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ABSTRACT

Atomic-Scale Studies of the Self-Assembly of Pi-Conjugated Molecules on Silicon Surfaces

Jui-Ching (Phillip) Lin

A variety of surface-sensitive characterization tools together with density functional
theory (DFT) modeling have been applied to study the atomic-scale structures of the self-
assembly of pi-conjugated molecules on silicon surfaces. Through the studies of covalently
bound p-bromostyrene (BrSty)-, p-(4-bromophenyl)styrene (BPS)-, p-(4-
bromophenylethynyl)styrene (BPES)-, (4-bromophenyl)acetylene (BPA)-, (p-(4-
bromophenyl)phenyl)acetylene (BPPA)-, and (p-(4-bromophenylethynyl)phenyl)acetylene
(BPEPA)- based self-assembled monolayers (SAMs) on H-Si(111), and BrSty- and BPA- based
SAMs on H-Si(001), a structure characterization strategy for SAMs/Si was developed. In each
case DFT calculations predicted several possible atomic-scale models from which the most
correct structure was experimentally determined by the characterization package using atomic
force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), X-ray reflectivity (XRR), X-
ray fluorescence (XRF), and X-ray standing wave (XSW). The XSW determined atomic density
maps, in conjunction with the coarser-length-scale XRR analysis and DFT modeling, provided

the atomic-scale structure of a SAM on Si.
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The comparisons of the three alkyl SAMs/Si(111) with the three alkenyl SAMs/Si(111)

show a higher degree of order for the alkenyl SAMs relative to the alkyl SAMs in the AFM and
111 XSW analyses. In addition, DFT shows that a sp” alkenyl C=C bond at the surface will
azimuthally align over the sp® Si-Si bond from the substrate, whereas the sp’ alkyl C-C bond at
the surface will azimuthally bisect two sp> Si-Si bonds. With this hypothesis, the (2 x 1) periodic
DFT, where the linear packing of molecules on Si(111) is approximated by a periodic attachment
to every other surface silicon, was found to best simulate the structures of the SAMs on Si(111).
In addition to the studies of SAMs on Si, the characterization package was successfully
applied in the development of the microwave-assisted Sonogashira coupling chemistry. The
microwave-assisted Sonogashira coupling reaction provides a strategy to extend the conjugated

organic structures on Si surfaces and tailor the electronic property of the hybrid materials.
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rings, for the (1 x 1) periodic DFT calculations for BPPA SAM. The center is a super-cell
created using Orl unit structure. The coordinates for the DFT structures are listed in
F110] 0153 10 b QO TSRS PSRRPRPPR 104

Figure 7.12 The relaxed structures that energetically converge for BPPA/Si(111) in the (1 x 1)
periodic DFT calculations. The coordinates for the DFT structures are listed in appendix
oD ettt h et h e ettt h e bbbt s et et et et st nns 105
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calculations. The coordinates for the models are listed in appendix C.6..........cccceevennenee. 106

Figure 7.14 Top views of the relaxed BPPA/Si(111) super-cells based on the (2 x 1) periodic
DFT results. The calculations were based on the initial configurations shown in Fig 7.11.
Or3 configuration is not feasible due to the direct overlap of the molecules. The coordinates
for the unit structure of each super-cell are listed in appendix C.6. .......cccceeveveriiniinnenne. 107

Figure 7.15 Top views of the six unit cells used in the (2 x 1) BPEPA periodic DFT calculations.
The orientation where the molecule bisects the T;-T4 and T;-H; directions is not considered
because it will result in a direct overlap of the molecules. The coordinates for the structures
are listed 1N aPPENAIX C.7...cc.iiiiiiiiiiiiiiee et 109

Figure 7.16 Top views of the relaxed BPEPA/Si(111) structures after the (2 x 1) periodic DFT
calculations based on the starting configurations shown in Fig 7.15. The green arrows
indicate the directions for the root alkenyl C=C bonds. For purposes of clarity, the Si atoms
at the surface bilayer are made brighter than those below. The coordinates for the unit
structure for each super-cell are listed in appendixX C.7........cccoevvivciierieeciienieeieeeeeeeenen. 110

Figure 7.17 X-ray reflectivity data and 3-layer model fits for (a) BPA-, (b) BPPA-, and (c)
BPEPA- based SAMs grown on Si(111). The normalized electron density profiles for the
best fits are shown in the inset. The XRR curves (b) and (c) are vertically offset by x10? and
XL0F, TESPECHIVELY . ...t ee e e e 113

Figure 7.18 Specular XRR data (filled circles) for the BPA-derived SAM on Si(111) and model
simulations using a molecular structure factor with atomic coordinates based on the cluster
DFT calculation results in Fig. 7.3. The DFT predicted models are again shown in the lower
image. The theoretical XRR from the alkenyl structure (a) best fits the data. Altl depicts the
double-bridge configuration (b) and Alt2 the single-bridge configuration (c). 0.67
monolayers and 2 A roughness are assumed in the XRR calculations. For purposes of
clarity, the three model simulations are vertically offset by 10%...........coooveveeeeereeeereenns 114

Figure 7.19 Specular XRR data (filled circles) for the BrSty-based SAM on Si(111) and model
simulations using a molecule structure factor with atomic coordinates based on the DFT
calculation of Fig 7.1a. The best-fit simulation is labeled A1l. The A1 model has a molecular
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coverage of ® = 0.46 ML, an inward molecular tilt of = 17° (t=8.5 A), a Si surface
roughness parameter of = 0.47, and a 6 = 1.0 A Gaussian distribution to the vertical
displacements of the atoms in the molecule. Model A2: same as Al, except ® = 0.52 ML.
A3: same as A1, except ® = 0.40 ML. B1: same as A1, except = 5° tilt (t= 8.9 A). B2:
same as A1, except 1 = 53° tilt (t =5.3 A ). C: same as Al, except Br removed from
styrene and attached directly to Si at the T, site. For purposes of clarity the vertical offsets
are: x10° for B1 and B2, and X10° fOr C. .......oeerveuumrrreeemrreeesnnssessseesssssssesssssssesseessnns 115

Figure 7.20 The single-crystal XSW results for the p-bromostyrene (BrSty)-derived SAM on
Si(111). Shown are the angle dependences of the % k [ Si Bragg reflectivity (bottom) and the
Br Ko XRF yield data (top). Symbols are measured data, and solid lines are the best-fits of
theOoTy t0 the data.....cc.eiiiieiiecieeece ettt e e be e st eesaeeabeenbeeeene 122

Figure 7.21 The 111 XSW results for p-(4-bromophenyl)styrene (BPS)- and p-(4-
bromophenylethynyl)styrene (BPES)- derived SAMs on Si(111). Symbols are measured
data, and solid lines are the best-fits of theory to the data. ...........cccoevieiiiiiiiiiiiee, 123

Figure 7.22 The single-crystal XSW results for the (4-bromophenyl)acetylene (BPA)-derived
SAM on Si(111). Shown are the angle dependences of the / k [ Si Bragg reflectivity
(bottom) and the Br Kaw XRF yield data (top). Symbols are measured data, and solid lines
are the best-fits of theory to the data...........ccoooiiiiiiiiiiii e, 124

Figure 7.23 The single-crystal XSW results for the (p-(4-bromophenyl)phenyl)acetylene
(BPPA)-derived SAM on Si(111). Shown are the angle dependences of the / k [ Si Bragg
reflectivity (bottom) and the Br Koo XRF yield data (top). Symbols are measured data, and
solid lines are the best-fits of theory to the data. ..........ccooceiiiiiiiiiii e, 125

Figure 7.24 The single-crystal XSW results for the (p-(4-bromophenylethynyl)-phenyl)acetylene
(BPEPA)-derived SAM on Si(111). Shown are the angle dependences of the / & / Si Bragg
reflectivity (bottom) and the Br Koo XRF yield data (top). Symbols are measured data, and
solid lines are the best-fits of theory to the data. ..........cceevvieviieiiiiiiiirieeeeee e, 126

Figure 7.25 Additional two off-normal single-crystal XSW results for the (p-(4-
bromophenylethynyl)-phenyl)acetylene (BPEPA)-derived SAM on Si(111)........c.......... 127

Figure 7.26 A schematic drawing of (11-1), (220), and (113) diffraction planes on a (111) Si
crystal. The red atoms, tethered to the Si T, sites, are tilted toward the T, sites. The blue
atoms, on the other hand, are tilted toward the Hj sites. All the blue atoms are symmetry
equivalent (likewise for the red atoms). Since the red and blue atoms have the same height
above the Si surface, they cannot be distinguished in a 111 XSW measurement. However,
they may be distinguished in off-specular XSW measurements. .........c..ccccceveereenenuennnene 128

Figure 7.27 XSW generated Br atomic maps for (a) BrSty-, (b) BPA-, (c) BPPA-, and (d)
BPEPA- based SAMs on Si(111) with respect to the hexagonal unit cell of the Si(111)-1x1
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surface. The 2D cuts through the measured 3D Br atomic density maps coincide with the

Br maxima in the 3D maps. The upper images are top-view cuts parallel to the (111) surface
at the center of the hotspots that best match the XRR measured Br heights (indicated by the
horizontal lines). The lower images are side-view cuts perpendicular to the (111) surfaces
that coincide with the T, T4, and H; high symmetry sites of the Si(111)-1x1 surface. ..... 129

Figure 7.28 Projected ball-and-stick models for (a) BPPA- and (b) BPEPA- based SAMs on
Si(111) superimposed on top of cuts through the XSW measured Br atomic maps. The
lower images are side-view cuts that coincide with the T1, T4, and H3 high-symmetry sites
of the Si(111) 1x1 surface. The upper images are top-view cuts parallel to the (111) surfaces
at the measured Br heights indicated by the horizontal lines. The superimposed models of
BrSty- and BPA- based SAMs are the (2 x 1) periodic DFT calculation results. The models
for (a) and (b) are Or2 in Fig. 7.14 and Or4 in Fig 7.16, respectively........ccccocerveriennenee. 130

Figure 7.29 For a set of BPA-derived SAMs this shows the UV reaction time dependence for the
measured Br total coverage ©r (open circles), ordered coverage O (filled circles), and
coherent position P;;; (filled squares). f;;; = 0.68(3). The inset shows a side view of the
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heighth:Mod [h/d111] ................................................................................................... 133
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Figure 8.2 XRR data for the respective H-Si(111), IPA/Si(111) (S1), [IPA/Si(111) + BPA]
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diamonds, and squares, respectively). The solid lines are theoretical fits based on Parratt’s
recursion method' using a two-layer/Si model (i.e., halogen and hydrocarbon layers). The
structural parameters from the fits are listed in Table 8.1. For purposes of clarity, S1, S2,
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Figure 8.3 The 111 XSW analyses showing the experimental and theoretical angular dependence
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Figure 9.1 Chain reaction growth mechanism for self-directed growth of alkenes on Si(001)-
2x1:H proposed by Lopinski et al. The initial reaction involves formation of a carbon-
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creating a new Si dangling bond.” The figure is reproduced from Ref. [53].......cccvven.c.. 146
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Figure 9.2 (a) STM image of a Si(001)-2x1:H surface with dangling bonds created by
elevating the surface temperature to 400°C. (b) The surface of (a) after being exposed to
BPA molecules. STM images are from Michael Walsh in the Hersam group. .................. 147

Figure 9.3 Top views (upper images) and side views (lower images) of binding geometry
configurations for an isolated (a) BrSty and (b) BPA molecule on a SigH;; cluster. The
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Figure 9.4 Top views (upper images) and side views (lower images) of binding geometry
configurations for a (a) double-bridge- and (b) single-bridge- like bound BPA molecule on a
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Figure 9.5 Top and side views of the four pre-relaxed BrSty/Si(001) unit structures studied in the
(2 x 1) periodic DFT calculations. The four models are commonly having the bottom alkyl
C-C bonds of the molecules “away” from the Si dimers. The four molecules are tilted
differently in order to explore the effect of the molecular tilt within the one-dimensional
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Figure 9.6 Top and side views of another four pre-relaxed BrSty/Si(001) unit structures studied
in the (2 x 1) periodic DFT calculations. In contrast to Figure 9.5, the four models are
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periodic DFT calculation results of the four configurations in Figure 9.5. The (1 x 1) unit
cells of the bulk-terminated Si surfaces are illustrated by the black squares. The heights of
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Chaper 1 : Introduction

Functionalization of inorganic surfaces with organic molecules has been widely studied
for tailoring the electrical properties of hybrid materials.™* Aromatic molecules, in contrast with
aliphatic, have delocalized electrons contributing to a m-conjugated structure and gain special
interests for the development of molecular electronics.>”® With different choices for the terminal
end groups, aromatic molecules can be attached to metal,”® oxide®, or semiconductor’ surfaces.
Hydrosilylation of unsaturated alkenes or alkynes have been widely explored and high-quality
self-assembled monolayers (SAMs) of aromatic molecules have been successfully used.'®'?
Since the properties of a organic/inorganic material are greatly affected by the configurations of
the molecules,® resolving the details of the bonding configuration, molecular orientation, and
molecular packing within the film are critical to the utilization of SAMs in real devices.

In contrast with the more weakly bonded monolayers grown with van der Walls force
(spin-coating) or thiol-Au chemistry,” covalently bonded alkenyl or alkyl SAMs on Si single
crystal surfaces suffer from lower coverage (typically < 0.6-monolayers) and lack lateral long-
range-order. Because of the low coverage and lack of long-range-order, structural analyses
employing in-plane diffraction (LEED, SXRD, etc) are ineffective. This thesis focuses on the
exploration of Si surfaces functionalized with aromatic molecules. The employed strategy is to
use X-ray standing wave (XSW), X-ray reflectivity (XRR), and X-ray photoelectron
spectroscopy (XPS) measurements together with density functional theory (DFT) to provide

atomic-scale structural analysis of SAMs on Si. The direct growth of the monolayer and the
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secondary modification of the organic structure, using hydrosilylation and Sonogashira

coupling chemistries, respectively, are studied step-by-step in this thesis work.
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Chaper 2 : Background

2.1 Self-assembled monolayers on Si(111)

Since Linford and Chidsey presented covalently bound, densely packed alkyl monolayers
on Si(111) and Si(001) surfaces by the pyrolysis of diacyl peroxides in the presence of hydrogen-
terminated silicon,'* covalent linkage of organic molecules with Si surfaces has become a subject
of great interest and an incredible diversity of approaches have been developed. The reaction
mechanisms can be categorized as: (A) Hydrosilylation involving radical initiator, (B)
Thermally induced hydrosilylation, (C) Photochemical hydrosilylation, (D) Hydrosilylation
mediated by metal complexes, (E) Reaction of alkyl/aryl carbanions with hydride- and halide-
terminated  surfaces, (F) Electrochemical grafting, and (G) Mechano-chemical
functionalization.'” Among all, the photochemical hydrosilylation method has gained a special
interest because the process can take place in an ambient environment and at room temperature
without thermal input. A range of alkenes and alkynes monolayers on Si(111) is succeeded by

UV-induced hydrosilylation process'>"’

and a saturated coverage of about one-half monolayer
(ML) was reported (Fig 2.1). The authors proposed a radical chain reaction mechanism, shown in
Fig 2.2, and the reaction scheme is experimentally confirmed by their ATR-FTIR and XPS
measurements.'® The self-avoiding, random walk chain reaction results to the growth of the

molecular islands on Si(111)-1x1 surfaces (Fig 2.3). '*"
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2.2 Self-assembled monolayers on Si(001)

In contrast to the molecular islands on Si(111), it has been shown that alkenes can be
grown one dimensionally along the dimer rows on Si(001)-2x1 surfaces (Fig 2.4).° The dimer
rows are orientated along either [110] or [ 110] directions and the two types of domains are
separated by atomic step-edges. The growth of molecules on the dimer rows are initiated by Si
dangling bonds, where the creation of the dangling bonds can be precisely controlled on the
surfaces using STM tips, and the reaction stops at a defect site. By using feedback-controlled
lithography (FCL), the growth of the molecular rows can be further manipulated (Fig 2.5).'

The proposed chain reaction chemistry for unsaturated molecules on mono-hydride
Si(111) surfaces illustrated in Fig 2.2 has also been shown to be valid for growing alkenes
molecules, e.g. styrene, on a mono-hydride Si(001)-2x1 surface. The growth of alkynes
molecules on monohydride Si(001)-2x1 surfaces, compared to that on monohydride Si(111)—1x1
surface, is expected to follow the identical chain reaction mechanism. However, a first-principle
DFT study of the surface reaction of acetylene with di-hydride Si(001)—1x1 also shows that after
the acetylene molecules reacting to the surface Si and forming the alkenyl structure, it is possible
that the C=C double bond at the root may be broken and may in addition react with a
neighboring unoccupied Si site.”” If this reaction happens, the linkage between acetylene

molecules and the Si substrate will no longer be fully conjugated.
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Figure 2.1 The growth of 1-octene, 1-octyne, styrene, and phenyl acetylene molecules on H-Si(111) versus UV
illumination time. All four molecules approach a 1/2 ML saturated coverage after 2 h of illumination. The figure is

reproduced from Ref. [16].
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Figure 2.2 Mechanism for UV induced hydrosilylation growth of (a) alkenes and (b) alkynes on H-Si(111). (a) is

reproduced from Ref. [19]. (b) is a modified reaction from (a).
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Figure 2.3 STM images (a) before and (b) after the hydrosilylation growth of styrene on a H-terminated Si(111). The
black dots in (b) mark the positions of the initial dangling bonds, showing that these sites serve to nucleate the

growth of styrene islands. The figure is reproduced from Ref. [19].
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Figure 2.4 An unoccupied states UHV STM image of styrene chains on a H-Si(001)-2x1 surface. The figure is

reproduced from Ref. [21].
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Figure 2.5 Unoccupied states UHV STM image of the resulting heteromolecular nanostructure following styrene
chain growth. The resulting styrene chain is bounded by the originally patterned TEMPO (2,2,6,6-tetramethyl-1-

piperidinyloxy) molecule that is indicated with a yellow arrow. The figure is reproduced from Ref. [21].
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Chaper 3 : Sample Preparation

3.1 The vinyl- and acetylene- terminated aromatic molecules

Six brominated aromatic molecules were studied in this thesis: (a) p-bromostyrene
(BrSty), (b) p-(4-bromophenyl)styrene (BPS), (c) p-(4-bromophenylethynyl)styrene (BPES), (d)
(4-bromophenyl)acetylene (BPA), (e) (p-(4-bromophenyl)phenyl)acetylene (BPPA), and (f) (p-
(4-bromophenylethynyl)phenyl)acetylene (BPEPA). The six molecules are shown in Fig 3.1. The
first three molecules, with “=CH2” vinyl terminal end groups, are aromatic alkenes; where the
last three molecules, with the “=CH” acetylene terminal end groups, are aromatic alkynes. The

syntheses of the vinyl- and acetylene- terminated aromatic molecules are detailed in appendix A.

3.2 Preparation of SAMs on H-Si(111)

The procedure for preparing a monohydride terminated Si(111) surface is detailed in
appendix B. A 254 nm UV pen lamp (Spectroline 11SC-1Short Wave UV Lamp) was used to
photochemically grow self-assembled monolayers (SAMs) on the hydrogen terminated Si(111)
surface inside the inert atmosphere (N,) glove box. H-Si(111) wafers were immersed in a petri
dish containing 0.2 M benzene solutions of the styrene/acetylene derivatives (except for the case
of BrSty-based SAMs, where a neat BrSty liquid (Sigma-Aldrich, 98%) was used) and the
monolayer growths were achieved by irradiating this reagent-covered surfaces with the UV pen
lamp from a distance of 1 cm for a measured amount of time, which varied with the choice of

solution. The typical thickness of the reagent layer covering the surface during the
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photochemical process was 2 mm. The samples were then brought out of the glove box,
sonicated in chloroform for ~5 min. Sample surfaces were then examined with AFM to make
sure that no significant physisorption or polymerization occurred on the surfaces (Fig 3.2). More
sonication would be applied if surfaces were not clean. As shown in Fig 3.2, even extensive
sonication cannot recover the atomic steps of Si for the alkyl SAMs (after the attachment of the
molecules) except BrSty/Si(111). This is due to the non-rigid C-C single bond at the root, as
compared to the more rigid C=C double bond at the roots for the alkenyl SAMs, and the greater
molecular structure. This issue will be discussed in detail later. Because of the non-uniformity of
BPS- and BPES- based SAMs on Si(111), no periodic DFT calculations and XRR measurements
were performed on these samples. The samples were stored in the glove box when not being
used in any experiment.

In-house X-ray photoelectron spectroscopy (XPS) measurements were performed on the
SAM/Si samples before further X-ray reflectivity and X-ray standing wave experiments to verify
the Br bonding state. XPS was also used to confirm that no oxidation of the silicon substrate had
occurred. XPS analysis was performed at the Keck Interdisciplinary Surface Science Center of
Northwestern University using an Omicron ESCA Probe. A monochromated 1486.6 eV Al Ka
beam was made incident on the sample surface that was oriented such that the emitted
photoelectrons had a take-off angle of 45° from the sample surface to the hemispherical analyzer.
The energy calibration of the spectra was referenced with respect to that of the adventitious Cj;
peak fixed at 284.8 eV. All the brominated SAMs in the study have clear XP spectra with a

single Br 3d spin doublet at 70.5 and 71.5 eV, which is the expectation for carbon-bound
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bromine (Fig 3.3a) as opposed to Si bound Br. The results legitimated the use of Br as the

marker for structural characterization.
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Figure 3.1 Chemical schematics for the three aromatic alkenes (a to ¢) and three aromatic alkynes (d to f) used in

this study.
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50 min sonication
Figure 3.2 AFM intermittent contact mode images of a H-Si(111) surface and surfaces of (a) BrSty/Si(111), (b)

5 min sonication

BPS/Si(111), (c) BPES/Si(111), (d) BPA/Si(111), (¢) BPPA/Si(111), and (f) BPEPA/Si(111). The AFM images are

from J. Kellar in the Hersam group.
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Figure 3.3 Br 3d XP spectra for (a) BrSty/Si(111) (b) Undec-10-enoic acid 2-bromo-ethyl ester /Si(111).”* Figure (a)
is from Rajiv Basu in the Hersam group. In contrast to the (a) spectrum, which has a clear single spin doublet with
peaks located at 71.5 and 70.5 eV that is assigned to carbon-bound bromine, the (b) spectrum shows an additional

spin doublet at 69.1 and 70.2 eV and that is assigned to silicon-bound bromine.
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3.3 Sonogashira coupling

The Sonogashira coupling between the BPA and an iodophenyl acetylene- derived
monolayer on Si(111) surfaces was carried out by using a microwave reactor (Biotage Initiator,
SW Version) in the Nguyen group. In an N,-filled glovebox, TEA (5 mL), (PPh;),PdCl, catalyst,
and Cul co-catalyst were combined in a 5-mL microwave vial. The iodide-terminated organic
layer on Si(111) wafer was then submerged in this mixture, followed by the addition of BPA (0.2
M). The vial was capped, taken out of the glovebox, and sonicated for 1 min before being placed
in the microwave reactor (~30 W) at 40 °C for 120 min. After cooling to room temperature, the
final wafer was rinsed with methylene chloride (~5 mL), sonicated (room temperature methylene
chloride x ~30 min and diethyl ether x ~20 min; ~50°C THF x ~5 min and diethyl ether x ~30
min), dried with N, gas, and stored in the glovebox before analysis. The sonication cleaning is
extensive in order to remove the physisorbed BPA molecules from the surface. The remaining
liquid after the microwave reaction was also collected to evaluate the purity of the unreacted

precursors and/or determine the formation of possible side products.

3.4 Preparation of SAMs on Si(001)

The growths of SAMs on Si(001) were performed by Michael Walsh in the Hersam
group. The procedure is summarized in the following:
Step1: The Si(001) sample was annealed at 1250°C via resistive heating, with a base

pressure < 5.0 x 10™"! Torr.
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Step 2: Monohydride passivation is achieved by heating the sample to 375°C and exposing it

to 1000 L (1 L =1.0 x 10°® Torr-s) of molecular hydrogen cracked on a hot tungsten
filament (1400°C) located 6 cm from the sample.

Step 3: H-Si(001) is heated up to around 400°C to increase the dangling bond concentration.

Step 4: The H-Si(001)-2x1 sample is then brought into the UHV analysis chamber to confirm
the surface quality with STM.

Step 5: The surface of H-Si(001) is exposed to between 60 L — 450 L of molecules via a

precision leak valve.

3.5 Coverage determination by X-ray fluorescence

After the growth of the brominated or iodated SAMs on the Si surfaces, the coverage of
the organic adlayers was determined using X-ray fluorescence (XRF) analysis. In the analysis,
the direct comparison of the x-ray fluorescence yield from the sample with that from a calibrated
reference standard provides the atomic coverage of the sample. The coverage of iodine is
measured by comparing the I LB; XRF yield to the Ba La yield from a Ba implanted standard.
While the bromine coverage is determined by comparing the Br Ka XRF yield to the As K yield
from an As-implanted standard. At 7 keV, the I LB, to Ba La cross-sectional ratio is 0.36. While
at 16 keV the Br Ka to As K cross-sectional ratio is 8.41. Both Ba and As coverages for the
implanted standards were calibrated by Rutherford backscattering. For a 1x1 bulk-like
terminated Si(111) or Si(001) surface, a coverage of 1 monolayer (ML) corresponds to 7.83 or

6.78 molecules/nm® , respectively.
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Chaper 4 : The X-ray Standing Wave Method

4.1 Introduction

A couple of decades after Batterman’s discovery of generating an XSW field within a

25,2
5’62153

bulk crystal,”* the XSW technique was developed by Golovchenko and co-workers
powerful tool for locating surface adatoms with respect to the substrate lattice. The details for
XSW analysis can be found elsewhere.”””" Basically, the XSW method combines X-ray
diffraction and X-ray spectroscopy, thereby solving the phase problem that is common to most
diffraction methods. Under the 2-beam dynamical Bragg condition from a “perfect’ single crystal
(in a Bragg-Bragg geometry) the coherently—coupled incident and Bragg reflected plane waves
superimpose to form a well-defined standing wave.’! Advancing in incident angle through the
strong Bragg condition causes the phase between the two plane waves to change by m-radians,
which causes the XSW antinodes to shift inward by one-half of a d-spacing, which induces
characteristic modulations in the atomic XRF signals. The modulation of the fluorescence yield
is sensitive to the distribution of the fluorescence species with respect to the substrate lattice. For
many surface science techniques, it is difficult to exclusively separate the signal originated from
the atoms on the surface from signal that is from the appreciable number of atoms in the bulk
substrate. However, it is easy to distinguish the spectroscopic response of the surface atoms from
the bulk atoms in XSW analysis and gains the surface sensitivity. In a XSW analysis, the
reflected plane wave can be attributed to single crystal Bragg diffraction, or total external

reflection (TER), or reflection from a periodic layered-synthetic-microstructure (LSM) mirror.

The length-scale for each of these three XSW methods matches the XSW period, which is
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expressed as D = 2n/Q = A/(2SinB). This is 10 - 100 nm for the TER-XSW, 2 — 20 nm for the

LSM-XSW, and 0.1 - 1 nm for the single crystal Bragg reflection XSW case. The single crystal
XSW case has the added bonus of providing atom location in 3D via the use of specular and off-
normal reflections. Whereas, the TER and LSM cases are strictly generated by a specular
reflection condition and are thereby constrained to only give 1D profiles along the surface
normal direction. The single crystal XSW method determines the / k / Fourier amplitudes and
phases for the XRF selected atomic distribution, which can be combined to produce a 3D real-

3234 The atomic density maps can then be

space map of the fluorescence selected species.
combined with theoretically calculated structures providing the atomic-scale structures of the

systems.

4.2 Experimental setup

The XSW measurements presented in this thesis work were carried out at the APS
(Advanced Photon Source, Argonne National Laboratory) S5ID-C, 12ID-D, and 33ID-D
undulator stations or at the Northwestern University X-ray Diffraction Facility. The basic
experimental setups are shown in Fig 4.1. At the undulator stations, the incident photon energy
was tuned by the undulator-gap and by the high-heat-load monochromator (HHLM) to E =
15.50 - 17.00 keV for the Br XSW experiments or E = 7.00 keV for the I XSW experiments. The
HHLMs at 5ID-C and 12ID-D use L-N; cooled Si(111) crystals, while the HHLM at 33ID-D
uses water-cooled diamond(111) crystals. At 5ID-C, a pair of horizontally deflecting mirrors
with Pt and Rh stripes in the beamline was used after the HHLM for 1:1 horizontal focusing and

higher order harmonic rejection. The vertically focusing beamline mirrors at 12ID and 33ID
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were not used to avoid degradation of the source brightness in the vertical plane for these
single crystal XSW measurements. At NU, the XSW measurements were performed on a
Ragaku 18 KW rotating anode with a Mo target operating at 50 kV and 240 mA. An Osmic
MaxFlux parabolic multilayer mirror was used to defocus the line source X-rays into a parallel
beam. The multilayer in conjunction with a slit also excludes the continuous bremsstrahlung
radiation and Mo Kf} characteristic X-rays.

After the HHLM or the parabolic multilayer mirror, one of the two-bounce Si(hhh), (hh0)
or (00h) channel-cut crystals was used to create a nondispersive reflection from the sample. The
selected channel-cut crystal was chosen to match the d-spacing of the sample crystal. By using a
feedback controlled piezoelectric actuator (monochromator stabilizer, MOSTAB), the channel-
cut angle is continuously adjusted with sub-microradian resolution to maintain a constant ratio
between incident and reflected X-ray intensity. The MOSTAB unit is not required for the XSW
experiments in NU X-ray Diffraction Facility.

A XSW experiment simultaneously measures the X-ray diffraction and X-ray
fluorescence while scanning through an H = 4 k / Bragg diffraction. The XSW measurements at
NU were limited to /77 reflections from Si(111) samples due to the use of a Huber 2-circle
diffractometer on the XSW machine. In order to have enough statistic for the data, a typical
XSW measurement for a ~0.3 ML brominated SAM on Si(111) will take ~5 min at APS, but ~8
hours at the NU X-ray Diffraction Facility because of the difference of the X-ray intensity.
Ionization chambers and Nal scintillator detectors are used to record the flux of X-rays at the

undulator stations at APS and at the NU X-ray Diffraction Facility, respectively.
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For the collection of X-ray fluorescence with a solid-state energy dispersive detector,
either a Canberra UltraLEGe or Vortex Si drift-diode (SDD) detector was used. Because the
polarization of X-rays at APS is almost 100% in the horizontal direction, we could choose the
preferred o-polarization geometry by reflecting in the vertical plane. In this case the XRF
detector is placed beside the samples with take off angle normally ~5°. In contrast, the XRF
detector for the XSW setup at NU is directly facing the sample with take off angle ~ 90° due to
the non-polarized X-rays from the rotating anode. The threshold energy for the detectors was
carefully adjusted so Si Ka fluorescence (E = 1.74 keV) from the substrate is always collected
and used as a reference. Typical spectra from a brominated SAM and an iodated SAMs on Si are
shown in Fig 4.2. SiKa, Ar Ko and the TDS (thermal diffuse scattering) peaks are usually used

for the calibration of energy. The TDS energy is essentially the incident beam energy.
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Figure 4.1 Schematic diagrams showing (a) the XSW setup at the APS 5ID-C station and (b) top-view of the XSW

setup at the Northwestern University X-ray Diffraction Facility.
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4.3 Dynamical diffraction

For a H = h k [ Bragg reflection from a thick single crystal, the diffracted X-ray plane
wave interferes with the incident wave forming an X-ray standing-wave field. Based on two-
beam dynamical diffraction theory,’' the amplitude ratio of the coherently diffracted X-ray plane

wave (Ep) to the incident plane wave (E() can be expressed as

E Pl |F
—H=—Vlblu i(17: 172—1) (4.1)
Eqy P Fﬁ

where b is the asymmetry factor of the crystal, P is the polarization constant, Fy is the structure
factor for the H Bragg reflection and m is a normalized angular parameter. P = 1 for the o
polarization case, where the electric field Eg is perpendicular to the scattering plane. P = Cos(26)
for the m polarization case, where E, is parallel to the scattering plane. The crystal asymmetry

factor b is defined as

) 4.2)
sin(0 +¢) )

where ¢ is the miscut angle between the optical surface and the diffraction planes of the crystal.
The structure factor Fy and F-p are the H™ and —H™ order Fourier coefficients for the electron

density p(r), which can be expressed as
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F, = f o(F)exp(iH *F)dV 4.3)
v,

For a periodic crystal structure with N atoms within the unit cell, it can also be written as

N
Fy =|F,lexpip,) = VL (H) + AF(A) +ibf' (M), S (H)D ,(H)
=l 4.4)
where S;(H) = exp(iHer;) is the geometrical phase factor for the ™ atom locating at j.
~ 2 (u? > _
D;(H) =exp(- Tj) 4.5)
H

is the Debye-Waller factor for the j™ atom. <u2H>j is the mean square vibrational amplitude of the
i™ atom along the direction of H. dy = 2/H| is the diffraction-plane spacing. A higher
temperature will produce a smaller D;(H).

The normalized angle parameter 1 is a function of the relative incident angle AG =0 — 03

where

bABSIn(265) + ;FFO(I —b)
1’] =
WA (4.6)
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r--< 4.7)

r.=2.818 x 107 A is the classical electron radius and V. refers to the volume of the unit cell.

