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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 sp2 alkenyl C=C bond at the surface will 

azimuthally align over the sp3 Si-Si bond from the substrate, whereas the sp3 alkyl C-C bond at 

the surface will azimuthally bisect two sp3 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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Chaper 1 : Introduction 

Functionalization of inorganic surfaces with organic molecules has been widely studied 

for tailoring the electrical properties of hybrid materials.1-4 Aromatic molecules, in contrast with 

aliphatic, have delocalized electrons contributing to a π-conjugated structure and gain special 

interests for the development of molecular electronics.2,5,6 With different choices for the terminal 

end groups, aromatic molecules can be attached to metal,7,8 oxide6, or semiconductor9 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.10-12 

Since the properties of a organic/inorganic material are greatly affected by the configurations of 

the molecules,6 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,13 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,14 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.15Among 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 process15-17 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.16 The self-avoiding, random walk chain reaction results to the growth of the 

molecular islands on Si(111)–1x1 surfaces (Fig 2.3). 18,19 
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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).20 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).21  

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.22 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 (N2) 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 Kα 

beam was made incident on the sample surface that was oriented such that the emitted 

photoelectrons had a take-off angle of 45º from the sample surface to the hemispherical analyzer. 

The energy calibration of the spectra was referenced with respect to that of the adventitious C1s 

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 c) and three aromatic alkynes (d to f) used in 

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

BPS/Si(111), (c) BPES/Si(111), (d) BPA/Si(111), (e) 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).23 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 N2-filled glovebox, TEA (5 mL), (PPh3)2PdCl2 catalyst, 

and CuI 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 N2 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 10-11 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 10-6 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 Lβ1 XRF yield to the Ba Lα yield from a Ba implanted standard. 

While the bromine coverage is determined by comparing the Br Ka XRF yield to the As Kβ yield 

from an As-implanted standard. At 7 keV, the I Lβ1 to Ba Lα cross-sectional ratio is 0.36. While 

at 16 keV the Br Kα to As Kβ 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/nm2 , 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 

bulk crystal,24 the XSW technique was developed by Golovchenko and co-workers25,26 as a 

powerful tool for locating surface adatoms with respect to the substrate lattice. The details for 

XSW analysis can be found elsewhere.27-30 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.31 Advancing in incident angle through the 

strong Bragg condition causes the phase between the two plane waves to change by π-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 = 2π/Q = λ/(2Sinθ). 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 h k l Fourier amplitudes and 

phases for the XRF selected atomic distribution, which can be combined to produce a 3D real-

space map of the fluorescence selected species.32-34 The atomic density maps can then be 

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) 5ID-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-N2 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 



 

 

43 

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 Kβ 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 = h k l Bragg diffraction. The XSW measurements at 

NU were limited to 111 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 NaI 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 σ-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 Kα 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. SiKα, Ar Kα 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. 



 

 

46 

 

 

Figure 4.2 XRF spectra for (a) BPA/Si(111), (b) As implanted Si(111) standard, (c) IPA/Si(111), and (d) Ba 

implanted Si(111) standard. The As standard and Ba standard are used as calibrated references for the XRF coverage 

measurements for brominated SAMs and iodated SAMs, respectively. Each of these spectra were collected at the 

APS 5ID-C station with a Vortex SDD detector at take off angle ~5°. The energy, flux, and incident angle for the 

incident X-rays are 15.00 keV, 1 x 1011 p/s and 7° for (a) and (b), and 7.00 keV, 5 x 109 p/s and 4° for (c) and (d). 



 

 

47 

4.3 Dynamical diffraction 

For a H = h k l 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,31 the amplitude ratio of the coherently diffracted X-ray plane 

wave (EH) to the incident plane wave (E0) can be expressed as  

 

€ 

EH

E0
= − | b |

P

P

FH

FH 

(η ± η
2
− 1)     (4.1) 

 

where b is the asymmetry factor of the crystal, P is the polarization constant, FH is the structure 

factor for the H Bragg reflection and η is a normalized angular parameter. P = 1 for the σ 

polarization case, where the electric field E0 is perpendicular to the scattering plane. P = Cos(2θ) 

for the π polarization case, where E0 is parallel to the scattering plane. The crystal asymmetry 

factor b is defined as  

 

€ 

b = −
sin(θB −φ)
sin(θB +φ)

     (4.2) 

 

where φ is the miscut angle between the optical surface and the diffraction planes of the crystal. 

The structure factor FH and F-H are the Hth and –Hth order Fourier coefficients for the electron 

density ρ(r), which can be expressed as  
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€ 

FH = ρ( r ) exp(i
 

H •
Vc

∫  r )dV     (4.3) 

 

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

 

€ 

FH = FH exp(iφH ) = [ f0(H) + Δ ʹ′ f (λ) + iΔ ʹ′ ʹ′ f (λ)] j S j (H)Dj (H)
j =1

N

∑
  (4.4) 

 

where Sj(H) = exp(iH•rj) is the geometrical phase factor for the jth atom locating at rj.  

 

 
  

€ 

D j (
 

H ) = exp(−
2π 2 u2H

j

d 2H
)     (4.5) 

 

is the Debye-Waller factor for the jth atom. <u2
H>j is the mean square vibrational amplitude of the 

ith atom along the direction of H. dH = 2π/|H| is the diffraction-plane spacing. A higher 

temperature will produce a smaller Di(H). 

The normalized angle parameter η is a function of the relative incident angle ∆θ = θ – θB 

where  

 

€ 

η =
bΔθ sin(2θB ) +

1
2
ΓF0(1− b)

ΓP |b | FH FH     (4.6) 
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€ 

Γ =
reλ
2

πVc
       (4.7) 

 

re = 2.818 x 10-5 Å is the classical electron radius and Vc refers to the volume of the unit cell.  

When η changes from +1 to -1, the relative phase (υ) of EH and E0 decreases by π radians (see 

Fig 4.3) and the corresponding angular difference ω = θ η=−1 – θ η= 1, defined as Darwin width, 

can be expressed as: 

 

€ 

ω =
2Γ F

H

' FH 
' + F0

" 2
− F

H

" FH 
"

b sin 2θB
    (4.8) 

 

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

 

€ 

Δθη= 0 =
Γ ʹ′ F 0
sin2θB

(
1+ b
2b

)
    (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 111 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 = |E0 + EH|2 = |E0 exp[-i(K0•r-ωt)]+ EH exp[-i(KH•r-ωt)]|2 

      
  

€ 

= E0
2[1+

EH
E0

+ 2P EH
E0

cos(v −
 

H •  r ]× e−µ z Z      (4.10) 
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= I (θ,  r ) = [1+ R(θ) +2 R(θ)Cos(υ(θ) −
 

H •  r )]×{
1; above the surface

e−µz (θ )Z ; at Z below surfce
   

 

where we have set the incident intensity |E0|2 = 1 and where µz is the effective liner absorption 

coefficient defined as  

 

€ 

µz(θ) =
µ0

Sin(θB )
[1+

ʹ′ F H 

ʹ′ ʹ′ F 0
( E H

E0
ʹ′ ʹ′ ) +

ʹ′ ʹ′ F H 

ʹ′ ʹ′ F 0
( E H

E0
ʹ′ ) ]

     (4.11) 

€ 

µ0 =
2π
λ
Γ ʹ′ ʹ′ F 0

       (4.12) 

and µ0 is the linear absorption coefficient. The X-ray penetration depth Λ ≡ µz
-1 is minimized at 

η’ = 0 to a value known as the extinction depth: 

€ 

Λext =
Vc

4dH re ( ʹ′ ʹ′ F 0 + FH FH )      (4.13) 
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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 (θ) = I (θ,  r )∫ ρ( r )e−µ f (α )Z d r 

= YOB{1+ R(θ) +2 R(θ) ρ( r )
Vc

∫ Cos[υ(θ) −
 

H •  r ]e−µ f (α )Z d r }
  (4.14) 

 

where the off-Bragg Yield (YOB) is proportional to the coverage of the fluorescent species. In Eq. 

