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Abstract

The fabrication of 2D devices with micro/nano-scale features often rely on assembly from
a top-down perspective, where the design emphasis is on the removal of material to generate
surface features. Common “top-down” approaches to fabrication often include “pattern and
subtract” techniques which require energy-intensive processing and result in a high volume of
material waste of substances such as photoresists, etchant, and developers. In addition to high
energy and material dissipation, traditional “top-down” approaches have also struggled to adapt to
the continuous downsizing of critical dimensions of 3D device components. Thus, instead of
generating devices from a “top-down” perspective, there has been a push over the last two decades
to instead leverage the intrinsic differences in chemical behavior between surface species, such
that feature deposition selectively begins at the surface and grows vertically in an additive fashion
via reaction from the “bottom-up”. Here, I will evaluate the ability of different small molecule and
atomic layers to enable selective deposition on a silicon substrate. Specifically, I will be
investigating a carbenylated organic molecule, a perfluorinated amine, and atomic halogen species
on their ability to inhibit deposition atomic layer deposition (ALD) of a metal oxide. When paired
with a hydrolyzed surface (which promotes metal oxide growth), these inhibiting species may be
used to form complementary resist systems which can enable area-selective ALD (AS-ALD) on a
surface. Another primary consideration in “bottom-up” approaches to feature fabrication is the
ability to pattern these small molecule and atomic surface layers such that they form a template for
selective growth. To this end, I will explore using ultrafast laser patterning and contact transfer
printing to selectively deposit or alter these surface layers to generate complementary surface

domains that can serve as a foundation for a AS-ALD platform.



Contributors and Funding Sources

The members of the PhD thesis committee were Dr. Lewis J. Rothberg, Dr. Alexander A.
Shestopalov, and Dr. George S. Wang. All data gathered in this document represents my
independent work. The laser patterning project reported in Chapter 4 was conducted in
collaboration with member from the Optical Materials Technology group at the LLE. This work
was supported by the National Science Foundation CMMI division under Grant No. 2225896. The
project was also funded by the Laboratory Directed Research and Development program at Sandia
National Laboratories, a multi-mission laboratory managed and operated by National Technology
and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration
under contract DE-NA-0003525. Lastly, the material is in part based upon work supported by the

“National Inertial Confinement Program” under Award Number(s) DE-NA0004144.



List of Tables

Table Caption

Pg

Xi

Table 2.1 Combination of TMA and H20O pulse durations and their effect on GPC.

47

Table 3.1 XPS ratios of the Hal 2p (or 3d) over Si 2p electron signals corrected by
the atomic sensitivity factors on Hal(H)-Si(100) and Hal(OH)-Si(100) substrates
after the halogenation reaction with N-Hal-succinimides. Halogenation selectivity
of N-Hal-succinimides.

74

Table 3.2 Halogen surface coverage on Hal(H)-Si(100) substrates treated with N-
Hal-succinimides. Water contact angle measurements of Hal(H)-Si(100) and
Hal(OH)-Si(100) substrates and a bare OH-Si(100) substrate before the reaction.

75

Table 3.3 Halogen Si 2p ARXPS substrate peak areas, collection angles and
correction factors used in the Equation 2.2 thickness calculations of the A1203 film
deposited onto OH-Si(100) after 20 ALD cycles.

87

Table 3.4 Characterization of AI203 thin films deposited onto sample surfaces
after 20 ALD cycles, including thickness calculations from ARXPS and
ellipsometry measurements and AFM roughness measurements. Selectivity is
defined as a proportion between the surface concentration of Al atoms on the OH-
Si(100) reference and the surface concentration of Al atoms on the Hal-Si(100)
surfaces, all values found using XPS and normalized to the Si 2p signal such that
we were comparing relative compositions (Al atoms to Si atoms). Selectivity(Al
2p:Si 2p ratio)=(SiOH-SiCLBr,I)/(SiOH+SiCl,Br,I)

&9

Table 4.1 Laser Testing Parameters.

98

Table 5.1 Water contact angle and ellipsometry measurements performed on NH2-
Si, Diaz-Si, PPh2-Si, PPh2-Si (No-UV) substrates.