When 1 changes from +1 to -1, the relative phase (v) of Ey and E, decreases by i radians (see

Fig 4.3) and the corresponding angular difference 0w =6,__; -6 defined as Darwin width,

n="0

can be expressed as:

I ' w2 -
_ 2F\/FH Fp+F, -F Fy

) 4.8)
|b| sin 20 B

The center of the Bragg reflection (1) = 0) is offset from the geometrical Bragg angle 65 by

TF; (1+|b|)

A6, =
"0 sin265 - 2Y 4.9)
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Figure 4.3 Calculated amplitude and phase of the complex E-field amplitude ratio (Eq. 4.1) for a Si /// Bragg
diffraction at 16.00 keV with b =1 and P =1. For this calculation, the unit cell origin was chosen to coincide with a

Si atom in the top of the Si(111) bilayer.
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4.4 Photoexcitation from X-ray standing waves

In the two-beam plane-wave case of a dynamical X-ray Bragg diffraction, the total E-

field intensity, as the sum of the incident and diffracted plane waves, has the form of

Itot = |Eo+ EH|2 = |Eg exp[-i(Ko*r-mt)]+ Eg exp[-i(KH°r-mt)]|2

Eul,op
Ey

cos(v—H * F]xe " (4.10)

E
= B[+ E—H

0

o 1; above th
=1(0,7) =[1+ R(0) +2~/R(6)Cos(v(0) - H *F)] x{ _, (96)12 ove the surface
e "% at Z below surfce

where we have set the incident intensity [Eo|* = 1 and where u, is the effective liner absorption

coefficient defined as

Ho [1+F_17(E”)”+E(ﬂ

1(0)= . A " ),]
= Sinos) T F Eo R Eo @.11)
21
il oy ol
Moo=yt 4.12)

and y is the linear absorption coefficient. The X-ray penetration depth A = w,' is minimized at
1’ =0 to a value known as the extinction depth:

V.
4dyr.(F{ + | Ful|Fa)) 4.13)

ext
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When the incident X-ray energy is greater than the binding energies of the core
electron, the atom can undergo the photoelectric effect and emit photoelectrons. The excited ion
can transit to its ground state via Auger electron and X-ray fluorescence emission. Based on the
dipole approximation for the photoelectric effect, the XRF yield from an atom will be
proportional to the E-filed intensity at the center of that atom and therefore the XSW induced X-

ray fluorescence yield can be expressed as

Y(0) = [10.7)p(F)e" " dF

=Y, {1+ R(0) +2-/R(0) f p(F)Cos[v(6) - H s Fle™“” d} (4.14)
v,

where the off-Bragg Yield (Yop) is proportional to the coverage of the fluorescent species. In Eq.
4.14, the absorption coefficient u{o) accounts for the attenuation of the out going fluorescent X-

rays and varies as a function of take-off angle o

2\/5%

(o) = [0 -a?) +4B% +26 -]
7 (4.15)
where o= F% , B= FI;O 4.16)

are related to the index of refraction n = 1- 0 — if} and are calculated for the substrate material at

the energy of the emitted fluorescent X-ray.
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If we define the amplitude and phase of the H" order Fourier coefficient of the
distribution function for the fluorescence selected species as coherent fraction fy and coherent

position Py, respectively, then

F,[p®)] = [ p(F)e”"dF = f, exp(2iP,)

4.17)
and the fluorescence yield can be simplified as
Y(0) =Y p[1+ R(0)+24/R(O) f, Cos(v(0) - 2P, )] Z(6) (4.18)

where the effective-thickness factor Z(0) accounts for the absorption of both the incident X-ray
beam and the emitted X-rays. Z(0) = 1 if the fluorescence selected species are located on or
above the crystal surface. Z(8) can also be approximated as 1 if the fluorescence species are
below the surface but Z << A.. If the fluorescing atoms are distributed evenly throughout the

crystal, then®

_ [ Sin(B)1" +p1, (@)
1 (0)+1,(@)

Z(0) (4.19)
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Figure 4.4 Depiction of a typical XSW experimental setup. The beam from a synchrotron beamline is
monochromated by a double crystal monochromator. While stepping the incident angle 6 of the sample through the
reflection, the reflected intensity and fluorescence spectrum are simultaneously collected by two separate detector

systems. The figure is reproduced from Ref. [30].
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As was shown in Fig 4.4, the reflectivity R(0) and the fluorescence yield Y(0) are

simultaneously collected while scanning in 6 through a H = & k [ Bragg reflection in a XSW
measurement. For each XSW data set, a rocking curve, calculated as the convoluted result from
the emittance and acceptance functions from the upstream monochromator and the sample
crystal, respectively, is fitted to the experimentally measured R(0) to obtain the absolute angle
scale. This is then used in the fitting of Eq. (4.18) to the measured Y(0) to determine Y3, fi and

Py.

4.5 Structural analysis using the coherent fraction and coherent
position

In a XSW analysis, the coherent position Py is related to the location of the atoms relative
to the diffraction planes. The coherent fraction fy, on the other hand, not only senses the
geometric configuration of the atoms but also the order of the distribution. The coherent fraction

can be considered as the combination of three factors:

Ju=Cay Dy 4.20)

where C is the ordered fraction, ay is the geometrical factor and Dy is the Debye-Waller factor.

In a general case of a discrete distribution having the identical atoms located at N different sites

ri=xja+yb+zc 1=1toN that are in the unit cell, plus some randomly distributed same
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atoms. The ordered fraction C is the fraction of the total ny, atoms that are coherent to the

substrate crystal lattice

C=§ i =§c,- (4.21)

where n; is the number of the atoms at r;. Since ay is the modulus of the normalized geometrical

structure factor Sy for the coherent atoms from the N lattice sites,
1 N
S, =— Y [c.exp(i2nH 7 4.22
n= E[ exp( 3 (4.22)

ay = |SH| 4.23)

Comparing Eq. (4.18) to (4.22), one can derive
Py = Arg|[Syl / 2n (4.24)
In Eq. (4.20), the Debye-Waller factor Dy is identical to that defined in Eq. (4.5). However, the

distribution width <u’;> is generalized to the overall width of the displacement field attributed to

the effects of time- and domain- averaging.
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4.6 3D atomic density map reconstruction
As was shown in Eq. (4.18), the XSW measured coherent fraction fy and coherent
position Py are the amplitude and phase, respectively, of the H™ Fourier coefficient of the
fluorescence selected species. As the result, with an inversed Fourier transformation, the

distribution function of the selected atoms p(r) can be calculated as

p(F) = Sexpliap, —H 7 =142 3 f,Cosl2aP, - H * F)]

He0 (4.25)

the simplified form of the equation makes use of fy = 1 and the symmetry relationship analogous
to Friedel’s law that makes f'y = fyand Py = - Pp.

Since the Fourier summation in Eq. (4.25) includes both amplitude and phase of each
Fourier coefficient, the XSW technique resolves the common “phase problem” in diffraction
techniques. Ideally, with infinite number of Fourier components for the summation, any
distribution of the fluorescence species can be unambiguously determined. However, because the
available Fourier components in a XSW analysis are limited to the allowed reflections from the
single crystal substrate, a XSW method produced density map is influenced by the
crystallographic structure of the substrate and the symmetry of the crystal. More details are

discussed in chapters 4.7 and 4.8.
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4.7 XSW imaging and substrate crystallography

Since X-ray standing waves are originated from the Bragg reflections of the substrate
crystal, the Fourier components available in a XSW analysis are limited to the allowed
reflections determined by the crystal structure of the substrate. For an example, a H =/ k [
reflection is not allowed for a face-centered cubic (FCC) crystal if 4 £ [ is a mix of odd and even
integers. On the other hand, a XSW reflection is allowed for a body-centered cubic (BCC) only if
h + k + [ equals to an even number. The distribution of atoms, produced by the Fourier
summation of the available XSW reflections, will therefore be projected within the bulk
primitive unit cell depending on the substrate crystal structure.

For example, considering “one” atom locating at (X, Y, Z) = (0.37, 0.18, 0.18) within a
cubic unit cell where the lattice constant |a| = |b| = |c| = 5.431 A and o = B =y = 90°. The values
of the 21 sets of ay and Py are calculated accordingly using Eq. (4.20) to (4.24) and the numbers
are listed in the inset table of Fig 4.5. Three atomic density maps using three different selections
of the 21 reflections, based on the forbidden reflection rules for (a) simple cubic, (b) FCC, and
(c) BCC structure, are also constructed and shown in Fig 4.5. Although one atom commonly
shows up in all three density maps at (X, Y, Z) = (0.37, 0.18, 0.18), map (b) has an additional
atom at the face center and (c) has an additional atom at the body center. The XSW images have
the intrinsic periodicities of the substrate crystals. For the case of (b) or (¢), the XSW analysis
itself cannot exclude the subsidiary pseudo hot spot in the density map. However, since the
heights for the different hot spots are normally different, an independent measurement of the

atom height such as XRR analysis will help determining the correct location.
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Figure 4.5 Tabulated XSW ay and Py values for 21 / k [ reflections based on the assumption that the XRF-selected
atom occupies one symmetry inequivalent position (X, Y, Z) = (0.37, 0.18, 0.18) within the unit cell. Three 3D
atomic-density maps based on Fourier summations (Eq. 4.25) of the allowed reflections for (a) simple cubic, (b)
face-centered cubic (FCC), and (¢) body-centered cubic (BCC) are generated accordingly. The selections of the
reflections are indicated by the “\”” mark in the Table. The black-dashed-lines and the blue-solid-lines represent the
volumes of the cubic unit cells. All three maps commonly have one atom at (X, Y, Z) = (0.37, 0.18, 0.18), indicated
by the red arrows, but maps (b) and (c) have one additional atom at the face center and the body center, respectively,
due to the missing 4 k [ reflections within the summation. In other words, each occupied symmetry inequivalent site

will generate an infinite 3D periodic image with the translation symmetry of the primitive unit cell.
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4.8 XSW imaging and plane group symmetry on Si surfaces

A crystalline surface, in contrast to a non-crystalline surface, has a specific 2D-symmetry
due to the lattice structure, the cut of the crystal and the environment (e.g. different temperature
will induce different surface reconstructions). Multiple atoms at different locations on a surface
may be chemically equivalent because of the surface symmetry. For an example, atoms locating
at (X, Y, Z)=(1, 2, 3), (1, -2, 3), (-1, 2, 3), and (-1, -2, 3) on a Si(001)-2x1 surface with the
origin at one of the bulk-terminated Si are essentially equivalent due to the PAmm symmetry (the
P2mm symmetry and the equally populated two domains). Since a typical X-ray beam has an
area of mm” and is much greater than the um” scale domain size, a XSW measurement result is
often an ensemble-averaged result of the symmetry equivalent configurations. Cases for Si(111)—

Ix1 and Si(001)-2x1 surfaces are discussed in the following.

4.8.1 Si(001)-2x1

Fig 4.6 and 4.7 show the [001] projection of a two-domain dimerized Si(001)-2x1
surface. In Fig 4.6, the domain consisting of dimer rows oriented parallel to the atomic step is
referring to as “A domain”, and the domain with dimer rows orientated perpendicular to the
atomic step is referring to as “B domain”. The (2 x 1) unit cell for the reconstructed surface is
illustrated together with the plane group symmetry, the (1 x 1) surface unit cell (green-dashed-
lines) for the bulk-terminated surface, and the surface unit cell for the (2 x 1) reconstructed
surface (blue-dashed-lines). For a XSW measurement on a Si(001)-2x1 surface, because the
footprint of X-ray is much greater than the domain size, the XSW E-field interacts with atoms

from both A- and B- type of domains and the measurement therefore shows the ensemble-
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averaged result. When the two perpendicular P2mm (2x1) unit cells overlap, the ensemble-
averaged surface will have a PAmm plane group symmetry (Fig 4.8). The atoms at (x,y,z), (X,-
Y7Z): (_Xa}IaZ)a (_Xa'yaz): (Y:XQZ)a (Y:'Xaz), (_y:X’Z)n and ('YFXaZ) are Symmetry equivalent and need

to be considered together in a XSW analysis ( x, y =0, 0 at the 4-fold symmetry axis).
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A domain B domain

04
Ql'.ll

[110] Atom'ic step

Figure 4.6 The [001] projection of a two-domain Si(001)-2x1 surface. The B domain is one atomic step lower than
the A domain. The (2 x 1) and (1 x 2) surface unit cells for both domains belong to the P2mm plane group. The
green dashed lines show the (1 x 1) surface unit cell for the bulk-like Si surface termination. The blue dashed lines

indicate the reconstructed (2 x 1) surface unit cell.

Figure 4.7 An STM image for a Si(001)-2x1 surface with Si dangling bonds (bright spots). This image is from

Michael Walsh in the Hersam group.



Figure 4.8 The domain-averaged (2 x 2) unit cell on Si(001)-2x1 surfaces. The unit cell has P4Amm symmetry.
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If we use the lattice constant of Si as the unit and move the origin from the center of the (1 x
1) unit cell to a bulk-terminated Si atom (X, y coordinate -> X, Y coordinate in Fig 4.8), the
(0, 0, 0) in the old coordinate becomes (1/2, 0, 0) in the new coordinate and (X, Y, Z) = (X, y, Z)

+ (0.5, 0, 0) and the normalized geometrical structure factor Sy becomes:

Iy T R\
S, == Yexp2mi(H*7)]=— ) exp[2mi(hX. + kY. + [Z.)] == ) exp[2mi(h/2 + [7)]exp[2mi(hx, + ky,
Hggpu »]8‘21)[(, z J]ép{( Olexpl2mi(hs, + ky,)]
- éexp[2m(h/2+ IZ)]{[eZni(thy) +e—l7ti(hr+k)‘)]+ [elni(—h,\‘+ky) + e—2ni(—hr+k)‘)]+ [€2ni(—hy+k,\‘) + e—2ni(—hy+kx)]+ [€2ni(—hy—kx) +e—2m(—hy—k,\‘)]}
e %exp[Zm’(h 12+ 17)]x{Cos[2n(hx + ky)] + Cos[2n(hx - ky)] + Cos[2n(hy - kx)] + Cos[2n(hy + kx)]}

| .
= Eexp[Zm(h/Q +12)] x {Cos[2nhx]Cos[2nky] + Cos[2nthy]Cos| 2mkx]} ( 4.2 6)

Based on Eq. (4.26):

1. Symmetry equivalent XSW reflections will have the identical a; and Py because of the Her in
the calculation of Sy. Eight reflections, hk, h -k l,-hkl,-h-kl,khl, k-hl,-khl and—k-hl
are symmetry equivalent.

2. The XSW phase Py will always be either (h/2 + 1z) or (h/2 + 1z + t/2) depending on the sigh of
the term “Cos[2mhx] Cos[2ntky] + Cos[2mhy] Cos[2mkx]”

3. If an atom at (X, Y, Z) = (X0 + 8Xo, Yo + Oyo, z) and both 8x, and 8y, are small enough that from
(X0, Yo, ) to (X0 + OXo, Yo T Oyo, z) does not change the sign of [Cos[2nhx] Cos[2mky] +
Cos[2mhy] Cos[2mkx]], Py for (xo+ 0%, Yo+ dyo, z) will be identical to that for (x¢,yo ,2).

4. Four high symmetry sites that will degenerate the total number of symmetry equivalent

locations, A(0,0), B(1/2,0), C(1/4,1/4), and D(1/4,0), are on a Si(001)-2x1 surface. The XSW
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results for atoms at one of the four high symmetry sites are very distinctive. The

corresponding values of the four sets of a; and Py are calculated and listed in Table 4.1

A B C D
(x,y) (a,b) (0,0) (1/2,0) (1/4,1/4) (1/4,0)
unit = Si (a-b) (-1/2,0) (-1/4,1/4) | (-1/4,0)
lattice (-a,b) (0,1/2) (1/4,-1/4) (0,1/4)
constant ag; (-a,-b) (0,-1/2) | (-1/4,-1/4) | (0,-1/4)
(b,a)
(b-a)
('b’a)
(-b,-a)
Tot. Num. 8 1 4 4 4
atoms
h, k are odd ap =0.5x ay=1 ag=1 ag=0 ag=0
{Cos[2rtha]Cos Ph = Ph=- Pau=N/A | Ph=N/A
[27tkB]] h/i2+1z | (h/2 +1z)
+
h, k are an=1 an=1 an=1 an=0
, Cos[2thB1C H H H H
even Os[zniaﬁ]} Sl b= | Pu= Pu=- | Py=N/A
h/2 + k/2 = Py = +/-(h/2 + hi2+1z | (h/2+1z) | (h/2+1z)
2n+1
1z), 0
h, k are ay=1 an=1 ap=1 ap=1
even Py = Py = Py = Py =+/-
h/2 + k/2 = hi2+1z | (h/i2+1z) | (h/2+1z) | (h/2 +1z)
2n

Table 4.1The XSW ay and Py values for an atom located at a general position (a, b) or at one of the four high

symmetry sites (A, B, C, D).
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With the consideration of the PAmm symmetry, the density function in Eq. (4.25) can be

written as:

p(F) = E fyexpli2n(P, - HeF)]

=1+ th, expli2n(P, - He P)l+ EfH expli2n (P, - He P+ EfH expli2n (P, - He )] user =(X,Y,Z)=(05ag,0,0)+(x,y,2)

h?+k2=0 W2 +k720 "2 +k720
k=0 or|h|=|k| k=0 and h=k
. ) h , h
=1+ EfH exp[i2n(P, - )] + E fyexpli2n(P, - . (hx+ ky + [7))] + E fyexpli2n(P, - . (hx+ ky + [2))]
h2+k?=0 W2 +k*20 W2 +k220
hk=0 or|h|=[K| k=0 and h=k

=1+ E fuexpli2n(P, - I2)]+ E futexpli2aP, ]x Zexp[—iZn(% +12)]x (Cos[-2mhx]Cos[-2nky] + Cos[-27hy |Cos[-2mkx])}
h=k=0 h2 k%20
hk=0 or‘th‘

+ 2 fufexpli2aP, ]x 4exp[—i2n(§ +12)] x (Cos[-27hx]Cos[-2ky ]| + Cos[-27hy|Cos[-2kx])}
h24k*=0
hk=0 and h=k

Oshsk

let  a=Cos[2nhx]Cos[2nky] + Cos[2nhy]Cos|2mkx] ,b = % +lz+7mx (% - L)

[2al
=142 ) f,Cosl2n(P, - l)]+4 Y fy 1alCosl2a(P, )] +8 Y f, lalCosl2n(P, b))
h=k=0 B2 4k2#0 e
H=H hk:Onr‘h‘:ik‘ gi:izng:l;k

O<h<k,H#H

(4.28)
An example of the calculation of ay, Py and the corresponding density maps assuming one atom
at (X, Y, Z)=1(0.37,0.18, 0.18) on a Si(001)-2x1 surface with and without the consideration of

surface symmetry is illustrated in Table 4.2 and Fig 4.9
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Form hkl No symmetry P4mm symmetry
an Pu an Py

004 (004) 1 0.21 1 0.21
022 (022) 1 -0.16 0.06 0.10
(0-22) 1 0.37 0.06 0.10

(-202) 1 -0.26 0.06 0.10

(202) 1 0.47 0.06 0.10

131 (131) 1 -0.16 0.46 0.05
(311) 1 0.47 0.46 0.05

(3-11) 1 -0.26 0.46 0.05

(1-31) 1 -0.37 0.46 0.05

(-1-31) 1 0.26 0.46 0.05

(3-11) 1 -0.37 0.46 0.05

(-311) 1 0.37 0.46 0.05

-131) 1 0.47 0.46 0.05

Table 4.2 Calculated ay and Py values for H = (004), {0 2 2}, {1 3 1} and {1 2 3} assuming a single-site
occupation of an atom at (X, Y, Z) = (0.37, 0.18, 0.18) on a P4mm Si(001)-2x1 surface. Also shown is the case for

“No surface symmetry”. a=[100],b=[010],¢=[001].
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Because Si is a FCC type crystal, the XSW atomic-maps in Fig 4.9 have the FCC

periodicity. However, with the further consideration of the P4Amm surface symmetry, the origin
of the markers’ unit cell is shifted from (X, Y, Z) = (0.37, 0.18, 0.18) to (0.5, 0, 0.18) on one of
the high symmetry sites.

It shows that the lateral location of the hot spot in an XSW-generated atomic-map does
not always directly correspond to the true location of the atom. A complementary technique,

such as DFT, will be needed for determining the absolute coordinates of the atoms.

4.8.2 Si(111)-1x1

A [111] projection of a Si(111)-1x1 surface with its plane group symmetry are shown in

Fig 4.10.
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Figure 4.9 (a) and (c) are the 3D XSW-generated atomic maps based on the calculated ay and P values from Table
4.2. Image (a) corresponds to the case where no surface symmetry is being considered, while image (c¢) corresponds
to the case with P4mm surface symmetry. (b) and (d) are the 2D cuts through the 3D maps of (a) and (c),
respectively, at 1 A above the bulk-terminated Si atomic layer. Although for both cases the atom is assumed to be at
(X,Y,Z)=1(0.37,0.18, 0.18) = (2A, 1A, 1A), the XSW atomic map for the case with P4mm surface symmetry has

the hot spots laterally shifted to their nearest high symmetry sites.
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a3=[111]

[Z11]

@ Topsi(Ty)

‘ Bottom Si (T,) al=1{10T] a2 =1 [T10]

Figure 4.10 The [111] projection of a Si(111)-1x1 surface. The surface has the P3m1 plane group symmetry. For the

purpose of clarity, only the top-most bilayer is shown. The T, T4, and H; symmetry sites are labeled.
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In Fig 4.10, the unit vectors a; = '4[ag;, 0, -asi], a, = Y2[-ag;, as;, 0], and a3 = [0, 0, ag;] are

chosen for the hexagonal coordinate for the convenience of discussion. The three 3-fold high
symmetry sites, T, T4, and Hj, are labeled in the figure as well. If an atom is tethered to a T} site
but locates at r; = (al, a2, a3) = (x, y, z), it is expected to have five other symmetry equivalent
atoms at ry(-y, x-y, z), ri(y-X, -x, z), rs(-y, -X, z), rs(-xty, y, z), and re¢(X, x-y, z). The

corresponding normalized geometrical structure factor Sy becomes:

6 6
I e .
Si= Y expl2i(H+7) =gzexp[2m(hXi +kY +12)]

i=1 i=l

=lexpumlz]{[EZI[i(ILHky)+€2ni[-hy+k(.\'-y)]+€2ni[h(y-x)-k\']]+[€2ni(-hy-kr)+32:r[i[h(y-x)+ky] +€2ni[hr+l<(x-y)]]}

2r[i(hx+ky)+€2ni[k\‘—(/1+k)y] 27[i[—(h+k),\'+hy]]+[€2ni(—k\'—hy) +62ni[—hx+(h+k)_v] +€2ni[(h+k)x—ky]

= éexp[Zm’lz]{[e te

4.29)
Based on the normalized geometrical structure factor Sy in Eq. (4.29):
1. The 3m symmetry equivalent reflections, # k [ = a b ¢, -b -(atb) ¢, -(atb) ac, -b-ac, -a
(athb) c, and (a+b) —b c, have the identical XSW ay and Py.
2. For (X, Y, Z) at one of the three high symmetry sites:
Ti:r=(0,0, z) => Sy = exp[2milz]
=>aqy =1, Py = lz regardless of h, k

Ty r=(1/3,2/3, 2),



1< _ 1<
S, == YYexp[2mi(H*F)]=— ) exp[2mi(hX. + kY. + IZ.
y 6}) pl2ni(H * 7)) 6}} pl2mi(hX, + kY, + IZ,)]

1 . 2ni1(h+2k) 2ni1(—2h—k) 2m'i(h—k) 2ni1(—2h—k) 2J'Lil(h+2k) 2m‘1(h—k)
=gexp[2mlz]{[e 3 +e 3 +e 3 J+[e 3 +e 3 +e 3

2m'1(h+2k) 2m%(—2h—k)

1 . 2iL (k)
= gexp[Zmlz]{[e 3 +e 3

+e

i2nia i2

1 2
3 ng ° 121'57 o
e 7 =( *)=( ’)

2m’l(h +2k) 2nil(h +2k) 2:'[1'1(11+2k)

8, = sespl2mitl{fe”™ ™+ 4 S cenpianie 5014201

_ 1
= exp[2mi(lz + ;(h - k)] (4.30)

=> ay =1, Py =1z + (h-k)/3

His: r=(2/3, 1/3,2),

1 - R ,
S, = gZexp[zm(H «7)] = ggexpﬁm(hXi + kY, +1Z,)]

2nil(k+2h) 2nil(—2k—h)
+e 3

= éexp[Zm’lz]{[e 3

2nil(k—h) 2m'l(—2k—h) 2m’l(k+2h) 2m’1(k—h)
3 ] + [e 3 3 e 3

I}

+e +e

2mitk+2m) omit—2k-n) 2mitikon
e 3 +e 3

_ %exp[Zm’lz]{[e 3 13 = expl2mi(iz + %(2}1 + k)]

=exp[2mi(lz + %(k - h)]

=>ay =1, Py=1z+ (k-h)/3
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4.31)

3. If (x,y, z) = (X0 + dx, yo + dy, z) where (X, yo) in on one of the three high symmetry sites (T},

T4, or H;) and dx, dy are relatively small,



73

Iy I B ,
S, = g;exp[hl(H o7) = ggexp[%u(hX[ +kY +1Z)]

i=1

=éexp[znilz]{[€2ni(hx+ky)+€2Jti[—hy+k(.r—y)]+eZJ[[[h(y—,x)—k,r]]+[€2Jti(—hy—lq)+€27[[[h(y—x)+ky] +e2n[[hr+k(,x—y)]:|}

Zni[h(xo+dx)+k()'o+<5y)]+e2ni[k(x0+<ix)—(/1+k)()’0+t$)')]+eZui[—(h+k)(xU+5x)+h(}'o+6y)]]

= éexp[hilz]{[e

+[e2m'[—k(xu R0 ] 20 #0024k 400K 4] I

+ +

211i[hx0+ky0]€27[i[héx+k§y] +eZni[kro—(h+k)y0]eZJri[kdx—(lHk)ﬁ)] +eZm’[—(h+k).\0+hy0]€27[i[—(h+k)éx+h&v)]]

= éexp[Znilz]{[e

27[1'[—10(0—/1}'0]eZRi[—kdx—héy] 2mi[-hx, +(h+k)y0]e2ni[—hdt+(h+k)6y] + eZJti[(/Hk)xU—ky(, ]eZTLi[(h+k)6x—kﬂ)')]]}

+e te
1 . pths s . . o ! s s . . . s
=66Xp[2m(hx0 + kyo + lz)]x{[e-mlhdwkmj +e-m[kdr (h+k)y] +62m[ (h+A)dr+hz§))J]+62m[ kdx-hdy] +e2m[ hox+(h+k)y] +eZm[(h+k)()x k(}})J]}

2 .03 . 2

—+..~14 when o << 1
P2 3 I

=, ~ %exp[Zni(hxo +ky, +12)]

x {2 [hx + kOy ]+ [kdx = (h + K)Oy ]+ [=(h + k)Ox + hdy)] + [~kx — hdy]+ [=hdx + (h + k)dy] + [ + k)Ox - ky)]}
+ 2 {[hdx + kOy | + [k = (h + k)Oy I + [=(h + K)x + hoy)T” + [~kx — Oy T+ [=hdx + (h + K)Oy I+ [(h + k)ox - kdy)P}}

= éexp[Zni(hxo +ky, + [2)] x F(h,k,0x,0y)

where  F(h.k,0x,0y) = 2u°{[hox + kdy]* + [k&x - (h + k)Oy]* + [~(h + k)Ox + hy)]* + [-kdx = hdy]* + [-hdx + (h + k)oy]* + [(h + k)dx - kdy)]*}
4.32)

Because ay = |Sy| and Py = Arg(Sy)/2n, ayand Py for (xo + dx, yo + dy,z) are identical to
that for (xo, yo, z). It also shows that ay is more sensitive to (dx, dy) than Py. Similar to that of a
Si(001)-2x1 surface, an XSW-derived atomic map will also have the center of each hot spot

locating at one of the high symmetry sites.
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Chaper 5 : The X-ray Reflectivity Method

5.1 Introduction

The scattering of electromagnetic waves is used in many fields to probe surfaces and
interfaces of materials. The wavelength covers a great length-scale from meter (radio wave),
micron (laser) to angstrom (X-ray, electrons), and the scattering problem can be treated as
solving Maxwell’s equations. Particularly, for the angstrom scale wavelength X-ray, the index of
refraction is slightly smaller than unity for most materials and the penetration as well as the
scattering of X-rays at an air/solid interface can be limited to the near surface region when the
incident angle is near the critical angle therefore enhancing the sensitivity at the surface. For the
case of a specular X-ray Reflectivity (XRR) measurement for a SAM/Si, the wave-vector
transfer Q is perpendicular to the surface and the measurement is sensitive to the electron density
distribution perpendicular to the surface. The measured electron density profile can therefore be
used to determine the thickness of the film, the roughness at the interfaces and the packing
density of the molecules. The analysis can also be used to determine the height of the XRF
selected markers hence solving the ambiguity in XSW analysis as described in the previous
chapter. XRR analysis can be done by either using Kinematical scattering method or Parratt’s

recursion method and the methods will be discussed in Chapter 5.3 and 5.4.

5.2 XRR measurements

Most of the XRR experiments presented in this thesis were performed at NU X-ray

Diffraction Facility while other experiments were done at 33BM-C, SBM-D, or 5ID-C station at
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APS. Different than the 5ID-C undulator beamline, both 33BM-C and 5BM-D stations are

bending magnet beamlines. At the NU X-ray Diffraction Facility, the XRR measurements were
performed on a Rigaku ATX-G rotating anode four-circle diffractometer with a Cu target and a
multilayer parabolic mirror (Cu Ko, energy = 8.05 keV) operating at 50 kV and 240 mA. The
XRR experiment setup at APS is identical to the XSW setup without the XRF detector and the Si
channel-cut. The channel-cut was removed to improve the incident beam intensity.

In a XRR measurement, the reflectivity signal is distinguished from the background
signal by measuring the reflectivity at and away from the specular reflection condition. The
traditional method is to do a rocking scan, i.e. measuring the reflectivity as a function of incident
angle, at each Q vector (Fig 5.1). However, it typically takes 10 - 20 data points to resolve the
profile of a rocking scan so a complete XRR measurement, with 50 - 100 Q data points along the
rod, will take a great amount of time. On the other hand, for a sub-monolayer organic film, a
long X-ray exposure time will change the structures of the organic film. Therefore, an alternative
three-points measurement, including a measurement on the peak (Ip..x) and measurements at
each side of the background (Irgg, Irpg), was used in our study (see Fig 5.1b). The reflected
intensity is calculated as Iren = Ipeak — (ILg + IrBG)/2. The background subtracted net scattering
intensity is then normalized by the straight-through beam intensity, becoming reflectivity, and
used in the XRR analysis. However, in order to do this, the detector slits and the guard slits have
to be wide enough so the full-width-half-maximum (FWHM) of the rocking scans does not
change as a function of Q. Both sets of slits should not be too big to include the scattering

background as well. More details of a XRR measurement can be found in Ref. [35].
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Figure 5.1 (a) The specular XRR scan for a BPA-derived SAM on Si(111). (b) A transverse rocking scan at the Q

indicated by the arrow in (a).
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5.3 Kinematical scattering method

Since the scattering of X-rays from a single electron is almost isotropic, the angular
variation of scattering intensities observed in experiments is due to interference phenomena
attributed to the non-uniform distribution of electron density within the radiated sample. The
scattered total intensity I(q), which is proportional to the square of the total E-field intensity, is

related to the electron density function p(r):

I(q) o [Y &’ = | F(g) [ (5.1)

F@ - [ pe™ a7 =3 @e™
9 = [ p(®e"" dF ;fqe 52

f(q,E) =1y (q) + £ (E) +if(E) (5.3)

The structure factor F(q) is the Fourier transform of the overall electron density within the unit
cell. f; is the atomic form factor of i atom and r; is the location of the i atom within the unit
cell. fy(q) = [p(r)e""dr approximates the atomic electrons as a charge cloud freely surrounding
the nucleus with density p(r). For computational convenience, f) can be analytical approximated
as:

9 \2

o -bh
fo(q)=Eaje ot
j=1 5.4)
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where aj, bj, ¢ are fitting parameters. A list of a;, bj, ¢ is shown in Table 5.1. The energy
dependent dispersion correction factor f* + if” is considered in Eq. (5.3) to account for the

“bound” state of the electrons.

aj a az a b b, bs ba C
Si 6.29 3.04 1.99 1.54 2.44 32.33 | 0.68 81.69 | 1.14
C 2.31 1.02 1.29 0.87 20.84 | 10.21 | 0.57 51.65 |0.22
Br 17.18 | 5.24 5.64 3.99 2.17 16.58 |0.26 41.43 |2.96

Table 5.1 Coefficients of the Eq. 5.4 analytical approximation for the atomic form factor f, for a selection of

elements. (Source: International Tables of Crystallography)

For the case of organic film on a single crystal Si substrate, the total structure factor is the
sum of the structure factors from the Si substrate (Fsyp) and the organic film (Fgy,,). Based on the
derived absolute specular reflectivity from Fenter,” the specular reflectivity for an organic thin

film on a substrate, where the transmission correction ~ 1 for thin organic film, can be written as

47r,

R(@) =[=Z<P|B(q) | Fyyp + Frum| (5:5)

qauc
where r. is the classical e radius, a, is the area of the surface unit cell and B(q) is the roughness
factor. If the atoms in the structure distributed like a Gaussian function (e.g. due to the thermal

vibration), | B(q)|2 — ¢ where o is the distribution width. For a rough surface attributed to the

(1-pB)°

terraces on the substrate surface, 5
[1+pB°-2pCos(qd)]

B(q)|2 = where f is the occupation fraction
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of the first terrace and " is the occupation fraction of the n" layer.”* 6 = 0 and f = 0 for a
perfectly flat surface.
For a semi-infinite crystal substrate with X-ray absorption per atomic layer, €, below the

surface, the structure factor Fg,;, can be expressed as

2 fsi(q,E)e”
[1- e (5.6)

Fsu(q) =
Simulations of XRR for a covalently bound 4-bromo-phenylacetylene (BPA) self-assembled
monolayer (SAM) on Si(111) are shown in Fig 5.2. The energy of X-rays is 8.04 keV (identical
to CuKa radiation). The intensity oscillations between the 0 and 1* order Bragg peaks in the
figure are due to the constructive interference of X-rays attributed to the organic film and are
referred to as Kiessig fringes. The shape of the oscillations is related to the coverage (Fig 5.2a)
and roughness (Fig 5.2c), while the periodicity of the oscillations is determined by the film

thickness affected by the tilting of the molecules (Fig 5.2b).
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Figure 5.2 Six XRR simulations based on six different sets of structural parameters listed in the Table. The tabulated

coordinates shown in (a) correspond to the ball-and-stick model shown in the figure based on a single-molecule

cluster DFT calculation of BPA/Si(111). The model is used as the reference structure for which the molecular tilt

angle is defined as 0. Height Z = 0 is at the topmost Si of the 1% bilayer. See text for a discussion for (b) and (c).
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5.4 Parratt’s recursion method

In chapter 5.3, the scattering process is studied as the interaction between X-rays and
individual atoms. The scatter process, on the other hand, can also be treated as the change of the
propagation of the wave when passing through an interface. For a wave passing through an
interface between the i™ and (i+1)™ layers of the material, the ratio of the reflected and incident
waves’ amplitudes, r; = |E,| / |Ej|, and the ratio of the amplitudes of the transmitted and incident
waves, t; = |E| / |[Ei|, can be expressed as:

ki — ko
B ki + ki
= 2k,
ki + K- (5.7)

i

where the wave vector ki, = k(ni2 - Coszai)” 2.k is the incident wave vector, n; is the index of
refraction for the i layer and o; is the incident angle. This is the well-known Fresnel formula.

For the example given in Fig 5.2, the BPA-derived SAM on Si(111) can also be treated as
an air/Br/hydrocarbon/Si four-layer material. With the known incident angle (o), n.ir and ng;, the
XRR data can be fitted with the recurring formula determining the ng,, thickness of the Br layer,
Nhydrocarbon, the thickness of the hydrocarbon layer and the roughness at each interface. The
determined electron density profile can then be used to derive the film thickness and the packing
density accordingly.