4.14, the absorption coefficient µf(α) accounts for the attenuation of the out going fluorescent X-

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

€ 

µ f (α) =
2 2π
λ f

[ (2δ −α 2)2 + 4β 2 + 2δ −α 2]1/ 2
   (4.15) 

where     

€ 

δ =
ΓF0ʹ′
2

, β =
ΓF0ʹ′ʹ′
2

    (4.16) 

 

are related to the index of refraction n = 1- δ – iβ 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 Hth order Fourier coefficient of the 

distribution function for the fluorescence selected species as coherent fraction fH and coherent 

position PH, respectively, then 

 

    

€ 

FH [ρ(
 r )] = ρ( r )

Vc

∫ ei
 

H •  r d r = f H exp(2πiPH )
   (4.17) 

and the fluorescence yield can be simplified as 

€ 

Y (θ) = YOB[1+ R(θ) +2 R(θ) fHCos(v(θ) −2πPH )]Z(θ)    (4.18) 

 

where the effective-thickness factor Z(θ) accounts for the absorption of both the incident X-ray 

beam and the emitted X-rays. Z(θ) = 1 if the fluorescence selected species are located on or 

above the crystal surface. Z(θ) can also be approximated as 1 if the fluorescence species are 

below the surface but Z << Λext. If the fluorescing atoms are distributed evenly throughout the 

crystal, then30  

€ 

Z(θ) =
µ0[Sin(θB )]

−1 + µ f (α)
µz (θ) + µ f (α)

    (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 θ 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(θ) and the fluorescence yield Y(θ) are 

simultaneously collected while scanning in θ through a H = h k l 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(θ) to obtain the absolute angle 

scale. This is then used in the fitting of Eq. (4.18) to the measured Y(θ) to determine YOB, fH and 

PH.  

 

4.5 Structural analysis using the coherent fraction and coherent 

position 

In a XSW analysis, the coherent position PH is related to the location of the atoms relative 

to the diffraction planes. The coherent fraction fH, 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: 

 

fH = C aH DH         (4.20) 

 

where C is the ordered fraction, aH is the geometrical factor and DH is the Debye-Waller factor. 

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

ri = xi a + yi b + zi c, i = 1 to N 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 nTot atoms that are coherent to the 

substrate crystal lattice  

 

€ 

C =
ni
nToti=1

N

∑ = ci
i=1

N

∑     (4.21) 

 

where ni is the number of the atoms at ri. Since aH is the modulus of the normalized geometrical 

structure factor SH for the coherent atoms from the N lattice sites,  
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SH =
1
C

[ci exp(i2π
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H •  r i)]
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N

∑      (4.22) 

    aH = |SH|     (4.23) 

 

Comparing Eq. (4.18) to (4.22), one can derive 

 

PH = Arg[SH] / 2π      (4.24) 

 

In Eq. (4.20), the Debye-Waller factor DH is identical to that defined in Eq. (4.5). However, the 

distribution width <u2
H> 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 fH and coherent 

position PH are the amplitude and phase, respectively, of the Hth Fourier coefficient of the 

fluorescence selected species. As the result, with an inversed Fourier transformation, the 

distribution function of the selected atoms ρ(r) can be calculated as 
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ρ( r ) = exp[i(2πPH −
 
H •  r )] =1+ 2 f HCos[(2πPH −

 
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H 
∑

          (4.25) 

 

the simplified form of the equation makes use of f0 = 1 and the symmetry relationship analogous 

to Friedel’s law that makes f-H = fH and P-H = - PH.  

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 = h k l 

reflection is not allowed for a face-centered cubic (FCC) crystal if h k l 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 + l 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 Å and α = β = γ = 90˚. The values 

of the 21 sets of aH and PH 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 (c), 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 aH and PH values for 21 h k l 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 (c) 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 h k l 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 P4mm symmetry (the 

P2mm symmetry and the equally populated two domains). Since a typical X-ray beam has an 

area of mm2 and is much greater than the µm2 scale domain size, a XSW measurement result is 

often an ensemble-averaged result of the symmetry equivalent configurations. Cases for Si(111)–

1x1 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 P4mm plane group symmetry (Fig 4.8). The atoms at (x,y,z), (x,-

y,z), (-x,y,z), (-x,-y,z), (y,x,z), (y,-x,z), (-y,x,z), and (-y,-x,z) 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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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.  
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Figure 4.8 The domain-averaged (2 x 2) unit cell on Si(001)-2x1 surfaces. The unit cell has P4mm 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 SH becomes: 

 

  

€ 

SH =
1
8

exp[2πi(
 
H •  r i)]

i=1

8

∑ =
1
8

exp[2πi(hXi + kYi + lZi)]
i=1

8

∑ =
1
8

exp[2πi(h /2 + lz)]exp[2πi(hxi + kyi)
i=1

8

∑ ]

=
1
8
exp[2πi(h /2 + lz)]{[e2πi(hx +ky ) + e−2πi(hx +ky )]+ [e2πi(−hx +ky ) + e−2πi(−hx +ky )]+ [e2πi(−hy +kx ) + e−2πi(−hy +kx )]+ [e2πi(−hy−kx ) + e−2πi(−hy−kx )]}

=
1
4
exp[2πi(h /2 + lz)]×{Cos[2π(hx + ky)]+ Cos[2π(hx − ky)]+ Cos[2π(hy − kx)]+ Cos[2π(hy + kx)]}

=
1
2
exp[2πi(h /2 + lz)]×{Cos[2πhx]Cos[2πky]+ Cos[2πhy]Cos[2πkx]}  (4.26) 

 

Based on Eq. (4.26): 

1. Symmetry equivalent XSW reflections will have the identical aH and PH because of the H•r in 

the calculation of SH. Eight reflections, h k l, h -k l, -h k l , -h -k l , k h l , k -h l , -k h l, and –k -h l 

are symmetry equivalent.  

2. The XSW phase PH will always be either (h/2 + lz) or (h/2 + lz + π/2) depending on the sigh of 

the term “Cos[2πhx] Cos[2πky] + Cos[2πhy] Cos[2πkx]” 

3. If an atom at (X, Y, Z) = (x0 + δx0, y0 + δy0, z) and both δx0 and δy0 are small enough that from 

(x0, y0, z) to (x0 + δx0, y0 + δy0, z) does not change the sign of [Cos[2πhx] Cos[2πky] + 

Cos[2πhy] Cos[2πkx]], PH for (x0 + δx0, y0 + δy0, z) will be identical to that for (x0 ,y0 ,z). 

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 aH and PH are calculated and listed in Table 4.1 

  A B C D 

(x,y) 
unit = Si 
lattice 

constant aSi 

(a,b) 
(a-b) 
(-a,b) 
(-a,-b) 
(b,a) 
(b-a) 
(-b,a) 
(-b,-a) 

(0,0) (1/2,0) 
(-1/2,0) 
(0,1/2) 
(0,-1/2) 

(1/4,1/4) 
(-1/4,1/4) 
(1/4,-1/4) 
(-1/4,-1/4) 

(1/4,0) 
(-1/4,0) 
(0,1/4) 
(0,-1/4) 

Tot. Num. 
atoms 

8 1 4 4 4 

h, k are odd aH = 1 
PH = 

h/2 + lz 

aH = 1 
PH = -

(h/2 + lz) 

aH = 0 
PH = N/A 

aH = 0 
PH = N/A 

h, k are 
even 

h/2 + k/2 = 
2n+1 

aH = 1 
PH = 

h/2 + lz 

aH = 1 
PH = 

(h/2 + lz) 

aH = 1 
PH = -

(h/2 + lz) 

aH = 0 
PH = N/A 

h, k are 
even 

h/2 + k/2 = 
2n 

aH =0.5x 
{Cos[2πhα]Cos

[2πkβ]] 
+ 

Cos[2πhβ]Cos[
2πkα] } 

PH  = +/-(h/2 + 
lz), 0 

aH = 1 
PH = 

h/2 + lz 

aH = 1 
PH = 

(h/2 + lz) 

aH = 1 
PH = 

(h/2 + lz) 

aH = 1 
PH =+/- 

(h/2 + lz) 

 

Table 4.1The XSW aH and PH 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 P4mm symmetry, the density function in Eq. (4.25) can be 

written as:  

 

  

€ 

ρ( r ) = f H exp[i2π (PH −
 
H •  r )]

 
H 
∑

=1+ f H exp[i2π (PH −
 
H •  r )]

h 2 +k 2= 0

∑ + f H exp[i(2π (PH −
 
H •  r )]

h 2 +k 2≠0
hk= 0 or h = k

∑ + f H exp[i(2π (PH −
 
H •  r )]

h 2 +k 2≠0
hk≠0 and h≠k

∑ use  r = (X,Y,Z) = (0.5aSi,0,0) + (x,y,z)

