on the Si(001) surface. It also approaches the
value of 403.2 eV we obtained for the ionic salt
ammonium chloride [12] as well as the literature
value of 402.5 eV for (CH;3)4NCI [25]. These data
indicate that the N(1s) peak at 402.4 eV peak for
TMA/Si(111) corresponds to a highly ionic, da-
tive-bonded adduct in which the N atom interacts
with the surface by donating electron density to
the Si surfaces. This electron donation leaves the N
atom with a coordination number of 4 and a for-
mal charge of +1, much like the ammonium ion.
We attribute the smaller XPS peak at 399.1 eV,
which is identical to the feature observed for ad-
sorption of DMA that will be discussed below, to
Si-N(CH3), fragments produced via cleavage of
N-C bonds. This assignment is also supported by
the fact that heating decreases the 402.4 eV peak
and increases the 399.1 eV peak.

3.1.3. Ultraviolet photoemission data

UPS experiments were performed to determine
which electronic states of the surface are involved
in the chemisorption process. Fig. 5 shows UPS
spectra of a clean Si(111) surface, and the same



246 X. Cao, R.J. Hamers | Surface Science 523 (2003) 241-251

TMA/Si(111)

Backbond
¥

Rest atom
Adatom
y d

Intensity

__rOL

01L
1.5 1.0 0.5 0.0

5 4 3 2 1 0
Binding Energy (eV)

Fig. 5. UPS spectra of a clean Si(111) surface and after ex-
posure to TMA at different exposures.

surface after exposure to increasing amounts of
TMA. The spectrum of the clean surface clearly
shows two surface states at 0.2 and 0.8 eV, which
correspond to the adatom state and restatom state,
respectively [5,26]. Additionally, a small peak is
observed at 1.8 eV, that has been attributed pre-
viously to the backbonds between the Si adatoms
and the outermost bulk-like Si(111) layer [20].
After a nominal exposure of 0.1 L, the peaks as-
sociated with the adatom and restatom states both
decrease in intensity. The adatom state also shifts
toward higher binding energy, while the restatom
state remains unchanged. Although quantitative
analysis is difficult due to emission from the bulk
states, it appears that the restatom state near 0.8
eV decreases more quickly than the adatom state.
However, even at an exposure of 80 L, the surface-
state emission is not quenched entirely, and sub-
stantial emission at 0.2-0.9 eV remains. We also
note that the peak associated with the adatom
backbond state decreases in intensity after 80 L
exposure. A further experiment on a cold (190 K)
sample exposed to ~200 L TMA showed quench-
ing of virtually all intensity associated with the
adatom, restatom, and backbond states.

3.2. Dimethylamine on Si(111)

DMA exhibits behavior quite different from
that of TMA. Fig. 6 shows N(1s) and C(1s) XPS
spectra of a Si(111) sample exposed to 10 L of
DMA at 300 K. The N(Is) spectrum is charac-
terized by a large, narrow (1.0 eV FWHM) peak at
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Fig. 6. (a) N(1s) and (b) C(1s) XPS spectra of a Si(1 1 1) surface
exposed to 10 L of DMA at 300 K.

399.1 eV, with a tiny additional peak near 401.2
eV. The C(1s) spectrum is well-described by single
peak at 286.4 eV with a width of a FWHM of 1.2
eV, which is slightly broader than the instrumental
linewidth. The 399.1 eV binding energy of the
major N(Is) peak is close to the 398.5-399.1 eV
N(1s) binding energies of dissociatively adsor-
bed ammonia [16,21,22], pyrrolidine [11], aniline
[11,23], and DMA [12] on Si(00 1) surfaces. In all
these compounds adsorption occurs via cleavage
of an N-H bond, leaving the N atom with a co-
ordination number of three. Thus, we conclude
that the 399.1 eV peak we observe here also arises
from DMA molecule in which the N atom has a
coordination number of three. Since there is little
difference in electronegativity between H and C, it
cannot be readily determined from the N(1s) data
alone whether DMA cleaves N-H or N-C bonds
when adsorbing to the Si(1 1 1) surface. However,
cleavage of an N-C bond would be expected to
produce methyl fragments bonded to the silicon
surface (i.e., Si-CHj species). In a previous study,
we found that Si-CHj; species on the Si(001)
surface yielded a C(1s) binding energy 284.1 eV
[12]. In contrast, the C(1s) spectrum for DMA on
Si(111) primarily shows a single peak with a



X. Cao, R.J. Hamers | Surface Science 523 (2003) 241-251 247

binding energy of 286.4 eV, more than 2 eV higher
than that of the Si-CHj species. Thus, the absence
of any significant intensity at 284.1 ¢V indicates
that there is no significant cleavage of N-C bonds,
and leads us to conclude that DMA bonds to the
Si(1 1 1) surface by cleaving the N-H bond, leaving
N(CH;); species and H atoms on the surface. This
behavior is very similar to that observed previ-
ously on the Si(001) surface [12].