An open source IGOR PRO package for XRR analysis developed by the Nelson’s group,
Motofit, is used in this thesis for its intuitive interface and powerful analytical fitting. The

program calculates the specular reflectivity using the Abeles formulation, (identical to the
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Parratt’s recursion formula). The data input/output is handled via a graphical user interface
(GUI) and the genetic optimization method allows the program to find the global minimum
solution. More details about the program can be found at

http://motofit.sourceforge.net/wiki/index.php/Main_Page.
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Chaper 6 : Density Functional Theory Modeling

Density functional theory (DFT), which is based on quantum mechanics, is widely used
to investigate the structure of many-body systems.’’ The popularity of DFT is related to the fact
that the relatively simple local density approximation to the energy functional is in many respects
a good approximation for typical many body systems.’’ In our study, DFT is used to provide
model structures for self-assembled monolayers on Si. Because the SAM/Si hybrid system is a
complex system and a calculation of many molecules together with a semi-infinite substrate
simultaneously is almost impossible due to the computational limit, some
approximations/assumptions are necessary in the calculations in order to improve the
computational efficiency. In our study, a SAM/Si system is first simulated as a cluster including
one single molecule and a finite size of the Si substrate. Although the “Single Molecule”
assumption prevents the intermolecular interaction from being considered in the computation
(and therefore the model may not accurately describe the system), it can be used to describe a
low coverage SAM/Si (assuming the local packing density of the molecules is low as well),
which is a typical case for a SAM at the early stage of the growth. Because such a calculation
emphasizes the molecule-substrate interaction, it can also be used to study the reaction pathway
of the growth.”

In addition to studying the SAMs/Si systems using single molecule cluster DFT, a
periodic DFT method, which many molecules systems are achieved by periodically repeating
surface unit cells two dimensionally, is also used in our research to understand the effect of

molecule-molecule interaction in SAMs. The single molecule cluster DFT work was done by
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Nathan Yorder (for SAMs on Si(111)) and Michael Walsh (for SAMs on Si(001)) in the

Hersam group, while the periodic DFT work was done by Kirk H. Bevan in the Datta group at

Purdue University.

6.1 Single molecule cluster DFT

A SixHsp and a SigH;, cluster is respectively used for the SAMs/Si(111) and
SAMs/Si(001) to approximate the silicon surfaces in the vicinity of the adsorption site of the
molecule as well as the underlying silicon substrate. A molecule is bonded to a silicon atom in
the top layer, and all other silicon atoms are passivated with hydrogen. The cluster was
constructed using HyperChem Release 7 (Hypercube, Inc., Gainesville, FL) and optimized using
molecular mechanics. The cluster was further optimized using DFT within the Q-Chem
electronic structure package. The B3LYP density functional was chosen to account for electron
exchange and correlation effects, and a 6-31G* all-electron basis set with polarization functions
was employed for all atoms. The cluster was allowed to optimize its geometry without constraint.
The B carbon radical of the molecule was capped with hydrogen to mimic the structure of a

single molecule following abstraction of a hydrogen atom from the H-Si surfaces.'®

6.2 Periodic DFT

While a cluster DFT calculation can yield insight into the binding geometries for
SAMs/Si,'" it does not account for effects resulting from molecule-molecule interactions within
the organic adlayer. Consequently, periodic DFT calculations, which many molecules systems
are achieved by periodically repeating surface unit cells two dimensionally, are performed to

simulate the SAMs/Si structures. Due to the computation limit, (1 x 1) and (2 x 1) periodicities,
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where (1 x 1) case has one molecule bonded to each surface silicon site and the (2 x 1) case

has every other surface silicon being bounded, were considered in the study for SAMs/Si(111).
For SAMs/Si(001), only the (2 x 1) case is considered. The local density approximation was used
and geometry was converged to 0.01 eV/A on a real-space grid corresponding to an energy
cutoff of 300 Ryd. A double polarized local atomic orbital basis set was employed. Both unit

cells were relaxed on slabs eight layers deep through the conjugate gradient method.
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Chaper 7 : Structural characterization of Brominated SAMs

on Si(111)

The self-assembled monolayer (SAM) structures formed by six brominated molecules on
H-Si(111), includes SAMs derived from p-bromostyrene (BrSty), p-(4-bromophenyl)styrene
(BPS), p-(4-bromophenylethynyl)styrene (BPES), (4-bromophenyl)acetylene (BPA), (p-(4-
bromophenyl)phenyl)acetylene (BPPA), and (p-(4-bromophenylethynyl)-phenyl)acetylene
(BPEPA). These were studied using a characterization package, including single molecule
cluster DFT, periodic DFT, X-ray reflectivity (XRR), X-ray fluorescence (XRF), and X-ray
standing wave (XSW). Because BPS- and BPES- derived SAMs are not as order as the others
based on the (111) XSW measurement results, the studies for the two SAMs are limited to single

molecule cluster DFT and (111) XSW.

7.1 Single molecule cluster DFT

Ball-and-stick models for covalently bound isolated BrSty, BPS, BPES, BPA, BPPA, and
BPEPA molecules on H-Si(111) surfaces, based on the single molecule cluster DFT calculation
results, are shown in Fig 7.1. The coordinates for the six structures are shown in appendix C.1
and the heights for the covalently bound molecules are summarized in Table 7.1. The starting
configurations for the six DFT calculations had the bottom C=C bond (sp”) of the alkenyl
molecule aligned directly over Si T;-T,4 (sp’) bond direction, and the bottom C-C bond (sp’) of
the alkyl molecule aligned directly over Si T;-Hj; (bisect two sp’) direction. (On a (111) Si

surface, a Si-Si sp3 bond links the T, and Tj sites. T, site is the 1-fold coordinated site directly
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above the top Si at the surface bilayer, Ty site is the 4-fold coordinated site directly above the
bottom Si at the surface bilayer, and Hj site is the 3-fold coordinated hollow site (Fig 7.1a)). The
two different types of the lateral orientations assumed in the starting configurations were based

on the rotation study results shown in Fig 7.2.

BrSty BPS BPES BPA BPPA BPEPA

Height (A) 8.86 13.13 15.58 8.86 13.21 15.79

Table 7.1 The heights of the terminal Br atoms in Fig 7.1. Height Z = 0 corresponds to the T, Si site.

In Fig 7.2, the three alkenyl structures (propene, BPA/Si(111), BPPA/Si(111)) and two
alkyl structures (propane, BrSty/Si(111)) were rotated about their C-X axes (X = C or X = Si).
The DFT calculated energy changes for each orientation are shown in Fig. 7.2f and 7.2g. At a
rotation angle of ¢ = 0, the C=C bond in Fig. 7.2a — 7.2¢ or C-C bond in Fig. 7.2d — 7.2¢ is
aligned with the sp’ bond (i.e. C-H bond for propene and propane, and Si-Si bond for the three
SAMs/Si). From Fig. 7.2f all three alkenyl structures have the lowest energy at ¢ = 0°. In
contrast, the alkyl molecule and SAM structure (BrSty/Si(111)) become energetically most stable
at ¢ = 60°, where the C-C bond bisects two sp’ bonds. Each of these calculated energy barriers is
greater than the kT thermal energy at room temperature. This result suggests that the interaction

at the molecule-silicon interface is directly attributed to the sp” and sp® hybridization and is
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confirmed by the rotation of propene and propane molecules. Since the total energy change of
both rotated propene and propane can be qualitatively matched by the change of HOMO energy
(Fig. 7.2f and 7.2g), the alignment of the molecules on Si(111) surface may also change the
HOMO level and affects the electric property of SAMs. Further study is necessary for better
understanding the mechanism.

The six models in Fig 7.1 are the DFT calculation results under the assumption that each
molecule only reacts to one surface Si site after the hydrosilylation reaction. However, for the
three acetylene molecules originally having two pi-bonds at the terminals before surface
reaction, besides the alkenyl type of bonding proposed by Linford and Chidsey'* (Fig 7.3a) it is
also possible that each molecule reacts to two neighboring surface Si sites, forming a double-
bridge (Fig 7.3b) or single-bridge (Fig 7.3¢c) configuration.”> To explore these possibilities, the
SAM structure for BPA, the smallest acetylene molecule in our study, is further explored using
DFT with the consideration of the three possible types of bonding, and the corresponding results
are shown in Fig 7.3. The coordinates for the three relaxed structures are listed in appendix C.1.
(For the comparison purpose, a cluster DFT calculation using a bigger Si substrate, SizgH4s, was
also performed but showed no significant difference in the calculation. The coordinates for the
relaxed structures are listed in appendix C.2). Because of the differences of the Br heights, a
XRR analysis, which is sensitive to the thickness of the monolayer, will be able to determine the
correct structure. The details of combining XRR with DFT to study BPA SAM will be later

given in the XRR analysis section.
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Figure 7.1 DFT optimized models for SisHjo cluster covalently bonded to: (a) p-bromostyrene (BrSty), (b) p-(4-
bromophenyl)styrene (BPS), (c) p-(4-bromophenylethynyl)styrene (BPES), (d) (4-bromophenyl)acetylene (BPA),
(e) (p-(4-bromophenyl)phenyl)acetylene (BPPA), and (f) (p-(4-bromophenylethynyl)phenyl)acetylene (BPEPA). For
purposes of clarity, the Si atoms at the top of the surface bilayer are made brighter than those below. The

coordinates for the DFT structures are listed in appendix C.1.
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Figure 7.2 Illustration of the rotation of (a) propene, (b) BPA/Si(111), (c) BPPA/Si(111), (d) propane, and (e)
BrSty/Si(111) at the C-X axes. The DFT calculated energies (periodic DFT model with a great vacuum to avoid
molecule-molecule interaction) at various rotational orientations are plotted in (f) and (g) for alkenyl and alkyl
structures, respectively. Due to the limit of using DFT for the orbital hybridization between molecules and surfaces
in SAM/Si case, the HOMO energy calculations were only performed for the rotations of propene and propane
molecules. For purposes of clarity each curve is given a 50 meV vertical offset. At a rotation angle of ¢ = 0, the C=C

bond in (a) — (c) or C-C bond in (d) — (e) is aligned with the sp> bond.
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Figure 7.3 Binding geometry configurations for isolated-molecule cluster DFT calculations, showing a side view
and top-down view of the BPA molecule on a SiyHj;; cluster. (a) Configuration based on a proposed model by
Linford and Chidsey," showing the BPA molecule after reacting with a single silicon atom and extracting one
hydrogen atom from the surface. (b) “Double-bridge” configuration, showing the two end-carbons bonded to two
neighboring silicon T, sites. (c¢) “Single-bridge” configuration, showing the terminal carbon bonded with two
neighboring T; sites. In (b) and (c¢), the molecule has extracted two hydrogen atoms from the surface. The

coordinates for the DFT structures are listed in appendix C.1. The figure is reproduced from Ref. [11].
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7.2 Periodic DFT

7.2.1 BrSty/Si(111)

Two different periodicities were considered for the periodic DFT study for BrSty SAM
on Si(111): a (1 x 1) case, where there is a BrSty molecule bonded to each T silicon site, and a
(2 x 1) case, where one-half of the silicon T, sites have a molecule attached. For the (1 x 1)
packing, eight initial configurations that are azimuthally rotated in steps of 15° are considered
(Fig 7.4a) and the results are shown in Fig 7.4b. The coordinates for the unit-structures before
and after the relaxation are listed in appendix C.4. The DFT determined total energies and the
terminal Br heights are summarized in Table 7.2.

In Fig 7.4, the results for orientation 3 and 7 are not available because such orientations
cause every molecule directly overlapping with a neighboring molecule. Since the differences of
the total energies in Table 7.2 are smaller than the thermal energy at room temperature (kgT = 25
meV), the six relaxed configurations are equally possible. The six configurations also have the
almost identical heights for the terminal Br despite the difference of the lateral orientations.
Comparing the six relaxed configurations with that from the single molecule DFT, the terminal
Br in the former is set further away from the Si(111) surface than that in the latter, 8.87 A to 9.07

A, due to the molecule-molecule interaction.



Or1 Or2 Or3 Or4 Or5 Or6 Or7 Or8
E(eV) | -2608.698 | -2608.700 | N/A | -2608.698 | -2608.697 | -2608.697 | N/A | -2608.700
z 9.07 A 9.08 A N/A 9.07 A 9.07 A 9.07 A N/A 9.07 A
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Table 7.2 Periodic DFT calculated total energies and the heights of the terminal Br atoms for the eight orientations

shown in Fig 7.4 for BrSty/Si(111). Z =0 is height of the T, Si that is bonded to the BrSty molecule .

As was shown in the earlier single molecule DFT study, alkyl and alkenyl molecules are
azimuthally orientated over T;-H; and T,;-T4 directions on Si(111) surfaces, respectively, due to
the molecule-substrate interaction. For comparison purposes, two (2 x 1) packed BrSty-derived
monolayers on Si(111), T;-H; and T;-T4 orientated, are explored using periodic DFT and the
results are shown in Fig 7.5. The coordinates for the unit-structures before and after the
relaxation are also listed in appendix C.4. It shows that the heights of the terminal Br atoms in
the (2 x 1) case are both smaller than that in the (1 x 1) case. Because the total energy for the T;-
H; orientated structure (Fig 7.5a) is 74 meV smaller than that for the T;-T4 orientated structure
(Fig 7.5b), the former is thermodynamically more favorable and the result is consistent with that

found in the rotation study in chapter 7.1.
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Figure 7.4 BrSty/Si(111) 1x1 periodic DFT results: (a) Eight unit-structures with different azimuthal orientations
for the molecules used as the starting configurations in the (1 x 1) periodic DFT study for BrSty—derived SAM on
Si(111). The center is the super-cell created using Orl unit-structure. (b) The relaxed structures for the eight
orientations from (a). The center is the super-cell created using the relaxed Orl unit-structure. The coordinates for

the DFT structures are listed in appendix C.4.
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Figure 7.5 BrSty/Si(111) 2x1 periodic DFT results: Top views of the relaxed (2 x 1) periodic super-cells for

E

T

BrSty-derived SAMs on H-Si(111) surfaces that are (a)T;-H; orientated and (b) T;-T, orientated. The Br heights are
measured with respect to the tethered Si site. For purposes of clarity, the Si atoms at the surface bilayer are made

brighter than those below. The coordinates for the DFT structures are listed in appendix C.4.
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7.2.2 BPA/Si(111)

Following the same strategy used in the study of BrSty/Si(111), (1 x 1) and (2 x 1)
packed BPA—derived monolayers are studied using periodic DFT. Since the covalently bound
molecules in Fig 7.1 are either T;-T4 or T,-Hj orientated, the study is limited to both the
orientations. The results for the (1 x 1) and (2 x 1) packing are respectively shown in Fig 7.6 and
Fig 7.7 - 7.10. The coordinates for the unit-structures before and after the relaxation are listed in
appendix C.5. Different than the (1 x 1) packed BrSty/Si(111), the total energy for the T;-T,4
orientated BPA-derived monolayer is 70 meV lower than that for the T;-H; orientated
monolayer. However, a lower energy for T,-T4 orientation was not observed in the (2 x 1)
periodic DFT calculations. If we compare the (2 x 1) packed BrSty—derived SAMs in Fig 7.5
with the (2 x 1) packed BPA-derived SAMs in Fig 7.7 - 7.10, it shows that both the studied T,-T4
and T;-H; orientated BrSty-derived SAMs (Fig 7.5), and the studied T;-H; orientated BPA-
derived SAMs (Fig 7.9 and 7.10) have the aromatic rings perpendicular to the molecular rows,
but the T;-T, orientated BPA—derived SAMs (Fig 7.7 and 7.8) do not. As a result, the T;-T4
orientated BPA-derived SAMs have smaller inter-molecular interaction than that in the T;-H;
orientated BPA/Si(111) configurations, therefore the two cases could not be directly compared.
The result suggests that the relative orientation of the molecules to the molecular rows is critical
ina (2 x 1) periodic DFT study.

Although the relaxed structures are very different in Fig. 7.9 and 7.10, each structure
belongs to a local minimum energy result. It suggests that a global minimum energy structure

may not be obtained if a wrong starting configuration is chosen.
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Figure 7.6 Top views (upper images) and side views (lower images) of the relaxed (1 x 1) periodic unit cells for the
BPA/Si(111) calculated within SIESTA. (a) and (b) are the T;-T, orientated configurations while (c) and (d) are the

T;-H; orientated configurations. For purposes of clarity, the Si atoms at the surface bilayer are made brighter than

those below. The coordinates for the DFT structures are listed in appendix C.5.
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Figure 7.7 Top views and side views of the T;-T4 orientated (2 x 1) packed BPA—derived SAMs on Si(111) before
and after structure relaxation in DFT calculations. The tilting of the BPA molecules for (b) is initially greater than
that in (a). For purposes of clarity, the Si atoms at the surface bilayer are made brighter than those below in the top

views. The coordinates for the structures are listed in appendix C.5.
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Figure 7.8 Top views and side views of the T;-T, orientated (2 x 1) packed BPA-derived SAMs on Si(111) before
and after structure relaxation in DFT calculations. The tilting of the BPA molecules for (c) is initially smaller than
that in (d) but greater than that in Fig 7.7(a). For purposes of clarity, the Si atoms at the surface bilayer are made

brighter than those below in the top views. The coordinates for the structures are listed in appendix C.5.
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Figure 7.9 Top views and side views of the T;-H; orientated (2 x 1) packed BPA-derived SAMs on Si(111) before
and after structure relaxation in DFT calculations. The tilting of the BPA molecules for (b) is initially greater than
that in (a). For purposes of clarity, the Si atoms at the surface bilayer are made brighter than those below in the top

views. The coordinates for the structures are listed in appendix C.5.
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Eq, = -1686.32 eV

Figure 7.10 Top view and side view of a T|-H; orientated (2 x 1) packed BPA-derived SAMs on Si(111) before and
after structure relaxation in a DFT calculation. The tilting of the BPA molecules is initially greater than that in Fig
7.9(b). For purposes of clarity, the Si atoms at the surface bilayer are made brighter than those below in the top

views. The coordinates for the structures are listed in appendix C.5.
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7.2.3 BPPAISi(111)

In the (1 x 1) periodic DFT study for BPPA SAM on Si(111), two orientations for the
bottom aromatic ring, i.e. T;-T4 and T;-H; directions, were considered in conjunction with three
relative rotations between the two rings (0°, -60°, and 60°) (Fig 7.11). After the relaxations of the
structures, only three out of the six configurations are energetically converged and the results are
shown in Fig 7.12. The parallel two-ring structure of the Or0 and Or3 configurations in Fig 7.12,
which is attributed to the strong molecule-molecule interaction in the (1 x 1) type packing, is
suspicious because the hindering effect between the hydrogen atoms from the two aromatic rings
is expected to push the both rings to be not aligned. The dense (1 x 1) packing is also
questionable because the coverage of our BPPA SAM is always less than half monolayer.

According to the earlier discussions for BrSty- and BPA- based SAMs on Si(111), the
molecule-molecule interaction as well as the molecule-substrate interaction affects the
configuration of a monolayer on a Si (111) surface. For a (2 x 1) packed monolayer, the relative
rotation of the molecules with respect to the molecular rows is also critical to the determination
of the final structure. For a monolayer consisting of “two-ring” BPPA, such effect is expected to
be greater than that in a BrSty- or BPA- based monolayer because of the stronger pi-pi
interaction attributed to the additional phenyl ring. In order to fully explore the possible
configurations for the SAM, seven starting models with BPPA molecules azimuthally rotated in
steps of 30° (Fig 7.13) are studied using (2 x 1) periodic DFT. Or0, Orl, and Or2 are respectively

symmetry equivalent to Or4, Or5, and Or6, and the difference is the relative rotation of the
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molecules with respect to the molecular rows. The relaxed structures and the corresponding
Br heights, in conjunction with the total energies, are shown in Fig 7.14.

In Fig 7.14, those (2 x 1) relaxed configurations possessing sp’ C=C bond alignment over
an sp’ Si-Si substrate bond were the most energetically favorable. The alkenyl C=C in the
relaxed structures of Orl, Or2, and Or5 are aligned toward the nearest Si T; site (and not along a
sp> Si-Si bond) thereby are energetically unfavorable. This result is consistent with the DFT
study discussed in chapter 7.2. Therefore, we conclude that the intermolecular interactions do not
overwhelm the substrate-molecule interaction. In the pre-relaxed structures for Or2 and Or6,
although both the BPPA molecules are aligned over the sp® Si-Si substrate bonds, the molecules
in Fig 7.14c are 30° rotated from the molecular rows while the molecules in Or6 are 90° rotated
from the molecules rows. The relaxed structure of Or2 places the Br markers laterally over the
nearest neighbor Si T sites at a height of 12.3 A while the molecules in the relaxed Or6 structure
are further tilted with the Br markers located over the next nearest neighbor Si T; site across the
long diagonal of the unit cell and consequently ~1A lower than that of Or2. Therefore, though
intermolecular interaction does not drastically influence the rotational orientation of the
molecule, it does however play a substantial role in determining the height and lateral position of
the molecule. The result underscores the need to include intermolecular interaction in the
calculations of SAMs’ structures. The Or2 structure, although is the second lowest energy
structure, is later experimentally confirmed to be the correct configuration for BPPA SAM/Si.

The details will be stated in the XSW analysis.
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(OrQ) (Or3)

<

Figure 7.11 Top views of the six triangle unit structures created by the combination of T;-T, and T;-Hj root
orientations, with 0°, -60°, and +60° relative rotations for the two aromatic rings, for the (1 x 1) periodic DFT
calculations for BPPA SAM. The center is a super-cell created using Or1 unit structure. The coordinates for the DFT

structures are listed in appendix C.6.
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T,T, 13.26 -3567.486
Or3 Ty-H, 13.32 -3567.017
Or5 Ty-H; 13.27 -3567.446

Figure 7.12 The relaxed structures that energetically converge for BPPA/Si(111) in the (1 x 1) periodic DFT

calculations. The coordinates for the DFT structures are listed in appendix C.6.
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Figure 7.13 Top views of the seven unit structures used in the (2 x 1) BPPA periodic DFT calculations. The

coordinates for the models are listed in appendix C.6.
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Figure 7.14 Top views of the relaxed BPPA/Si(111) super-cells based on the (2 x 1) periodic DFT results. The

calculations were based on the initial configurations shown in Fig 7.11. Or3 configuration is not feasible due to the

direct overlap of the molecules. The coordinates for the unit structure of each super-cell are listed in appendix C.6.
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7.2.4 BPEPA/Si(111)

Following the same strategy used in the study for BPPA SAM on Si(111), seven rotations
of the BPEPA molecules with respect to the Si substrate (Fig 7.15) are explored in (2 x 1)
periodic DFT and the relaxed structures are shown in Fig 7.16. (1 x 1) periodic DFT for BPEPA
SAM on Si(111) was not performed because such molecular packing overemphasizes the
intermolecular interaction as was discussed previously in the BPPA/Si(111) case. Besides Or0,
all the relaxed structures shown in Fig 7.16 have the root alkenyl C=C double bound aligned
over one of the three T,-T4 Si-Si bonds and the result is consistent with the earlier study of the
rotation of alkenyl structures on Si(111). The relaxed structures for Or2, Or3, and Or4 have the
lowest total energies and are equally possible because the difference of energy is <= 25 meV.
However, the height of the terminal Br for each configuration is different due to the tilting of the
molecules. Experimental measurements will be needed in order to determine the correct

structure.
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Figure 7.15 Top views of the six unit cells used in the (2 x 1) BPEPA periodic DFT calculations. The orientation
where the molecule bisects the T;-T, and T;-H; directions is not considered because it will result in a direct overlap

of the molecules. The coordinates for the structures are listed in appendix C.7.
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Figure 7.16 Top views of the relaxed BPEPA/Si(111) structures after the (2 x 1) periodic DFT calculations based on
the starting configurations shown in Fig 7.15. The green arrows indicate the directions for the root alkenyl C=C
bonds. For purposes of clarity, the Si atoms at the surface bilayer are made brighter than those below. The

coordinates for the unit structure for each super-cell are listed in appendix C.7.
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7.3 XRR analysis

The X-ray reflectivity (XRR) data and analysis for the three alkenyl SAMs, BPA-,
BPPA-, and BPEPA- based monolayers on Si(111), are shown in Fig 7.17. The best fits are
based on using Parratt’s recursion formulation® with a Br / hydrocarbon / Si multilayer model.
The normalized electron density profiles determined from the XRR analysis are shown as an
inset in the figure. The XRR measured Br heights are 9.1 A, 12.4 A, and 14.6 A for BPA-,
BPPA-, and BPEPA- based SAMs, respectively. The analysis illustrates the sensitivity of XRR
measurement to the thickness of an organic film on Si surface.

Additional information for a SAM/Si can be acquired by combing XRR analysis with
DFT modeling. An example is given in Fig 7.18, which the XRR data for BPA/Si(111) are
compared to three model calculations based on the three different bonding configurations
discussed in Fig 7.3. For the model calculations, a packing density of 0.67 monolayers is
commonly assumed because such coverage is independently measured by XRF experiment. The
result in the figure clearly shows that the alkenyl type structure of Fig 7.18a is the correct
bonding configuration for BPA/Si(111). The alkenyl C=C bond is also confirmed in a SUM
Frequency Generation (SFG) study."’

A XRR analysis for a SAM/Si is sensitive to the coverage of the film, the tilting of the
molecules, and the roughness at each interface (substrate surface*® and the film/air interface). An
example is given in Fig 7.19, which the XRR data for BrSty SAM/Si(111) is compared to six
different model calculations. Referring to the DFT calculated structure shown in Figure 7.1a, the

film thickness (t) is allowed to vary by changing the tilt-angle (1) to the molecule about the T; Si



112

site from its nominal DFT determined configuration. The DFT predicted film thickness (with
n = 5°is t = 8.9 A. The best-fit curve to the data is labeled A1, which has: (1) the molecule
tilted further inward to 17 = 17° (corresponding to t = 8.5 A), (2) the molecular packing at a
coverage of ® = 0.46 ML, (3) a static Gaussian vertical displacement distribution for all atoms in
the molecule characterized by a width o= 1.0 A, and (4) the interface roughness parameter at 3
= 0.47 for the Si surface. The XRR sensitivity to molecular packing density is demonstrated by
the accompanying curves labeled A2 and A3, where the coverage has been changed to 0.52 and
0.40 ML, respectively. As can be seen, the strength of the anti-reflection dip at Q = 0.32 A™
changes with coverage. Curves Bl and B2 illustrate the sensitivity to changing the film
thickness by changing the molecular tilt angle to 5° and 53°, respectively. Curve B1 corresponds
to the DFT model shown in Fig 7.1a (t = 8.9 A) and curve B2 corresponds to t = 5.3 A. The shift
in Q of the dip is quite sensitive to the height of the Br layer. (All other parameters in models
A2, A3, B1, and B2 are identical to those described above for model A1).

Although XRR analysis can be used to confirm the DFT predicted models of SAMs/Si, a
XRR analysis only senses the electron density profile along the surface normal direction and is
not sensitive to the lateral structure. To obtain the lateral information, we further combine DFT,

XRR with XSW analysis.



113

(@) e (B) o (C) & 1 .

1000 _A ol ]

_g Ll I S‘: 06! -

T L QL 04} 7

E X 02} |

5 0.1 1 W

g i X _I-zlgigh_t1aobovg surfla?:e (%ﬂ?] 0

20001 | \ ~ |
B h‘ A e

R ©)

= 100 | Eﬁ%a |

107 L |

10 | 1 | | .

O
O
N
O
HLN

, O
o
O
o0
—
—_—
N

Figure 7.17 X-ray reflectivity data and 3-layer model fits for (a) BPA-, (b) BPPA-, and (¢c) BPEPA- based SAMs
grown on Si(111). The normalized electron density profiles for the best fits are shown in the inset. The XRR curves

(b) and (c) are vertically offset by x10? and x10?, respectively.
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Figure 7.18 Specular XRR data (filled circles) for the BPA-derived SAM on Si(111) and model simulations using a
molecular structure factor with atomic coordinates based on the cluster DFT calculation results in Fig. 7.3. The DFT
predicted models are again shown in the lower image. The theoretical XRR from the alkenyl structure (a) best fits
the data. Altl depicts the double-bridge configuration (b) and Alt2 the single-bridge configuration (c). 0.67
monolayers and 2 A roughness are assumed in the XRR calculations. For purposes of clarity, the three model

simulations are vertically offset by 10%.
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Figure 7.19 Specular XRR data (filled circles) for the BrSty-based SAM on Si(111) and model simulations using a
molecule structure factor with atomic coordinates based on the DFT calculation of Fig 7.1a. The best-fit simulation
is labeled A1l. The A1l model has a molecular coverage of ® = 0.46 ML, an inward molecular tilt of n=17° (t=8.5
A), a Si surface roughness parameter of = 047, and a o = 1.0 A Gaussian distribution to the vertical
displacements of the atoms in the molecule. Model A2: same as A1, except ® = 0.52 ML. A3: same as Al, except ©
=0.40 ML. B1: same as A1, except 1 = 5° tilt (t = 8.9 A). B2: same as Al, except 7= 53°tilt (t =5.3 A). C: same
as Al, except Br removed from styrene and attached directly to Si at the T site. For purposes of clarity the vertical

offsets are: x10° for B1 and B2, and x10° for C.
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7.4 XSW analysis

7.4.1 XRF coverage measurement and 111 XSW

Specular and off-specular 4 £ [ XSW data and theoretical fits (from Eq. 4.18, Z(0) = 1
because Br is on the substrate surface) for the six brominated SAMs on Si(111) are shown in Fig
7.20 -7.25. Besides the XSW data for BPEPA/Si(111), which were taken at 33ID-D station, all
the other XSW data shown in this chapter were taken at 5ID-C station. The Br coverage, the
coherent fractions f; and the coherent positions Py for all the samples are summarized in Table
7.3. Because the measured f;;; for BPS- and BPES- derived SAMs are smaller than 0.1, the
distributions of the Br atoms within the both SAMs are expected to be more random than the

others therefore no off-normal XSW were performed on them.
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BrSty 0.5 fu | 0.332) | 0.09(2) | 0.23(2) | 0.10(2) \\\\\\\\
Py | 0.70(1) | 0.10(6) | 0.36(2) | 0.08(3 \\\\\\\\
—— 04 | fu |0.05(1) \\\\\\\\\\\\\\\\\\\\
Py | 0.03(4) \\\\\\\\\\\\\\\\\\
BPES 0.6 fy | 0.03(1) \\\\\\\\\\\\\\\\\\\
Py | 0.39(9) \\\\\\\\\\\\\\\\\\\
BPA 0.2 fu | 0.64(2) ] 0.232) | 0.18(2) | 0.12(2 \\\\\\\\
Py |0.77(2) | 0.35(2) | 0.32(2) | 0.13(2) \\\\\\\\
BPPA 0.2 fu | 046(2) | 0.04(3) | 0.27(6) | 0.13(2) \\\\\\\\
Py | 0.11(1) | 0.38(8) | 0.34(2) | 0.12(3) \\\\\\\\

reflections. The origin is chosen at

0.1.

Qualitatively, f;;; measures

wave period (d;;; = 3.135A). The value of f;;; is directly proportional to the non

the spatial spread in

the bulk-like Si position

the Br dis

tribution re

n the top of the surface bilayer. Py, is ambiguous if fi; <

lative to the (111) standing

-random fraction
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C, which is the fraction of Br atoms at specific locations. A larger distribution spread relative

to the periodicity will result in a smaller f;;;. The measured f;;; (BrSty) > f;;; (BPS) > fi;;
(BPES) and f;;; (BPA) > f;;; (BPPA) > f;;; (BPEPA) are consistent with the fact that the Br
atoms are set further away from the Si surfaces with the increase of the lengths of the
hydrocarbon backbones (Fig. 7.1). In addition, although BPA-, BPPA-, and BPEPA- derived
SAMs have the similar structures as BrSty-, BPS-, and BPES— derived SAMs, respectively, each
one of the three alkenyl SAMs, with the C=C double bonds at the root after the reaction, has a
higher f;;; than its corresponding alkyl SAM, which has the alkyl C-C bond at the root. The
result suggests an overall improvement of the vertical order from the more rigid C=C bond at the
molecule/substrate interface.

The effect of having a C=C double bond or a C-C single bond at the molecule/substrate
interface is further studied by comparing BrSty- and BPA- derived SAMs. Assuming that the up-
right configuration is the only conformation for both the SAMs, the vertical spread of Br can be
analytically determined by the comparison of fi;; with fis5. fu can be expressed as the product of
non-random fraction C, geometrical factor a» and the Debye-Waller Dy. Dy = exp(—anozH/dzH)
treats the averaged displacement field of the Br atoms as a Gaussian distribution with width ou.
Using the fi;and fi5: values, and assuming a:.r = asss = 1 (i.e., a single Br height), we compute that

C = 0.8 and o:: = 0.26 for the BPA/Si(111), whereas C = 0.4 and o1 = 0.30 for the

BrSty/Si(111). The greater non-random fraction and smaller distribution spread of Br in the
BPA-derived SAM suggests that this overall improvement to the vertical order can be accredited
to the more rigid C=C bond at the bottom of BPA-based monolayer in contrast to the C—C bond

for BrSty-based monolayer.
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7.4.2 Br density maps

Since a XSW measurement senses the distribution of the XRF selected atoms in the
direction perpendicular to the diffraction plane, a combination of specular and off-specular XSW
results can therefore be used to three-dimensionally triangulate the site of the XRF selected
atoms relative to the Si lattice (Fig 7.26). Using Eq. 4.25, the XSW-measured Fourier
components listed in Table 7.3 (and their 3-fold symmetry equivalents) are summed to produce
Br 3D atomic density maps with 2D cuts shown in Fig 7.27.

The multiple maxima in the density maps are due to the truncation of the Fourier
summation (missing terms in the infinite sum). Since the Br density maps are produced by
allowed Si reflections with the use of 3-fold symmetry of Si(111) surface, the hot spots have the
same periodicities as the Si primitive unit cell (rhombohedral) appearing at one of the three
horizontal high symmetry sites, i.e. T;, T4, or H;. The XSW measurement by itself cannot
discriminate among these possibilities. However, in conjunction with the longer-length scale
XRR measurements (Fig 7.17 and 7.19), the hot spots for the Br atoms are determined and
indicated by the horizontal lines. The XSW and XRR determined heights and the lateral
positions for the Br markers are listed in Table 7.4. After comparing the experiments measured
heights with the predicted models based on single molecule cluster DFT calculations (Fig 7.1),
additional tilting for the molecules in the cluster models is suggested. If using periodic DFT to
simulate the molecule-molecule interaction and comparing the (1 x 1) and (2 x 1) DFT
calculation results with the density maps, good agreements between the BPPA Br atomic map
with Or2 structure in Fig 7.14, and the BPEPA Br atomic map with Or4 structure in Fig 7.16, are

observed and shown in Fig 7.28. Both best fitting models are based on (2 x 1) periodic DFT.
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Since locally lines of molecules within molecular islands were both experimentally observed

0 it

in high resolution STM images®® and theoretically predicted by a Monte Carlo simulation,’
could be the reason why a (2 x 1) periodic packing, where the molecular rows are formed by
periodically tethering every other surface silicon to one molecule, better simulate the
SAMs/Si(111) structure. Because not all azimuthal orientations were considered in the (2 x 1)
periodic DFT computations for BrSty and BPA, good matches did not observed for both the

SAMs. A better fitting should be available if repeating the DFT calculations using the strategy

developed in the study of BPPA/Si(111) and BPEPA/Si(111).

SAMs BrSty BPA BPPA BPEPA
Br height (A) 8.50 8.68 12.5 14.58
Lateral location Ty Ta T4 Hj

Table 7.4 The vertical heights and the lateral positions of the Br markers for the BrSty, BPA, BPPA, and BPEPA

XSW density maps shown in Fig 7.27. The origin is at the T; Si .