=1+ f H exp[i2π (PH − lz)]
h 2 +k 2= 0

∑ + f H exp[i2π (PH −
h
2
− (hx + ky + lz))]

h 2 +k 2≠0
hk= 0 or h = k

∑ + f H exp[i2π (PH −
h
2
− (hx + ky + lz))]

h 2 +k 2≠0
hk≠0 and h≠k

∑

=1+ f H exp[i2π (PH − lz)]
h= k= 0
∑ + f H{exp[i2πPH ]

h 2 +k 2≠0
hk= 0 or h = k

∑ × 2exp[−i2π(h
2

+ lz)]× (Cos[−2πhx]Cos[−2πky]+ Cos[−2πhy]Cos[−2πkx])}

+ f H{exp[i2πPH ]
h 2 +k 2≠0
hk≠0 and h≠k
0≤h≤k

∑ × 4exp[−i2π(h
2

+ lz)]× (Cos[−2πhx]Cos[−2πky]+ Cos[−2πhy]Cos[−2πkx])}

let a = Cos[2πhx]Cos[2πky]+ Cos[2πhy]Cos[2πkx] , b =
h
2

+ lz + π × (1
2
−

a
| 2a |

)

=1+ 2 f HCos[2π (PH − lz)]
h= k= 0
H≠H 

∑ + 4 f H | a |Cos[2π (PH −
h 2 +k 2≠0

hk= 0 or h = k
0≤h≤k,H≠H 

∑ b)]+ 8 f H | a |Cos[2π (PH −
h 2 +k 2≠0
hk≠0 and h≠k
0≤h≤k,H≠H 

∑ b)]

           (4.28) 

An example of the calculation of aH, PH and the corresponding density maps assuming one atom 

at (X, Y, Z) = (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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No symmetry P4mm symmetry Form h k l 

aH PH aH PH 

0 0 4 (0 0 4) 1 0.21 1 0.21 

(0 2 2) 1 -0.16 0.06 0.10 

(0 -2 2) 1 0.37 0.06 0.10 

(-2 0 2) 1 -0.26 0.06 0.10 

0 2 2 

(2 0 2) 1 0.47 0.06 0.10 

(1 3 1) 1 -0.16 0.46 0.05 

(3 1 1) 1 0.47 0.46 0.05 

(3 -1 1) 1 -0.26 0.46 0.05 

(1 -3 1) 1 -0.37 0.46 0.05 

(-1 -3 1) 1 0.26 0.46 0.05 

(3 -1 1) 1 -0.37 0.46 0.05 

(-3 1 1) 1 0.37 0.46 0.05 

1 3 1 

(-1 3 1) 1 0.47 0.46 0.05 

 

Table 4.2 Calculated aH and PH 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 = [1 0 0], b = [0 1 0], c = [0 0 1].  
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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 P4mm 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 aH and PH 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 Å above the bulk-terminated Si atomic layer. Although for both cases the atom is assumed to be at 

(X, Y, Z) = (0.37, 0.18, 0.18) = (2Å, 1Å, 1Å), 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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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 T1, T4, and H3 symmetry sites are labeled. 
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In Fig 4.10, the unit vectors a1 = ½[aSi, 0, -aSi], a2 = ½[-aSi, aSi, 0], and a3 = [0, 0, aSi] are 

chosen for the hexagonal coordinate for the convenience of discussion. The three 3-fold high 

symmetry sites, T1, T4, and H3, are labeled in the figure as well. If an atom is tethered to a T1 site 

but locates at r1 = (a1, a2, a3) = (x, y, z), it is expected to have five other symmetry equivalent 

atoms at r2(-y, x-y, z), r3(y-x, -x, z), r4(-y, -x, z), r5(-x+y, y, z), and r6(x, x-y, z). The 

corresponding normalized geometrical structure factor SH becomes: 

  

€ 

SH =
1
6

exp[2πi(
 

H •  r i)]
i=1

6

∑ =
1
6

exp[2πi(hXi + kYi + lZi)]
i=1

6

∑

=
1
6
exp[2πilz]{[e2πi(hx +ky ) + e2πi[−hy +k(x−y )] + e2πi[h(y−x )−kx ]]+[e2πi(−hy−kx) + e2πi[h(y−x )+ky ] + e2πi[hx +k(x−y )]]}

=
1
6
exp[2πilz]{[e2πi(hx +ky ) + e2πi[kx−(h +k )y ] + e2πi[−(h +k )x +hy ]]+[e2πi(−kx−hy ) + e2πi[−hx +(h +k )y ] + e2πi[(h +k )x−ky ]]}

 (4.29) 

Based on the normalized geometrical structure factor SH in Eq. (4.29): 

1. The 3m symmetry equivalent reflections, h k l = a b c, -b -(a+b) c, -(a+b) a c, -b –a c, -a 

(a+b) c, and (a+b) –b c, have the identical XSW aH and PH. 

2. For (X, Y, Z) at one of the three high symmetry sites: 

    T1: r = (0, 0, z) => SH = exp[2πilz]  

      =>aH =1, PH = lz regardless of h, k 

    T4: r = (1/3, 2/3, z),  
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SH =
1
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exp[2πi(
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H •  r i)]

i=1
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∑ =
1
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exp[2πi(hXi + kYi + lZi)]
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3
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3
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3
(h−k )
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1
3
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2πi1
3
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3
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2πi1

3
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 e
i2π1

3
α

= (e
i2π1

3 )α = (e
i2π−2

3 )α

SH =
1
3
exp[2πilz]{[e

2πi1
3
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+ e
2πi1

3
(h +2k )

+ e
2πi1

3
(h +2k )

]} = exp[2πi(lz +
1
3
(h + 2k)]

= exp[2πi(lz +
1
3
(h − k)]

(4.30) 

=> aH =1, PH = lz + (h-k)/3 

    H3: r = (2/3, 1/3,z),  
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+ e
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3
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+ e
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]} = exp[2πi(lz +
1
3
(2h + k)]

= exp[2πi(lz +
1
3
(k − h)] (4.31) 

=>aH =1, PH = lz + (k-h)/3 

3. If (x, y, z) = (x0 + dx, y0 + dy, z) where (x0, y0) in on one of the three high symmetry sites (T1, 

T4, or H3) and dx, dy are relatively small, 
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SH =
1
6

exp[2πi(
 
H •  r i)]

i=1

6

∑ =
1
6

exp[2πi(hXi + kYi + lZi)]
i=1

6

∑

=
1
6
exp[2πilz]{[e2πi(hx +ky ) + e2πi[−hy +k(x−y )] + e2πi[h(y−x )−kx ]]+ [e2πi(−hy−kx ) + e2πi[h(y−x )+ky ] + e2πi[hx +k(x−y )]]}

=
1
6
exp[2πilz]{[e2πi[h(x0 +δx )+k(y0 +δy )] + e2πi[k(x0 +δx )−(h +k )(y0 +δy )] + e2πi[−(h +k )(x0 +δx )+h(y0 +δy )]]

+[e2πi[−k(x0 +δx )−h(y0 +δy )] + e2πi[−h(x0 +δx )+(h +k )(y0 +δy )] + e2πi[(h +k )(x0 +δx )−k(y0 +δy )]]}

=
1
6
exp[2πilz]{[e2πi[hx0 +ky0 ]e2πi[hδx +kδy ] + e2πi[kx0−(h +k )y0 ]e2πi[kδx−(h +k )δy ] + e2πi[−(h +k )x0 +hy0 ]e2πi[−(h +k )δx +hδy )]]

+[e2πi[−kx0−hy0 ]e2πi[−kδx−hδy ] + e2πi[−hx0 +(h +k )y0 ]e2πi[−hδx +(h +k )δy ] + e2πi[(h +k )x0−ky0 ]e2πi[(h +k )δx−kδy )]]}

=
1
6
exp[2πi(hx0 + ky0 + lz)]×{[e2πi[hδx +kδy ] + e2πi[kδx−(h +k )δy ] + e2πi[−(h +k )δx +hδy )]]+ e2πi[−kδx−hδy ] + e2πi[−hδx +(h +k )δy ] + e2πi[(h +k )δx−kδy )]]}

 eiα =1+
iα
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−
α 2

2!
−

iα 3

3!
+ ... ~ 1+

iα
1!
−
α 2

2!
when α <<1

=> SH ~
1
6
exp[2πi(hx0 + ky0 + lz)]

×{2πi{[hδx + kδy]+ [kδx − (h + k)δy]+ [−(h + k)δx + hδy)]+ [−kδx − hδy]+ [−hδx + (h + k)δy]+ [(h + k)δx − kδy)]}
+ 2π2{[hδx + kδy]2 + [kδx − (h + k)δy]2 + [−(h + k)δx + hδy)]2 + [−kδx − hδy]2 + [−hδx + (h + k)δy]2 + [(h + k)δx − kδy)]2}}

=
1
6
exp[2πi(hx0 + ky0 + lz)]× F(h,k,δx,δy)

where F(h,k,δx,δy) = 2π2{[hδx + kδy]2 + [kδx − (h + k)δy]2 + [−(h + k)δx + hδy)]2 + [−kδx − hδy]2 + [−hδx + (h + k)δy]2 + [(h + k)δx − kδy)]2}
   (4.32) 