Quantitative analysis of the XPS data for
DMA/Si(111) yields an Ayys/Asipp ratio of 1.35.
This area ratio is significantly higher than the
value of 0.78 observed from a Si(11 1)-(7 x 7) sur-
face exposed to TMA, but is again much lower
than the value of 2.51 obtained for a Si(001) ex-
posed to DMA under the same experimental
conditions and with the same exposure [27]. Thus,
we conclude that the Si(111)-(7 x 7) surface is
able to adsorb more DMA molecules than TMA
molecules. Again using NH;/Si(00 1) as a calibra-
tion, we conclude that the saturation coverage of
DMA on Si(111) corresponds to ~10 nitrogen
atoms per (7 x 7) unit cell.

To facilitate determination of the surface sites
involved in bonding to DMA, STM images were
obtained of Si(111)-(7 x 7) surfaces exposed to
DMA. Fig. 7 shows an image (sample bias —1.6 V,
tunneling current 100 pA) obtained after a nomi-
nal exposure of 0.01 L DMA. The (7 x 7) unit cells
of the surface reconstruction are clearly seen;
however, exposure to DMA induces two types of
new features, labeled “A” and “B”. The “A”
features each consist of a round protrusion that
has a local maximum located directly on top of an
adatom, approximately 2 A higher than the sur-
rounding surface. Each “B” feature also appears
as a local protrusion centered on an adatom site,
but with its local maximum ~1 A below the height
of the unreacted adatoms. Both features are ob-
served more frequently on center adatoms than on
corner adatoms.

More information about how different surface
states are involved in the reaction is provided by
UPS. Fig. 8 shows UPS spectra of a clean Si(111)
surface, and also the same surface after exposure
to DMA. Before exposure the adatom and rest-
atom states are clearly visible with binding energies
0.2 and 0.8 eV, respectively, and the backbond

Fig. 7. The STM image of a Si(1 1 1) surface exposed to 0.01 L
DMA with a tunneling current of 100 pA and a sample bias
of -1.6 V.
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Fig. 8. UPS spectra of a clean Si(111) surface and after ex-
posure to DMA at different exposures.

state can be observed as a smaller peak at 1.8 eV
binding energy. After 0.5 L most of the intensity
from the restatom state is quenched. The adatom
states also decreases in intensity and shows a small
increase in binding energy from 0.2 to 0.4 eV,
while the backbond state remains clearly visible.
At high exposures (7.5 and 27.5 L), the adatom
state and the backbond state near 2.0 eV both
appear to be quenched.
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4. Discussion
4.1. Interaction of TMA with Si(111)

The XPS results show that at low exposures
(<£0.5 L), TMA adsorbs to the Si(111) surface
primarily in a molecular form, via formation of a
dative bond. From the new information provided
by STM and UPS, it is possible to develop a more
comprehensive understanding of how TMA in-
teracts with the valence electronic states.

Since the STM images also show only one type
of feature, we conclude that the bright protrusions
observed in the STM images in Fig. 2b correspond
to intact TMA molecules. Thus, the STM images
support the conclusion that the TMA molecules
primarily interact with the adatoms. Closer in-
spection of the STM images reveals that ~83% of
the TMA molecule react with the center adatoms,
and only ~17% react with the corner adatoms.
Thus, we find that the center adatoms are signifi-
cantly more reactive than the corner adatoms.

The greater propensity for bonding at the ad-
atoms compared with the restatoms can be ex-
plained on the basis of the charge density on each
of the different types of atoms exposed at the
Si(111)-(7 x 7) surface. Formation of the Si(1 1 1)-
(7 x 7) unit cell leads to 19 Si atoms per unit cell
that have only 3-fold coordination. Twelve of
these dangling bonds are located on the adatoms,
six on the restatoms, and one at the corner of the
unit cell, in the deep hole extending down to the
next layer. Photoemission and tunneling spectro-
scopy studies have shown that the “restatom” and
“corner hole” states are fully occupied, leaving
only five electrons to distribute among the 12 ad-
atoms [28]. Thus, the average charge on the ad-
atoms is approximately +7/12. This basic picture
is also verified through high-resolution core-level
photoemission measurements showing that ad-
atoms yield a Si(2p) binding energy 0.53 higher
than that the bulk atoms, while the restatoms yield
a binding energy 0.7 eV lower than that of the bulk
atoms [29,30]. These difference in binding energy
indicate that the adatoms are positively charged
and the restatoms are negatively charged. First-
principles theoretical calculations also show simi-
lar behavior [31,32]. Thus, it appears that the

positively charged adatoms can more readily act as
electron acceptors compared with the negatively
charged restatoms.