In the direct comparison of the BPPA (2 x 1) periodic DFT calculated structures with its
XSW measured Br density map in Fig 7.27, all three energetically most stable structures, Or2,
Or4, and Or6, have the calculated Br atoms laterally above Si T, sites and match the map.
However, even though the energy of Or6 relaxed structure is ~60 meV and ~70 meV lower than

that of Or2 and Or4, respectively, the predicted Br height in the relaxed Or2 configuration,
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instead of Or6, better agrees with the XSW & XRR measurement. This is possibly due to the

improper assumption in the Or6 pre-relaxed structure. According to the proposed growth
kinetics,* the structural change of C=C to C=C at the interface results in radical-chain reaction
and is responsible for the growth of alkenyl monolayers on Si. Thereby, molecules should grow
along the direction of the C=C: radicals, which can be approximated by the directions of the
alkenyl C=C bonds. In Or6, the perpendicular arrangement of the individual molecules to the
molecular rows in the pre-relaxed configuration contradicts to the chain reaction mechanism and
hence the result does not match the experiment result. The better prediction of the Or2 than Or6

is consistent with the radical chain reaction theory.
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Figure 7.20 The single-crystal XSW results for the p-bromostyrene (BrSty)-derived SAM on Si(111). Shown are the

angle dependences of the 4 k [ Si Bragg reflectivity (bottom) and the Br Ko XRF yield data (top). Symbols are

measured data, and solid lines are the best-fits of theory to the data.
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Figure 7.21 The 111 XSW results for p-(4-bromophenyl)styrene (BPS)- and p-(4-bromophenylethynyl)styrene

(BPES)- derived SAMs on Si(111). Symbols are measured data, and solid lines are the best-fits of theory to the data.
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Figure 7.22 The single-crystal XSW results for the (4-bromophenyl)acetylene (BPA)-derived SAM on Si(111).
Shown are the angle dependences of the / k [ Si Bragg reflectivity (bottom) and the Br Ko XRF yield data (top).

Symbols are measured data, and solid lines are the best-fits of theory to the data.
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Figure 7.23 The single-crystal XSW results for the (p-(4-bromophenyl)phenyl)acetylene (BPPA)-derived SAM on
Si(111). Shown are the angle dependences of the % k / Si Bragg reflectivity (bottom) and the Br Ka. XRF yield data

(top). Symbols are measured data, and solid lines are the best-fits of theory to the data.
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Figure 7.24 The single-crystal XSW results for the (p-(4-bromophenylethynyl)-phenyl)acetylene (BPEPA)-derived
SAM on Si(111). Shown are the angle dependences of the % k [ Si Bragg reflectivity (bottom) and the Br Ka XRF

yield data (top). Symbols are measured data, and solid lines are the best-fits of theory to the data.
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(311) XSW of BPEPA/SI(111).
; ErKa Yield: f = 0.31(2), P = 0.93(1)

TR T

Reflectivity and Normalized Yield

-10 -5 0 5 10 15 20 25 30
B-BB(prad)

(31-1) XSW of BPEPA/Si(111).

1.6 Brka Yield: f = 0.19(4), P = 0.67(3)

14 [

1.2 [

08

06 [

04

Reflectivity and Normalized Yield

0.2t

O: ----- L I 1 1 ]
-10 -5 0 5 10 15 20 25 30

0 - eB(prad)

Figure 7.25 Additional two off-normal single-crystal XSW results for the (p-(4-bromophenylethynyl)-

phenyl)acetylene (BPEPA)-derived SAM on Si(111).
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¢ » Red: Br tilting toward T4 site and 3-fold sym.
~ (Blue: Br titing toward H3 site and 3-fold sym.

[2-1-1]

(11-1)

[0-11]

Figure 7.26 A schematic drawing of (11-1), (220), and (113) diffraction planes on a (111) Si crystal. The red atoms,
tethered to the Si T sites, are tilted toward the Ty sites. The blue atoms, on the other hand, are tilted toward the H;
sites. All the blue atoms are symmetry equivalent (likewise for the red atoms). Since the red and blue atoms have the
same height above the Si surface, they cannot be distinguished in a 111 XSW measurement. However, they may be

distinguished in off-specular XSW measurements.
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Figure 7.27 XSW generated Br atomic maps for (a) BrSty-, (b) BPA-, (c) BPPA-, and (d) BPEPA- based SAMs on
Si(111) with respect to the hexagonal unit cell of the Si(111)-1x1 surface. The 2D cuts through the measured 3D Br
atomic density maps coincide with the Br maxima in the 3D maps. The upper images are top-view cuts parallel to
the (111) surface at the center of the hotspots that best match the XRR measured Br heights (indicated by the
horizontal lines). The lower images are side-view cuts perpendicular to the (111) surfaces that coincide with the T,

T4, and H; high symmetry sites of the Si(111)-1x1 surface.
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Figure 7.28 Projected ball-and-stick models for (a) BPPA- and (b) BPEPA- based SAMs on Si(111) superimposed
on top of cuts through the XSW measured Br atomic maps. The lower images are side-view cuts that coincide with
the T1, T4, and H3 high-symmetry sites of the Si(111) 1x1 surface. The upper images are top-view cuts parallel to
the (111) surfaces at the measured Br heights indicated by the horizontal lines. The superimposed models of BrSty-
and BPA- based SAMs are the (2 x 1) periodic DFT calculation results. The models for (a) and (b) are Or2 in Fig.

7.14 and Or4 in Fig 7.16, respectively.
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7.5 Growth kinetics

Fig. 7.29 shows the XRF measured Br total coverage (®,) for a series of BPA-derived
SAMs that were grown with different UV reaction times (t). Also shown in Fig. 7.29 are the
corresponding XSW measured coherent positions, P,;;. The observation that P,,, and f,,, are
invariant to the SAM coverage indicates that the local molecular configuration of the SAM is
independent of the globally averaged coverage. The result agrees with the islands nucleation
growth mechanism™ of SAMs on Si(111) where the growth of the coverage increases the number
of the molecular islands but not the size of the islands. It also suggests that the growth of the
monolayer increases the number of molecules laterally but not vertically (because the vertical
distribution of Br does not change). We also show in Fig. 7.29 the variation in the Br ordered

coverage, defined as 6, = C ©.;. While Oy is a tally of all BPA molecules adsorbed on the
surface (physisorbed and chemisorbed), @, only includes BPA molecules that are covalently
bonded to the surface as depicted in the inset of Fig. 7.29. The growth kinetics for &, and 6, can

be approximated by a simple exponential function with a time constant of 34 hours (for our
particular growth conditions). The non-zero coverage at t = 0 points to a faster reaction step at
the beginning of the hydrosilylation process. The growth kinetics in Fig. 7.29 predicts saturation

coverage for ©@,at 0.7 ML.

7.6 Summary

By combing XPS, XRR, XRF, and XSW experiments with DFT structure modeling, the
atomic-scale structures of SAMs on Si(111) can be determined. The characterization package
can be used to study the growth kinetics of SAMs on Si as well. For a DFT study, the choice of

the starting configuration is critical to the relaxed result. Single molecule cluster DFT can
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provide insights of the structures and be used to study the reaction pathway, however it often

overestimates the height of the molecules due to the lack of molecule-molecule interaction. On
the other hand, a (I x 1) periodic DFT study often overestimates the molecule-molecule
interaction and the result is suspicious. A (2 x 1) periodic DFT, where locally the linear packing
of molecules on Si(111) is approximated by periodically tethering every other surface silicon to
one molecule, better simulates the structures of SAMs/Si(111). Due to the nature of chain
reaction growth, an initial orientation where the molecules are aligned along the molecular rows
is suggested in the (2 x 1) periodic DFT. Overall, our study suggests a sp>-sp> or sp’-sp
alignment respectively at the molecule/substrate interface for the tethered alkenyl (sp?) or alkyl

(sp®) organic adlayers on Si(111).
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Figure 7.29 For a set of BPA-derived SAMs this shows the UV reaction time dependence for the measured Br total
coverage Or (open circles), ordered coverage @ (filled circles), and coherent position P;;; (filled squares). f;;; =
0.68(3). The inset shows a side view of the BPA molecule covalently attached to the T, site on the Si(111) surface.

For a single Br height P;;;=Mod [h/d;;].
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Chaper 8 : Extending Conjugated Organic Structures on Si

8.1 Introduction

It has been demonstrated that aryl-substituted acetylenes (BPA, BPPA, and BPEPA) can
be used to functionalize Si(111) surface under mild UV irradiation, forming a fully conjugated
monolayer structure with sp>-conjugated moieties directly connected to surface Si atoms. When
bromide terminated aromatic alkynes are used as the modifier in this chemistry, the halogen is
preserved at the top of the monolayer, in contrast to previous deployment of monolayers based
on undec-10-enoic acid 2-bromo-ethyl ester,”' providing a ready handle for sequential
substitution chemistry through Pd-based couplings such as the Sonogashira reaction.***

A microwave-assisted Sonogashira coupling to a Si(111) surface possessing an sp’-
conjugated monolayer is discussed in this chapter. Specifically, (4-bromophenyl)acetylene
(BPA) is coupled to a (4-iodophenyl)acetylene (IPA)-derived monolayer on Si(111) to form a (p-
(4-bromophenylethynyl)phenyl)vinylene layer on a Si surface (Fig 8.1). The increased thickness
of the Si-supported molecular layer can be clearly observed by XRR analysis, confirming the
successful conjugation. The extent of coupling is directly assessed via XSW and XRF
measurements of the iodine and bromine contents of the surface. Since alkyne handles can be

. . . . . . 44 .4
readily incorporate into a wide range of bioactive compounds,***

the present Sonogashira
coupling chemistry may provide a facile strategy for coupling Si-based electronic devices to a
wide range of biomedical applications.

In a typical Sonogashira reaction, the sp-sp® coupling between the aryl-halide and alkynes

usually takes place in the presence of a base.*” Since thermal Sonogashira reaction often requires
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447 or high reaction temperature*®*® (T > 100°C), this basic condition

extended reaction time
could potentially corrode the Si surface. As such, we employed microwave-assisted conditions®’
in our study to minimize the reaction time and maximize the coupling yield between the IPA-
derived film on Si(111) (IPA/Si(111), sample S1) and BPA (Fig 8.1). For comparison, a (p-(4-
bromophenylethynyl)-phenyl)vinylene monolayer film on Si(111) surface (BPEPA/Si(111),
sample S3) via the photo-induced hydrosilylation of (p-(4-bromophenylethynyl)phenyl)acetylene
(BPEPA) by H-passivated Si(111) (H-Si(111)) is also separately prepared. This S3 sample,
which is prepared in only a single step, has the same monolayer composition as the S2

Sonogashira-prepared sample and therefore serves as a standard for evaluating our Sonogashira-

coupling chemistry method.
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Figure 8.1 p-(4-iodophenyl)acetylene-based monolayer is first grown on a H-passivated Si(111) surface and

subsequently coupled to p-(4-bromophenyl)acetylene via microwave-assisted Sonogashira reaction.
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8.2 Experimental results and discussion

Fig 8.2 shows the XRR analysis of the film after each step in our Sonigashira-based
organic film growth process, as well as the standard S3. In contrast to the smooth Fresnel-like
decay of the H-Si(111) interface, the IPA/Si(111) (S1) and the Sonogashira-prepared (S2) films
show clear interference thickness oscillations. In addition, the antireflection dip in the
Sonogashira-prepared sample is shifted to a lower value (Q = 0.17 A™") compared to S1 (Q =
0.23 A™). Since the antireflection dip in the XRR measurement is sensitive to the thickness of the
organic film on Si and a smaller Q for the dip corresponds to a thicker film,'® the initial organic
layer in S1 has clearly been extended outward from the Si surface in S2 (i.e., after the reaction).
The observation that the antireflection dips occur at the same Q for samples S2 and S3 serves to
confirm the expected final BPEPA-derived (p-(4-bromophenylethynyl)-phenyl)vinylene
monolayer structure for S2 as shown in Fig 8.1. Referring to the XRR analysis'’ in Table 8.1,
monolayers S2 and S3 have equivalent thicknesses (defined as the height of the center of the

halogen layer, t; + 2 t, = 14.6 A), as would be expected for isostructural films.
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Figure 8.2 XRR data for the respective H-Si(111), IPA/Si(111) (S1), [IPA/Si(111) + BPA] Sonogashira-prepared

(S2), and standard BPEPA/Si(111) (S3) thin films (triangles, circles, diamonds, and squares, respectively). The
solid lines are theoretical fits based on Parratt’s recursion method" using a two-layer/Si model (i.e., halogen and
hydrocarbon layers). The structural parameters from the fits are listed in Table 8.1. For purposes of clarity, S1, S2,

and S3 are vertically offset by 10°, 10, and 10°, respectively.



ts (A) ps | (A) | p2 | 012(A) | 023(A) | 034 (A)
S1 8.6 0.5 0.7 2.1 3.2 1.8 24
S2 14.4 0.6 0.3 2.2 6.7 5.1 3.7
S3 141 0.7 0.9 2.5 4.0 2.5 2.0
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Table 8.1 XRR two-layer/Si model determined relative electron density (0 = Piayer / Psi), thickness (t), and interfacial

roughness (0) of each layer. Layers 1 through 4 are air, halogen, hydrocarbon, and Si, respectively.

Under our surface Sonogashira coupling scheme (Fig 8.1), it is possible that the

Sonogashira-formed  (p-(4-bromophenylethynyl)phenyl)vinylene monolayer could have
undergone further coupling with BPA. In addition, BPA could have undergone self-coupling in
solution to generate BPEPA. Given that the Sonogashira couplings between phenylacetylene and
iodo-aromatics are much faster than the analogous reactions with bromo-aromatics, the coupling
between BPA and the iodine-terminated monolayer on S1 should occur in a more facile fashion
over both of the aforementioned possibilities during our short reaction time. Further support for
this hypothesis was provided by our observation that BPA did not couple to a Br-styrene-derived
monolayer on Si(111) under identical microwave-assisted Sonogashira coupling conditions and
BPEPA was not found as a side product in the synthesis of S2. These results suggest that
selective patterning of organic molecules on a Si(111) surface via surface Sonogashira coupling

may be possible via judicious deployment of organic monolayers with different halide

termination.



140

In contrast to XRR, which measures the “averaged electron density” profile for the
organic/Si interface structures,'® the 111 XSW analysis, with the XRF modulation observed
while scanning through the Si(111) Bragg reflection (Fig. 8.3), directly measures the spatial
distribution of the fluorescence marker atoms (Br and/or I) with respect to the lattice of the single
crystal substrate (i.e., d;;; spacing, Figure 8.4). As a result, XSW is element-specific and has
sub-angstrom resolution.’** The XSW results for the IPA/Si(111) starting film (S1), the
Sonogashira-prepared film (S2), and the standard BPEPA/Si(111) film (S3) are shown in Fig 8.3
and Table 8.2. The differences between the Br Ko (S2) and I LB; (S1) XSW modulations
indicate the variance in the vertical distributions of the halogen atoms before and after the
Sonogashira reaction. The coherent fraction f;;; and coherent position P;;; in the XSW analysis
measures the distribution width of the XRF-selected fluorescence species and the location of the

N . 2425
distribution center, respectively.”

The smaller coherent fraction f;;; from S2 compared to S1
(Table 8.2) suggests a broader vertical distribution of the Br atoms in the Sonogashira-prepared
sample S2 than the I atoms in the IPA/Si(111) monolayer S1. This is consistent with the fact that
the Br atoms in the former are set further away from the Si surface than the I atoms in the latter
by an extended spacer group post Sonogashira coupling (Fig. 8.4).

The agreement in the XSW-obtained f;;; and P;;; values for Br in S2 and S3 is consistent
with the previously discussed XRR results, which found an identical film thickness (and hence
molecular structure) on the Si surface regardless of the growth method. In conjunction with the

longer-length scale XRR measurement,”® the XSW analysis yields the height of the Br in the

Sonogashira-prepared sample S2 to be hg, = [4 + P;;;]d;;; = 14.8 A. Whereas before the coupling
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reaction, the height of the I atom in sample S1 is h; = [2 + P;;;]d;;; = 8.7 A (See Fig 8.4).

For S3 hg,= 14.7 A.

In our surface Sonogashira coupling scheme shown in Fig 8.1, the terminal iodide from
the IPA/Si(111) monolayer in sample S1 is replaced by a BPA group in creating sample S2.
Hence, the coupling reaction yield can be determined by measuring both the loss in iodide
coverage and gain in bromide coverage. The XRF-calibrated iodide and bromide coverages
(Table 8.2) show an iodide loss equivalent to a bromide gain of 0.14 monolayers (ML) after the
Sonogashira coupling. Compared to the initial 0.15 ML of iodide, this amounts to an

approximately 93 % yield for the Sonogashira reaction.

lodide Bromide

Cov (ML) f111 P11 Cov (ML) f111 P14

S1 0.15(1) 0.44(5) | 0.77(3) -- - -

s2 | 0.010(5) - - 0.14(3) | 0.19(4) | 0.73(3)

S3 - - - 0.22(2) | 0.17(4) | 0.70(2)

Table 8.2 XSW and XRF results for IPA/Si(111) film (S1), Sonogashira-prepared film (S2), and the standard

BPEPA/Si(111) film (S3).
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8.3 Summary

We have demonstrated that a microwave-assisted surface Sonogashira coupling reaction
can be employed to construct extended conjugated organic structures on Si(111) surfaces. In this
manner, halide-terminated alkenyl monolayers on silicon can be systematically functionalized
with a wide range of substituted alkynes, providing an entry point for integrating biosensing with

Si-based electronics.
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Figure 8.3 The 111 XSW analyses showing the experimental and theoretical angular dependence for the X-ray

reflectivity and the X-ray fluorescence for IPA/Si(111) film (S1), [IPA/Si(111) + BPA] Sonogashira-prepared film

(S2), and the standard BPEPA/Si(111) (S3) film.
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Figure 8.4 Ball-and-stick models for IPA-derived (left) and BPEPA-derived (right) covalent monolayer on Si(111)
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Chaper 9 : Structural Characterization of Brominated SAMs

on Si(001)

9.1 Introduction

The growth of organic molecules on Si(001) surfaces has gained special interests for the
realization of molecule-based miniature devices.” Self-assembled lines of absorbed molecules,
in contrast to the irregular islands of molecules on Si(111), have been shown on anisotropic
Si(001)-2x1 surfaces”® via chain reaction growth (Fig 9.1). Although such one-dimensional
growth has so far only been demonstrated using alkenes, alkynes are also expected to grow
linearly on the monohydride terminated Si dimers based on the reaction schemes in Fig 2.2. To
confirm this hypothesis, p-bromostyrene (BrSty) and (4-bromophenyl)acetylene (BPA), two
aromatic molecules that are identical with the exception of their respective terminal groups (a
C=C bond for BrSty and a C=C bond for the BPA molecule before the hydrosilylation step), are
identically grown on Si(001)-2x1:H surfaces in a STM-UHYV (ultra high vacuum) chamber,'’ and
the structures are side-by-side compared. The STM topography in Fig 9.2 shows that the
adsorbed BPA molecules form nanoscale molecular lines on the Si(001)-2x1 surface identical to
the BrSty case.”’ In order to further explore the intrinsic structures of the molecular chains, the
characterization strategy developed in the study of SAMs on Si(111), including DFT, XRR,
XRF, and XSW, was applied on both BrSty- and BPA- based SAMs on Si(001) and the results

will be discussed in the following chapters.
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Figure 9.1 Chain reaction growth mechanism for self-directed growth of alkenes on Si(001)-2x1:H proposed by
Lopinski et al. The initial reaction involves formation of a carbon-centered radical that can then abstract a hydrogen

from an adjacent dimer along a row, creating a new Si dangling bond.*® The figure is reproduced from Ref. [53].
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(a)

(b)

Figure 9.2 (a) STM image of a Si(001)-2x1:H surface with dangling bonds created by elevating the surface
temperature to 400°C. (b) The surface of (a) after being exposed to BPA molecules. STM images are from Michael

Walsh in the Hersam group.
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9.2 DFT modeling

Ball-and-stick models for an isolated BrSty / BPA molecule on a Si dimer, based on the
single molecule cluster DFT calculation results, are respectively shown in Fig 9.3 and 9.4. The
coordinates are listed in appendix C.3. For the case of BPA, the molecular bonding with alkene-
(Fig 9.3a), double-bridge- (Fig 9.4a), and single-bridge- (Fig 9.4b) like linkages at the
molecule/substrate interface are considered in the computation. The heights of the terminal Br

atoms, with respect to the bulk-terminated surfaces, are shown in Table 9.1.

SAMs BrSty BPA
Bonding type Alkyne Alkene Double bridge Single bridge
Height (A) 9.7 10.0 7.4 7.5

Table 9.1 The heights of the terminal Br atoms with respect to the bulk-terminated surfaces for the models shown in

Fig 9.3 and 9.4.

According to the earlier study of brominated SAMs on Si(111), a cluster DFT calculation
with an isolated molecule provides the azimuthal orientation of the molecule with respect to the
Si substrate, but the overall tilting of the molecule is also being underestimated due to the lack of
molecule-molecule interaction. As the result, the single molecule cluster DFT predicted

configurations in Fig 9.3 and 9.4 are further optimized using (2 x 1) periodic DFT and the results
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are shown in Fig 9.5 to 9.13. The XYZ coordinates for the DFT models are listed in appendix

C.8 for BrSty and C.9 for BPA, respectively. Referring to the model structures in Fig 9.3, the
pre-relaxed (2 x 1) packed SAMs in Fig 9.5, 9.6, 9.9, and 9.10 have the molecules either away
from the Si dimers (Or1) or directly over the Si dimers (Or2). The pre-relaxed Orl and Or2 types
configurations for BrSty-derived SAMs are shown in Fig 9.5 and 9.6, respectively, and Fig 9.9
and 9.10 for BPA-derived SAMs. Four different molecular tilts (t0 - t3) are also studied in each
type of orientation. The relaxed results for BrSty and BPA are respectively shown in Fig 9.7, 9.8,
and Fig 9.11, 9.12. The results for the two alternative bridge-like types of bonding for BPA on
Si(001) are shown in Fig 9.13. The heights of the terminal Br atoms with respect to the bulk-
terminated surfaces, after the structure relaxation, are listed in Table 9.2, 9.3, and 9.4. The total

energies are also listed in the tables.

BrSty/Si(001) Oor1 Or2
Away from the Si dimer Over the Si dimer
t0 t1 t2 t3 to t1 t2 t3
Heights (A) 8.7 8.4 8.2 8.5 8.7 9.3 9.1 9.1
Erot. -3105.168 -3105.275 -3105.274 -3105.274 -3105.120 -3105.018 -3105.129 -3105.126

Table 9.2 The heights of the terminal Br atoms (with respect to the bulk-terminated surfaces) and the calculated total

energies for the models of BrSty/Si(001)-2x1 shown in Fig 9.7 and 9.8.
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BPA/Si(001) or1
Away from the Si dimer Over the Si dimer
t0 t1 t2 t3 t0 t1 t2 t3
Heights (A) 8.6 8.6 8.5 8.6 9.0 9.3 9.0 9.0
Erot -3072.565 -3072.568 -3072.596 -3072.569 -3072.442 -3072.398 -3072.411 -3072.413

Table 9.3 The heights of the terminal Br atoms (with respect to the bulk-terminated surfaces) and the calculated total

energies for the models of BPA/Si(001)-2x1 shown in Fig 9.11 and 9.12.

Heights (A) Etot.
Double-Bridge 6.0 -3073.116
Single-Bridge 8.9 -3071.810

Table 9.4 The heights of the terminal Br atoms (with respect to the bulk-terminated surfaces) and the calculated total

energies for the models of alternative bridge-like types of bonding shown in Fig 9.13.
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Figure 9.3 Top views (upper images) and side views (lower images) of binding geometry configurations for an
isolated (a) BrSty and (b) BPA molecule on a SigH), cluster. The calculation for BPA assumes the alkenyl-like

linkage at the molecule/substrate interface. The green line in (a) indicates the bulk-terminated Si(001) surface.



152

Figure 9.4 Top views (upper images) and side views (lower images) of binding geometry configurations for a (a)

double-bridge- and (b) single-bridge- like bound BPA molecule on a SigH;, cluster.
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Figure 9.5 Top and side views of the four pre-relaxed BrSty/Si(001) unit structures studied in the (2 x 1) periodic

N

DFT calculations. The four models are commonly having the bottom alkyl C-C bonds of the molecules “away” from
the Si dimers. The four molecules are tilted differently in order to explore the effect of the molecular tilt within the

one-dimensional molecular rows.
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Figure 9.6 Top and side views of another four pre-relaxed BrSty/Si(001) unit structures studied in the (2 x 1)
periodic DFT calculations. In contrast to Figure 9.5, the four models are commonly having the bottom alkyl C-C
bonds “over” the Si dimers. The four molecules are tilted differently in order to explore the effect of the molecular

tilt within the one-dimensional molecular rows.
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Figure 9.7 Top and side views of the relaxed BrSty/Si(001) super-cells based on the (2 x 1) periodic DFT calculation
results of the four configurations in Figure 9.5. The (1 x 1) unit cells of the bulk-terminated Si surfaces are
illustrated by the black squares. The heights of the terminal Br atoms, with respect to the bulk-terminated Si
surfaces, are listed in Table 9.2. The four structures commonly show the bottom alkyl C-C bonds away from the Si

dimers. Besides the orientation Or1t2, which has the Br near the middle of the sides of the (1 x 1) unit cells, all the

orientations have the Br atoms close to the corners of the (1 x 1) unit cells.
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Figure 9.8 Top and side views of the relaxed BrSty/Si(001) super-cells based on the (2 x 1) periodic DFT calculation

results of the four configurations in Figure 9.6. The (1 x 1) unit cells of the bulk-terminated Si are illustrated by the
black squares. The heights of the terminal Br atoms, with respect to the bulk-terminated Si surfaces, are listed in
Table 9.2. In contrast to Figure 9.7, the four structures commonly show the bottom alkyl C-C bonds over the Si

dimers. Besides the orientation Or2tl, all the others have the Br atoms close to the centers of the (1 x 1) unit cells.
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Figure 9.9 Top and side views of the four pre-relaxed BPA/Si(001) unit structures studied in the (2 x 1) periodic
DFT calculations. The four models are commonly having the bottom alkenyl C=C bonds of the covalently bonded
molecules “away” from the Si dimers. The four molecules are tilted differently to explore the effect of the molecular

tilt within the one-dimensional molecular rows.
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Figure 9.10 Top and side views of another four pre-relaxed BPA/Si(001) unit structures studied in the (2 x 1)
periodic DFT calculations. In contrast to Figure 9.9, the four models are commonly having the bottom alkenyl C=C
bonds of the covalently bonded molecules “over” the Si dimers. The four molecules are tilted differently to explore

the effect of the molecular tilt within the one-dimensional molecular rows.
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Figure 9.11 Top and side views of the relaxed BPA/Si(001) super-cells base;1 on the 1(2 x 1) periodic DFT
calculation results of the four configurations in Figure 9.9. The (1 x 1) unit cells of the bulk-terminated Si surfaces
are illustrated by the green squares. The heights of the terminal Br atoms, with respect to the bulk-terminated Si
surfaces, are listed in Table 9.3. The four structures commonly show the bottom alkenyl C=C bonds of the
covalently bound molecules away from the Si dimers. All the orientations have the Br atoms near the corners of the

(1 x 1) unit cells.
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Figure 9.12 Top and side views of the relaxed BPA/Si(001) super-cells based on the (2 x 1) periodic DFT

calculation results of the four configurations in Figure 9.10. The (1 x 1) unit cells of the bulk-terminated Si surfaces
are illustrated by the green squares. The heights of the terminal Br atoms, with respect to the bulk-terminated Si
surfaces, are listed in Table 9.3. In contrast to Figure 9.11, the four structures commonly show the bottom alkenyl C-
C bonds of the covalently bound molecules over the Si dimers. All the orientations have the Br atoms near the

centers of the (1 x 1) unit cells.
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Figure 9.13 Top and side views of the structures of (2 x 1) packed BPA-based SAMs on Si(001)-2x1:H based on the
alternative bridge-like bonding, before (upper images) and after (lower images) the relaxation of the models in the

periodic DFT calculations. The green squares indicate the (1 x 1) unit cells of the bulk-terminated surfaces.
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9.3 XRR analysis

Comparing the Br heights from orientation Orl to Or2 in Table 9.2 and 9.3, the Or2
orientation has a greater Br height of the Br atoms than the other due to the interaction between
the molecules and the Si dimers. Additionally, for the three types of possible bonding
configurations of BPA-derived SAMs (Fig 9.11 to 9.13), the terminal Br atoms are locating at
different heights. If the absolute heights of the Br atoms can be determined by the XRR analysis,
or even more accurately by the combination of XRR and XSW analyses, the accurate
configurations for BrSty- and BPA- based SAMs on Si(001) may be directly determined.
However, our XRR results suggest that the organic films on our two samples are thicker than 10
A, which is not consistent with the DFT models. It is possible that due to the existence of very
low coverage SAMS on the UHV prepared samples, the XRR experiments, instead of measuring
the structures of the brominated SAMs, sensing the physisorbed hydrocarbon contaminants on
the surfaces. An in-situ XRR measurement in an UHV chamber may be necessary to prevent the
problem. Since structurally the vertical profiles of the SAMs are not available from the XRR
analysis, the characterization of the structures will be performed via the XSW 3D imaging

technique.

9.4 XSW analysis

The specular and off-specular XSW results for BrSty- and BPA- based SAMs on Si(001)
are respectively shown in Fig 9.14 and 9.15. The XRF measured Br coverage as well as the

coherent fractions and coherent positions are summarized in Table 9.5. As a point of reference, a
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1x1 bulk-like terminated Si(001) surface has 6.78 Si / nm®. The XSW experiments for the

BrSty/Si(001) and BPA/Si(001) were performed at 12 ID-D and 5 ID-C, respectively.
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Figure 9.14 The single-crystal XSW results for the p-(4-bromophenyl)styrene (BrSty)-derived SAM on a Si(001)-
2x1 surface. Shown are the angle dependences of the 4 k / Si Bragg reflectivity (bottom) and the Br Ko XRF yield

data (top). Symbols are measured data, and solid lines are the best-fits of theory to the data.
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Figure 9.15 The single-crystal XSW results for the (4-bromophenyl)acetylene (BPA)-derived SAM on a Si(001)-
2x1 surface. Shown are the angle dependences of the 4 k [ Si Bragg reflectivity (bottom) and the Br Ko XRF yield

data (top). Symbols are measured data, and solid lines are the best-fits of theory to the data.
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Cov. (004) (202) (111)

Br/nm? foos Poos f202 P20z f111 P111

BrSty 0.78 | 0.33(6) | 0.26(2) | 0.11(3) | 0.24(3) | 0.21(2) | 0.41(1)

BPA 0.88 | 0.30(2) | 0.29(1) | 0.36(2) | 0.36(9) | 0.31(2) | 0.18(1)

Table 9.5 The XRF measured Br coverage together with the specular and off-specular XSW results (Fig 9.14 and

9.15) for BrSty- and BPA- based SAMs on Si(001)

The XSW-measured Fourier components listed in Table 9.5 (and their 4-fold symmetry
equivalents) are summed to produce Br 3D atomic density maps shown in Fig 9.16. The origin is
chosen at the bulk-terminated Si.

For the case of the BrSty-derived SAM, the comparison of the DFT models with XSW Br
density map shows that the Or1 orientation, where the alkyl C-C bond is away from the Si dimer,
better fits the XSW result. Additionally, the relaxed Orlt3 orientations, having the Br at the
height about 8.5 A (above the bulk-terminated surface) and laterally near the corners of the (1 x
1) unit cells, best fit the XSW measured density map. (Orltl result has the almost identical
structure and total energy as that for Orlt3 so the two configurations are essentially identical).
On the other hand, for the case of BPA SAM, the Or2 (t0, t2, and t3), double-bridge and single-
bridge orientations have the height of Br fit with the XSW density map within 0.3 A. (The match
of the double-bridge structure with the density map is through the hot spot at 6.28 A high).

However, since the double-bridge bonding has the Br near the middles of the sides of the (1 x 1)
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unit cells, and the single-bridge bonding has the Br near the corners of the (1 x 1) unit cells,

the comparison of the BPA Br density map in Fig 9.16 to the simulated Br density maps in Fig
9.17 clearly shows that the Or2t0 model better fits the data (Or2t0 is chosen because its energy is
lower than Or2t2 and Or2t3). The alignment of the alkenyl C=C bond over the Si dimer for
BPA/Si(001) is consistent with the earlier proposed sp’-sp” alignment in the case of alkenyl
SAMs on Si(111). Further study of the effect of the molecular orientation to the electronic

property may contribute to the development of nano-scale molecular electronics.
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Figure 9.16 XSW generated Br atomic maps from two different viewing angles for BrSty- (upper images) and BPA-
(lower images) based SAMs on Si(001)-2x1:H surfaces. The 2D cuts through the 3D Br atomic density maps
coincide with the Br maxima in the 3D maps. Because of the intrinsic periodicity of XSW imaging, the hot spots
show up at (8.5 —n x 1.36) A, n =0 to 6 for BrSty, and (9.0 —n x 1.36) A, n =0 to 6 for BPA. The origin is at the

bulk-terminated Si.



(a) Or2t0:Z=9.0 A above
bulk-terminated Si

(b) Double-bridge: Z = 6.0 A above
bulk-terminated Si

(c) Single-bridge: Z = 8.9 A above
bulk-terminated Si
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Figure 9.17 Projected ball-and-stick models for (a) Or2t3, (b) Double-bridge, and (c) Single-bridge types of bonding

for BPA-derived SAM on Si(001)-2x1, based on the (2 x 1) periodic DFT calculation results, in conjunction with the

corresponding XSW Br density maps (model simulations).
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9.5 Summary

By combining DFT modeling and XSW atomic imaging techniques, atomic-scale
structures for BrSty- and BPA- derived SAMs on Si(001)-2x1:H are studied. The alkyl C-C
bonds at the molecule/substrate interface for BrSty molecules after the surface hydrosilylation,
are away from the Si dimers. In contrast, the alkenyl C=C bonds for a tethered BPA molecule on
Si(001)-2x1:H are directly over the Si dimers. Complementary infrared technique may be useful

to confirm these results.
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Chaper 10 : X-ray induced desorption

In the XRR and XSW experiments the SAM/Si samples were sealed within a dry nitrogen
flow cell with a thin Kapton X-ray window to avoid air exposure and oxidation. With no X-ray
flux on the sample there were no significant changes to the SAMs. However, under the full
undulator intensity of 1 x 10'" photons/sec/mm? of radiated surface area, the Br coverage showed
an X-ray induced desorption effect corresponding to an exponential decay with a half-life of 10
min for BrSty/Si(111). For all the data presented in this thesis work, the X-ray radiation effects
were closely monitored and minimized during exposure to the X-ray beam. This was done by
using incident beam transmission filters, a fast-shutter, and by moving the footprint of the beam
on the sample to a fresh unradiated spot before any significant damage occurred. However, the
radiation induced desorption mechanism is still worth studying because an understanding of the
mechanism will contribute to a control of the desorption process and knowledge of the

limitations of the technique.