Because aH = |SH| and PH = Arg(SH)/2π, aH and PH for (x0 + dx, y0 + dy,z) are identical to 

that for (x0, y0, z). It also shows that aH is more sensitive to (dx, dy) than PH. 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, 5BM-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 Kα1 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 (IPeak) and measurements at 

each side of the background (ILBG, IRBG), was used in our study (see Fig 5.1b). The reflected 

intensity is calculated as IRefl = IPeak – (ILBG + 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 ρ(r): 

 

I(q) α  |∑ ε i|2 = | F(q) |2     (5.1)  

  

€ 

F( q ) = ρ( r )∫ ei q • r d3 r = f i(
 q )ei q • r i

i=1

N

∑
   (5.2) 

    f (q,E) = f0 (q) + f’ (E) + i f”(E)     (5.3) 

 

The structure factor F(q) is the Fourier transform of the overall electron density within the unit 

cell. fi is the atomic form factor of ith atom and ri is the location of the ith atom within the unit 

cell. f0(q) = ∫ρ(r)eiq
•
rdr approximates the atomic electrons as a charge cloud freely surrounding 

the nucleus with density ρ(r). For computational convenience, f0 can be analytical approximated 

as: 

 

€ 

f0(q) = a je
−b j (

q
4π

)2

j=1

4

∑ + c
      (5.4)
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where aj, bj, c are fitting parameters. A list of aj, bj, c 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.  

Table 5.1 Coefficients of the Eq. 5.4 analytical approximation for the atomic form factor f0 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 (FSub) and the organic film (Ffilm). Based on the 

derived absolute specular reflectivity from Fenter,35 the specular reflectivity for an organic thin 

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

 

€ 

R(q) = [ 4πre
qauc

]2 B(q) 2 FSub +FFilm
2     (5.5) 

 

where re is the classical e- radius, auc 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 = e(qσ )
2  where σ is the distribution width. For a rough surface attributed to the 

terraces on the substrate surface, 

€ 

B(q) 2 =
(1− β)2

[1+ β 2 −2βCos(qd)]
 where β is the occupation fraction 

 a1 a2 a3 a4 b1 b2 b3 b4 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 
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of the first terrace and βn is the occupation fraction of the nth layer.36 σ = 0 and β = 0 for a 

perfectly flat surface. 

For a semi-infinite crystal substrate with X-ray absorption per atomic layer, ε,  below the 

surface, the structure factor FSub can be expressed as   

 

€ 

FSub (q) =
fSi(q,E)eiqz∑

[1− e(−iqz−ε )]      (5.6) 

 

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 CuKα radiation). The intensity oscillations between the 0 and 1st 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 1st bilayer. See text for a discussion for (b) and (c). 



 

 

81 

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 ith and (i+1)th layers of the material, the ratio of the reflected and incident 

waves’ amplitudes, ri = |Er| / |Ei|, and the ratio of the amplitudes of the transmitted and incident 

waves, ti = |Et| / |Ei|, can be expressed as: 

€ 

ri =
ki,z − ki+1,z
ki,z + ki+1,z

ti =
2ki,z

ki,z + ki+1,z       (5.7) 

where the wave vector ki,z = k(ni
2 - Cos2αi)1/2. k is the incident wave vector, ni is the index of 

refraction for the ith layer and αi 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 (α0), nair and nSi, the 

XRR data can be fitted with the recurring formula determining the nBr, 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.37 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.37 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.22  

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 Si26H30 and a Si9H12 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 β 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.16  

6.2 Periodic DFT 

While a cluster DFT calculation can yield insight into the binding geometries for 

SAMs/Si,11 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/Å 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. 



 

 

86 

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 (sp2) of the alkenyl  

molecule aligned directly over Si T1-T4 (sp3) bond direction, and the bottom C-C bond (sp3) of 

the alkyl molecule aligned directly over Si T1-H3 (bisect two sp3) direction. (On a (111) Si 

surface, a Si-Si sp3 bond links the T1 and T4 sites. T1 site is the 1-fold coordinated site directly 
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above the top Si at the surface bilayer, T4 site is the 4-fold coordinated site directly above the 

bottom Si at the surface bilayer, and H3 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 (Å) 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 T1 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 φ = 0, the C=C bond in Fig. 7.2a – 7.2c or C-C bond in Fig. 7.2d – 7.2e is 

aligned with the sp3 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 φ = 0˚. In 

contrast, the alkyl molecule and SAM structure (BrSty/Si(111)) become energetically most stable 

at φ = 60˚, where the C-C bond bisects two sp3 bonds. Each of these calculated energy barriers is 

greater than the kBT thermal energy at room temperature. This result suggests that the interaction 

at the molecule-silicon interface is directly attributed to the sp2 and sp3 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 Chidsey14 (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 7.3c) configuration.22 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, Si38H45, 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 Si26H30 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 φ = 0, the C=C 

bond in (a) – (c) or C-C bond in (d) – (e) is aligned with the sp3 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 Si26H31 cluster. (a) Configuration based on a proposed model by 

Linford and Chidsey,14 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 T1 sites. (c) “Single-bridge” configuration, showing the terminal carbon bonded with two 

neighboring T1 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 T1 silicon site, and a 

(2 x 1) case, where one-half of the silicon T1 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 (kBT = 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 Å to 9.07 

Å, due to the molecule-molecule interaction.  
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 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 Å 9.08 Å N/A 9.07 Å 9.07 Å 9.07 Å N/A 9.07 Å 

 

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 T1 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 T1-H3 and T1-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), T1-H3 and T1-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 T1-

H3 orientated structure (Fig 7.5a) is 74 meV smaller than that for the T1-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 Or1 unit-structure. (b) The relaxed structures for the eight 

orientations from (a). The center is the super-cell created using the relaxed Or1 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 

BrSty-derived SAMs on H-Si(111) surfaces that are (a)T1-H3 orientated and (b) T1-T4 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. 



 

 

96 

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 T1-T4 or T1-H3 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 T1-T4 

orientated BPA–derived monolayer is 70 meV lower than that for the T1-H3 orientated 

monolayer. However, a lower energy for T1-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 T1-T4 

and T1-H3 orientated BrSty-derived SAMs (Fig 7.5), and the studied T1-H3 orientated BPA-

derived SAMs (Fig 7.9 and 7.10) have the aromatic rings perpendicular to the molecular rows, 

but the T1-T4 orientated BPA–derived SAMs (Fig 7.7 and 7.8) do not. As a result, the T1-T4 

orientated BPA-derived SAMs have smaller inter-molecular interaction than that in the T1-H3 

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 

in a (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 T1-T4 orientated configurations while (c) and (d) are the 

T1-H3 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 T1-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 T1-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 (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 T1-H3 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 7.10 Top view and side view of a T1-H3 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 BPPA/Si(111) 

In the (1 x 1) periodic DFT study for BPPA SAM on Si(111), two orientations for the 

bottom aromatic ring, i.e. T1-T4 and T1-H3 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, Or1, 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 sp2 C=C bond alignment over 

an sp3 Si-Si substrate bond were the most energetically favorable. The alkenyl C=C in the 

relaxed structures of Or1, Or2, and Or5 are aligned toward the nearest Si T1 site (and not along a 

sp3 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 sp3 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 T1 sites at a height of 12.3 Å while the molecules in the relaxed Or6 structure 

are further tilted with the Br markers located over the next nearest neighbor Si T1 site across the 

long diagonal of the unit cell and consequently ~1Å 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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Figure 7.11 Top views of the six triangle unit structures created by the combination of T1-T4 and T1-H3 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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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 T1-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 T1-T4 and T1-H3 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 formulation38 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 Å, 12.4 Å, and 14.6 Å 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.11 

 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 surface36 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 (η) to the molecule about the T1 Si 
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site from its nominal DFT determined configuration.  The DFT predicted film thickness (with 

η = 5°) is t = 8.9 Å. The best-fit curve to the data is labeled A1, which has: (1) the molecule 

tilted further inward to η = 17° (corresponding to t = 8.5 Å), (2) the molecular packing at a 

coverage of Θ = 0.46 ML, (3) a static Gaussian vertical displacement distribution for all atoms in 

the molecule characterized by a width σ = 1.0 Å, and (4) the interface roughness parameter at β 