The greater propensity for bonding at the center
adatoms compared with the corner adatoms can
be understood on the basis of the more subtle
differences between the different types of adatoms.
STM images and tunneling spectroscopy mea-
surements obtained at small negative bias show
that the center adatoms appear lower than the
corner adatoms [6,8]. These differences in apparent
height indicate that the density of filled valence
states near the Fermi energy is lower on the center
adatoms than on the corner adatoms [6,8,33]. In-
deed, first-principles electronic structure calcula-
tions also show that corner adatoms retain more of
their electron density than do the center adatoms
[32]. These observations are easily justified by
simple geometric reasoning: since the center ad-
atoms are adjacent to two restatoms while the
corner adatoms are adjacent to only one, the
center adatoms can more readily donate electron
density to the restatoms. Thus, the center adatoms
retain less electron density and are consequently
more positively charged than the corner adatoms
are. Since dative bond formation involves dona-
tion of electrons from the N atom ‘““lone pair” to
the Si surface, the most positively charged atoms
are expected to more readily act as electron ac-
ceptors. Although the electron density in the
“faulted” half is predicted to be higher than that in
the “unfaulted” half of each Si(111)-(7 x 7) unit
cell [32], our experiments do not show any sig-
nificant difference in reactivity between the two
halves.

The above picture explains the intrinsic reac-
tivity of the adatoms and the higher reactivity of
center adatoms compared with “corner” adatoms
at low coverages. Surprisingly, however, the UPS
data (Fig. 5) show that the restatom state at 0.8 eV
is also affected even after only 0.1 L exposure of
TMA. The apparent involvement of restatoms can
be attributed to two factors. First, since formation
of the (7 x 7) reconstruction involves transfer of
electron density from the adatoms to the rest-
atoms, formation of a bond (either a dative bond
or a more conventional, covalent bond) at the
adatom may alter this charge transfer and thereby
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affect both the adatom and restatom surface states.
A second contributing factor may be dissociation
induced by the ultraviolet lamp used for UPS
experiments. A test in which we obtained XPS
spectra before and after exposing a 0.1 L-exposed
Si(111) surface to UV light from the UPS He
discharge lamp for 5 min (the typical illumina-
tion time for acquisition of a complete spectrum)
showed that at these low coverages, the UPS
source could be responsible for dissociation of
~40% of the TMA molecules.

At high exposures (>80 L), the XPS data
provides clear evidence for dissociation of TMA.
The predominant N(1s) and C(1s) peaks arise at
energies identical to where Si-N(CHs3), dissocia-
tion fragments have been observed on the Si(00 1)
surface [12]. While dissociation likely involves
the adatoms, at these high coverages quantitative
analysis of the XPS data suggests that the reaction
may involve multiple surface sites. At high expo-
sures, the UPS data also shows the elimination of
the backbond state at 1.8 eV. The disappearance
of this state suggests that at least some of the
molecules react via insertion between the adatoms
and the underlying bulk-like Si(11 1) layer. Previ-
ous studies have suggested a similar reaction be-
tween ammonia molecules and adatom backbonds
[20,34].

The bias-dependence of STM images also pro-
vides us further insight into the electronic prop-
erties of the TMA-adsorbed Si(111) surface. At
sample voltages between —1.6 and —3.0 V (thereby
involving occupied electronic states of the sample),
surface appears very much like the clean surface,
and no features that can be attributed to adsorbed
molecules are observed. This indicates that the
highest-occupied molecular orbital of the TMA
fragment lies more than 3 eV below the Fermi
level. The molecular features begin to appear at a
positive bias of +1.2 V, suggesting the LUMO
orbitals of the adsorbed TMA lie at ~1.2 eV above
the Fermi level.

4.2. Interaction of DMA with Si(111)
While TMA can bond to the Si(l111) surface

molecularly through a dative-bonded configura-
tion, the XPS data show that DMA bonds disso-