10.1 Determination of the X-ray induced desorption rate

A preliminary study of X-ray induced Br desorption from a BPA/Si(111) sample using E
= 16.00 keV X-rays was performed at the 5ID-C station with an incident flux ~ 3.7 x 10"
photons per second (p/s) . The relative decrease in the Br coverage as a function of accumulated
X-ray flux incident on the sample (dose D in p/mm?) was measured at five incident angles near

the total external reflection (TER) condition. This was at normalized incident angles of X = 6/6,
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= 0.5, 1.0, 1.2, 2.0, and 3.0; where the critical angle 6. = 0.112° for 16.00 keV X-rays

reflecting from a Si mirror (See Fig 10.1a - 10.1e). In sequential time periods the Br Ko counts
and the incident beam ion chamber counts were collected at each fixed incident angle. Since the
vertical size of the incident beam slit (SS = 0.2 mm) was always larger then the projected height
of the sample length (SL), the ion chamber counts were reduced by the factor (SL x Sin(0) / SS)
to give the effective ion chamber counts I., The “normalized” Br Ka yield (Br Ka yield = Br
Ka counts / 1), which is normalized to unity at the first time interval, was used to monitor the
relative decrease in the Br coverage. The results shown in Fig 10.1 suggests that the X-ray

induced desorption process is angle dependent and is greatly enhanced near the critical angle.

10.2 Dependence of the desorption rate on the incident angle of X-
rays

The strong increase in the Br desorption rate in Fig 10.1f at the Si critical angle can be
used to determine the primary mechanism for the X-ray induced desorption process. Is it caused
by the primary E-field intensity at the surface or by the secondary electron emission from the Si
substrate or by some other mechanism? To understand how the X-ray incident angle affects the
desorption rate, the E-field intensity profile along the surface normal direction is calculated using

Eq. 10.1 and 10.2 at each incident angle and the results are shown in Fig 10.2a.
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EFI(0,z) = |Eo|*[1+R+2VR Cos(v-Q,)] z2>0 (10.1)

EFI(8,z) = |Eo|*[1+R+2VR Cos(v-Q,)] X Exp(u(0) z) 2<0 (10.2)

Where w(0) = (4t/\N20){[(0:3- 6%)* + 4p*]"* + 0.2 - 67} is the attenuation depth, 6. is the critical
angle, Q = 4nSin6/A is the magnitude of the wavevector transfer, R is the reflectivity, v is the

phase and E) is the electric field amplitude of the incident beam.

In our case the generation of the emitted electrons is primarily related to the X-ray
induced photoelectric effect within the Si substrate and is proportional to the E-field intensity
(EFI) within the substrate, whereas the flux of X-ray interacting with the molecules is related to
the EFI at the surface. As the result, the integrated EFI within the substrate (from Z = 0 at the
surface to Z = - 5.4 x 10° x Sin(0) A at the depth of 16.00 keV electrons. 5.4 x 10° A is the
attenuation length for 16.00 keV electrons) and the EFI at the substrate surface are separately
calculated and plotted together as functions of normalized incident angle X = 6/8, in Fig 10.2b.
A comparison with Fig 10.1f indicates that the Br desorption is primarily induced by an
interaction with the primary X-rays as opposed to being induced by the secondary electron
emission.

In order to further explore the first order interaction between the “X-rays” and the
brominated SAMs on Si, an X-ray induced desorption experiment was performed on a
BPA/Si(111) sample with the incident X-rays E = 16.00 keV and straight-through-beam (STB)

flux F ~1.5 x 10" p/s at the 33 BM-C station. Since at 16.00 keV the X-ray absorption cross
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section for the hydrocarbon part (H: 0.67 barns/atom, C: 12.84 barns/atom) of the BPA

molecule is much smaller than that for Br (12,400 barns/atom), (data from
http://csrri.iit.edu/periodic-table.html), our study focused on the X-rays—Br interaction. The
desorption of the Br was monitored at the incident angle 6 = 4° (which is much greater than the
critical angle). On the A = 0.26 mm” radiated footprint (the whole footprint is smaller than the
surface area of the sample), the X-ray photon density was F/A ~ 5.8 x 10'° p/s/mm®. At time t =
0, the radiated footprint, with the coverage ® = 0.14 Br/nm’, yielded a Br Ka count-rate into the
detector of 23 cps. With a detector active area of 50 mm” and a detector distance of 58 mm we
were collecting 50/(4m58%)= 0.00118 of the entire solid-angle of emission with a 0.788 detector
efficiency. Therefore the collected 23 cps represents a total Br Ka emission rate of 25,000 p/s.
The yield of the Br Ka + Br K photons together was therefore ~ 30,000 cps. Since Wx"" (the
fluorescence yield for the K-shell for a Br atom) ~ 0.62 (based on the X-ray data booklet), the
photoelectric effect absorption rate for the incident 16.00 keV X-rays is then ~50,000 p/s.
Assuming (1) the first order photoelectric effect caused the Br desorbed and (2) the Br Ka yield
is 25,000 p/s and is independent of time (as an extreme case), the 3.6 x 10' Br on the 0.26 mm’
footprint (at t = 0) will have a half-life ~100 hr. However, our XRF measurement shows a much
shorter half-life of ~70 min (Fig 10.3). Therefore there must be some other X-ray induced
reaction at the surface that induces Br desorption. It is possible that besides the first order X-ray-
Br interaction, secondary interactions with near-surface molecules in the condensed or gas
phases may also play important roles in the desorption process. Quantitative determination of the
contribution from each factor will be useful to truly understand the desorption mechanism and

the result may provide a better strategy to increase the lifetime for the X-ray measurements on
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organic SAMs/Si. See Chapter 11 for suggested future experiments that may help in

discovery the X-ray induced desorption mechanism.
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Figure 10.1 X-ray induced Br desorption study for the BPA/Si(111) surface: (a) to (e¢) Normalized Br XRF yield as a

function of accumulated dose of incident photons/mm’ radiated footprint (D) measured at normalized incident

angles X = 0/6. = 0.5, 1.0, 1.2, 2.0, and 3.0, respectively. Each plot is fitted with a function Y = A exp(-KD) where

the value K is proportional to the probability of the radiation induced Br desorption from a single incident photon.

(f) is the normalized K (normalized by the K at X = 3) at X =0.5, 1.0, 1.2, 2.0, and 3.0.
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Figure 10.2 (a) The depth (z) dependent E-field intensity (EFI) profiles at X = 0.5 (red), 1.0 (blue), 1.2 (green), 2.0
(orange), and 3.0 (black). (b) The depth integrated EFI within the substrate (red) and the EFT at the surface (blue) as

functions of normalized incident angle X = 6/8, Each curve is normalized to unity at X = 3.
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Figure 10.3 The X-ray induced desorption of Br from BPA/Si(111) under E = 16.00 keV, STB flux = 1.5 x 10"’ cps

o

radiation at 8 = 4° . The half life = -In(0.5) / -0.0097358 = 71 min. The sample was sealed within a 0.0 % R. H.

(relative humidity) nitrogen flow cell during the radiation.
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Chaper 11 : Summary and Outlook

11.1 Thesis summary

This thesis work has employed a variety of surface-sensitive characterization tools
together with DFT modeling to study the atomic-scale structures of the self-assembly of n-
conjugated molecules on silicon surfaces. Through the study of six different aromatic self-
assembled monolayers (SAMs) on H-Si(111) and two on H-Si(001), a structure characterization
strategy for SAMs/Si was developed. In each case DFT calculations predicted several possible
atomic-scale models from which the most correct structure was experimentally determined. XPS
provided the chemical bonding state for Br atoms to legitimate the use of Br as the XRF marker
at the top end of the molecule for XSW structural analysis. Specular XRR measurements sensed
the electron density profile along the surface normal direction and the results were used to
determine the thickness of the film, the packing density of the molecules, and the roughness at
each interface. The direct comparison of the x-ray fluorescence yield from the sample with that
from a calibrated reference standard provided the atomic coverage of the sample. By using the
generated XSW from the Si substrate, the 3D lattice location(s) of the XRF selected atom (i.e.
Br) was measured. The XSW determined atomic density map, in conjunction with the coarser-
length-scale XRR analysis (to rule out the subsidiary images of Br attributed to the intrinsic
periodicity of XSW technique) and DFT modeling, provided the atomic-scale structure of a SAM
on Si.

In the AFM study, the comparisons of the three alkyl SAMs/Si(111) with the three

alkenyl SAMs/Si(111) show a higher dependence of the surface’s uniformity with the molecular
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length for those having alkyl linkage at the molecule/substrate interface. The higher degree of

order for the alkenyl SAMs relative to alkyl SAMs was also confirmed by the 111 XSW
measurements of the Br coherent fraction. The effect of the alkyl or alkenyl linkage at the
molecule/substrate interface also shows up in the azimuthal orientation of the covalently bound
molecules with respect to the Si substrate. Based on the DFT studies, a sp” alkenyl C=C bond at
the surface will azimuthally align over the sp’ Si-Si bond from the substrate, whereas the sp’
alkyl C-C bond at the surface will azimuthally bisect two sp’ Si-Si bonds. These configurational
differences should affect the electronic properties of the hybrid structures and be of importance
for the development of molecule-based devices.

Through the comparison of various DFT models (i.e. single molecule DFT, (1 x 1)
periodic DFT and (2 x 1) periodic DFT) to the XSW measured Br density maps, the (2 x 1)
periodic DFT was found to best simulate the structures of the SAMs on Si(111). In this (2 x 1)
periodic DFT the linear packing of molecules on Si(111) is approximated by a periodic
attachment to every other surface silicon. Qualitatively, the azimuthanl orientation of the
molecule to the Si substrate and the tilting of the molecules within the organic adlayers, which
respectively are attributed to molecule-substrate and molecule-molecule interactions, were
correctly reflected in the (2 x 1) DFT calculations. However, an initial orientation, where the
molecules are aligned along the molecular rows, was suggested in the (2 x 1) periodic DFT
calculations due to the nature of chain reaction growth.

Overall, the thesis work demonstrates a characterization strategy that is powerful in the
determination of the atomic-scale structures of SAMs on Si. The method was successfully

applied in the development of the microwave-assisted Sonogashira coupling chemistry. The
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microwave-assisted Sonogashira coupling reaction provides the strategy to extend the
conjugated organic structures on Si surfaces and tailor the electronic property of the hybrid

materials.

11.2 Outlook

11.2.1 Brominated SAMs on Si(001)-2x1:H

In the study of the BPA-derived SAM on Si(001)-2x1:H surfaces, the correct hot spot
which corresponds to the Br marker of the molecule was not able to be exclusively determined
from the XSW atomic-density map therefore the correct bonding configuration was not directly
decided. Although the bridge-like bonding geometries were indirectly ruled out by the
comparison of the XSW images generated from the data with that from the model simulations
based on the DFT structures, a direct determination of the Br height is still worthy of further
investigation. The XRR measurement did not sense the SAM’s structure due to the combination
of low SAM coverage and physisorbed hydrocarbon contaminants on the surface. The problem
may be solved by two different approaches: (1) Remove the hydrocarbon contaminants: An in-
situ XRR measurement in an STM-UHV chamber will be ideal because STM topography can
serve as a tool to monitor the physisorbtion on the surfaces. The excess contaminants can also be
removed by annealing the surfaces and examined again with STM if necessary. (2) Increase the
coverage of the SAM: All of our brominated SAMs on Si(001) were prepared in a UHV chamber
due to the desire of STM imaging. The surface reaction speed is limited to the pressure of the gas
and is much smaller than that in the solution based reaction. To increase the SAM coverage, one

can follow the same procedure that used UV to initiate a solution based hydrosilylation reaction.
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With a higher SAM coverage, it is expected that the XRR measurement to be less affected by

the contamination. Also, with a higher coverage, infrared (IR) technique such as FT-IR, which is
sensitive to the hydrocarbon bonding, will be very informative in the determination of the
atomic-scale structures. However, the surfaces prepared by wet chemistry method will need to be

extensively cleaned in order to uncover the nanoscale structures in STM imaging.

11.2.2 X-ray induced damage

As was described in chapter 10, some experiments were performed to study the X-ray
induced desorption of SAMs on Si but the desorption mechanism is still not clear. The
understanding of the mechanism will contribute to a control of the desorption process,
knowledge of the limitations of the technique, and even the X-ray lithography applications.
Quantitative determination of the contribution from the primary and secondary interactions
attributed to the X-rays will be useful to truly understand the desorption mechanism and the
result may provide a better strategy to increase the lifetime for the X-ray measurements on
organic SAMs/Si. This will require performing the Br desorption rate studies in UHV, as well as
gas controlled environments, and consequently better control of physisorbed molecules. It is also
important to combine XRR analysis into the XRF and XSW desorption analysis to determine if a
Br atom desorbs as an atom or as part of a molecular fragment. In other words, is the XRR
determined molecular packing density commensurate with the Br coverage during the X-ray

induced desorption process or is the molecular packing density unaffected.
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Appendix A : Syntheses of Vinyl- and Acetylene-
Terminated Organic Molecules

Six brominated molecules were studied in this thesis: (a) p-bromostyrene (BrSty), (b) p-
(4-bromophenyl)styrene  (BPS), (c) p-(4-bromophenylethynyl)styrene (BPES), (d) (4-
bromophenyl)acetylene (BPA), (e) (p-(4-bromophenyl)phenyl)acetylene (BPPA), and (f) (p-(4-
bromophenylethynyl)phenyl)acetylene (BPEPA). Besides p-bromostyrene was obtained from
Aldrich Chemicals, all the other molecules were synthesized by Dr. Jun-hyun Kim in the Nguyen
group at NU. FT-NMR and GC-MS were used to confirm the structures of the synthesized
molecules and the procedures are detailed in chapter A.1. The chemicals used in the synthesis are

listed in chapter A.2 and the reaction processes are stated in chapter A.3.

A.1 Instrumentation

Fourier-transformed nuclear magnetic resonance (FT-NMR) spectra were recorded
on a Varian Inova spectrometer 500 (499.773 MHz for 'H and 125.669 MHz for BC). 'H
chemical shifts are referenced to the proton resonance resulting from protic residue in deuterated
solvent and °C chemical shifts recorded downfield in ppm relative to the carbon resonance of
the deuterated solvents. 'H NMR data are reported as follows: chemical shift [multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, and m = multiplet), integration, assignments].

GC-MS analyses were carried out on a computer-interfaced Agilent 6890 GC/MSD
interfaced to an Agilent 5973 Mass Selective Detector Quadrupole Mass Spectrometer. The

column used was a 30-m HP-5 capillary column with a 0.32-mm inner diameter and a 0.25-um
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film thickness (flow rate = 1.8 mL/min for He carrier gas). Temp program: initial time = 1
min., initial temperature = 60 °C, rate = 20 °C/min; final time = 10 min., final temperature = 260

°C.

A.2 Materials

Tetrabutylammonium fluoride (TBAF, 1 M solution in THF, Aldrich), 1-bromo-4-
iodobenzene (98%, Aldrich), 4-bromostyrene (98%, Aldrich), 4-bromobiphenyl (98%, Aldrich),
titanium(IV) tetrachloride (99%, Aldrich), trimethylsilylacetylene (GFS Chemicals), potassium
tert-butoxide (95%, Aldrich), 18-crown-6 (99%, Aldrich), copper(l) iodide (Cul, Aldrich), (4-
iodophenylethynyl)trimethylsilane (97%, Aldrich), trans-
dichloro(triphenylphosphine)palladium(Il) (PdCl,(PPh;s),, Alfa Aesar) were purchased from
commercial sources and used as received, (4-iodophenylethynyl)trimethylsilane (97%, Aldrich),.
Triethylamine (400 mL, Fischer Scientific) was stirred with CaH, (~15 g, +4 mesh, Aldrich) for
24 h, vacuum-transferred into a Strauss flask, and subjected to three freeze-pump-thaw cycles.

Anhydrous benzene (99.8%, Aldrich) was further dried over 3-A molecular sieves (W. R.
Grace Grade 564, 3A, 8-12 mesh beads, preactivated in a 500-°C furnace overnight) overnight
before use. Chloroform (99.9%, EMD Chemical, Inc. Omnisolv grade) was washed with water
(1:1 v/v) to remove any ethanol, dried over anhydrous Na,SO,4 (Fischer Scientific) overnight,
vacuum-transferred to a vacuum flask, subjected to three freeze-pump-thaw cycles, and further
dried over 3-A activated molecular sieves overnight before use. All other anhydrous solvents
were dried over neutral alumina via the Dow-Grubbs solvent system. Deuterated solvents

(Cambridge Isotope Laboratories) were purchased from commercial sources and used as
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received. All flash chromatography were carried out using silica gel (230-400 mesh,
purchased from Sorbent Technologies; Atlanta, GA) under a positive pressure of lab air.
Si(111) substrates (0.25° miscut in the <110> £ 0.1° direction, phosphorous doped, resistivity =

0.04-0.1 Q-cm) were obtained from Virginia Semiconductor.

A.3 Synthesis of Vinyl- and Acetylene-Terminated Organic Molecules

The procedures for synthesizing p-(4-bromophenyl)styrene, p-(4-
bromophenylethynyl)styrene, (4-bromophenyl)acetylene, (p-(4-bromophenyl)phenyl)acetylene,
(p-(4-bromophenylethynyl)phenyl)acetylene, p-iodostyrene, and (4-iodophenyl)acetylene are

summarized in Fig A.1.
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(1) Synthesis of p-(4-bromophenyl)styrene

Step 1: Synthesis of (4-bromo-4'-formyl)biphenyl. Under dry nitrogen environment, to a 250-
mL Kjeldahl-style Schlenk flask equipped with magnetic stir bar were added 4-bromobiphenyl
(1.0 g, 4.3 mmol) and anhydrous dichloromethane (5 mL). The temperature was cooled down to
0 °C, followed by the addition of TiCl, (1.76g, 9.4 mmol). To this reaction flask dichloromethyl
methyl ether (0.6g, 5.2 mmol) was added dropwise. The final mixture was slowly warmed up to
room temperature and stirred for 24 h. The mixture was then poured into ice water (50 mL) with
rapid stirring. The organics was then extracted with diethyl ether (4 x 10 mL) and dried over
anhydrous sodium sulfate before being filtered and evaporated to dryness under vacuum. The
residue was flash-column chromatographed with silica gel (5.5 cm x 30 cm) using benzene as
eluent. The combined organics was evaporated to dryness and the remaining crude product was
crystallized from absolute ethanol to give a final product as a shiny brown color powder (0.81 g,
3.1 mmol, 72%). Spectroscopic data for (4-bromo-4'-formyl)biphenyl was in good agreement
with literature data. "H NMR (500 MHz, CDCl;,): & 7.4 -7.8 (m, 8H, aromatic), 10.5 (s, 1H, -
CHO). GC-MS(EI): m/z=260 and 262 (C,3HyBr;0,)

Step 2: (4-bromo-4'-formyl)biphenyl -> p-(4-bromophenyl)styrene. This step involved the
Wittig methylenation of (4-bromo-4'-formyl)biphenyl with methyltriphenyl phosphonium
bromide and potassium tert-butoxide in anhydrous tetrahydrofuran. Under dry nitrogen
environment, a suspension of potassium tert-butoxide (0.32 g, 2.9 mmol) and
methyltriphenylphosphonium bromide (1.0 g, 2.8 mmol) in anhydrous THF (7.5 mL) was cooled
to 0 °C. To increase the solubility of the base, a catalytic amount of 18-crown-6 (0.02 g, 75.8

umol, 2.7 mol%) was also added. It is important that the phosphonium salt and base are allowed
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to react together under these conditions for ~ 1 h to form the ylide prior to the addition of the

aldehyde. After the ylide has formed, a solution of 4-bromo-4’-formyl biphenyl (0.67 g, 2.6
mmol) in anhydrous THF (2 mL) was added dropwise to the cooled reaction mixture. The
reaction mixture was then stirred for additional 2 h at room temperature before being filtered off.
The solid residue was further rinsed with THF (1 mL) and the combined filtrate was evaporated
to dryness. The crude product was treated with anhydrous ether (~5 mL), stirred for 5 min, and
filtered off. The filtrate was further passed through a pad of neutral alumina with ether eluent.
Evaporation of the combined organics to dryness and recrystallizing the resulting solid from
isopropanol yield pure p-(4-bromophenyl)styrene as a light yellow powder (0.37 g, 1.6 mmol, 60
%). Spectroscopic data for p-(4-bromophenyl)styrene was in good agreement with literature
data.>* "H NMR (500 MHz, CDCls,): & 5.2-5.8 (2d, 2H, CH,=CH-), 6.7 (m, 1H, -CH=CH,), and
7.3-7.6 (m, 8H, aromatic). °C NMR (125 MHz, CD Cl): & 114.5, 120.8, 121.8, 127.0, 127.2,

128.7, 130.6, 132.1, 136.4, 137.2. GC-MS(EI): m/z =258 and 260 (C;4H;,Br)).

(i1) Synthesis of p-(4-bromophenylethynyl)styrene

Step 1: Synthesis of 4-(trimethylsilylethynyl)styrene. Modified from a published procedure. In
a N»-filled glovebox and into a 150-mL Kjeldahl-style Schlenk flask equipped with magnetic stir
bar were added p-bromostyrene (1.86 g, 10.2 mmol), PdCl,(PPh;), (0.15 g, 0.21 mmol),
trimethylsilylacetylene (2.28 g, 23.3 mmol), and anhydrous triethylamine (40 mL). After 5 min
stirring, Cul (0.03 g, 0.16 mmol) was then added to the reaction flask to give a dark brown
solution. The reaction flask was capped, taken out from the glovebox, covered with aluminum

foil, and allowed to stir overnight at 50 °C under N, environment. The reaction flask was cooled
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to room temperature. The mixture was then filtered over a Buchner funnel and the solid
residue remained on the filter was rinsed with HPLC grade triethylamine (2 x 10 mL). The
combined organics were concentrated to a minimum on a rotary evaporator to give a viscous
dark gray solid, which was subjected to column chromatography (5.5 cm x 30 cm, hexanes).
The isolated product is a light yellow solid (1.76 g, 8.7 mmol, 86%). Spectroscopic data for 4-
(trimethylsilylethynyl)styrene was in good agreement with literature data.>>® 'H NMR (500
MHz, CDCl3,): 8 0.26 (s, 9H, (CHj3);-Si-), 5.2-5.8 (2d, 2H, CH,=CH-), 6.7 (m, 1H, -CH=CH,),
and 7.3-7.6 (m, 8H, aromatic). GC-MS(EI): m/z =200 (C;3H;¢S1)).

Step 2: 4-(trimethylsilylethynyl)styrene -> 4-ethynylstyrene. Modified from a published
procedure.”® In a N-filled glovebox and into a 150-mL Kjeldahl-style Schlenk flask equipped
with magnetic stir bar were added 4-(trimethylsilylethynyl)styrene (0.98 g, 4.9 mmol),
anhydrous THF (5 mL), and TBAF (7.5 mL of a 1-M solution in THF, 15 mmol). The reaction
flask was capped and allowed to stir at room temperature for 2 h before being removed from the
glovebox. The reaction mixture was concentrated on a rotary evaporator to give a purple
residue, which was dissolved in deionized water (8§ mL) and extracted with methylene chloride
(3 x 8 mL). The combined organics was concentrated to a minimum on a rotary evaporator to
give a viscous oil, which was subjected to column chromatography (5.5 cm x 30 cm, hexanes).
The isolated product is a light yellow liquid (0.57 g, 4.4 mmol, 90%). Spectroscopic data for 4-
ethynylstyrene was in good agreement with literature data.”>>° "H NMR (500 MHz, CDCl;): &
3.1 (s, IH, CH=C-), 5.2-5.8 (2d, 2H, CH,=CH-), 6.7 (m, 1H, -CH=CHy), and 7.3-7.6 (m, 4H,

aromatic). GC-MS(EI): m/z = 128 (C,oH8).
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Step 3: 4-ethynylstyrene -> p-(4-bromophenylethynyl)styrene. In a N,-filled glovebox

and into a 150-mL Kjeldahl-style Schlenk flask equipped with magnetic stir bar were added 1-
bromo-4-iodobenzene (1.1 g, 3.88 mmol), PdCl,(PPhs), (0.05 g, 0.07 mmol), 4-ethynyl styrene
(0.5 g, 3.88 mmol), and anhydrous triethylamine (15 mL). After 5 min stirring, Cul (0.01 g, 0.05
mmol) was then added to the reaction flask to give a dark brown solution. The reaction flask
was capped, covered with aluminum foil, and allowed to stir overnight at room temperature
under N, environment. The mixture was taken out from the glovebox, and then filtered over a
Buchner funnel and the solid residue remained on the filter was rinsed with HPLC grade
triethylamine (2 x 10 mL). The combined organics were concentrated to a minimum on a rotary
evaporator to give a viscous dark gray solid, which was subjected to column chromatography
(5.5 cm x 30 cm, hexanes eluent). The isolated product is a light yellow solid (1.06 g, 0.36
mmol, 96%). Spectroscopic data for p-(4-bromophenylethynyl)styrene 'H NMR (500 MHz,
CDCls,): 6 5.2-5.8 (2d, 2H, CH,=CH-), 6.7 (m, 1H, -CH=CH,), and 7.4-7.6 (m, 8H, aromatic).
C NMR (125 MHz, CD ClL): § 89.2, 90.8, 115.2, 122.4, 122.7, 126.4, 131.8, 132.0, 133.2,

136.4. GC-MS(EI): m/z =282 and 284 (C;¢s H1Bry).

(ii1) Synthesis of (4-bromophenyl)acetylene.

Step 1: Synthesis of ((4-bromophenyl)ethynyl)trimethylsilane. In a N»-filled glovebox and
into a 150-mL Kjeldahl-style Schlenk flask equipped with magnetic stir bar were added 4-
bromo-1-iodobenzene (2.83 g, 10 mmol), PdCI(PPhs), (0.15 g, 0.21 mmol),
trimethylsilylacetylene (2.28 g, 23 mmol), and anhydrous triethylamine (35 mL). After 5 min

stirring, Cul (0.03 g, 0.16 mmol) was then added to the reaction flask to give a bright yellow
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solution. The reaction flask was capped, covered with aluminum foil and allowed to stir
overnight at room temperature during which time its color turned gray. The reaction flask was
then removed from the glovebox. The reaction mixture was filtered over a Buchner funnel and
the solid residue remained on the filter was rinsed with HPLC grade triethylamine (2 x 20 mL).
The combined organics were concentrated to a minimum on a rotary evaporator to give a viscous
oil, which was subjected to column chromatography (5.5 cm x 30 cm, hexanes:methylene
chloride 9:1 v/v). The isolated product is a light yellow solid (2.47 g, 9.8 mmol, 98%).
Spectroscopic data for ((4-bromophenyl)ethynyl)trimethylsilane was in good agreement with
literature data.”” "H NMR (500 MHz, CDCls,): & 0.26 (s, 9H, (CH3)s-Si-) and 7.3-7.6 (m, 4H,
aromatic). "C NMR (125 MHz, CDCls): § 0.2, 95.5, 103.8, 122.0, 122.7, 131.4, 133.4. GC-
MS: m/z =252 and 254 (C{1H,3Br;S1).

Step 2: ((4-bromophenyl)ethynyl)trimethylsilane -> (4-bromophenyl)acetylene. Modified
from a published procedure.”® 1In a N-filled glovebox and into a 150-mL Kjeldahl-style
Schlenk flask equipped  with  magnetic stir  bar  were added ((4-
bromophenyl)ethynyl)trimethylsilane (2.53 g, 10 mmol), anhydrous THF (10 mL), and TBAF
(15 mL of a 1-M solution in THF, 15 mmol). The reaction flask was capped and allowed to stir
at room temperature for 2 h before being removed from the glovebox. The reaction mixture was
concentrated on a rotary evaporator to give a purple residue, which was dissolved in deionized
water (15 mL) and extracted with methylene chloride (3 x 15 mL). The combined organics was
concentrated to a minimum on a rotary evaporator to give a viscous oil, which was subjected to
column chromatography (5.5 cm x 30 cm, hexanes:methylene chloride 9:1 v/v). The isolated

product is a light yellow solid (1.44 g, 8 mmol, 80%). Spectroscopic data for (4-
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bromophenyl)acetylene was in good agreement with literature data.”®> "H NMR (500 MHz,

CDCl3): & 3.13 (s, 1H, CH=C-) and 7.3-7.6 (m, 4H, aromatic). *C NMR (125 MHz, CDCL;): &

78.3,82.5,121.0, 123.1, 131.6, 133.5. GC-MS(EI): m/z =180 and 182 (CgHsBr;).

(iv) Synthesis of (p-(4-bromophenyl)phenyl)acetylene.

Step 1: Synthesis of 4-bromo-4'-iodobiphenyl. In a 50-mL round bottom flask equipped with
magnetic stir bar and reflux condenser were added 4-bromobiphenyl (4.98 g, 21.4 mmol), iodine
(3.25 g, 12.8 mmol), and anhydrous carbon tetrachloride (10 mL). The temperature was heated
to 50 °C and stirred while concentrated nitric acid (1.7 mL, 38.5 mmol) was added over 3 min.
After all the nitric acid was added, the mixture was gently refluxed for 16 h. After cooling down
to room temperature, the purple-colored reaction mixture was successively washed with
concentrated nitric acid (3 x 2 mL) and 10% aqueous sodium hydroxide (25 mL), which
decolorized it to light pink color. This organic was dried over magnesium sulfate, filtered, and
evaporated under vacuum giving light pink powder. The pink powder was recrystallized from
hexane to give a white crystal of 4-bromo-4'-iodobiphenyl (5.2 g, 14.5 mmol, 68%).
Spectroscopic data for 4-bromo-4'-iodobiphenyl was in good agreement with literature data.® 'H
NMR (500 MHz, CDCl;): & 7.3-7.6 (m, 8H, aromatic). *C NMR (125 MHz, CDCl;): § 93.5,
121.8, 127.9, 129.1, 132.1, 138.0, 139.0, 139.5. GC-MS(EI): m/z =358 and 360 (C;,HgBrI;).
Step 2: 4-bromo-4'-iodobiphenyl. -> 4-bromo-4'-[(trimethylsilyl)-ethynyl]biphenyl. In a N»-
filled glovebox and into a 150-mL Kjeldahl-style Schlenk flask equipped with magnetic stir bar
were added 4-bromo-4'-iodobiphenyl (3.65 g, 10.2 mmol), PdCIy(PPhs), (0.15 g, 0.21 mmol),

trimethylsilylacetylene (2.28 g, 23.3 mmol), and anhydrous triethylamine (40 mL). After 5 min
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stirring, Cul (0.03 g, 0.16 mmol) was then added to the reaction flask to give a bright yellow

solution. The reaction flask was capped, covered with aluminum foil and allowed to stir
overnight at room temperature during which time its color turned green. The reaction flask was
removed from the glovebox. The reaction mixture was filtered over a Buchner funnel and the
solid residue remained on the filter was rinsed with HPLC-grade triethylamine (2 x 20 mL). The
combined organics were concentrated to a minimum on a rotary evaporator to give a green
powder, which was subjected to column chromatography (5.5 cm x 30 cm, hexanes:methylene
chloride 9:1 v/v). The isolated product is a light yellow solid (3.19 g, 9.69 mmol, 95%).
Spectroscopic data for 4-bromo-4'-[(trimethylsilyl)ethynyl]biphenyl was in good agreement with
literature data.’’ "H NMR (500 MHz, CDCls,): & 0.26 (s, 9H, (CH3)s-Si-) and 7.3-7.6 (m, 8H,
aromatic). °C NMR (125 MHz, CD CL): § 0.2, 95.5, 106.0, 122.4, 123.1, 127.4, 129.2, 132.3,
132.9, 139.0, 140.9. GC-MS(EI): m/z =328 and 330 (C,7H,7Br;S1)).

Step 3: 4-bromo-4'-[(trimethylsilyl)ethynyl]biphenyl -> (p-(4-
bromophenyl)phenyl)acetylene. In a N)-filled glovebox and into a 150-mL Kjeldahl-style
Schlenk flask equipped with magnetic stir bar were 4-bromo-4'-[(trimethylsilyl)ethynyl]biphenyl
(3.04 g, 9.24 mmol), anhydrous THF (10 mL), and TBAF (15 mL of a 1-M solution in THF, 15
mmol). The reaction flask was capped and allowed to stir at room temperature for 2 h before
being removed from the glovebox. The reaction mixture was concentrated on a rotary
evaporator to give a purple residue, which was subjected to filter through a silica column (3.5 cm
diameter x 7 cm length) using a mixture of hexanes:methylene chloride (9:1 v/v) as the eluent.
The filtrate was collected and evaporated to dryness on a rotary evaporator to yield the product

as a light yellow solid (2.26 g, 8.78 mmol, 95%). Spectroscopic data for (p-(4-
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bromophenyl)phenyl)acetylene was in good agreement with literature data.®” 'H NMR (500

MHz, CDCl3): & 3.13 (s, 1H, CH=C-) and 7.3-7.6 (m, 8H, aromatic). C NMR (125 MHz,
CDCl): 0 784, 83.6, 121.6, 122.3, 127.0, 128.9, 132.2, 132.9, 139.3, 140.5. GC-MS(EI): m/z

=256 and 258 (C14H9BI'1).

(v) Synthesis of (p-(4-bromophenylethynyl)phenyl) acetylene.