= 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 Å-1 

changes with coverage.  Curves B1 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 Å) and curve B2 corresponds to t = 5.3 Å. 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.  
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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 x102 and x104, 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. Alt1 depicts the double-bridge configuration (b) and Alt2 the single-bridge configuration (c). 0.67 

monolayers and 2 Å roughness are assumed in the XRR calculations. For purposes of clarity, the three model 

simulations are vertically offset by 102. 
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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 A1. The A1 model has a molecular coverage of Θ = 0.46 ML, an inward molecular tilt of η = 17° (t = 8.5 

Å), a Si surface roughness parameter of β = 0.47, and a σ  = 1.0 Å Gaussian distribution to the vertical 

displacements of the atoms in the molecule. Model A2: same as A1, except Θ = 0.52 ML. A3: same as A1, except Θ 

= 0.40 ML. B1: same as A1, except η = 5° tilt (t = 8.9 Å). B2: same as A1, except η = 53° tilt (t  = 5.3 Å ). C: same 

as A1, except Br removed from styrene and attached directly to Si at the T1 site. For purposes of clarity the vertical 

offsets are: x103 for B1 and B2, and x106 for C. 
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7.4 XSW analysis 

7.4.1 XRF coverage measurement and 111 XSW  

Specular and off-specular h k l XSW data and theoretical fits (from Eq. 4.18, Z(θ) = 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 fH and the coherent positions PH for all the samples are summarized in Table 

7.3. Because the measured f111 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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 Cov (ML) h k l 111 333 11-1 220 311 31-1 

fH 0.33(2) 0.09(2) 0.23(2) 0.10(2)   BrSty 0.5 

PH 0.70(1) 0.10(6) 0.36(2) 0.08(3)   

fH 0.05(1)      BPS 0.4 

PH 0.03(4)      

fH 0.03(1)      BPES 0.6 

PH 0.39(9)      

fH 0.64(2) 0.23(2) 0.18(2) 0.12(2)   BPA 0.2 

PH 0.77(2) 0.35(2) 0.32(2) 0.13(2)   

fH 0.46(2) 0.04(3) 0.27(6) 0.13(2)   BPPA 0.2 

PH 0.11(1) 0.38(8) 0.34(2) 0.12(3)   

fH 0.20(2) 0.16(4) 0.27(3) 0.21(3) 0.31(2) 0.19(4) BPEPA 0.2 

PH 0.65(1) 0.95(4) 0.28(1) 0.03(3) 0.93(1) 0.67(3) 

 

Table 7.3 XSW measured Br coherent fractions (fH) and coherent positions (PH) for the listed set of H =h k l 

reflections. The origin is chosen at the bulk-like Si position in the top of the surface bilayer. PH is ambiguous if fH < 

0.1 . 

 

Qualitatively, f111 measures the spatial spread in the Br distribution relative to the (111) standing 

wave period (d111 = 3.135Å). The value of f111 is directly proportional to the non-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 f111. The measured f111 (BrSty) > f111 (BPS) > f111 

(BPES) and f111 (BPA) > f111 (BPPA) > f111 (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 f111 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 f111 with f333. fH  can be expressed as the product of 

non-random fraction C, geometrical factor aH and the Debye-Waller DH. DH = exp(-2π2σ2
H/d2

H) 

treats the averaged displacement field of the Br atoms as a Gaussian distribution with width σH. 

Using the f111 and f333 values, and assuming a111 = a333 = 1 (i.e., a single Br height), we compute that 

C = 0.8 and σ111 = 0.26 � for the BPA/Si(111), whereas C = 0.4 and σ111 = 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. T1, T4, or H3. 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 

in high resolution STM images39 and theoretically predicted by a Monte Carlo simulation,40 it 

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 (Å) 8.50 8.68 12.5 14.58 

Lateral location T4 T4 T1 H3 

 

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 T1 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 T1 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,40 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 h k l Si Bragg reflectivity (bottom) and the Br Kα 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 h k l Si Bragg reflectivity (bottom) and the Br Kα 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 h k l Si Bragg reflectivity (bottom) and the Br Kα 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 h k l Si Bragg reflectivity (bottom) and the Br Kα 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 7.25 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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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 T1 sites, are tilted toward the T4 sites. The blue atoms, on the other hand, are tilted toward the H3 

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 T1, 

T4, and H3 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 (ΘT) 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, P111. The observation that P111 and f111 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 mechanism39 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 ΘO  = C ΘT. While ΘT is a tally of all BPA molecules adsorbed on the 

surface (physisorbed and chemisorbed), ΘO only includes BPA molecules that are covalently 

bonded to the surface as depicted in the inset of Fig. 7.29. The growth kinetics for ΘT and ΘO 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 ΘO 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 (1 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 sp3-sp2 or sp3-sp3 

alignment respectively at the molecule/substrate interface for the tethered alkenyl (sp2) or alkyl 

(sp3) 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 ΘT (open circles), ordered coverage ΘO (filled circles), and coherent position P111 (filled squares). f111 = 

0.68(3). The inset shows a side view of the BPA molecule covalently attached to the T1 site on the Si(111) surface. 

For a single Br height P111 = Mod [h/d111].  
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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 sp2-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,41 providing a ready handle for sequential 

substitution chemistry through Pd-based couplings such as the Sonogashira reaction.42,43 

A microwave-assisted Sonogashira coupling to a Si(111) surface possessing an sp2-

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 

readily incorporate into a wide range of bioactive compounds,44,45 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-sp2 coupling between the aryl-halide and alkynes 

usually takes place in the presence of a base.42 Since thermal Sonogashira reaction often requires 
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extended reaction time46,47 or high reaction temperature46,48 (T > 100˚C), this basic condition 

could potentially corrode the Si surface. As such, we employed microwave-assisted conditions49 

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 Å-1) compared to S1 (Q = 

0.23 Å-1). 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,18 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 analysis19 in Table 8.1, 

monolayers S2 and S3 have equivalent thicknesses (defined as the height of the center of the 

halogen layer, t3 + ½ t2 = 14.6 Å), 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 method19 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 103, 106, and 109, respectively. 
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 t3 (Å) ρ3 t2 (Å) ρ2 σ1,2 (Å) σ2,3 (Å) σ3,4 (Å) 

S1 8.6 0.5 0.7 2.1 3.2 1.8 2.4 

S2 14.4 0.6 0.3 2.2 6.7 5.1 3.7 

S3 14.1 0.7 0.9 2.5 4.0 2.5 2.0 

 

Table 8.1 XRR two-layer/Si model determined relative electron density (ρ = ρlayer / ρSi), thickness (t), and interfacial 

roughness (σ) 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.  
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In contrast to XRR, which measures the “averaged electron density” profile for the 

organic/Si interface structures,18 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., d111 spacing, Figure 8.4).  As a result, XSW is element-specific and has 

sub-angstrom resolution.20-23 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 Kα (S2) and I Lβ1 (S1) XSW modulations 

indicate the variance in the vertical distributions of the halogen atoms before and after the 

Sonogashira reaction. The coherent fraction f111 and coherent position P111 in the XSW analysis 

measures the distribution width of the XRF-selected fluorescence species and the location of the 

distribution center, respectively.24,25 The smaller coherent fraction f111 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 f111 and P111 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,26 the XSW analysis yields the height of the Br in the 

Sonogashira-prepared sample S2 to be hBr = [4 + P111]d111 = 14.8 Å. Whereas before the coupling 
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reaction, the height of the I atom in sample S1 is hI  = [2 + P111]d111 = 8.7 Å (See  Fig 8.4). 

For S3 hBr = 14.7 Å.  

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.   

 Iodide Bromide 

 Cov (ML) f111 P111 Cov (ML) f111 P111 

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) 

surfaces.  The XSW determined heights of iodide (hI) and bromide (hBr) are measured with respect to the Si substrate 

d111 spacing.  P111 = Mod[ h/ d111]. 
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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.53 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 surfaces21,53 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-UHV (ultra high vacuum) chamber,10 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.21 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.53 The figure is reproduced from Ref. [53].   
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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.  
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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 (Å) 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 Or1 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) Or1 Or2 

 Away from the Si dimer Over the Si dimer 

 t0 t1 t2 t3 t0 t1 t2 t3 

Heights (Å) 8.7 8.4 8.2 8.5 8.7 9.3 9.1 9.1 

ETot. -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 Or2 

 Away from the Si dimer Over the Si dimer 

 t0 t1 t2 t3 t0 t1 t2 t3 

Heights (Å) 8.6 8.6 8.5 8.6 9.0 9.3 9.0 9.0 

ETot. -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 (Å) 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 Si9H12 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 Si9H12 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 

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 Or2t1, 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 based on the (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.  



 

 

160 
 

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. 