ciatively by breaking the N-H bond to form Si-
N(CH3), and Si—H species. This behavior is very
similar to that observed on the Si(001) surface
[12]. Again, however, the more complex structure
of the Si(111)-(7 x 7) surface leads to preferential
reaction at specific sites. Previous STM studies
have shown that under the imaging conditions
used here the adatoms that have a H atom bonded
to them appear lower (darker) than unreacted
adatoms [35,36]. Thus, we conclude that the dar-
ker adatoms (feature B in Fig. 7) arise from the
adatoms with an H atom bonded to them, and
the bright protrusions (feature A) arise from the
N(CH3;), species. Analysis of the distribution of
reacted atoms shows that the N(CHj;), species are
more frequently bonded to center adatom sites
than to corner adatom sites. Since TMA also
showed preferential bonding at the center adatom
sites, the STM data suggests that the DMA mole-
cules may likewise form a dative-bonded adduct,
followed by N-H bond cleavage. The strong
preference for N-H compared with N-C bond
cleavage has been explored previously and shown
to arise from the fact that withdrawal of elec-
tron density from the N atom (from dative bond
formation) leads to a lowering of the barrier for
N-H cleavage, while for N-C cleavage a signifi-
cant barrier remains [12]. A similar result has been
observed more generally for organic amines: al-
though N-C bond cleavage may lead to more fa-
vorable end products, the barrier to N-H bond
cleavage is lower and therefore occurs more readily
[37-39].

While it is very likely that the Si—-N(CHj3),
species are at the adatom sites, the H atoms pro-
duced by dissociation can in principle be located
on either adatom or restatom sites. While we
clearly observe some H atoms on adatom sites via
STM, identification of any species bonded to the
restatoms sites is difficult with STM since these
atoms are located one full atomic layer below the
adatoms. However, the UPS data clearly show
that upon DMA exposure the surface state asso-
ciated with the filled dangling bond of the rest-
atoms decreases in intensity even more quickly
than does the adatom state. There may be sev-
eral factors contributing to this decrease. As
noted above, bond formation to the adatoms also
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modifies the charge transfer to the restatoms and
would be expected to affect the restatom state, in a
manner similar to that proposed previously for
ammonia [40-42]. A second contributing factor is
that there are only half as many restatoms (six per
unit cell) as adatoms (12 per unit cell). If (for ex-
ample) each DMA molecule dissociated to pro-
duce one fragment on an adatom and another
fragment on a restatom, then at higher coverage
one would expect the six restatom states to be
completely quenched when only half the adatoms
have reacted. Thus, based on the STM and UPS
data, it is likely that H atoms can bond to both
adatoms and restatoms.

It is quite intriguing that upon DMA exposure
the adatom state exhibits an apparent shift in
binding energy from 0.2 to 0.4 eV. A recent high-
resolution UPS study of the Si(111)-(7 x 7) sur-
faces at low temperature clearly observed two
adatom states: one at 0.15 ¢V below the Fermi
level that was attributed to the center adatoms,
and a second at 0.5 eV below the Fermi level that
was attributed to the corner adatoms [43]. Since
our STM data indicates that the center adatoms
react first, the ~0.2 eV shift we observe in
Fig. 8 is completely consistent with this assign-
ment.

Overall, then, the picture that emerges from the
STM and photoemission data is that that DMA
first interacts preferentially with the center ad-
atoms, via a dative-bonded intermediate. The in-
creased positive charge on the N atom leads to
rapid dissociation via cleavage of an N-H bond.
The Si-N(CHj3;), products remain on the adatom
sites, and the H atoms are distributed among the
restatoms and the adatoms. After the same ex-
posures, the coverage of DMA is much lower on
the Si(111)-(7 x 7) surface than on the Si(001)
surface for two reasons: (1) because the reaction
of the first molecules alters the adatom-to-rest-
atom charge transfer, thereby making the remain-
ing adatoms less able to act as electron acceptors
for the dative-bonded intermediate, and (2) be-
cause dissociation of dative-bonded DMA mole-
cules is inhibited by the absence of nearby sites
for the H atom to bond. However, comparing
with TMA, DMA react with Si(111) more effi-
ciently.

5. Conclusions

Our results show that reactions of amines with
silicon surfaces can be understood on the basis of
charge transfer between the N atom “lone pair”
and the Si surface. We showed previously that
on the Si(001) surface, dative bond formation
involved electron donation from the N atom lone
pair to a Si atom, which was facilitated by the
ability to delocalize this charge onto the adjacent
Si atom [12]. Here, we show that on the Si(11 1)-
(7 x 7) surface, the presence of various surface
sites with varying charge densities likewise leads to
spatially selective reaction chemistry of TMA. The
center adatoms of the (7 x 7) reconstruction ex-
hibit the highest propensity for dative bond for-
mation, which can be attributed to the fact that
these are also the most electron-deficient atoms
accessible for reaction with the TMA molecules.
Overall, this work, together with prior work on the
Si(00 1) surface, demonstrates that silicon surfaces
can act as excellent electron acceptors, and that the
chemistry of amines and other electron-rich mole-
cules can be understood largely on the basis of the
local charge density and the ability to transfer
charge between different Si atoms. Even though
reactions such as adsorption of DMA ultimately
result in bonds that are primarily covalent in na-
ture, highly ionic species like those observed for
TMA may play critical roles in controlling the
mechanistic pathways.
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