Step 1: Synthesis of (p-(4-bromophenylethynyl)phenylethynyl)-trimethylsilane. In a N»-
filled glovebox and into a 150-mL Kjeldahl-style Schlenk flask equipped with magnetic stir bar
were added (4-iodophenylethynyl) trimethylsilane (2.33 g, 7.76 mmol), PdCl,(PPh;), (0.11 g,
0.16 mmol), p-(4-bromophenyl)acetylene (1.41 g, 7.76 mmol), and anhydrous triethylamine (30
mL). After 5 min stirring, Cul (0.23 g, 0.12 mmol) was then added to the reaction flask to give a
bright yellow solution. The reaction flask was capped, covered with aluminum foil and allowed
to stir overnight at room. The reaction flask was removed from the glovebox. The reaction
mixture was filtered over a Buchner funnel and the solid residue remained on the filter was
rinsed with HPLC-grade triethylamine (2 x 20 mL). The combined organics were concentrated
to a minimum on a rotary evaporator to give a bright yellow powder, which was subjected to
column chromatography (5.5 cm x 30 cm, hexanes:methylene chloride 9:1 v/v). The isolated
product is a very light yellow powder (2.40 g, 6.8 mmol, 88%). Spectroscopic data for (p-(4-
bromophenylethynyl)phenylethynyl)trimethylsilane was in good agreement with literature data.®®
'H NMR (500 MHz, CDCls,): § 0.26 (s, 9H, (CH3)s-) and 7.3-7.6 (m, 8H, aromatic). “C NMR
(125 MHz, CDCl3): 9 0.2, 90.3, 96.7, 104.7, 122.1, 122.9, 123.1, 123.5, 131.6, 131.9, 132.2,

133.2. GC-MS(ED): m/z =352 and 354 (CoH,-Br;Si)).



199
Step 2: (p-(4-bromophenylethynyl)phenylethynyl)trimethylsilane > (p-(4-

bromophenylethynyl)phenyl)acetylene. In a N,-filled glovebox and into a 150-mL Kjeldahl-
style Schlenk  flask  equipped  with  magnetic stir  bar  were  (p-(4-
bromophenylethynyl)phenylethynyl)trimethylsilane (1.6 g, 2.27 mmol), anhydrous THF (5 mL),
and TBAF (7.5 mL of a 1-M solution in THF, 15 mmol). The reaction flask was capped and
allowed to stir at room temperature overnight before being removed from the glovebox. The
reaction mixture was concentrated on a rotary evaporator to give a purple residue, which was
subjected to filter through a silica column (3.5 cm diameter x 7 cm length) using a mixture of
hexanes:methylene chloride (9:1 v/v) as the eluent. The filtrate was collected and evaporated to
dryness on a rotary evaporator to yield the product as a very light yellow solid (1.22 g, 2.17
mmol, 96%). 'H NMR (500 MHz, CDCL;): & 3.13 (s, 1H, CH=C-) and 7.3-7.6 (m, 8H,
aromatic). °C NMR (125 MHz, CDClL): 8 79.3, 83.4, 90.1, 90.5, 122.1, 122.3, 123.0, 123.6,

131.7, 131.9, 132.3, 133.3. GC-MS(EI): m/z= 280 and 282 (C;sHoBr)).
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Appendix B : Preparation of H-Si(111) Surfaces

The hydrogen passivation of the 111 silicon surfaces was achieved by following the
procedure described by Higashi et al.** Samples were cut (with typical lateral dimensions of 5-
by-10-mm?) from single-side-polished Si(111) wafers (Virginia Semiconductors, 0.50-mm-thick,
0.25° miscut towards the <110>%0.1° direction, phosphorous doped, resistivity = 0.05-0.07
Q-cm). Prior to passivation, each substrate was rinsed with acetone and methanol. Initial
passivation was accomplished by submerging the samples in a 0.5% solution of HF for 30 sec.
They were then submerged in argon sparged ultrapure 18 MQ-cm water for 5 sec. To remove
organic contaminants the samples were next immersed in a solution of 4:1 (v/v) H,SO4/30%
H,0, (aq) for 10 min at 90°C. Following this treatment, the samples were again submerged in
argon sparged 18 MQ-cm water for 5 sec. To create an atomically flat terraced surface, the
samples were subsequently immersed in argon-sparged, clean-room-grade, 40% NH4F (aq) for
30 min. During this time, the tube used for argon sparging was held over the NH4F solution to
minimize the amount of oxygen that could dissolve into the solution and cause surface pitting. A
final 1 min immersion in argon sparged 18 MQ-cm water was performed, following which the
samples were blown dry with a N, gun and stored in an inert atmosphere glove box (Nexus,
Vacuum Atmospheres) maintained at a slightly positive pressure of N> (99.999 % purity, < 1.5
ppm O3, < 0.5 ppm H,0). The purpose of this final rinse was to minimize the amount of residual
fluorine atoms on the silicon surface and in turn decrease the rate of adsorption of organic
contaminants on the surface. The passivated samples were stored in the glove box until

subsequent SAM growth and surface analysis.



Appendix C : Density Functional Theory Calculation

Results

C.1 Cluster DFT results for SAMs/Si(111) (Molecule-SiysH3 )
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-4.502143
-3.365745
-1,132195
0.014069
2.234776
2.183537
1.084149
2.167942
-4.512665
-2,297247
-1.137717
1.088479
-1.131397
-1.142003
0.011549
-3.363276
0.000605

15.788703
11.108013
11.829552
11.293465
11.818324
11.275241
13.213068
13.75999¢
13.886937
13.201167
13.73872%
9.690243
8.475855
2.753458
4.219628
4.935018
4.400574
4.960054
4.432513
6.319893
6.851931
7.055925
6.347593
6.899388
2.368759
1.874614
-0.81769¢
-3.179131
-0.08363¢
-0.79505%
-0.10587¢
-0.019777
0.000000
-0.77285¢
-0.008893
-0.79505%
-0.014958
-0.824187
-3.184077
-3.985963
-3.170677
-3.134337
-3.968777
-3.16627¢
-3.98521¢
-0.795055
-3.16599:
1.477202
1.484362
1.472044
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(f) BPA (Alkenyl)-start

bpa_631Gs_starting_geo_original_orientation.

3.548917
5.014226
5.676106
5.105319
5.798779
5.310517
7.065958
7.568169
7.818379
9.743945
7.189685
7.783354
3.208612
2.627060
0.304464
-2.050224
1.176833
0.303299
1.157184
0.734819
0.757077
-0.715455
0.246342
-0.203229
0.779091
0.293611
-2.060769
-3.011381
-2.04%477
-3.062331
-3.516878
-2, 547573
-3.013375
-0.217433
-2.561385
2.264147
1.732563
2,211002
-5.863695
-5.356578
-5.362510
-6.328548
-3.669986
-3.686349
-0.432007
-6.458441
-6.471495

-0.305909
-0.166952
1.074203
1.995153
-1.333720
-2.302225
1.141508
2.099738
-0.029211
0.063492
-1.267463
-2.171315
-1.338409
0.674122
-1.416523
-1.744735
-2.727691
-1.956636
-3.285194
0.895760
0.355615
4.648101
3.370998
1.061537
-0.202686
-2.511953
-2.824384
-1.050778
-2.277060
4.278559
1.97149
0.708142
-1,596994
1.609969
1.252009
0.007465
3.589533
1.162663
1.601647
-1.426137
-1.946529
-0.704751
4.725323
5.064479
6.112316
2.056311
2.406751

-0.011492
-0.016898
-0.037644
-0.049457
0.006174
0.017806
-0.034734
-0.050131
-0.008417
0.005299
0.011641
0.032024
0.038205
-0.056587
4,129168
4.,168509
2.349653
0.279008
-1.502105
3.794947
-0.031741
-0.654992
-2.415137
-2.089229
-3.,8454%
-3.574588
-3.539611
2.108372
0.319110
-0.611708
-0.281923
-2.042547
-1.740337
1.738704
1.767237
-3.830898
-2.432449
3.791073
-0.235372
2,141005
-1.685780
0.096173
-1.909699
0.505197
-0.864807
-1.536716
0.876764
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(g) BPA (Alkenyl2)-Start (h) BPA (Alkenyl3)-start (i) BPA (Alkenly1)-Relaxed
bpac_6316s_dirH_starting_geo.xyz bp;cz_ﬁnﬁs_diﬂ_starting_geo.xyg bpac_631Gs_fgeo_rotated. xyz

7 7

¢ 107330 -0.0047 26374 O LOBT 4B 26357 € -0.063995 0.97493  2.715827
C 1.06%6  -0.02464 42060 ¢ 106N 038 410118 € -0.194925 0.970174  4.179938
¢ 0020 -0.0303 e85 01 053 4B € -0.240659 -0.202042 4.956719
N L0747 -0.07208 4403 N 06TBL D543 4.40066 Ho -0.142672 -1.173037  4.480921
C 2.30422 0.01187 a4 C 2.10409 107688 4.76316 C -0.310393 2.203549  4.844004
H 3.2041 0.01577 41985 M 284581 161959 4.18875 Ho -0.275500 3.123721  4.266381
C -0.04663 0.01314 6.21449  C 0.033  -0.3016 6.27017 ( -0.412303 -0.148197 6.336047
H -0.95888 0.01132 6.86178 M -0.53316 -0.8381 6.85888 H o -0.450121 -1.060774 6.921640
C 1.19855 0.06414 6.9059 € 1.23706 0.39564 6.89902 € -0.538721 1.095601  6.958810
Br 1.28235 0.15639 §.82161 B 1.33084 0.41657 8.81708 Br  -0.805420 1.176562  8.858938
C 2.37936 0.05917 6.6738 € 2.19489 1.08370 6.15885 C -0.484499 2.276917  6.223792
H 3.34130 0.09605 6.66604 H 2.9955 1.61966 6.65589 H  -0.580696 3.237816  6.716494
H 2.07530 -0.06642 220885 M 1.85621 1.02208 2.20062 H o 0.003638 1977757  2.293086
C 0.91559 0.05558 en ¢ 0.05681 0.00638 1.81027 ¢ -0.050393 -0.083223 1.878279
H -0.98532 0.10688 223681 M -0.78851 -0.52753 2.25039 Si 3.886375  2.239994  -0.824492
si 3.88638 2.2399 -0.8449 S 3.88638 2.299 -0.82449 St 3.886583  2.189130  -3.185688
si 3.88658 2.18913 318569 St 3.88658 2.18913 -3.18569 Si 1.,953492  3.393256  -0.108439
si 1.95349 3.39326 -0.10844 St 1.95349 3.39326 -0.10844 SU O 0.000279  2.240938  -0.797065
si 0.00028 2.2409% 0.79707 S 0.00028 2.240% -0.79707 S -1.953439  3.388690  -0.108496
si -1.95344 3.38869 0.10850 S -1.95344 3.38869 -0.10850 S 3.861591  0.019258  -0.017956
si 3.86159 0.01926 -0.0179% S 3.86159 0.01926 -0.017% S 0.000000 0.000000  0.000000
st 0.00000 0.00000 0.00000 St 0.00000 0.00000 0.00000 S 0.004064  -4.493029  -0.794851
si 0. 00406 -4.49303 0.79485 St 0.00406 -4.49303 -0.79485 St -1.912543  -3.359351  -0.006991
si -1.91254 -3.35935 0.0069 S -1.91254 -3.35935 -0.0069 S -1.940933  -1.126978  -0.797065
Si -1.94093 -1.12698 079707 S -1.94093 -1.1269% -0.79707 S -3.856363 0.013445  0.000598
5i -3.85636 0.01345 0.00060 S -3.85636 0.01345 0.00060 S -3.888619 2.231383  -0.811357
si -3.88862 2.23138 0.81135 S -3.88862 223138 -0.81136 S -3.808077  2.184407  -3.172217
Si -3.89808 2.18441 3 S -3.89808 2.18441 3.1 S 1.948041  1.096879  -3.993514
Si 1.94804 1.0988 23,9951 51 1.94804 1.09688 -3.99351 St -0.002656 2.172480  -3.172361
si -0.00266 2.17248 34736 S -0.00266 2.17248 3,173 St -0.023017 -4.496468  -3.156619
Si -0.02302 -4.49647 23,5662 51 -0.02302 -4.49647 -3.15662 St -0.008686 -2.278233 -3.978867
Si -0.00869 2.3 23.97887 S -0.00869 -2.21883 -3.97887 St -1.920013 -1.127712  -3.169740
Si -1.92001 1.2 -3.16974 51 -1.92001 -L.12m -3.16974 St -1.957945 1.098355  -3.984220
si -1.95795 1.09836 3942 S -1.957%5 1.09836 -3.9%42 S 1.941491  -1.124193  -0.797065
Si 1.94149 -1.12419 -0.7977 S 1.94149 -1.12419 -0.79707 St 1.902974  -1.127464  -3.171308
si 1.90297 -1.12746 3 S 1.90297 -1.12746 307131 H  -3.847866 0.020339  1.492834
H -3.84787 0.02034 1.49283 H -3.84787 0.02034 1.49283 H  -1.911856 -3.350577 1.487084
H -1,91186 -3.35058 1.48708 M -1,91186 -3.35058 1.48708 H  3.868805  0.015956  1.474239
H 3.86881 0.015% 1.47424 H 3.86881 0.015% 1.47424 St -0.031031 -2.257924  -6.345742
S -0.03103 2,251 -6.34574 S -0.03103 -2.51% -6.34574 St 1.921873  1.060467  -6.360111
5 1.92187 106047  -6.36011 S 1.92187 106047 -6.36011 Si -1.936000 1.076076  -6.350920
si -1.93600 1.07608 -6.35092 St -1.93600 1.07608 -6.35092 St -0.013292  -0.038485 -7.150770
S -0.039 -0 7577 St 009 -0.088  -7.1507 Ho -1.247704  -5.13405. -3.648937

H -1.24770 -5.19405 -3.64894 H -1.24770 -5.19405 -3.648%4 H  1,157097  -5.240071 -3.687948
H 1.15710 -5.24007 -3.68795 H 1.15710 -5.24007 -3.68795 H  0.012170  -5.898274 -0.276718
H 0.01217 -5.89827 0.27612 M 0.01217  -5.8987  -0.27672 H o -1.256655 -2.960867 -6.828247
H '1.25556 _Z‘mw '582825 H .1_25666 -2.96087 .6_82825 H 1.148453 -3.%9414 -6.867553
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(j) BPA (Alkenly2)-Relaxed (k) BPA (Alkenly3)-Relaxed
bpac_dirH_631Gs_fgeo.xyz bpac_dirT_6316s_fgeo.xyz

7 n

C 3.568963  -0.401892  0.223139 (C 3.569887  -0.401012  -0.212685
C 5.028277  -0.229709  0.192689 ( 5009372 -0.229158  -0.184795
C 5.669795  1.020046  0.271139 ( 5.670767  1.02069  -0.263146
H 5.082458  1.924650  0.395780 H 5.083255  1.925678  -0.383519
C 5.832392  -1.373037  0.045436 ( 5.833615  -1.372710  -0.039928
H 5.361134  -2.350600  -0.015336 H 5.362114  -2.350156  0.020750
C 7.054102  1.127930  0.187106 ( 7.055318  1.128213  -0.182714
H 7.534507 2.099116 0.243370 H 7.535858  2.099365  -0.238444
C 7.818898  -0.029504  0.024761 ( 7.820201  -0.029514  -0.023724
Br 9.728840  0.114145  -0.128906 Br 9.729915  0.114181  0.1255%
C 7.219471  -1.284383  -0.041352 ( 7.221006  -1.284462  0.043113
H 7.821690  -2.177486  -0.163928 H 7.823605  -2.177612  0.163407
H 3.258126  -1.446274 0.182019 H 3.258839 -1.444427  -0.154159
C 2.616488  0.553369 0.263958 ( 2.617506  0.553374  -0.271607
H 2.927947  1.599792  0.298815 H 2.927945  1.599166  -0.326115
Si 0.463548  -1.599740  -3.975193 Si 0.461723  -1.541428  3.997762
St -1.880071  -1.826619  -4.151525 St -1.881594  -1.771187  4.174489
St 0.999851  0.677019  -3.651072 St 1.185485  -2.847514  2.167707
Si -0.043152  1.496679  -1.690655 Si 0.244232  -2.044187  0.147159
Si 0.479205 3.784438  -1.370050 Si 0.938270  -3.355920  -1.700948
St 1.180943  -2.881788  -2.125565 Si 0.995428  0.731164  3.641441
Si 0.762039  0.254376 0.175767 St 0.763122  0.253863  -0.179527
St -0.032077  -2.491372 3.734250 SU 0 -0.563896  4.594439  -0.651611
St 0.505456  -0.205988 4.001182 Si 0.220003  3.320626  -2.480526
St -0.282717  1.055930 2.159727 St -0.282418  1.027414  -2.173978
St 0.224632 3.352158 2.4334% St 0.501185  -0.258744  -4.000788
St -0.559371  4.600851  0.587769 St -0.026419  -2.541933  -3.697407
St -2.897918  4.346684  0.372340 SU -2.372601  -2.754046  -3.523436
St -2.933900  -1.053869  -2.178335 SU -2.934821  -1.025237  2.190782
St -2.395530  1.231786  -1.849309 St -2 118170 2239352 0.32142
St -2.378693  -2.698545 3.565068 SU -2.902250  4.341222  -0.429064
Si -3.184899  -1.493032 1.694439 SU -3.456092  2.059961  -0.135479
St -2.634392  0.801073 1.941336 St -2.634312  0.773141  -1.953061
St -3.453026  2.062555  0.104803 St -3.182236  -1.517807  -1.674567
St 0.241389  -2.047665  -0.117413 St -0.845163  1.522001  1.667757
St -2.120985  -2.243078  -0.291111 SU -2.397745  1.255891  1.829385
H 1.703807  3.523566 2,555539 H 1.977123  -0.083559  -4.135953
H 1.983256  -0.036285  4.121632 H 1.698604  3.493605  -2.606575
H 2.671441  -2.892691  -2.038069 H 2.474800  0.890152  3.5279%
St -5.532599  -1.719283 1.492237 St -5.796780  1.781262  0.084291
St -5.282876  -1.305467  -2.328814 SU -5.283773  -1.278045  2.342506
St -5.794107  1.782699  -0.107259 ST -5.529491  -1.746844  -1.468933
St -6.328113  -0.502578  -0.368859 St -6.328857  -0.501442  0.371542
H -3.027633  -2.168241  4.801092 H -3.604863  4.888270  -1.627008
H -2.771074  -4.133872 3.436407 H -3.378255 5.112476  0.757607
H 0.459550  -3.269423  4.914529 H -0.221464  6.035534  -0.868316
H -6.185005  -1.220008 2.739912 H -6.490448 2337672 -1.114632



(I) BPA (Double-Bridge)-Relaxed

bpac_1lmolr_alt1_631Gs_fgeo_rotated.xyZ
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INITIN@EMN"AINININANAN

nmnUuUUUUUUunuULuLLLuLLLLLLLLVOVOn,mn
e e e e e R R A

-0.371446
@.557184
1.830806
2.174090
0.163417
-0.818475
2.684212
3.667354
2.260910
3.432099
1.000669
0.672673
-1.362229
-0.539522
-1.119675
3.898563
3.763171
1.986371
0.022470
-1.921476
4.003274
0.000000
0.126115
-1.410833
-1.960059
-3.854169
-3.879598
-3.932903
1.840656
-9.075195
-0.169805
-0.059445
-1.989609
-2.036056
2.004998
1.854316
2.218447
-0.094387
1.728540
-2.061720
-0.176716
-3.831466
4.298450
-1.491722
@.881952
0.093558
-1.282392

-0.374964
©9.309191
-0.189015
-1.118604
1.512490
1.924375
©.485898
0.086552
1.681198
2.629253
2.203189
3.131053
0.076777
-1.913888
-2.083648
2.344290
2.239199
3.428493
2.246936
3.399968
0.117487
0.000000
-4.333101
-2.880919
-1.093118
0.076104
2.288211
2.171614
1.030618
2.104038
-4.507588
-2.386458
-1.221841
1.004437
-1.055668
-1.159768
-3.309639
-2.495574
©0.907319
0.874017
-0.308308
0.082962
0.064197
-5.122416
-5.418006
-5.702242
-3.284499

1
2
3
2
3
3
4
4.
4
5
4
4
2
2
3

-1
-3
-0
-0
-0
-0
0.
-0
0.
-0
0.
-0
-3

-4,

-3
-2
-3
-3
-3

-0.

-3

-0.
-B.

-6

-6.
-7.

1.
1.
-3
-3
0.
-6

. 884746
. 864418
.176579
.731680
.470134
.250726
.@50399

272519

.627173
.820274
.345164
. 800578
.025144
.096734
.013906

.943051
.396593
.182093
779244
.071029
.270185
000000

.433652
646683

779244
029356

.788222
.145219
058417
.166477
. 778259
.836667
.120225
.942249
779244
.146330
081187
199599
.419504
305828
098995
523714

190195

.101176
.321178
170147

.644308

(m) BPA (Single-Bridge)-Relaxed

bpac_lmolr_altZ2_631Gs_fgeo_rotated.xyz
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©0.221499
©.961916
©.268613
-0.818714
.360305
.924628
.942919
.390744
.337449
277342
.056738
.141104
-0.376342
-0.722724
-1.466778
©.951058
©.357920
©0.156758
2.246738
1.989938
4.027529
-1.534044
0.000000
-3.699306
-1.572178
©.081198
2.071953
3.962254
3.715247
-0.038492
1.798312
-3.869863
-2.171153
-90.198369
1.726410
-1.827541
-1.965971
-2.410892
-0.202730
1.478196
-0.500551
-3.871089
2.183250
-1.393516
-3.791939
-5.223407
-4.779975

BUWWNEOENN

1.002765
-0.193808
-1.295532
-1.292853
-0.230831
0.617744
-2.409596
-3.255582
-2.422065
-3.977094
-1.337250
-1.350635
1.468600
©.650534
-0.065454
1.759568
-4.579839
-4.393612
-3.393601
-1.087225
0.046141
-3.586803
. 000000
.762838
.228853
.252930
.337859
.298493
.426244
-2.126326
-0.913791
2.225702
1.167685
2.354013
1.315291
-1.343830
-1.137670
1.274281
-1.943204
1.410300
©.313693
-0.569737
3.319393
-3.609533
3.696461
1.776690
2.507867

NNWNNMS

2
3
3
3
3
3
4
4.
4
5
3
3
3
1
2
2

-1.
-3.
-0.
-0.
-9.
-0.

.881990@
.452243
.975421
.995977
.470425
.093458
.473826
868449
.454185
.085274
.962928
.953248
.679063
. 705692
.074811
.575253

067254
411769
297237
776124
327918
076197

0.000000

-0.

060270

0.900790

-0.
-9.
-1.
.376694
.063767
.177350
.386433
.668050
.100664

-3
-4
-3
-2
-3
-3

-4,
-0.
-3.
-6.
-6.
-6.
-7.

776124
991780
037876

013868
776124
114016
919163
417170
365738
043790

0.130723
1.397800
1.411430

-2.
-2.

639011
831073

0.657760
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C.2 Cluster DFT results for SAMs/Si(111) (Molecule-SizsH,s )

(a) BPA (Alkenly)-Relaxed

BPA_c2_std_631Gs_fgeo_rotated.xyz
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r

B
C
C
C
C
C
C
C
C
H
H
H
H
H

0.369328
0.008614
0.085434
0.296742
-0.042647
0.377886
0.043751
0,245512
0.033026
0.410018
-0.203663
0.546253
-0.069084
0.129143
-0.083672
~1.925284
1.933720
-1,941979
0.001179
-1.961070
-3.861206
~3.876348
3.907424
5.830515
1.944336
1,942847
~1,926153
-0.001015
1,952717
3.887048
3.874353
0,000000
5.818984
~1,917357
0.027783
~1,933685
-3, 859690
~3,853803
3,935042
5.848913
1,975791
1,975144
~1,895152
0.030230
1,974195
3,928215
3,899691
0.021984
5.855408
-0.000628
1.984923
0.047524
3,904111

1.247838
0.971022
0.976609
-0.177813
2,205733
-0.110074
-0.088930
1.128624
2,291952
-1.143989
3.11089%4
~1.007405
3.248606
-1,089568
1.966702
5.629345
5.625204
=1,130774
2,247464
3,402664
0.024551
2,236230
-4,480537
-1,141166
~1,128941
-3.373706
-3.361758
-4,486916
3,397119
-0.001315
2,228824
0000000
-3,354476
1.090854
4,451810
5.571174
2,234128
4,443639
-2, 286460
1.070283
1.092128
-1,155842
~1,137754
~2,285009
5.,574793
2,225340
4,443988
2,217855
-1,139989
6,736417
-5.631383
-4,522019
-4,520419

8.882400
2,711348
4.178425
4.953995
4,848123
6.341340
1.878097
6.971951
6.235482
4.471410
4,267946
6.926718
6.735834
2.307358
2,279943
-0.896891
-0.867775
-0.791327
-0.791327
-0.093743
-0.025871
-0.854291
-0.741441
-0.,750308
-0.791327
-0.014679
-0.005325
-0.785409
-0.067645
-0.,019044
-0.811900
0. 000000
0.071999
~3.950228
~3,978639
-3,262689
-3.221248
~4.,053593
-3,893286
~3.944373
-3,923429
-3,167800
-3.162997
~3,926532
-3,231956
-3,184069
-4.001141
-3.174537
-3.117000
-0.089822
-3.923426
-3.151401
-3,109276

(b) BPA (Double-Bridge)-Relaxed

BPA_c2_alt1_631Gs_fgeo_rotatedZ. xyZ
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- - - - e NalaNaNaNaNalNal- ]

-0.084680
0.131636
0.121990
1,242331
-1.051813
1.195484
0.007831
-1.121129
1.256425
2,172246
-1.935879
2.071481
-2.042353
0.968010
2.189748
-0.821632
-1.928731
1.913479
-1.994559
-0.022695
-1.,987057
-3.885333
-3.888673
3.689756
5.838860
1.943475
1.689092
-2.,152599
-0.078661
1.936302
3.854235
3,859275
0.000000
5.,705686
-0.015549
~1.881633
0.037796
~1.911284
~3.834518
~3.825132
3,981733
5.836881
1.964677
1,999086
~1,898329
0.035924
1.972500
3.921847
3,900231
0.030936
5.873096
2.052369
0.071255

3.439452
-0.804850
0.202551
0.977981
0.402450
1.924755
2.106746
1.348276
-1.900787
0.853675
-0.190156
2.519599
1.489878
-2.597168
-1.431297
-1.339299
5.741417
5.749475
-0.993378
2.321896
3.524926
0.177543
2.392352
-4.072776
-0.934336
-0.897472
-2.846863
~3.205444
-4.204961
3.531193
0.211150
2.429270
0.000000
~2.990177
6.880766
1.213683
4.503597
5.667212
2.357031
4.567556
~2.315700
1.128548
1.219932
-1,061978
~1,039519
~2.252401
5.671057
2.344311
4.567149
2,282199
-1.061837
-5.577040
-4.400642

6.396728
1.817817
2.951497
3.287096
3.695174
4.310192
5.015472
4.718514
1.949892
2.740217
3.471714
4.544596
5.273723
2.747633
2.281158
1.883996
-0.860734
-0.832602
-0.878448
-0.623309
-0.024009
-0.073384
-0.867248
-0.066607
-0.627206
-0.961506
0.298590
-0.061207
-0.524367
-0.005105
-0.073384
-0.833342
0.000000
0.526843
<0.073384
~3,943905
-3,891790
-3,225402
~3,234100
~4,061693
~3.661501
-3.892837
-3.,940546
-3,292685
-3,237783
-3,898756
~3.,196844
-3.201377
-4,009688
-3.,035031
-2.,985739
-3.376408
-2.881129

(c) BPA (Single-Bridge)-Relaxed
BPA_c2_alt2_631Gs_fgeo_rotated.xyZ
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=

EE--Nal--Nalal--Nal-Sak Eakakalk

-1.152707
-0.117931
-0.380873
0.663061
1.664069
-1.658318
~2,490405
0.448498
1.265691
-0.835973
-1,895681
-2,892385
0.723837
1.618238
0.419945
-1,071589
-2.018303
1.817734
-2.055483
-0.078454
-2.057659
-3.997885
-3.959181
3.484126
5.764225
1.891756
1.450176
-2,308176
-0.187464
1.865590
3.748073
3.781173
0.000000
5.529700
~1.929035
-0.025844
-1,979745
-3,889538
-3.876318
3.970664
5.789532
1.901399
1.970523
-1.934832
-0.023603
1.894421
3.853857
3.822205
-0.020737
5.833042
2,057852
0.040234
3.757946

3.772284
-1,385494
-0.141842
0.483072
0.058354
0.426350
-0.045985
1.639520
2.109019
2,180766
1.585201
2,008980
-1.085222
-0.540328
-2,119745
-1,850803
5.767467
5.813604
-0.962066
2,345688
3.556145
0.221922
2.433530
-3,776330
-0.803154
-0.777347
-2.524084
-3.176549
-4,078298
3.599166
0.333366
2.531772
0.000000
=2,724284
1.188423
4.490535
5.666815
2,357203
4,556172
~2.334850
1.139785
1.246611
-1.054486
-1.043015
-2.277238
5.689647
2,379891
4,603953
2.274137
-1.023879
-5.559139
-4,379404
-4.227587

6.124576
2,764468
3.590974
4.288981
4.253553
3.668071
3.151518
5.036707
5.573896
5.088890
4.411528
4.465683
1.506160
1.827728
3.381255
2.,496936
-0.918339
-0.863834
-0.776285
-0.604716
-0.063019
-0.127058
-0.919575
0.266638
-0.532958
-1.135478
0.337331
-0.008142
-0.406570
-0.031787
-0.127058
-0.908901

-3.922763
-3.906837
-3.281412
-3.283144
-4.139215
-3.540726
-3.865253
-4.019307
-3.435612
-3.145937
-3.860269
-3.226536
-3.271493
-4.074125
-3.028240
-2.884478
-3.032930
-2.745458
-2.086841
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C.3 Cluster DFT results for SAMs/Si(001) (Molecule - SigH;; )

(a) BrSty — Relaxed
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(b) BPA-(Alkenly)-Relaxed
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(c) BPA (Double-Bridge)-Relaxed

bpab fagne . <y

“~1,.938551
~@2, 00000
~ 3, BROR32
~ 3, 994908
Lt b Bt

~Z . A2EA0N
@ . 000000

~1.879379
~3.892918
1,.233509

1.,.154139

1.235840

L. 626271
2. 065371
2. 128276
~1.430505
- . SSTR7S
-, 009813
~@, 340000
-1 . 204498
~L.7IVISG
~Z2. 410613
~L.AS57564
D .659565

~@ . 302683
~@D, ADIRK2
-3, 7ROOR2
~S.@QvaRo2
=5 . 190951
-2 . 009015
2. 100177
~@. 133625
~5.062971
~3 . 872086
@, 390300

@, S4G40s
~3. 153940

3 .OAT7664
3. 6681158
. .6anary
A 7ZGE54
L. 827710
A.T7A7T7OH

1.185129
@, oonon
@, oooon
~h . ATTEOO
~1l.S0o8x1s

A.8B39207
~@ . AZA’TG
A.ASTVOL
Z2.658932
@ .556858
3.580149
3.114028
3 .974514
5. 329005
S.82G61453
“4.95%2130
5.347402
6.881199
3.589394

Z2.910503
~1.326695
@ . a7z
~1 . 37RO
G.S185762
A.@7495%8
2.681219

~& . TAAD2ZL
@ .
1.252329
. 241648
. B38809
&, A TOD6G4
@ . 838177
3.221984
3.119761L
3.8884a27
4.139783
S5.21232128
6. .O8S868
6. .as2737
S.evazza
4.LASSATS
3.37v7110
5.058342
6. 847053
S.178819
~@ 682061
~@, TESHGS
@ . 0aza7
~Z . 273106
~3.568361
~3 . 637956
@ . 667468
1.163666
~@, 335955
T.AITTTOS
3. 296139
3.27961s8

(d) BPA (Single-Bridge)-Relaxed
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C.4 Periodic DFT calculations: BrSty/Si(111)

(1 x 1). Starting Configurations (d) Si111BromoStyrene1x10ptsStart (g) SI111BromoStyrenelx10pt8start
(a) Si111BromoStyrenelx10pt25tart 26 126
6
B € -6.59556400400 -1.2044811e401 2.1222872e401 C -6.98250840400 -1,19309550401 2,12228720+01
€ +6.24144470400 -1.1851708e401 2.1222872¢401 C -6.65160000400 -1,15208000401 2.3808902¢401 C -06.6516000e+00 -1.1520800e+01 2. 3808902¢+01
C -6.65160000400 -1,15208000401 2.38089020401 C -6,1418018e+00 -1,06433160401 2.47538120401 C -5.67064360400 -1.1260807¢401 2.4753812¢401
C -6,91159280400 -1,05398440401 2,47538120401 C  -7.28648100400 -1.2627094401 2.4319791e401 C -7.88279650400 -1,18541390401 2,43197910+01
€ -6,31826000400 -1,2751997e+01 2,4319701e+01 C -6.23350850400 -1.08300540401 2.61542320401 C -5.8675333e+00 -1.1328004e+01 2.6154232e+01
C -6.84439600400 -1.0736733e401 2.6154232e401 C -7,39234540400 -1,28366210+01 2,5714933e+01 C -8.1058123e400 -1.19274400401 2.5714933c401
€ +6.24495990400 -1.2975012e401 2.5714933e401 C  -6.87387500+00 -1.19445580401 2.6620253e401 C -7.10841460400 -1,166327004+01 2,66202530+01
€ +6.5091298¢400 -1.19776150401 2.6620253e401 C -6.63383850400 -1.10768620401 2.23786740401 C -6.3251290e400 -1.1219448e+01 2,2378674e401
€ <6,95295240400 -1,11943290401 2,23786740401 M -5,79756120400 -1,03620130401 2,22842490401 M -5.2283169e400 -1.13053100401 2.2284249¢401
N -6.8670899e+00 -1,00075170+01 2,22842490401 N -7.5244401e+00 -1.0435569¢+01 2.2231139e401 H -6.50141670400 -1,01362340401 2,22311390401
N -B.0361656e400 -1.1370617e+01 2.2251139e+01 H -5.6918373e400 -1.26754460401 2.1282888¢401 N -6.7894032e400 -1.3015013e+01 2,1282888e+01
W -5.1564874€400 -1.1658603e401 2.1282888¢401 H -7,43491850400 -1,27610960+01 2.12839920+01 M -8.0825119e400 -1.1843932¢401 2.1283992¢401
H <6.32846780400 -1.29517120401 2.12839920401 N -5,.8292315e+00 -1,01475200+01 2.69029740+01 H -5.09904210400 -1,11312470401 2,69029740401
H <7,04115310400 -9,96824210400 269029740401 N -7.8972639¢400 -1.3706407¢+01 2.6092735¢401 N -9.0778748e400 -1, 21854400401 2,6092735¢401
N -5,9869601e400 -1,39470750401 2.6092735e401  Br -7.05392170400 -1,22991900401 2.84402220401 Br -7 48648950400 -1.1786721e401 284402220401
Br -6.3856793e400 -1.2355090e401 284402220401 N -5, 62895340400 -9,76757390+00 2.43981660401 N -4 68876160400 -1,10042020401 2 43981660401
H =7.1681977e+00 -9.55796160400 2.4398166e401 N -7.73694030400 -1.3338071c401 2.3642779e401 N -B.70405640400 -1,2038353e401 2,3642779e401
W +6.13404660400 -1.35732560401 2.3642779e401  S{  .6,62075100400 -1,15464560401 1,93678970+01 51 <6.02075100400 -1.15404500401 1,93678970401
51 <6.62075100400 -1,15464560401 1.93678970401 §{ -7,73244300400 -9,62846600+00 1,8583672e+01 S| <7.73244300400 -9, 62846000400 1 B583672040)
St =7.73244300400  -9,62846600+00 1.8583672e401 S .7, 66529500400 -9.69665100400 1.6253833c401 51 <7, 00529500400 -9, 09665100400 1,062538330401
S =7.66520500400 -9,69605100+00 1,6253833e401 5{ .5 44994900400 -9,69865300400 1.54938780401 S1 -5, 44004000400 -0, GOKESI00400 1, SA0IR7He+0L
51 -5.44994900400 -9.69865300400 1.54938780401 5§ .5 44783000400 -9,70162700+00 1,3161253e+01 S1  -5.44783000400 -9.70162700400 1,31612530+01
51 ©5.44783000400 -9.70162700400 1.31612530401 5i .6, 55630700400 -1.16219930401 1.2394467¢+01 51  -6.5563070e+00 -1.1621993e+01 1,2394467¢401
:: -:-:::::;:‘3 -:'15“99" 01 :2:;:(7’:::: 51 -6.55582900400 -1.16204140401 1.00625560401 51 -6,55582900400 -1,16204140401 1,00625560401
-6, . -1 L SU -7.66449300400 -9,70023400400 9,31861600400 51 -7, 66449300400 -9,70023400+00 9, 31861600+00
51 7,00449300400 <0, 70023400400 9, 31861600400 s 66067500400 -9, 69993100400 7.81756000400 M -7.6626750e4+00 -9.6999310e+00 7.8175600¢4+00