 



 

 

162 

9.3 XRR analysis 

Comparing the Br heights from orientation Or1 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 

Å, 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 / nm2. 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 h k l Si Bragg reflectivity (bottom) and the Br Kα 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 h k l Si Bragg reflectivity (bottom) and the Br Kα XRF yield 

data (top). Symbols are measured data, and solid lines are the best-fits of theory to the data. 
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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 Or1t3 orientations, having the Br at the 

height about 8.5 Å (above the bulk-terminated surface) and laterally near the corners of the (1 x 

1) unit cells, best fit the XSW measured density map. (Or1t1 result has the almost identical 

structure and total energy as that for Or1t3 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 Å. (The match 

of the double-bridge structure with the density map is through the hot spot at 6.28 Å high). 

However, since the double-bridge bonding has the Br near the middles of the sides of the (1 x 1) 

 Cov. (004) (202) (111) 

 Br / nm2 f004 P004 f202 P202 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) 
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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 sp3-sp2 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) Å, n = 0 to 6 for BrSty, and (9.0 – n x 1.36) Å , n = 0 to 6 for BPA. The origin is at the 

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 1011 photons/sec/mm2 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 1011 

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/mm2) was measured at five incident angles near 

the total external reflection (TER) condition. This was at normalized incident angles of X = θ/θc, 
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= 0.5, 1.0, 1.2, 2.0, and 3.0; where the critical angle θc = 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 Kα 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(θ) / SS) 

to give the effective ion chamber counts Ie, The “normalized” Br Kα yield (Br Kα yield  = Br 

Kα counts / Ie), 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(θ ,z) = |E0|2[1+R+2√R Cos(υ-Qz)]          z ≥ 0   (10.1) 

EFI(θ ,z) = |E0|2[1+R+2√R Cos(υ-Qz)] X Exp(µ(θ) z)     z < 0  (10.2) 

 

Where µ(θ) = (4π/√2λ){[(θc
2- θ2)2 + 4β2]1/2 + θc

2 - θ2}1/2 is the attenuation depth, θc is the critical 

angle, Q = 4πSinθ/λ is the magnitude of the wavevector transfer, R is the reflectivity, υ is the 

phase and E0 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 106 x Sin(θ) Å at the depth of 16.00 keV electrons. 5.4 x 106 Å 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 = θ/θc 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 1010 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 θ = 4˚ (which is much greater than the 

critical angle). On the A = 0.26 mm2 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 1010 p/s/mm2. At time t = 

0, the radiated footprint, with the coverage Θ = 0.14 Br/nm2, yielded a Br Kα count-rate into the 

detector of 23 cps. With a detector active area of 50 mm2 and a detector distance of 58 mm we 

were collecting 50/(4π582)= 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 Kα + Br Kβ photons together was therefore ~ 30,000 cps. Since WK
Br (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 Kα yield 

is 25,000 p/s and is independent of time (as an extreme case), the 3.6 x 1010 Br on the 0.26 mm2 

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/mm2 radiated footprint (D) measured at normalized incident 

angles X = θ/θc = 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 EFI at the surface (blue) as 

functions of normalized incident angle X = θ/θc 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 1010 cps 

radiation at θ = 4° . The half life = -ln(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 π-

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 sp2 alkenyl C=C bond at 

the surface will azimuthally align over the sp3 Si-Si bond from the substrate, whereas the sp3 

alkyl C-C bond at the surface will azimuthally bisect two sp3 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 1H and 125.669 MHz for 13C).  1H 

chemical shifts are referenced to the proton resonance resulting from protic residue in deuterated 

solvent and 13C chemical shifts recorded downfield in ppm relative to the carbon resonance of 

the deuterated solvents. 1H 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-µm 
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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 oC, rate = 20 oC/min; final time = 10 min., final temperature = 260 

oC.   

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(I) iodide (CuI, Aldrich), (4-

iodophenylethynyl)trimethylsilane (97%, Aldrich), trans-

dichloro(triphenylphosphine)palladium(II) (PdCl2(PPh3)2, Alfa Aesar) were purchased from 

commercial sources and used as received, (4-iodophenylethynyl)trimethylsilane (97%, Aldrich),.  

Triethylamine (400 mL, Fischer Scientific) was stirred with CaH2 (~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-Å molecular sieves (W. R. 

Grace Grade 564, 3A, 8-12 mesh beads, preactivated in a 500-oC 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 Na2SO4 (Fischer Scientific) overnight, 

vacuum-transferred to a vacuum flask, subjected to three freeze-pump-thaw cycles, and further 

dried over 3-Å 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 Ω·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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Figure A.1 The synthesis of (i) p-(4-bromophenyl)styrene (BPS), (ii) p-(4-bromophenylethynyl)styrene (BPES), (iii) 

(4-bromophenyl)acetylene (BPA), (iV) (p-(4-bromophenyl)phenyl)acetylene (BPPA), and (v) (p-(4-

bromophenylethynyl)phenyl)acetylene (BPEPA). 
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(i) 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 oC, followed by the addition of TiCl4 (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 × 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 × 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. 1H NMR (500 MHz, CDCl3,):  δ 7.4 -7.8 (m, 8H, aromatic), 10.5 (s, 1H, -

CHO).  GC-MS(EI):  m/z = 260 and 262 (C13H9Br1O1) 

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 oC.  To increase the solubility of the base, a catalytic amount of 18-crown-6 (0.02 g, 75.8 

µmol, 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.54  1H NMR (500 MHz, CDCl3,):  δ 5.2-5.8 (2d, 2H, CH2=CH-), 6.7 (m, 1H, -CH=CH2), and 

7.3-7.6 (m, 8H, aromatic).  13C NMR (125 MHz, CD Cl3):  δ 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 (C14H11Br1). 

 

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

Step 1: Synthesis of 4-(trimethylsilylethynyl)styrene. Modified from a published procedure. In 

a N2-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), PdCl2(PPh3)2 (0.15 g, 0.21 mmol), 

trimethylsilylacetylene (2.28 g, 23.3 mmol), and anhydrous triethylamine (40 mL).  After 5 min 

stirring, CuI (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 oC under N2 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 × 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 × 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.55,56  1H NMR (500 

MHz, CDCl3,):  δ 0.26 (s, 9H, (CH3)3-Si-), 5.2-5.8 (2d, 2H, CH2=CH-), 6.7 (m, 1H, -CH=CH2), 

and 7.3-7.6 (m, 8H, aromatic).  GC-MS(EI):  m/z = 200 (C13H16Si1). 

Step 2: 4-(trimethylsilylethynyl)styrene -> 4-ethynylstyrene.  Modified from a published 

procedure.55,56  In a N2-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 × 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 × 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.55,56  1H NMR (500 MHz, CDCl3):  δ 

3.1 (s, 1H, CH≡C-), 5.2-5.8 (2d, 2H, CH2=CH-), 6.7 (m, 1H, -CH=CH2), and 7.3-7.6 (m, 4H, 

aromatic).  GC-MS(EI):  m/z = 128 (C10H8). 
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Step 3: 4-ethynylstyrene -> p-(4-bromophenylethynyl)styrene.  In a N2-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), PdCl2(PPh3)2 (0.05 g, 0.07 mmol), 4-ethynyl styrene 

(0.5 g, 3.88 mmol), and anhydrous triethylamine (15 mL).  After 5 min stirring, CuI (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 N2 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 × 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 × 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  1H NMR (500 MHz, 

CDCl3,):  δ 5.2-5.8 (2d, 2H, CH2=CH-), 6.7 (m, 1H, -CH=CH2), and 7.4-7.6 (m, 8H, aromatic).  

13C NMR (125 MHz, CD Cl3):  δ 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 (C16 H11Br1). 

 

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

Step 1: Synthesis of ((4-bromophenyl)ethynyl)trimethylsilane.  In a N2-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), PdCl2(PPh3)2 (0.15 g, 0.21 mmol), 

trimethylsilylacetylene (2.28 g, 23 mmol), and anhydrous triethylamine (35 mL).  After 5 min 

stirring, CuI (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 × 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 × 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.57  1H NMR (500 MHz, CDCl3,):  δ 0.26 (s, 9H, (CH3)3-Si-) and 7.3-7.6 (m, 4H, 

aromatic).  13C NMR (125 MHz, CDCl3):  δ 0.2, 95.5, 103.8, 122.0, 122.7, 131.4, 133.4.  GC-

MS:  m/z = 252 and 254 (C11H13Br1Si1). 

Step 2: ((4-bromophenyl)ethynyl)trimethylsilane -> (4-bromophenyl)acetylene. Modified 

from a published procedure.58,59  In a N2-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 × 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 × 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.58,59  1H NMR (500 MHz, 

CDCl3):  δ 3.13 (s, 1H, CH≡C-) and 7.3-7.6 (m, 4H, aromatic).  13C NMR (125 MHz, CDCl3):  δ 

78.3, 82.5, 121.0, 123.1, 131.6, 133.5.  GC-MS(EI):  m/z = 180 and 182 (C8H5Br1). 