W =7.00267500400  <9.60903100400 7. 81750000400

(b) Si111BromoStyrenelx10pt3start 26 (e) Sil11BromoStyrenelx10pt6Start

26
€ -6.73309750400 -1.2041459401  2,12228720401 (2 x 1). Starting Configurations

€ 6.34106580400 -1,19465890401 2,12228720401 C -9 09160000400 -1,15208000401 2, 38089020401 (a) Si111BromoStyrene2x10PT2oneMol_Start
C -6 65160000400 -1 15208000401 2 38089020401 C -5.93206330400 -1,08051610+01 2,47538120401 —
€ ~6.64884360400 -1,0505978e401 2.4753812e401 C ~7.5511779e+00 -1.2425078e+01 2,4319791e401 36
€ -6.6482762e400 -1.2796319€401 2.4319791e401 g :%;z:‘;':: ::"ﬂ“":: gg;::;;;l:: I
€ -6.63489520400 -1.07135500401 2.6154232401 7. e ~1.2600067¢ . o
€ 6.63519576400 -1.30307070+01 2.57149350+01 € -6.9759779400 -1.18725%00401 2.66202530+01 € ~7,68050000400 -3,84030000400 2,10132490+01
€ -6,.63221660400 -1,19989230+01 2,66202530+01 € -6,51954410400 -1,10965860+01 2,23786740+01 C -6.1641770e+00 -4.0163110e+00 2.3033987e+01
€ -6.85818720400 -1,11274580401 2,23786740401 M -5.5267456e400 -1.0622539e+01 2.2284249¢401 € -5.07936400400 -4,79374700400 2.3441438¢401
W -6.49137450400 -1,00002410401 2,22842490401 N -7.2138202e400 -1.0246639¢401 2.2231139e401 7. 700400 -3, )
W -7.95011740400 -1.10173820401 2.2231139%401 H -6.0233847¢400 -1.2884507¢401 212828880401 g “ ;g::M : g:}g;::m gzg%z:g:
W +5.24309820400 -1.2040871e401 2.12828880401 H -7,72924000400 -1.25160970401 2,12839920401 . : ’
H -6.70982550400 -1.2986588¢401 2.1283992¢401 N -5,50182200+00 -1.0407158e+01 2.69020740+01 C -7.00626300400 -4,07603600+00 253081540401
H -6.6260479400 -9.9203205e400 2.69029740401 | -§,42049560+00 -1.3309552e+01 2.6092735¢401 C -5.9368910e+00 -4.8867480e+00 2.5677891e+01
W -6.6375732e400 -1.4036423e+01 2.6092735¢401  Br -7,2416752e400 -1.2168539e401 2.8440222¢401 C ~6.30231800+00 -3,58989100400 2.1607423¢401
Br -6.0108250e+00 -1.2396067¢+01 2.8440222e+01 N .5,21003090400 -1.00919940401 2.43981660401 H -5.52676500+00 -4,10988200+00 2.1007356e+01
e iania0 Z.avotiSoeior M 817030270400 -1.29952430401 2,3642779¢401 H -6.0604170400 -2.5107010e400 2.1509176¢+01

-6. -1, o : . S{ -6,62075100400  -1.1546456e401  1,9367897e+01
S -6.62075100+00 -1,15464560401 1,93678970+01 §i 7 23244300000 .9 62846600:00 1 85836720s01 || 3:04599300400 -4,84693100400 2,12967260+01
St -7.73244300400 -9.62846600400 1.85836720401 i .7 66529500400 -9 69665100400 1 62538330401 H -8.4269670e+00 -3.1291080e+00 2.1413361e+01
St -7.66529500400 -9.69665100400 1.6253833¢401 < ¢ 44994900400 -9 69865300400 1 54938780401 H -4,15270500400 -5,90640600400 250640770401
St -5, 00 9. 00 1.5493878¢401 . . . H -7.7214550e+00 -3.7720630e+00 2.6077277e+01
St -5.44783000400 -9.70162700400 1.3161253e401 o o oo/ 83000400 -9.7016270e400 1,3161253e+01 g g >
S L6 55630700100 -1 16219930101 1 2394467erey Si -0:55630706400 -1.1621993e401 1.2394467€+01 Br -5.87669800400 -5.58614400400 2.7400336¢401
S -6 55582000400 -1 16204140101 1 0002556es01 Sl ~6:55582900400 -1.1620414e401 1.00625560401 H <4,32438700400 -5,08767300400 2.27003930+01
Si-7.06449300400 -9, 70023400400 9. 3156160e+00 ”l 776::47:‘32::0 ;9.7005:::::. 7933;56160:;:0 W -7.9531380e+00 -3.0059470e+00 2.3703708e+01
W -7.66267500400 -9,69993100+00 7, 81756000400 s “9.6999 181756000 H o =1,1527607401 -1,99181600400 2.05893500401

(1) Si111BromoStyrenelx1Opt7Start St -7.7029270e+00 -3.9206410e+00 1.9122610e+01
(€) si111Bromostyrenelx10ptastart 26 St -1.1552584e401 -1.9938290e400 1.9075458¢401
e S1 <9.028791004+00 -2,00202700+@0 1,84440760401

€ -6.86507700400 -1.20026250401 2.1222872¢401 S1 -1.2880674¢+01 -3.9146350e+00 1.8437937¢401
e ) Ao diaabraordl C -6.65160000400 -1.15208000+01 2.380890240) S -1.28892670401 -3.91553300400 1,61036890401
e ReoRr0r00 1 08412700101 2 476sairerer € “5.77136000400 -1,10157760401 2.4753812040) Si -9.0509520¢+00 -1.9946330¢+00 1.6107951e+01
C -6.97851810400 -1 27587170401 2. 43197910401 € -7.75457000400 -1.21614380401 2.43197910401 S1  -6.53144400400 -1,99635400400 1,5428573¢401
€ -6.42653290400 -1,07453800401 261542320401 € -5.94414000400 -1,11316420401  2.61542320401 5{  -1,03731540+01 -3,9161450e+00 1,54284460+01
€ -7.02654550400 -1,29835050401 2,571493304+01 € =7.95101500400 -1,22000620401  2.5714933040) §{ .6, 56807106400 -2.0027440e+00 1.30946000401
€ -6.75662440400 -1.1987648401 2,6620253¢+01 € -7.05507500400  -1,177604B0401  2.6620253040) 5§ .} 04101710401 -3,92334400400 1,30935000401
C -6 74934340400 -1 10873920401 2. 23786740401 € =6,41424900400 -1,11452190401  2.2378674040) ¢ _7'sa0c0100 00 -3 02334400400 1 24205006401
W -6.1265782e+00 -1.01804560401 2, 22842490401 H o =5.33258700400 -1,00442800001 22284249040 o0 110319010001 -2 00374400000 124185000401
W =7.7755773e400 -1.0698455¢401 2,2231139¢+01 H o -6, 86488000400 -1,01445420401 2,2231139040) | : !
M ~5.42569600400 -1,23876970401 212828880401 H o 6.39774400400 -1,30006340401 212828880401 51 -7.9146710e400 -3.92374400400 1,0087500e+01
W -7.08721530+00 -1.20215720401 2.128399204+01 W -7.9501220e+00 -1.2203269e+01 2.1283992e+0) St -1.1755171e+01 -2.0040440e+00 1.0085600¢+01
W -6.21268400400 -9,.9814688¢400 2,6902974¢401 N -5,25276800400 -1,07426890401 2.6902974040) 51 <9,23767100400 -2,00364400400 9,43980000+00
W +7.28914230400 -1,39543360401 2,60927350401 H o <8, 82518000400 -1,2790759¢401 2.6092735¢40) S1  -1.3078671e+01 -3.9241440e+@0 9.4384000¢+00
Br -6.8387507e+00 -1,2376796e+01 2.84402220401  Br  -7.3892160e400 -1.1993745e+01 2.8440222e4( H -9,2598710400 -2,0039440¢400 7.9376000¢+00
H -6.1175675e+00 -9.5626332¢400 2,4398166e+01 H  -4.88934900400 -1,05137850401 2.43981660401 H .1,3104771e+01 -3,92464400400 7.93620000+00
W -7.22961380400 -1.35570560401 2,36427790401 N -8.5001680e400 -1.2551933e+01 2.3642779e4+01
Si -6.6207510e+00 -1,1546456e+01 1,9367897e401 St -6,62075100400 -1,15464560+01 1,93678970+01

SU ~7.73244300+00 -9.62846600+00 1.8583672¢401 St ~7.7324430¢400 -9.62846600400 1.8583672¢401
St <7.66529500400 -9.69665100400 1,62538330401 St -7.6652950e+00 -9.6966510e+00 1.6253833e+01
St -5,4499490e4+00  -9,6986530e+00 1,5493878e+01 St +5,44994900400 -9.69865300400 1.5493878¢401
51 ~5.4478300e+00 -9.7016270e+00 1.3161253¢401 St -5.4478300e400 -9.7016270e+00 1.3161253e4+01
St -6.55630700400 -1,16219930401 1,23944670401 St -6,55630700400 -1,16219930401 1.23944670+01
SU -6.5558290e+00 -1.1620414e+01 1,00625560+01 S1 «6.55582900400 -1.1620414¢401 1.00625560401
51 ~7.66449300+00 -9.70023400400 9.3186160¢400 St -7.6644930¢4+00 -9,.70023400+00 9,3186160e+00
H «7.66267500400 -9,69993100400 7,81756000+00 H «7.66267500400 -9.69993100400 7.81756000400



(1 x 1). Relaxed Configurations
(a) Sill1BromoStyrenelx10ptl xyz

== : 5 % Salalalalalalalal

(b) S

= g TTITIITTNAANAANNANAN

wwn
-

26

-0.290197
772022
277046
L131384
-1.161180
L002860
.516174
~1.147603
~1.348542
~2.148280
0.707812
.O8955%
~1.550133%
©.497937
. 299077
~1.779037
0.259111
~0.741173
~1.852865
~1,785717
0.429629
©. 431748
-0.676729
-0.676251
~1.784915
~1.783097

0.450809
-0.047681
-0.556851

0.590920
-0.445772

0.714557

0.198909
-0.412311
-0.605617
~1.415080

1.450300

0.645237
-0.837705

1.214023

0.405111
-1.056506

0.980387

0.013413
-1.096751
~1.015142

1.201700

1.203800

0.095300

0.095800
-1.012900
-1.011100

~1.468933
~1.255456
.375216
. 358426
L S48005
.554871
659831
. 018105
0.063557
LAGB7A2
L 001600
.553978
©.143376
LAZ703%6
.993072
@.506795
L 104024
~1.281112
©.636878
©.568693
©.566691
©.563717
1.356649
1.355070
©.565110
0.565413

-0.235540
-0.037477
©.837839
-1.142953
0.658046
~1.346375
-0.455466
0.211518
1.295180
-0.231064
0.226260
-1.322547
1.345609
-2.220500
-0.799805
1.721952
-1.888077
-0.035016
1.884282
1.823244
1.822100
1.819200
-0.101200
-0.099600
1.820600
1.820900

21,
23.
24,
24,
26.
25.
26.
22.
22.
22.
21.
21.
26.
26.
28,
24,
23,
19,
18,
16.
15,
13,
12.
10.

9.

7

il 1 1BromoStyrenelx10pt2.xyz
26

21,

222872
BO8902
753812
319791
154232
714933
620253
378674
284249
231139
282888
283992
202974
092735
a40222
398166
642779
367897
583672
253833
493878
161253
394467
062556
318616

. 817560

230366

23.815841
24764050
24,323197
26.164254
25.717969
26.626521
22.384276
22.295971
22.228603
21,301249
21,284076
26.915949
26.092461
28.446089
24.411354
23.644472

19,
18.
16.
15.
13.
12.
10.

9.

7.

(¢) Sil11BromoStyrenelx10ptd.xyz

Tz g TTITITTTAAAANANAAN

26

079142
048093
553912
588608
457394
699137
183622
091684
952347
774085
929010
816059
860058
. 205041
.372766
.068773
.037698
.105197
. 004261
-1.014418

1.201700

1.203800

9.095300

0.095800
.012900
-1.011100

| o 1
O~ 0

0
L d

-0.505615
0.021077
0. 899005

-1.084962
9.713781

~1.292438

-0.400608
©.463813
1.150420
1.136343

-1.210138

-1.147547
1.397033

-2.161324

-0.753457
1.773758

-1.799241

-0.019417
1.903893
1.820623
1.822100
1.819200

-0.101200

-0.099600
1.820600
1.820900

21.
23,

372669
587149
255901
493900
161300
394500
062600
318600
817600

(d) Sil11BromoStyrene1x10ptS.xyz
| 26

C ~@.517419 21.222764
< ©.004457  23.%09380
c 0.880185  24.758922
c -1.102607 24.316573
c ©.691671  26.158432
C ~1.313978 25.711314
c -0.423613  26.620949
C ©.449841  22.379496
" 1.138072  22.302199
" 1.120921  22.215934
H ~1.223221 21.275711
" -1.157666  21.289318
" . 1.374020  26.908057
" -1.239193  -2.184482  26.083730
8r -0.407424  -0.780339  28.440237
" 1.755346  24.407775
" -1.815603  23.639872
st -0.028374 19.3

st 1.895326  18.582131
St 1.819303 16.252277
st 1.822100  15.493900
st 1.819200  13.161300
st 101200  12.394500
st 099600  10.062600
st -1.012900 1.820600  9.315600
“ -1.011100 1.820900 7.817600

(e) Sill1BromoStyrenelx10pt6.xyz

| 26

C 0.025419  -0.498658 21.229279
C -0.037408 0.034237 23.814332
C 9.461335 0.912820 24.765212
C -0.678249 -1.071316 24.319643
C 0.358019 0.725006 26.164504
C -0.796754 -1.280895 25.714401
C -0.284975 -0.390068 26.625106
C 0.024110 0.472913  22.382904
H 0.887978 1.156219 22.310440
H -0.837478 1.147195 22.210101
H 0.868860 -1.209027 21.294716
H -0.874779 -1.135191 21.288491
H 0.755872 1.409794  26.915099
H -1.304443 -2.151960 26.085815
Br -0.481704  -0.742702 28.444327
H 0.979049 1.787685 24.415158
H -1.128408 -1.782661 23.642219
St 0.075143 -0.018488 19.371731
St -1.031489 1.903957 18.586605
St -1.017070 1.820442 16.255131
St 1.201700 1.822100 15.493900
St 1.203800 1.819200 13.161300
St 0.095300 -0.101200 12.394500
si 0.095800 -0.099600 10.062600
st -1.012900 1.820600  9.318600
H -1.011100  1.820900  7.817600

(f) Sill1BromoStyrenelx10pt8.xyz

| 26

C -0.268874  -0.315899  21.222723
C 0.124480 0.030221 23.810194
C 1.131447  ©.031735  24.764296
5 -1.154806 0.029876 24.311797
C 0.912986 0.022817 26.162801
C -1.400328  0.021316 25.705690
C -0.375353 0.021432  26.619503
C 0.537332 9.214382 22.381356
H 1.573626 -0.161499 22.307384
H 0. 660001 1.302262 22.217826
H -0.381561  -1.409985 21.302848
H -1.304671 0.070321  21.256984
H 1.702734 0.013725  26.915434
H -2.409060  0.025589 26.075124
Br -0.785830  0.010325 28.437066
H 2.148705 0.023397  24.417022
M <1.993346  0.063370 23.631348
St 0.155050 -0.051145 19.369546
st -0.949227 1.869661  18.584745
St -1.017571 1.822135 16.254027
St 1.201700 1.822100 15.493900
St 1.203800 1.819200 13.161300
St 0.095300 -0.101200 12.394500
St 0.095800 -0.099600 10.062600
St -1.012900 1.820600 9.318600
H -1.011100 1.820900 7.817600

(2 x 1). Relaxed Configurations
(a)Si111BromoStyrene2x10PT1oneMol

34

€ -1.1068627e+01 -7.4362558¢+00 2.1013258e401
€ ~1.2584951e401 -7,2602447¢400 2.30339980401
C -1.3669764e+01 -6,4828085¢400 2.34414490401
C -1.1630910e401 -7.6213890€400 2.3989996e+01
€ -1.3788245¢401 -6,03812340400 2.4754658¢401
€ <1.17428650401 -7,20052020400 2.53081660401
€ <1.2812237e+01 -6.3898071€400 256779030401
€ <1.24468100401 -7, 68666460400 216074330401
M <1.32223630401 -7,16667340400 210073660401
W -1.2688710e+01 -8.7658555¢400 2.1509186e401
M -1.07031340401  -6.42962400400 212967360401
W <1.03221600401 -8,14744850400 2.14133710401
H o -1.45064240401 -5,37014900400 2.5064089¢401
M <1.10276720401 -7,50449250400 2.6077289%401
Br -1.28724290401 -5.69041150400 2. 74003490401
W -1.44247420401 -6.1888824€400 2.2700404e401
M -1.0795089e401 -8,2706097¢400 2.3703719¢401
W <1,49157360401 -5,58777130400 2, 05893600401
St -1.1091054e401 -7.5165965e4+00 1.9122619¢+01
SU -1.49407130401  -5.58978360400 1.9075467¢401
St <1.24169180401 -5.59798200400 1,84440840401
SU -1.6268804e401 -7.5105904€400 1.84379460401
SU -1.6277396e401 -7.5114888e400 1.6103697€+01
S1 <1,24390790401  -5.59058800400 1,61079580401
St <9.9195701e400 -5.5923086e400 1.5428581¢401
SU -1.3761282e401 -7.5121007¢400 1.5428453¢401
S <9,95619750400 -5.59869900400 1, 30946060401
St <1.3798299401  -7.5192999¢400 1.30935060401
SU -1.1278798e401 -7.5192999¢400 1.2420506e401
SU<1.51201000401 -5, 59969900400 1, 24185000401
SU<1.13027980401  -7.51969990400 1, 00875050401
SU <1.51433000401  -5.59999900400  1.00856050401
SU -1.26257990401 -5 00 9.4 00
Sto-1, 0 -7.5 00 943840440400
W -1.26479990401 -5, 59989900400 7.93760376400
N <1.64029010401  -7,52059990400 7.93620370400
(b) Sil11BromoStyrene2x 1OPT2oneMol

36

€ <1.53308430401 -7.86777490400 2.10352240401
€ <1.38525130401 -7.84215Me400  2.30773%40401
€ -1.27698350401 -8.62524230400 2. 34784840401
€ <1.A7946230+01  -7.46520600400 2.40389170401
€ ~1.26405200+01  -9.05068030400 2.47938630401
€ <1.46731380+01 -7.87835220400 2.53586390401
€ <1.36052690+01  -8.69406840400 2.5723029¢401
C -1 0 -7. 00 2. 16408050401
N -1.31696360+01 -7.88508120400 2.10703866401
N <1.38719110401 -6, 34306860400 2.153M4070401
N <1.5525599e401  -8.92596010400 2.12953760401
W -1.61756870401 -7.30077630400 2.14689330401
N <1 18334670401 -9, 73083210400 2. 50994570401
M 1.53773570401 -7.56270530400 2.61334680401
Br -1,3531845e+01 -9.3822621e400 2.7449369¢+01
M -1.2027031e401 -8.9323522e400 2.2730904¢401
W -1.56250300+01 -6.80883460400 2.37541860+01
N -1.9208337e+01 -5.8261150e400 2.0579993¢+01
St -1,54104540401 -7.73990930400 1,91353500401
SU -1,9222427e401 -5.82442886400 1,9065590¢401
St -1,67141260401 -5.81638070400 1,84311890401
SU -2.0561806e+01 -7.74498066+00 1,8437553e401
SU <2,0575881e401 <7.75602430400 1.61034720401
St -1.6731248e+01 -5.8410656€400 1,6098748e4+01
SU ~1,4216142e401 -5.8371300¢400 1,5427002¢401
St -1,8055938e4+01 -7.7616850€400 1.5426354e401
SU -1,4248599e401 -5.8429991€400 1.30M6060401
St -1,8090701e+01 -7.76360000400 1.30935060401
SU -1,55712000401 -7.7636000€400 1,2420506¢401
SU -1,94125020401 -5.84399910400 1,24185060401
St -1,5595200401 -7.7640000¢400 1,0087505¢401
SU -1,94357020401 -5.84429910400 1,00856050401
St -1.6918201e+01 -5.84389916400 943980446400
SU =2,07592030401 -7.76440000400 943840440400
W -1.6940401e+01 -5.8441991e400 7.9376037¢400
M -2.0785303e401 -7,76490000400 7.9362037¢400

209
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C.5 Periodic DFT calculations: BPA/Si(111)

SI111BPAZX10r1Tilt1Start SI111BPA2x10r1 Tilt35tart
SI111BPAIX10ptiStartxyz  $i1118PA1X1CGOPtL xyz 3781 L8817 8 o e 1502
C -6.50 -12.02 21.19 C 0.27 -0.42 21.18 ¢ 219 2.83 2045 C 2.22 3.76 19.29
C -6.65 -11.52 2364 C -0.05 0.10 2362 C 4,04 1.35 20.88 C 3.99 2.13 19.49
C |-6.92/-10.83]24.59|C [-0.58| 1.02]24.83]C | 1.74} 2.66121.78}% | 2-2% 00, 2023
C -6.32 -12.77 24,14 C 0.59 -1.00 24.17 ¢ 246 1.85 22.62 C 1.99 1.93 20.81
C -6.86 -10.75 2598 C -0.49 0.86 2594 c 3.80 2.46 18.64 C 4.24 4.12 17.97
C |-6.26/-13.00/25.54|C | 0.68|-1.17/25.S8{H | 3.22 | 3.27118.16i1 | 3-70. 5.99.L17.75
C -6.53 -12.00 26.44 C 0.14 -0.24 26.45 087 321 2212 H 0.50 3.45 20.58
C -6.73 -11.20 22,24 C -0.18 0.35 2221 W 4.10 0.50 22.88 H 3.59 0.50 20.87
H |-7.01[-10.15]22.03|H |-0.71| 1.29/21.96|8r | 1.97 1.78/ 244118 | 1.08] 1.11]22.21
H |-6.22|-13.07/21.41|H | 0.81-1.35/21.43 |11 2°03 1030 1 2024 |1 206119411018
H -7.07 -9.99 26,74 H -0.91 1.58 26.65 1.89 4.37 17.65 H 2.91 7.01 17.6S
H -6.00 -13.97 2592 H 1.18 -2.03 25.98 Z: f-;g i-;g :g.f: 2: g-gg ;-gg :g.f‘l‘
z' 'g‘:g 'lg'gg gg;g g’ ?g; '?:g ggfg Si  4.05 4.37 15.49 Si  5.06 7.00 15.49
A =7, . 4. . . Si 0.70 2.45 15.51 Si 1.71 5.08 15.51
H -6.10 -13.56 2349 H 1.01 -1.74 23.50 si 0.69 2.45 13.18 Si 1.70 5.08 13.18
Si | -6.51 -11.70 19.36/Si 0.15 -0.18 19.36 /S! | 4.03 | 4.37 13.16 SI | S.04 7.01 13.16
i [-7.62"-9.79 10.59 151 |-0.96] 173/ 18.59 Si | 28| 245 12.49(9) | 3.89| 5.09 12.49
-7. -9, p -0. . .26 si  6.19 4.37 10.16 SI  7.20 7.00 10.16
Si -5.37 -9.82 1549 Si 1.28 1.70 1549 SI 2.84 2.45 10.16 Si 3.86 5.08 10.16
SI [-5.37] -9.83/13.16]S1 | 1.28] 1.60|13.1615 T 90 371 oaetsi 5931 500516
Si  -6.48 -11.75 12.39 Si 0.17 -0.23 12.39 si s5.01 2.45 7.15 Si 602 508 7.15
S -6.48 -11.75 10.06 Si 0.17 -0.23 10.06 2: ;-gz :-;; Z-;‘S) Si :.63 ;.gg ;.;g

Si -7.59 -9.83 9.32 Si -094 1.69 9.32 > - s Si -8 C .
Si 0.52 2.45 6.50 si 1.53 5.08 6.50
H |-7.59] -9.83 7.82|H |-0.93 1.69 782! | 38s 437 So00ir | 485 700 500
(3] 0.50 2.45 5.00 H 1.51 5.08 5.00

Si111BPA1x10pt3Start.xyz SI111BPA1X1CGOPt3.xyz SI111BPA2x10r1Tilt25tart SI1118PA2x10r1TiIt1
C 495 295 17.69 C 4.91 2.33 18.15
C -6.77 -12.03 21.19C 0.05 -0.40 21.22 c 3.26 2.81 19.57 g g.gg gi: :g;;

C -6.65 -11.52 23.64°C 0.36 0.17 23.65 € 2.04 3.34 20.00 J s s
C[-6.39[-10:83124.59F | 0.69( 11012454 (S | 322 1781 20m3fC 22511381 2102
C -6.99 -12.77 24.14C -0.27 -0.93 24.22 c 3.23 1.32 21.49 C 3.77 0.94 22.21
C -6.45 -10.75 25.98C 0.81 0.97 2595 € 2.03 1.90 21.91 C 2.43 1.12 22.56
C |-7.08[-13.00| 25.54 E [-0.36]-1.07| 28.631S | 3:271 3371 15:39< | 3.8312.73 18,08
C -6.78 -11.99 26.44°C 0.18 -0.14 26.49 w 5.48 2.03 18.00 H 5.58 1.56 18.57
C -6.56 -11.20 22.24C 0.50 0.39 22,23 H 050 3.36 21.53 H  0.54 2.03 22.04
H |-6.27/-10.16 22.03H | 1.04| 1.32/21.97 ¢ 333 9:33 33:28 16, ' 1:73 031 24.07
H -7.05 -13.08 21414 -0.49 -1.32 21.50 1.59 4.16 19.42 H 1.43 3.03 19.92
H -6.25 -9.99 26.74H 1.23 1.69 2665 H 4.77 1.31 19.99 H S5.30 1.31 20.74
H |[-7.31]-13.96| 25.92H | -0.86|-1.93| 26.05}" | 2-2?| S.80117.65}H 11.63(4.63]17.80
S 5.56 3.89 6.2 Si S5.03 2.64 16.33
Br -6.89 -12.38 28.268r 0.02 -0.39 28.32 s: 2.23 5.80 :s.x}u Si  1.69 4.60 16.29
H -6.13 -9.55 24.22H 1.40 1.97 24,13 si 4.42 580 1549 Si 3.92 4.56 15.56
H |-7.20]-13.56| 23.44H | -0.71]-1.67[23.55}=! | 1071 3.86{15.51351 10.3912.67113.3>
: : p .57 2. 22
Si | -6.51 -11.70 19.3651 | 0.18-0.19/19.38 |5/ ' 391 s.81 13.16|8i | 3.85 4.52 13.22
Si -7.62 -9.79 18.595i -0.93 1.73 18.60 si 6.59 5.80 12.49 Si 6.11 4.55 12.45
Sl |-7.59| -9.83|16.2651 | -0.94| 1.70| 16,263 | 3-25| 3.86.12.4933 12.7812.60]12.46
Si |-5.37| -9.82 15.495| | 1.28| 1.70 1549 S/ 333 388 1016/SI | 2.78 2.61 10.12
Si -5.37 -9.83 13.165i 1.28 1.69 13.16 si 5.41 3.88 948 Si 5.00 2.62 9.35
Si -6.48 -11.75 12.395i 0.17 -0.23 12.39 2: g-g; g-gg ‘-7’~‘:§ g: ;-gg ;-gg 3’3;
SI | -6.48]|-11.75/10.06 51 | 0.17[-0.23[10.06}5, 305 s 8ol 7 1cler 11 €715 631 >0
Si -7.59 -9.83 9.3251 <094 169 932 si 4.23 580 6.50 Si 3.89 4.54 6.28
H -7.59 -9.83 7.82H -0.93 169 7.82 Si 090 388 6.50 Si 0.57 2.61 6.28
H 421 S80 500 H 3.890 4.54 4.78
L2 0.87 3.88 S.00 H 0.57 2.61 4.78



SI111BPA2x10r1TIl2

5.17 3.33 18.01
3.494 3,16 19.86
2,08 342 20.10
4.14 2.37 20.78
1.43 2.88 21.19
3.50 1.84 21.90
2.14 2,08 22.10
4.01 3.68 18.63
3.35 4,40 18.12
5.84 2.59 18.47
0.37 3.09 21.38
4.05 1.20 22.60
1.24 1.30 23.51
1.53 4.06 19.39
$5.20 2.13 20.60
1.94 S5.69 17.63
Si  5.35 3.67 16.20
Si 2.02 5.65 16.13
SI 4,25 5.59 15.41
Si 0,90 3.72 15.40
Si 0.88 3.67 13.07
Si 4.21 5.55 13.08
Si 6.43 5.59 12.30
Si 3.10 3.63 12.31
SI 6,43 5.58 9.97

IIIZIIIINONONONNN

SI 3,10 3.65 9.98
Sl [S.32]/3.66| 9.21
Si  2.00 5.57 9.21
Si 5.32 3.66 6.88
Si  2.00 5.57 6.88
SI 4,21 5.58 6.13
SI 0.89 3.65 6.12
H 421 S5.58 4.63
H 0.89 3.65 4.63

SII11BPA2X10r1TIN3

5.71 406 17.79
3.81 4,10 19.50
244 4,42 19.44
4.25 3.29 20.56
1.53 3.91 20.34
3.34 2.79 21.50
1.98 3.08 21.37
4.61 4.59 18.39
4.13 5.44 17.88
6.20 3.17 18.23
0.47 4.16 20.25
3.69 2.13 22.30
0.72 2.31 22.50
2.09 S5.08 18.63
5.31 3.01 20.66
2.56 6.51 17.36
Ge 5.98 4.41 15.99
Si 2.65 6.42 15.87
Si 4.89 6.34 15.18
Si 1.52 4.49 15.16
Si 1.50 4.44 12.83
Si 4.85 6.31 12.84
SI 7.05 6.35 12.06
Si 3.73 4.39 12.08
Si 7.06 6.34 9.73
Si 3.73 4.40 9.75
Si 5.95 4.42

IIIPIIIINONONNNNO

8.97
Si 2.63 6.33 8.97
Si 595 441 6.64
Si 2,63 6.33 6.64
SI 4.84 6.33 5.89
Si  1.52 4.41 5.90
H 4.84 6.34 4.39
H 1.52 4.41 4.40

SI111BPA2x10r2Tilt0Start SI111BPA2X10r2TIIt25tart

IIVPURUVPVAVVRVVVUIIIPIIIIONNNNNNNN

2.48
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OWOWMUNMUNONOAOOAMUMANWIRNWAIWS

°
8
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OXCOROREOROOREOOUVOVV=Y=DAa0D®

MU WU WU WL WOWNOWON N

18.05 C 5.49 1.16 1792 C
20.16 C 4.86 2.85 19.69 C
20.61 C 3.86 3.78 20.04 C
21.12 C 5.92 2.65 20.60 C
21.96 C 3.92 4.50 21.22 C
22.47 C 5.99 3.37 21.78 C
22.89 C 5.00 4.31 2207 C
18.74 C 4.76 2.18 1842 C
18.17 H 3.95 2.59 17.79 H
18.59 H 6.29 0.72 1853 H
22.31 H 3.18 5.27 21.46 H
23.249 H 6.79 3.21 22.51 H
24.70 Br 5.19 5.41 23.56 Br
19.86 H 3.04 395 19.33 H
20.80 H 6.69 191 20.37 H
17.65 H 1.89 2.43 1765 H
16.21 Si 5.19 0.51 16.21 Si
16.14 Si 1.86 2.42 16.14 Si
15.49 si 4.05 2.42 15.49 sSi
15.51 si 0.70 0.50 15.51 Si
13.18 Si 0.69 0.51 13.18 Si
13.16 Si 4.03 2.43 13.16 Si
12.49 Si 6.22 2.43 12.49 Si
12.49 Si 2.88 0.51 12.49 sSi
10.16 si 6.19 2.42 10.16 Si
10.16 Si 2.84 0.50 10.16 Si

9.48 Si 5.03 0.50 9.48 sSi

9.48 Si 1.70 2.42 9.48 Si

7.15 Si 5.01 0.50 7.15 Si

7.15 Si 1.67 2.42 7.15 Si

6.50 Si 3.86 2.42 6.50 Si

6.50 si 0.52 0.50 6.50 Si

5.00 H 3.84 242 S.00 H

5.00 H 0.S0 0.50 S.00 H

SI111BPA2x10r2Tilt1Start SI111BPA2X10r2TiIt35tart
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5.26
4.38

5.19

b

OWOWRNRINONDAOO SN
SENRARI0EGENEE3RT

1.09
2.34
3.18
1.93
3.62
2.36
3.23
1.98
2.53
0.50
4.33
2.03
3.96
3.52
1.24
2.75
0.84
2.75
2.75
0.83
0.83
2.76
2.75
0.83
2.75
0.83
0.83
2.75
0.83
2.75
2.75
0.83
2.75
0.83

18.05 570 1.53 17.67 C
20.06 C 5.28 3.58 1909 C
20,47 C 4.32 4,57 19.34 C
21.02 C 6.45 3.57 1987 C
21.78 C 4.52 S5.54 20.32 C
22.34 C 6.66 4.54 2085 C
22.70 C 5.70 5.53 21.05 C
18.66 C 5.02 2.64 18.02 C
18.04 H 4.14 291 1743 H
18.64 H 6.58 1.22 18.26 H
22.08 H 3.81 6.35 2047 H
23.11 H 7.55 4.53 2149 H
24.41 Br 6.07 6.93 22.21 Br
19.72 H 3.42 4,59 18.73 H
20.74 H 7.19 2.78 19.72 H
17.65 H 1.89 2.43 17.65 H
16.21 Si 5.19 0.51 16.21 Si
16.14 Si 1.86 2.42 16.14 Si
15.49 Si 4.05 2.42 15.49 Si
15.51 Si 0.70 0.50 15.51 Si
13.18 Si 0.69 0.51 13.18 Si
13.16 si 4.03 2.43 13.16 Si
12.49 si 6.22 2.43 12.49 Si
12.49 si 2.88 0.51 12.49 sSi
10.16 Si 6.19 2.42 10.16 Si
10.16 Si 2.84 0.50 10.16 Si
9.48 Si 5.03 0.50 9.48 Si
9.48 Si 1.70 2.42 9.48 Si
7.15 Si 5.01 0.50 7.1S5 Si
7.15 sSi 1.67 2,42 7.15 Si
6.50 Si 3.86 2.42 6.50 Si
6.50 Si 0.52 0.50 6.50 Si
5.00 H 3.84 2,42 5.00 H
5.00 H 0.50 0.50 5.00 H

211

SI111BPA2x10r2TiI80

4.84 1.13 18.08
4.24 2.36 20.20
3.24 3.13 20.80
5.35 2.00 20.98
3.34 3.55 22.12
5.48 2.42 22.29
4.47 3.22 22.86
4.10 2.02 18.80
3.32 2.59 18.28
5.60 0.52 18.58
2.57 4.20 22.57
6.35 2.15 22.89
4.70 3.91 24.56
2.37 3.44 20.20
6.15 1.38 20.54
1.26 2.93 17.67
4.68 1.00 16.24
1.33 2.92 16.17
3.57 2.91 15.47
0.22 1.00 15.42
0.24 0.99 13.09
3.57 2.92 13.13
5.78 2.91 12.34
2.47 1.00 12.35
5.78 2.91 10.01
2.47 0.99 10.02
4.68 0.99 9.24
1.36 2.91 9.26
4.68 0.99 6.91
1.36 2.91 6.92
3.57 2.91 6.17
0.25 0.99 6.18
3.56 2.91 4.67
0.26 0.99 4.67