 

(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 oC 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 × 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.60  1H 

NMR (500 MHz, CDCl3):  δ 7.3-7.6 (m, 8H, aromatic).  13C NMR (125 MHz, CDCl3):  δ 93.5, 

121.8, 127.9, 129.1, 132.1, 138.0, 139.0, 139.5.  GC-MS(EI):  m/z = 358 and 360 (C12H8Br1I1).  

Step 2: 4-bromo-4'-iodobiphenyl. -> 4-bromo-4'-[(trimethylsilyl)-ethynyl]biphenyl.  In a N2-

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), PdCl2(PPh3)2 (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, CuI (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 × 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 × 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.61  1H NMR (500 MHz, CDCl3,):  δ 0.26 (s, 9H, (CH3)3-Si-) and 7.3-7.6 (m, 8H, 

aromatic).  13C NMR (125 MHz, CD Cl3):  δ 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 (C17H17Br1Si1). 

Step 3: 4-bromo-4'-[(trimethylsilyl)ethynyl]biphenyl -> (p-(4-

bromophenyl)phenyl)acetylene. In a N2-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 × 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.62  1H NMR (500 

MHz, CDCl3):  δ 3.13 (s, 1H, CH≡C-) and 7.3-7.6 (m, 8H, aromatic).  13C NMR (125 MHz, 

CDCl3):  δ 78.4, 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 (C14H9Br1). 

 

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

Step 1: Synthesis of (p-(4-bromophenylethynyl)phenylethynyl)-trimethylsilane. In a N2-

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), PdCl2(PPh3)2 (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, CuI (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 × 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 × 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.63  

1H NMR (500 MHz, CDCl3,):  δ 0.26 (s, 9H, (CH3)3-) and 7.3-7.6 (m, 8H, aromatic).  13C NMR 

(125 MHz, CDCl3):  δ 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(EI):  m/z = 352 and 354 (C19H17Br1Si1). 
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Step 2: (p-(4-bromophenylethynyl)phenylethynyl)trimethylsilane  -> (p-(4-

bromophenylethynyl)phenyl)acetylene.  In a N2-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 × 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%).  1H NMR (500 MHz, CDCl3):  δ 3.13 (s, 1H, CH≡C-) and 7.3-7.6 (m, 8H, 

aromatic).  13C NMR (125 MHz, CDCl3):  δ 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 (C16H9Br1). 
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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.64 Samples were cut (with typical lateral dimensions of 5-

by-10-mm2) from single-side-polished Si(111) wafers (Virginia Semiconductors, 0.50-mm-thick, 

0.25º miscut towards the <110>±0.1o direction, phosphorous doped, resistivity = 0.05-0.07 

Ω−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 MΩ−cm water for 5 sec.  To remove 

organic contaminants the samples were next immersed in a solution of 4:1 (v/v) H2SO4/30% 

H2O2 (aq) for 10 min at 90ºC. Following this treatment, the samples were again submerged in 

argon sparged 18 MΩ−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 MΩ−cm water was performed, following which the 

samples were blown dry with a N2 gun and stored in an inert atmosphere glove box (Nexus, 

Vacuum Atmospheres) maintained at a slightly positive pressure of N2 (99.999 % purity, < 1.5 

ppm O2, < 0.5 ppm H2O). 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. 
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Appendix C : Density Functional Theory Calculation 

Results 

C.1 Cluster DFT results for SAMs/Si(111) (Molecule-Si26H30 ) 
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C.2 Cluster DFT results for SAMs/Si(111) (Molecule-Si38H45 ) 
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C.3 Cluster DFT results for SAMs/Si(001) (Molecule - Si9H12 ) 
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C.4 Periodic DFT calculations: BrSty/Si(111) 
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C.5 Periodic DFT calculations: BPA/Si(111)  
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C.6 Periodic DFT calculations: BPPA/Si(111) 
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C.7 Periodic DFT calculations: BPEPA/Si(111) 
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C.8 Periodic DFT calculations: BrSty/Si(001) 
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C.9 Periodic DFT calculations: BPA/Si(001) 
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Appendix D: XSW data collection and analysis  

D.1 X-ray fluorescence detector system 
The energy dispersive X-ray fluorescence system is part of the equipment control and 

data acquisition systems. Parts of the experiments presented in this thesis work used a single 

element Ge UltraLEGe (Canberra) or multi-element Ultra Low Energy Ge (UltraLeGe) 

detectors, while the other measurements used a 50 mm2 Vortex EX Si drift-diode (SDD) detector 

(SII NanoTechnology USA). For establishing the interface between the detector and the 

computer, the older Canberra detectors used a PCAIII card or a XIA DXP2X unit (details 

described in Zhan Zhang’s thesis12) as a multichannel analyzer (MCA), while the newer Vortex 

detector (with its dedicated XIA unit) used “Experimental Physics and Industrial Control System 

(EPICS) “ developed at APS at Argonne National Laboratory. The details of the EPICS system 

can be found from the website “http://www.aps.anl.gov/epics/”. A typical XRF detector system 

setup is shown in Fig D.1. 

Since the driver that came with the Vortex detector (from SII) is Windows-based, an 

EPICS program, START_IOC.bat, needs to run on a Windows computer to control the Vortex 

unit via a USB cable. The EPICS program, with its operating commands built in, can directly 

control the detector unit. This substitutes for the program that came from SII with its detector. 

The EPICS program also creates a communication channel so the commands sent out from the 

SPEC computer via the internet, e.g. ct or dscan, can arrive at the Windows computer and trigger 

data collection on the Vortex detector. The collected data are then sent back to the SPEC 
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computer via the Internet. A specific name has to be assigned to the detector in the EPICS 

program so it can be found on the network. 

For the SPEC computer, in order to store the collected data from the detector, a pseudo 

counter called “vortot” has to be assigned within SPEC. Additional pseudo counters can also be 

set up in SPEC to store other useful information, such as input count rate (ICR), output count 

rate (OCR), livetime (LT), realtime (RT) and several single channel analyzers (SCA), but are not 

required for operating the detector. A SPEC macro “vortexnew.mac” contains a group of SPEC 

macros that can be individually used to control the Vortex detector (this ensemble macro has to 

be loaded into SPEC). Some of the important macros included in the vortexnew.mac are (1) 

vortex_add: to hook up vortex, (2) vortex_delete: to remove the vortex (it can save the scanning 

time if the XRF spectra are not necessary), (3) vortex_on: enable the counter vortot, (4) 

vortex_off: disable the counter vortot, (5) vortexfile_on: to save the XRF spectrum for each scan. 

Be aware that whenever the macro “vortex_add” is executed, the settings for the vortex detector 

(e.g. peaking time, threshold) will be changed back to the default values. More details can be 

found from the notes in the macro. 

Although the macro vortexnew.mac handles all the communications between the 

LINUX-SPEC computer and the Windows-Vortex computer, an additional macro, 

xswdxp_Vortex.mac is required to simultaneously control the motors and record the readings 

from both the motors and counters (including the XRF spectra) for a XSW scan. Once the 

xswdxp_Vortex.mac macro is loaded, a SPEC command “xswdxp” will be able to initiate the 

XSW scan. The difference of this macro with the previous XSW macro (described in Zhang’s 
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thesis) is that the collection of the XRF spectra is changed from using the PCAIII/DXP2X 

interface to EPICS addresses. More details can be found in the macro file.  

Because the control of the Vortex detector is through the internet, it is possible that the 

data collection time for each scan does not accurately correspond to the command due to the 

traffic in the network. Synchronizing the precise start and stop counting of the Vortex with all 

other counters is accomplished by sending a gate signal from the down-counter (Joerger VSC-16 

VME unit) to the gate input of the Vortex control unit. A XRF spectrum is then only collected 

when the EPICS program receives the command from the SPEC computer and the gate voltage is 

on.  