SI111BPA2x10r2Til11

5.09 1.05 18.10
4.47 2.23 20.25
3.47 3,01 20.85
5.57 1.84 21.03
3.56 341 2217
5.68 2.24 22.36
4.68 3.04 2292
4.35 1.92 18.84
3.56 2.50 18.33
5.86 0.44 18B.60
2.80 4.07 22.62
6.53 1.93 22.97
4.90 3.72 24.63
2.62 3.34 20.23
6.35 1.21 20.59
1.52 2.88 17.70
4.93 0.949 16.26
1.58 2.88 16.19
3.82 2.86 15.50
0.47 0.95 15.45
0.49 0.95 13.12
3.82 2.87 13.16
6.03 2.87 12.37
2.72 0.95 12.38
6.03 2.87 10.04
2.72 0.95 10.05
4.93 0.96 9.27
1.60 2.87 9.28
4.93 0.95 6.949

1.61 2.87 6,95
3.82 2.88 6.20
0.50 0.95 6.20
3.81 2.87 4.70
0.51 0.95 4.70



SI1118PA2X10r2TiIt2

C 5.27 1.14 17,90
C 4,80 2.35 20.05
C 3.84 3.12 20.73
C 5.98 2.01 20.73
C 4,04 3.54 22.04
C 6.20 2.43 22.03
C 5.24 3.21 22.68
C 4,57 2.02 18.66
H 3,75 2.59 18.19
H 6.06 0.53 18.37
H 3.31 4.17 22.55
H 7.13 2.17 22.56
Br 5.60 3.92 24.36
H 292 3.41 20.20
H 6.74 1.41 20.22
H 1.66 2.95 17.51
SI 5.07 1.02 16.07
Si 1.71 2.94 16.00
Si | 3.95| 2.93| 15.31
Si 0.61 1.02 15.25
S 0.63 1.02 12.93
Si 3.95 2.94 12.97
Si 6.16 2.94 12.18
Si 2.85 1.02 12.19
SI 6.16 2.94 9.85
Si 2.85 1.02 9.85
Si  5.06 1.02 9.08
Si 1.74 2.94 9.09
SI 5.06 1.02 6.75
Si 1.74 2.94 6.76
Si  3.95 2.94 6.01
Si 0.63 1.02 6.01
H 394 294 4.50
H 0.64 1.02 4.51

SI111BPA2X10r2TIIS

17.59
19.75
20.52
20.31
21.80
21.58
22.32
18.38
17.96
18.02
22.38
21.99
23,94
20.10
19.72
17.22
15.76
15.71
15.01
14.95
12.62
12.67
11.87
11.88

9.54
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C.6 Periodic DFT calculations: BPPA/Si(111)

Si111BPPA_1x1_Orl_StartRO

=

IIIIIINONNNNNONIIDIINNNNNN

0.27
-0.26
0.91
-0.17
1.00
0.47
~0.59
1.50
0.63
-0.76
1.34
0.27
-0.05
-0.58
0.59
-0.49
0.68
0.14
~0.18
~0.71
0.81
-0.91
1.18
-1.09
1.01
0.15
-0.96
-0.94
1.28
1.28
0.17
0.17
-0.94
-0.93

~0.47
0.45
-1.58
0.29
-1.74
-0.81
1.01
-2.61
-1.10
1.32
-2.31
~0.42
0.10
1.02
-1.00
0.86
-1.17
-0.24
0.35
1.29
-1.35
1.58
-2.03
1.89
~1.74
-0.18
1.73
1.69
1.70
1.69
-0.23
-0.23
1.69
1.69

27.87
28.78
28.42
30.19
29.83
30.70
30.90
30.23
32.53
28.38
27.75
21.18
23.62
24.53
24.17
25.94
25.58
26.45
22.21
21.96
21.43
26.65
25.98
24.13
23.50
19.36
18.59
16.26
15.49
13.16
12.39
10.06

9.32

7.82

Si111BPPA_1x1_Orl_StartR1

-
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0.27
0.80
~0.37
0.71
~0.46
0.07
1.13
-0.96
-0,09
1.30
~0.79
0.27
~0.05
-0.58
0.59
~0.49
0.68
0.14
-0.18
~0.71
0.81
-0.91
1.18
-1.09
1.01
0.15
~0.96
-0.94
1.28
1.28
0.17
0.17
-0.94
-0.93

-0.47
0.45
«1.57
0.30
“1.73
-0.81
1.02
-2.60
-1.09
1.32
~2.31
~0.42
0.10
1.02
-1.00
0.86
-1.17
~0.24
0.35
1.29
-1.35
1.58
-2.03
1.89
~1.74
-0.18
1.73
1.69
1.70
1.69
-0.23
-0.23
1.69
1.69

27.87
28.78
28.42
30.19
29.83
30.70
30.90
30.23
32.53
28.38
27.75
21.18
23.62
24.53
24.17
25.94
25.58
26.45
22.21
21.96
21.43
26.65
25.98
24.13
23.50
19.36
18.59
16.26
15.49
13.16
12.39
10.06

9.32

7.82

Si111BPPA_1x1_Orl_StartR2

0.27
1.33
-1.00
1.16
-1.19
-0.12
1.99
-2.19
-4.46
2.34
-1.85
0.27
-0.05
-0.58
0.59
-0.49
0.68
0.14
-0.18
~0.71
0.81
-0.91
1.18
-1.09
1.01
S 0.15
Si -9.58
Si -9.38
Si 1.28
Si 1.28
Si 0.17
Sl 0.17
Si -9.36
H -0.93

=

IIIIIINONNNNNONIIDIINNNNNN

~0.47
-0.47
-0.47
-0.46
-0.46
-0.46
-0.46
-0.46
-0.46
-0.46
-0.47
-0.42
0.10
1.02
-1.00
0.86
-1.17
-0.24
0.35
1.29
-1.35
1.58
-2.03
1.89
-1.74
-0.18
1.73
1.69
1.70
1.69
-0.23
~0.23
1.69
1.69

27.87
28.78
28.42
30.19
29.83
30.70
30.90
30.23
32.53
28.38
27.75
21.18
23.62
24.53
24.17
25.94
25.58
26.45
22.21
21.96
21.43
26.65
25.98
24.13
23.50
19.36
18.59
16.26
15.49
13.16
12.39
10.06

9.32

7.82

Si111BPPA_1x1_Or2_StartRO

0.05
0.59
-0.58
0.51
-0.67
-0.13
0.92
-1.17
r -0.,29
1.09
=1.01
0.05
0.36
0.89
-0.27
0.81
-0.36
0.18
0.50
1.04
-0.49
1.23
-0.86
1.40
-0.71
Si 0.18
Sl -0.93
Si -0.94
Si 1.28
Si 1.28
Si 0.17
Si 0.17
Si -0.94
H -0.93
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-0.34
0.59
~1.44
0.45
~1.59
-0.65
1.18
-2.45
-0.91
1.46
~2.19
~0.40
0.17
1,10
-0.93
0.97
-1.07
~0.14
0.39
1.32
-1.32
1.69
-1.93
1.97
~1.67
-0.19
1.73
1.70
1.70
1.69
-0.23
-0.23
1.69
1.69

27.91
28.80
28.47
30.21
29.89
30.74
30.91
30.31
32.58
28.39
27.81
21.22
23.65
24.54
24.22
25.95
25.63
26.49
22.23
21.97
21.50
26.65
26.05
24.13
23.55
19.38
18.60
16.26
15.49
13.16
12.39
10.06

9.32

7.82

Si111BPPA_1x1_Or2_StartR1

-
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Si
Si
Si
Si
Si
Si
Sl
Si
H

0.05
1.12
-1.22
0.97
-1.39
-0.31
1.80
-2.38
-0.61
2.13
-2.08
0.05
0.36
0.89
-0.27
0.81
-0.36
0.18
0.50
1.049
-0.49
1.23
-0.86
1.40
-0.71
0.18
-0.93
-0.94
1.28
1.28
0.17
0.17
-0.94
-0.93

~0.34
-0.34
-0.34
-0.34
-0.34
-0.34
-0.34
-0.34
-0.33
-0.34
-0.34
-0.40
0.17
1.10
-0.93
0.97
-1.07
-0.14
0.39
1.32
-1.32
1.69
-1.93
1.97
-1.67
~0.19
1.73
1.70
1.70
1.69
-0.23
-0.23
1.69
1.69

27.91
28.80
28.47
30.21
29.89
30.74
30.91
30.31
32.58
28.39
27.81
21.22
23.65
24.54
24.22
25.95
25.63
26.49
22.23
21.97
21.50
26.65
26.05
24.13
23.55
19.38
18.60
16.26
15.49
13.16
12.39
10.06

9.32

7.82

Si111BPPA_1x1_Or2_StartR2

-
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Si
H

0.05
0.59
-0.58
0.51
-0.66
-0.12
0.93
-1.16
-0.27
1.09
=1.01
0.05
0.36
0.89
-0.27
0.81
-0.36
0.18
0.50
1.04
-0.49
1.23
-0.86
1.40
-0.71
0.18
-0.93
-0.94
1.28
1.28
0.17
0.17
-0.94
-0.93

-0.34
-1.27
0.76
-1.13
0.91
-0.03
~1.85
1.77
0.23
~2.14
1.50
~0.40
0.17
1.10
-0.93
0.97
-1.07
~0.14
0.39
1.32
-1.32
1.69
-1.93
1.97
~1.67
-0.19
1.73
1.70
1.70
1.69
-0.23
-0.23
1.69
1.69

27.91
28.80
28.47
30.21
29.89
30.74
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-0.18
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~0.59
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-0.78
1.33
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~0.57
0.59
-0.48
0.68
0.15
-0.18
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0.59
~0.57
0.50
~0.67
-0.13
0.92
-1.17
-0.29
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=1.01
0.05
0.36
0.89
-0.27
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1.39
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-0.94
1.28
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-0.32
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~1.42
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-0.66
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-0,93
1.47
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-1.06
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-1.94
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1.69
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30.27
29.92
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30.97
30.33
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28.49
27.87
21.19
23.62
24,52
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25.61
26.52
22.20
21.94
21.48
26.57
25.98
24.11
23.54
19.36
18.58
16.25
15.49
13.16
12.39
10.06

9.32

7.82

213



214

Si111BPPA_1x1_Ori2_R2.xyz Si111BPPA_2x1_StartOrl.xyz Si111BPPA_2x1_StartOr3.xyz  S§i111BPPA_2x1_StartOrS.xyz

G 0.04 -0,17 27.99 g -;-2; Cl’;_z’ g-g: C | -0.06  1.55 826 C 1.31  0.83 8.26
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~2,97 -0,05 10,23 -1.53 2.55 10.23 1.44 2.60 10,23 2.97 0.05 10.23
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51 -1.11 1.92 ~0.77 51 -1.11 1.92 -0.77 SI -1.11 1.92 -0.77 S -1.11 1.92 -0.77
S -4.46 0.01 ~0.81 Si -4.46 0.01 ~0.81 Si -4.46 0.01 ~0.81 Si “~4.46 0.01 ~0.81
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L.y < ~0.08
L 0.91
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B T - .42
Si111BPPA_2x1
8.10 .17
B.94 C 3.8
8.56 C 1.15
10.16 C 3.78
9.78 C 1.42
10.5%7 2.74
10.81 ™ “.81
10.11 H 0.62
12.16 Br 3.12
Hn.oa “4.30
7.92 H O.11
1.83 C ~0.06
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G.a95 ™ 3.4a5
6.73 H ~0.18
“4.11 H 3.36
4,39 ™ ~0.67
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~0.24
~0.06
0.63
1,26
0.09
1.36
0.19
0.83
O,.5%%
1.06
~0.58
1.87
~0.25
1.69
~0.4943
1.94
~0.05
1.92
1.00
0.00
0.00
1.91
1.92
-0.01
1.93
0.01
0.01
1.93
0.01
1.93
1.93
0.01
1.93
0.01

_Or6.xyz
~2.93
-3.28
-3.31
~4.01
~a4.04
~a.a1
-4.31
-a.34
“5.40
-3.00
-3.01
~0.38
“1.,02
~0.93
-1.74
-1.53
~-2.33
-2.24
~0.az2
0.00
~0.79
-1.40
-2.95
~0.35
-1.88
1.89
~0.04
1.90
1.89
-0.01
~0.01
1.89
1.91
-0.03
1.93
0.01
0.01
1.93
0.01
1.93
1.93
0.01
1.93
0.01

“4.0%5

“4.,01
4.7
1.45
~0.01
-0.06
~0O.n2
0. 76
“3.11
-3.14
~-3.89
-3.89
€, 23
-6.22
-6.99
-6.98
-9.32
~-9,31
“10.07
~10.06
-11.57
“11.56

7.57
7.91
8.6
9.05
9.61
9.90
9.29
10.29
11.491
.23
8.26
1.79
3.81
“4.490
a4.51
5.62
5.73
G.32
2.51
2.06
2.23
G.O07
6.21
3.88
“4.05
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C.7 Periodic DFT calculations: BPEPA/Si(111)
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C.8 Periodic DFT calculations: BrSty/Si(001)

SI100BrSty2x1_Orl_StartTit0 SI1008rSty2x1_Orl_StartTilt2

C 0.27 <-0.42 19.18
C “0.34 -0.94 21.62
[~ =1.40 -0.494 22.53
C 0.94 -0.94 2217
[ -1.22 -0.94 23 .94
[~ 1.13 -0.94 23.58
C 0.06 -0.94 24.45
[~ «-0.62 -0.42 20.21
HH 1,40 0,58 19.96
- 1,40 ~-1.42 19.96
- 1.05 0.58 19.43
" 1.0 -1.42 19.43
18] -2.05 -0.94 24.65
- 2.13 -0.494 23.98
Br 0.38 -0.494 26.28
HH «~2.40 -0.494 22.13
- 1.79 -0.44 21.50
- 3.49 0.01 19.11
Si 0.80 0.00 17.48
Si 3.04 0.00 17.48
S 0.07 1.92 16.50
S 3.74 1.92 16.53
Si 1.95 1.92 15.04
SI 5.73 1.92 15.28
Si 1.91 0.00 13.77
Si 5.75 0.00 13.93
Si 0.00 0.00 12.57
Si 3.84 0.00 12.57
Si 0.00 1.92 11.21
Si 3.849 1.92 11.21
H -1.17 1.949 10.32
M 1.10 1.88 10.24
15 4.91 1.91 10.21
18] 2.65 1.95 10.36
SI100BrSty2x1_Orl_StartTiltl

C | 0.27 -0.42 19.18
C -0.34 0.20 21.54
[ «1.40 0.43 22.42
[ 0.94 0.34 22.07
[~ -1.22 0.79 23.78
C 1.13 0.70 23.44
G 0.06 0.92 24.28
[~ “-0.62 -0.16 20.17
M <1.40 0.75 19.68
M -1,40 -1.18 20.19
M 1.05 0.61 19.16
M 1.05 -1.32 19.68
M -2.05 0.97 24.47
M 2.13 0.80 23.83
Br 0.38 1.40 26.05
M -2.40 0.32 22.04
M 1.79 0.16 21.42
M 3.49 0.01 19.11
Si 0.80 0.00 17.48
Si 3.04 0.00 17.48
Si 0.07 1.92 16.50
Si 3.74 1.92 16.53
Si 1.95 1.92 15.04
Si 5.73 1.92 15.28
Si 1.91 0.00 13.77
Si  5.75 0.00 13.93
Si  0.00 0.00 12.57
Si 3.84 0.00 12.57
Si 0.00 1.92 11.21
Si 3.84 1.92 11.21
H -1.17 1.94 10.32
H 1.10 1.88 10.24
H 4.91 1.91 10.21
H 2.65 1.95 10.36

SI100BrSty2x1_Orl_TiltO.xyz

C 0.27 «0.42 19.18 C 0.24 -0.17 19.60
G «0.34 0.79 21.30 C 1,70 0.7 21.23
G ~1.40 1.24 22,09 C ~2.99 -0.27 21.67
C 094 1.06 21.78 C -0.88 -1.33 22.06
C -1.22 1.94 23.31 C ~-3.47 -0.76 22.88
C 1.13 1.76 23.00 C ~1.34 -1.83 23.28
C 0.06 2.20 23.76 C ~-2.65 -1.55 23.68
[~ «0.62 0.09 20.07 C ~1.25 -0.09 19.87
HH ~1.40 0.84 19.36 H -1,60 0,96 19.73
H -1.40 -0.89 20.36 M -1.80 -0.67 19.09
13 1.0 0.57 1890 H 0.80 0.55 20.24
1) 1.0 -1.16 1990 H 0.63 -1.17 19.87
1) -2.08 2.29 2393 H -4.48 -0.51 23.23
H 2.13 1.96 23.35 H -0.70 -2.46 23.90
Br 0.38 3.11 25.34 Br -3.31 -2.30 25.24
H -2.40 1.04 21.75 H -3.63 0.39 21.07
- 1.79 0.72 21.20 M 0.15 -1.57 21.76
- 3.49 0.01 19.11 M 3.%9 -0.01 19.16
Si 0.80 0.00 17.48 Si 0.73 0.02 17.79
Si 3.04 0.00 17.48 Si 3.12 0.01 17.74
Si 0.07 1.92 16.50 Si 0.10 1.94 16.59
Si 3.74 1.92 16.53 Si 3.76 1.92 16.57
S 1.95 1.92 15.04 Ssi 1.92 1.92 | 15.13
SI 573 1.92 15.28 S| 5.78 1.92 15.32
Si 1.91 0.00 13.77 Si 1.92 0.00 13.85
Si S$.75 0.00 13.93 Si S.75 0.00 13.93
Si 0.00 0.00 12.57 Si 0.00 0.00 12.57
Si 3.84 0.00 12.57 Si 3.849 0.00 12.57
Si 0.00 1.92 11.21 Si 0.00 1.92 | 11.21
Si 3.849 1.92 11.21 Si 3.849 1.92 11.21
H -1.17 1.94 10.32 H -1.17 1.94 10.32
- 1.10 1.88 10.24 M 1.10 1.88 10.24
- 4.91 1.91 10.21 H 4.91 1.91 10.21
13 2.65 1.95 1036 H 2.65 1.95 10.36
SI1008rSty2x1_Orl_StartTilt3  5I1100BrSty2x1_Orl_Tiltl.xyz

C  0.27 -0.42 19.18 C 0.08 0.14 19.56
C -0.34 1.29 2092 C -1.83 1.13 20.93
C -1.40 1.93 21.56 C -3.02 1.87 21.00
C 0.94 1.68 21.31 C -1.1S 0.88 22.12
G -1.22 2.93 22.56 C -3.50 2.37 22.21
[~ 1.13 2.68 22.31 C -1.61 1.37 23.34
C 0.06 3.29 2293 C -2,78 2.13 23.38
[ «0.62 0.30 19.91 C «1.35 0.64 19.60
H <1.40 0O.84 1903 H ~1.49 1.46 18B.86
“H -1.40 -0.57 20,49 H -2.02 -0.17 19.24
" 1.05 0.46 1865 M 0.76 0.86 20.07
- 1.05 “0.95 2007 H 0.18 -0.82 20.09
H -2.05 3.43 2306 H -4,40 3,00 22.24
H 2,13 296 2260 H -1.07 1,16 24.27
Br 0.38 4.58 24.22 Br -3.34 2,89 24.98
M -2.40 1.65 21.29 M -3.57 2.08 20.07
" 1.79 1.21 20.83 M -0.23 0.27 22.11
H 349 0.01 19.11 H 3.52 0.03 19.19
SI 0.80 0.00 17.48 SI 0.70 -0.01 17.78
Si 3.04 0.00 17.48 SI 3.08 -0.01 17.75
Si 0.07 1.92 16.50 Si 0.09 1.91 16.57
Si 3.74 1.92 16.53 Si 3.75 1.91 16.58
Si 195 192 1504 Si 1.92 1.93 15.13
Si S5.73 1.92 15.28 Si 5.76 1.92 15.32
Si 1.91 0.00 13.77 SI  1.92 0.01 13.85
Si 5.75 0.00 13.93 si 5.75 0.00 13.93
Si 0.00 0.00 12.57 Si 0.00 0.00 12.57
Si 3.84 0.00 12.57 Si 3.84 0.00 12.57
Si 0.00 1.92 11.21 Si 0.00 1.92 11.21
Si 3.84 192 11.21 Si 3.84 1.92 11.21
H -1.17 1.94 10.32 H -1.17 1.94 10.32
H 1.10 1.88 10.29 H 1.10 1.88 10.24
H 4.91 1.91 10.21 H 4.91 1.91 10.21
H 2.65 1.95 10.36 H 2.65 1.95 10.36
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SI100BrSty2x1_Orl_Tilt2 xyz

C 0.12 0.23 19.56
G “~1.74 1.3% 20.93
C ~3.00 1.95% 21.01
C -0.92 1.38 22.06
C ~-3.43 2.58 22.18
C ~1.34 2,01 23.23
C ~2.59 2.62 23.29
C =1.31 0.75 19.62
“ -1.46 1.52 18.83
- -2.01 -0.07 19.36
- 0.82 0.98 19.99
- 0.23 -0.69 20.16
L3 -4.41 3.08 22.22
- -0.68 2.04 24.11
Br -3.12 3.51 24.82
- ~3.66 1.94 20.13
- 0.06 0.88 22.04
- 3.54 0.00 19.18
Si 0.71 0.00 17.78
Si 3.09 -0.01 17.75
S 0.10 1.91 16.57
S 3.76 1.91 16.58
S 1.93 1.93 15.13
S0 $.77 1.92 15.32
Si 1.92 0.01 13.84
Si $.75 0.00 13.93
Si 0.00 0.00 12.57
Si 3.84 0.00 12.57
Si 0.00 1.92 11.21
S 3.84 1.92 11.21
H =1.17 1.94 10.32
(o) 1.10 1.88 10.24
L3 4.91 1.91 10.21
“ 2.65 1.95 10.36
SI100BrSty2x1_Orl_Tilt3 xyz

C 0.11 0.13 19.56
C -1.79 1.11 20.97
C -2.97 1.84 21.06
C -1.07 0.86 22.14
C -3.42 2.35 22.28
[ = -1.51 1.36 23.37
C ~2.68 2.11 23.43
C <1.33 0.62 19.63
H ~1.48 1.44 18.89
Lo -2.01 -0.19 19.28
- 0.79 0.84 20.07
- 0.22 -0.84 20.09
- ~4.33 2.96 22.33
LA ~0.94 1.16 24.29
Br -3.20 2.87 2504
- -3.55 2.05 20.15
- -0.15 0.26 22.11
- 3.%4 0.01 19.19
S 0.71 -0.02 17.78
S 3.10 -0.02 17.75
Si 0.10 1.90 16.57
Si 3.76 1.91 16.58
Si 1.93 1.92 15.13
S $.77 1.92 15.32
S 1.92 0.00 13.85
S 5.75 0.00 13.93
Si 0.00 0.00 12.57
Si 3.84 0.00 12.57
Si 0.00 1.92 11.21
Si 3.84 192 11.21
H =1.17 1.94 10.32
H 1.10 1.88 10.24
H 4.91 1.91 10.21
H 2.65 1.95 10.36



S11008rSty2x1_0r2_StartTilt0

C 0.27
C 0.88
C 1.94
c -0.39
C 1.77
Cc -0.58
C 0.49
C 1.17
H 1.94
H 1.94
H  -0.50
H  -0.50
H 2.60
H -1.58
Br 0.16
H 2.95
H -1.,24
H 3.49
Si 0.80
S 3.04
Si 0.07
Si 3.74
Si 1.95
Sl | S5.723
Si 1.91
Si S5.75
Si 0.00
Si 3.84
Si 0.00
Si 3.84
H -1.17
H 1.10
H 4.91
H 2.65

0,42
-0.40
-0.39
-0.39
-0.39
-0.39
-0.39
~0.491
-1.,42
0.58
-1.41
0.59
-0.39
-0.39
~0.39
-0.39
-0.40
0.01
0.00
0.00
1.92
1.92
1.92

L
[=¥=0"]
ooN

R R
zegRsse
®ANNO

-
o0
=

19.18
21.62
22.53
22.17
23.94
23.58
24.45
20.21
19.96
19.96
19.43
19.43
24.65
23.98
26.28
22.13
21.50
19.11
17.48
17.48
16.50
16.53
15.04
15.28
13.77
13.93
12.57
12.57
11.21
11.21
10.32
10.24
10.21
10.36

SI1008rSty2x1_0Or2_StartTiltl

0.27
0.88
1.94
-0.39
1.77
-0.58
0.49
1.17
1.94
1.94
-0.50
<0.50
2.60
-1.58
0.16
2.95
-1.24
3.49
0.80
3.04
0.07
3.74
1.95
5.73
1.91
5.75
0.00
3.84
0.00
3.84
-1.17
1.10
4.91
2.65
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-0.42
0.23
0.47
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0.75
0.97

0,14

-1.18
0.75

-1.31
0.62
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000000000800
N=XABNNOOOONN

19.18
21.53
22.41
22.06
23.77
23.42
24.27
2017
20.19
19.68
19.68
19.16
24 .45
23.81
26.03
22.03
21.41
19.11
17.48
17.48
16.50
16.53
15.04
15.28
13.77
13.93
12.57
12.57
11.21
11.21
10.32
10.24
10.21
10.36

SI1008rSty2x1_Or2_StartTilt2

0.27
0.88
1.94
-0.39
1.77
-0.58
0.49
1.17
1.94
1.94
-0.50

HHeWOWOULMULMWOWD

5588880238288
MR 0000 MMM NOO00RWNNOLOOON

ITIIVVLLLLLLLLVLVLULIIIPIIIIIINONNONONNON
&
e

2.65

-0.42
0.82
1.28
1.10

g

.

A R A R R T A S A T 4

19.18
21.28
22.07
21.76
23.29
22.98
23.73
20.07
20.36
19.36
19.90
18.90
23.90
23.33
25.32
21.73
21.18
19.11
17.48
17.48
16.50
16.53
15.04
15.28
13.77
13.93
12.57
12.57
11.21
11.21
10.32
10.24
10.21
10.36

SI1008rSty2x1_0Or2_StartTilt3

EBRBALIRNCRE
MR 0000MKEOOO NN AW

FWOWONMNMWOWO

Namo
DO
=0

ITIITIVLLLILLLLVLLVIIIPIIIIIINONONNNNANN
S

-0.42
1.32
1.97
1.71
2.97
2.71
3.33
0.31

-0.57
0.84

-0.94
0.47

w
-
N

828288 88888813888283R8

19.18
20.89
21.53
21.28
22.53
22.27
22.89
19.90
20.44
19.02
20.06
18.65
23.03
22.56
24.18
21.25
20.80
19.11
17.48
17.48
16.50
16.53
15.04
15.28
13.77
13.93
12.57
12.57
11.21
11.21
10.32
10.24
10.21
10.36

$i1008rSty2x1_Or2_Tilt0.xyz

-0.19
-0.14
0.52
~1.52
-0.17
~2.22
=1.55%
0.64
1.23
1.41
-1.10
-0.55
0.35
-3.30
-2.50
1.61
-2.05
3.61
0.67
3.08
0.11
3.74
1.94
5.76
1.92
5.75
0.00
3.84
0.00
3.84
-1.17
1.10
4.91
2.65

ITIIVVLLLLLLLLLLUVLITIIFIIIITIINONANANONNON

w

-0.03
0.43
1.37

-0.89
1.02

-1.25

-0.29
0.87
0.95
1.90

-0.99

-0.33
1.77

-2.28

-0.75
2.41

-1.65
3.67
0.70
3.11

IIITIVLVLAVLLLLLVIIIPIIIIIINONNANNNAND

<0.10
=1.30
~2.03
-1.10
~2.57
~1.63
-2.38
-0.78
-1.62
-0.06
-0.70
0.88
-3.17
-1.46
-3.17
-2.19
-0.50
0.01
0.02
0.02
1.94
1.93
1.92
1.92
0.00
0.00
0.00
0.00
1.92

1.95

0.16
0.42
0.66
0.83
1.31
1.48
1.74
~0.19
-1.29
0.15
~0.41
1.22
1.52
1.82
2.69
0.33
0.65
0.00
-0.02
0.00
1.90
1.92
1.93
1.92
0.01
0.00
0.00
0.00
1.92
1.92
1.94
1.88
1.91
1.95

19.45
21.70
22.70
21.83
23.78
22.91
23.87
20.53
20.09
20.89
19.24
19.81
24.53
23.00
25.25
22.62
21.09
19.20
17.77
17.79
16.54
16.60
15.12
15.33
13.84
13.93
12.57
12.57
11.21
11.21
10.32
10.24
10.21
10.36

11008rSty2x1_Or2_Tiltl.xyz

19.54
22.01
23.03
22.24
24.20
23.41
24.39
20.72
20.83
20.51
19.57
19.62
24.97
23.57
25.91
22.87
21.47
19.16
17.80
17.76
16.57
16.58
15.12
15.33
13.84
13.93
12.57
12.57
11.21
11.21
10.32
10.24
10.21
10.36
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$I100BrSty2x1_0r2_Tilt2.xyz

C 0.00 0.20 19.54
C 0.44 1.45 21.74
C 1.29 2.16 22.60
C -0.90 1.29 22.11
C 0.81 2.73 23.77
C -1.39 1.86 23.28
C -0.54 2.59 24.11
= 1.00 0.89 20.46
H 1.81 0.17 20.71
H 1.52 1.71 19.92
H -0.33 -0.76 19.98
H -0.91 0.82 19.43
H 1.47 3.33 24.42
H -244 1.72 23.57
Br -1.21 3,41 25.63
H 235 229 22.33
H -1.57 0.70 21.48
H 365 -0.01 19.17
Si 0.70 0.00 17.79
Si 3.11 -0.02 17.77
Si 0.11 1.92 16.57
Si 3.7 1.91 16.S8
Si 1.93 1.93 15.12
Si $.77 1.92 15.33
Si 1.92 0.01 13.84
Si 5.7 0.00 13.93
Si 0.00 0.00 12.57
Si 3.84 0.00 1257
Si 0.00 1.92 11.21
Si 3.84 192 11.21
H -1.17 1.94 10.32
H 1.10 1.88 10.24
H 4.91 191 10.21
H 2.65 1.95 10.36
SI1008rSty2x1_0r2_Tilt3 xy2

C 0,05 0.21 19.57
C 0.57 1.46 21.75
C 1.44 2.18 22.57
C -0.76 1.30 22.17
C 1.01 2.75 23.77
C -1.20 1.86 23.37
C -0.32 2,59 24.16
C 1,07 0,90 20.45
2] 1.89 0.19 20.67
H 1.8 1.73 19.89
H  -0.26 -0.75 20.02
H -0.87 0.83 1947
3] 1.69 3.34 24.39
H -2.24 172 23.70
Br -0.92 3.41 25.71
3] 2.49 2.31 22.26
H -1.45 0.71 21.56
H 3.68 -0.01 19.16
SI 0.71 0.00 17.80
Si 3.12 -0.01 17.76
Si 0.11 1,92 16.58
Si 3.76 1.91 16.57
Si 1.93 1,93 15.13
Si 5,77 1,92 15.33
SIi 1,92 0.01 13.84
Si 575 0.00 13.93
Si 0.00 0.00 12.57
Si 3.84 0.00 12.57
Si 0.00 192 11.21
Si 3.8 192 11.21
H -1.17 1.94 10.32
H 1.10 1.88 10.24
H 4.91 191 10.21
H 2.65 1.95 10.36
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C.9 Periodic DFT calculations: BPA/Si(001)

SI100B8PAZx1_Orl_StartTilt0 SI100BPA2x1_Orl1_StartTilt2 SI1008PAZX1_Orl_Tilt0.xyz SI100BPA2x1_Orl_Tilt2.xy2

C 0.27 -0.42 19.18 C 0.27 -0.42 19.18 C 0.04 -0.12 19.53 C 0.00 0.11 19.52
C -0.34 -0.44 21.62 C -0.34 0.79 21.30 C -1.55 -1.25 21.13 C -1.67 1.21 21.06
C -1.40 -0.44 22,53 C -1.40 1.24 2209 C -2.71 -2.03 21.20 C -2.83 1.99 21.07
C 0.94 -0.44 2217 C 0.94 1.06 21.78 C -0.95 -0.84 22.33 C -1.14 0.78 22.29
C -1.22 -0.44 2394 C -1.22 1.94 23.31 C -3.24 -2.42 22.43 C -3.44 2,37 22.26
C 1.13 -0.44 23.58 C 1.13 1.76 23.00 C -1.46 -1.23 23.56 C -1.74 1.16 23.49
C 0.06 -0.44 24.45 C 0,06 2,20 23.76 C -2.60 -2.04 23,60 C -2.88 1.97 23.47
C -0.62 -0.42 20.21 C -0.62 0.09 20.07 C -0.99 -0.95 19.82 C -1.04 0.93 19.78
H -1.70 -0.42 1996 4 -1.70 -0.03 1986 H -1.46 -1.52 19.00 H -1.48 1.50 18.94
H 1.35 -0.42 19.43 H 1.35 -0.30 19.40 H 0.49 0.49 20.33 H 0.44 -0.50 20.33
H -2.05 -0.44 2465 H -2.05 2,29 2393 H -4.11 -3.09 2247 H -4.32 3.03 22.25
Xl 2.13 -0.44 2398 M 2.13 1,96 23,35 H -0.99 -0.90 24.49 H -1.33 0.82 24.45
Br 0.38 -0.44 26.28 Br 0.38 3.11 25.34 Br -3.19 -2.71 25.23 Br -3.57 2.63 25.06
H -240 -0.44 22,13 H -2.40 1,04 21.75 H -3.18 -2.37 20.27 H -3.25 2.34 20.11
H 1.79 -0.44 21.50 ™ 1.79 0.72 21.20 M -0.05 -0.20 22.30 M -0.25 0.14 22.31
2] 3.49 0.01 19.11 H 3.49 0.01 19.11 H 3.63 -0.03 19.20 H 3.61 0,04 19.20
SI 0.80 000 1748 Si 0.80 0.00 17.48 Si 0.70 0.01 17.81 Si 0.70 -0.01 17.81
Si 3.04 000 17.48 Si 3,04 0.00 17.48 SI 3.11 0.00 17.79 SI 3,09 0.00 17.78
Si 0,07 192 16.50 Si 0.07 1.92 16.50 Si 0.12 1.93 16.59 Si 0.11 1,90 16.58
Si 374 192 16.53 Si 3.74 1,92 16.53 Si 3.7% 1,92 16.60 Si 3.7% 1.92 16.60
Si 1,95 192 1504 Si 195 192 1504 Si 1,93 1.92 15.13 SI 1,93 1.92 15.13
Si S5.73 192 1528 Si S.73 1,92 15.28 Si S5.77 1,92 15.36 Si S.77 1,92 15.36
Si 1,91 0.00 13.77 Si 1.91 0.00 13.77 SI 1,92 0.00 13.84 Si 1.92 0.00 13.84
Si S5.75 0.00 1393 Si S.75 0.00 1393 Si S.76 0.00 1397