 

Figure D.1 A typical XRF detector system setup using EPICS. 
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D.2 XSW analysis 

D.2.1 Data processing 

Once the XSW file is saved, the raw data can be processed using a MATLAB GUI 

program SUGOM. The first version of SUGOM was developed by Joseph Libera in the group to 

handle the LSM and TER XSW data collected at ESRF, X15A (Brookhaven National Lab) and 

5ID-C (APS). Three new versions of SUGOM were developed for this thesis work, based on the 

original version, to handle the single crystal XSW data collected at 5ID-C, 33ID-D and 33BM-C 

stations at APS (SUGOM program needs to be modified if the data file format is changed). The 

three programs are named SUGOM5IDC, SUGOM33IDD, and SUGOM33BMC, respectively, 

and stored in my thesis DVD. The difference between the three programs and the original Libera 

version is the part that handles the “read in” of the SPEC file. The details for the algorithm can 

be found in Libera’s thesis.68 The output from the SUGOM program is a spreadsheet file 

including motors’ positions (first two columns). Columns 3 to 26 contain accumulated counts 

from single channel counters plus the calculated reflectivity and livetime fraction (LTF). After 

column 26 comes a set of 2N columns, which are the calculated XRF yield for a series of N 

selected XRF peaks along with their error. These yields are normalized to the incident beam 

monitor counts and are divided by the LTF. Lastly comes a set of 2N columns that hold the 

uncorrected XRF net counts paired with the corresponding uncertainty. Note that SUGOM labels 

the columns. There is no restriction on the number of rows, i.e. the number of steps in the scan 

D.2.2 Single crystal XSW analysis  

A Matlab program for analyzing Bragg-reflection XSW data was developed based on the 

previous Fortran program “SWAN” and Matlab program “sugomat” in the group. The program 
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SWAN was written by Likwan Cheng13 based on the earlier program DARE (developed by 

M. Bedzyk and J. Zegenhagen in 1986) and further modified by Anathony Escuadro.14 The 

program sugomat is an XSW analysis program developed by Zhan Zhang. 

The program SWAM basically uses the identical algorithm as that used in the Fortran 

program SWAN. For better understanding the program, it may be helpful to study SWAM along 

with SWAN. Because computer power improvements, some of the codes were re-written (e.g. 

the use of loops was reduced) so it is easier to be understood and modified in the future. In the 

program SWAM, the atomic scattering factors are calculated analytically using the method 

presented by Wasmaier & Kirfel (Acta Crystallographica, 1995, A51, 416-431). SWAM can also 

calculate some physical parameters such as Bragg angles, structure factors, and ideal Darwin 

widths for a given crystal under a chosen dynamical diffraction condition. Most importantly, the 

program  (currently version v2) calculates and convolutes the reflectivity curves from an ideal 2-

bounce monochromator and a sample and fits the convolution result to the experimental rocking 

curve data. The result of the reflectivity fit is then used to perform a fit of the theoretical 

fluorescence yield to the experimental fluorescence yield data in order to obtain the resulting 

coherent position, coherent fraction, and off-Bragg normalized fluorescence yield. The previous 

version of SWAM (v1) used a 1-bounce monochromator in the calculation.   

SWAM is a Matlab based program and is therefore independent of the operating system 

(Mac, PC, LINUX). Once Matlab is open, simply key in “SWAM” at the command line (when 

the working folder is at the SWAM program folder) and the program will start. The instructions 

are self-explanatory and are given step-by-step so no manuals will be needed. Both the formats 

of the input data files, an XRR file and an XRF file, are (X,Y,ΔY) three-column data, separated 
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by ‘Tab’, after the comments rows (begin with #, the number of comment rows are not 

limited). The first column is for the angular step number, the second column is for the 

experimental reflectivity (XRR) or XRF yield and the third column is the error. Examples for a 

XRR and a XRF file are shown in Fig D.2. The XRR and XRF files can be obtained by cutting 

the output spreadsheet file from SUGOM using the program KaleidaGraph. The three functions 

in SWAM are: (1) cr: Compute the physical parameters for a single crystal dynamical diffraction 

condition, (2) r0: Calculate and fit the rocking curve, and (3) f1: Calculate and fit the 

fluorescence yield. The computing algorithms for cr, r0 and f1 are shown in the flowcharts in Fig 

D.3, D.4 and D.5, respectively.  

D.2.3 Guide to .ctl file 

The crystal structure data input files for SWAM are exactly identical to that used in 

SWAN. Each file is given the extension name ‘.ctl’ and contains the information of the crystal 

lattice. A crystal can have two different .ctl files depending on the choice of the origin, and the 

output coherent positions PH from the program SWAM will be changed accordingly. As an 

example, two ctl files based on two different origins for Si are shown in Fig D.6. The format of 

the .ctl file is shown as the following:13  

Line 1: Title of file (Comment line) 

Line 2: a, b, c, α, β, γ. (Crystal lattice constants in Å and degree, at 293K) 

Line 3: Crystal Debye temperature (K) 

Line 4: Linear coefficients of thermal expansion along principle axes, in units of 10-6/deg 

Line 5: N N1 (N2 N3 …NN). (N: Number of basis in the unit cell, N1: Number of atom 

 types occupying the first basis, .., NN: Number of atom types occupying the Nth 
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 basis.) 

Line 6: Comment line 

Line (6 + 1): (Format specific: 2x, a4, 2x, i2, 2x, f5.3). Elemental symbol, (ionization 

 state if ionized), atomic number, occupation fraction. (Write this line N1 times.) 

Line (6 + 2): M (Number of atom sites for the current basis). 

Line (6 + 2 + 1): to Line (6 + 2 + M): x(1), y(1), z(1); x(2), y(2), z(2); …; x(M), y(M),  

z(M).  (Atomic coordinates for the current basis) 

Continue with basis N2, N3, …, by repeating Line 6 through Line (6 + 2 + M) 

D.2.4 Guides to some important subroutines 

(a) leasqrpf.m 

The subroutine leasqrpf.m performs the χ2 fitting in both the programs SUGOM and 

SWAM. In SUGOM, leasqrpf.m fits the XRF spectrum using a single or multiple Gaussian 

functions simultaneously with a linear background. In SWAM, leasqrpf.m fits the theoretically 

calculated, convoluted, rocking curve and fluorescence yield functions to the experimental data. 

leasqrpf.m is a Matlab fitting routine initially developed by Dr. Richard I. Shrager and the 

version used in both SUGOM and SWAM is the version 3.beta, which was lastly modified by 

Dr. Ray Muzic. The program returns both the correlation matrix and the standard deviation of the 

parameter estimates. The later is used in both SUGOM and SWAM to determine the error bars of 

the fitting results. More details about the routine can be found in the file itself.  
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(b) RC.m and RC2bounce.m 

The dynamical diffraction theory based subroutines RC.m and RC2bounce.m are 

respectively used to calculate the emittance functions from a one-bounce and a two-bounce 

crystal. In RC2bounce.m, it is assumed that the two crystals are identical and in perfect +/- 

nondispersive alignment, with no detune. It is used to calculate the emittance function from a 

double bounce channel-cut upstream. If in the future a more complicated system is considered, 

e.g. a monochromator with a pair of detuned two-bounce channel-cuts, the subroutine 

RC2bounce.m will need to be modified accordingly. SWAM also uses subroutine RC.m for 

calculating  the sample crystal acceptance function, since it is a one-bounce case. 

(c) calcref.m 

The dynamical diffraction theory based subroutine calcref.m, which replaces WAR.f in 

SWAN, is a routine used to calculate the complex E-field amplitude ratio for a single crystal at a 

given normalized angle eta.  

(d) calcf.m 

Given the lattice structure, diffraction plane and energy, the structure factor of a single 

crystal is calculated accordingly. The database used to calculate the structure factors (e.g. f’, f”, 

…) for each individual atom is defined in the folder “Reference” and should never be modified. 

(e) calcfluY.m 

The program calcfluY.m is used to calculate the XRF yield for a XSW scan. The 

emittance function from the monochromator has to be pre-calculated and transferred into the 

routine through a global parameter RF. The information of the sample crystal (e.g. F0, FH, F-H, 
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…) is transferred into the routine via the input parameter “p” (which is an array) and the 

acceptance function of the sample crystal is calculated accordingly. The two functions are then 

convoluted in the routine and the result is used to calculate the XRF yield in the routine for a 

given set of off-bragg yield, coherent fraction and coherent position using Eq. 4.18. 
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Figure D.2 Formats for the input (a) XRR and (b) XRF files for SWAM. The columns are separated by a “Tab”. The 

symbol # at the beginning of a line indicates a comment line. At this point SWAM, like SWAN and DARE, assumes 

equal angular steps. 
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Figure D.3 Flowchart diagram showing the algorithm for computing physical parameters for a single crystal under 

dynamical diffraction condition. 
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Figure D.4 Flowchart diagram showing the algorithm for rocking curve calculation and fitting in SWAM. 
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Figure D.5 Flowchart diagram showing the algorithm for fitting the fluorescence yield in SWAM 
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Figure D.6 Two .ctl files for Si crystal. (a) The origin is at the red circle. (b) The origin is at the 

green circle. 