130

Table 5.2 Ratio of XPS signals measured from NH2-Si, Diaz-Si, PPh2-Si (No-UV),
and PPh2-Si surfaces used to assess the relative completion of each reaction step.

133




Xii

List of Figures
Figure Caption Pg
Figure 1.1 Evolution of FET design from planar structure to structures that can be 23

stacked vertically such as FinFETs and GAA FETs.

Figure 1.2 Schematic of conventional “top-down” method involving; sputtering of 24
metal layer and deposition of a masking resist, lithographically removing portions

of the resist layer to form a pattern, etching away the unmasked metal layer, and

cleaning off the remaining resist to reveal the patterned metal features underneath.

Figure 1.3 Illustration of how EPEs form using conventional “top-down” 30
patterning techniques and how selective “bottom-up” feature growth avoids these

same errors. These errors occur when there is imprecise alignment of a photoresist

or mask which leads to overlap of the deposited feature onto undesired surface

domains. EPEs may also occur due to imperfect subtractive steps such as chemical

etching necessary to translate patterns to a surface24. Whereas, “bottom-up”

fabrication enables self-aligned feature growth by leveraging the inherent

chemistry of materials.

Figure 1.4 Schematic of an inherently “bottom-up” fabrication method that relies 31
on a block copolymer system that self-assembles on a chemically tuned surface

and enables subsequent feature formation upon a chemically selective etch.

Although promising, “bottom-up” Block Copolymer deposition has encountered

many difficulties due to structure disordering at surface defects?26.

Figure 1.5 Schematic of standard cycle for A1203 ALD: (A) The first stage 33
involves the initial physisorption and subsequent chemisorption of the film

precursor molecule onto a reactive substrate. (B) While this precursor diffuses and
organizes onto the substrate surface, there is dissociation and transfer of ligands

between the precursor and surface material, followed by a purge of these

dissociated fragments, byproducts, and of excess precursor molecules. (C) The

second reaction stage entails the dosing of the sample surface with a coreactant

molecule. For example, in the deposition of many metal oxide films, water is used

as the coreactant to facilitate hydrolysis of the surface grafted precursor moieties

bearing the metallic atoms (i.e. Al, Ti, Hf).

Figure 1.6 Comparison of CVD and ALD methods for coating of 3D chip 34
structures. Thermal CVD (at semiconductor processing temperatures) results in
nonuniform feature coverage, plasma CVD enables uniform coverage but variable




Xiii

film composition and properties, and ALD results in uniform film coverage,
composition, and properties.

Figure 1.7 Schematic of theoretical AS-ALD process** showing; (A) a pre-
patterned GS and NGS substrate that is (B) selectively modified with an inhibitor
molecule reactive with the NGS, thus (C) promoting adsorption and reaction of the
ALD film precursors on the GS region, resulting in selective film growth.

36

Figure 1.8 Schematic of AS-ALD “Super-Cycle”: (A) Prepatterned AS-ALD
template post-selective CVD of inhibitor onto NGS. (B) GS interface undergoes
nonuniform film growth during first 1-3 cycles. (C) With more cycles a continuous
ALD film is generated on GS and there is partial adsorption and nucleation of
ALD chemistry atop NGS and within defects in the inhibitor layers. (D) This
results in the eventual loss of NGS selectivity and continuous ALD film generation
across entire substrate. (E) The ALD process is then paused to allow for etchback
of the ALD film on both GS and NGS until original NGS is reestablished. (F)
Lastly, the ALD inhibitor molecule is reapplied to the NGS and ALD can start
again.

36

Figure 1.9 Schematic of ALE of Si layer: (A) A Si substrate is (B) exposed to CI2
gas which reacts with the substrate surface to form a (C) more easily dissociated
chlorinated surface that is then (D) bombarded with high-energy Ar+ ions to
remove the Cl overlayer and the (E) top surface layer of Si.

39

Figure 1.10 Transfer printing process where a stamp is cast onto a master mold and
cured into a negative replica. This stamp is then inked with a molecule and put into
conformal contact with a chemically receptive receiver substrate, resulting in the
transfer of the master pattern onto the receiver substrate. The transferred molecular
ink can be used as an etching mask (as in this example) or can be an active
component thus chemically attached to the receiver substrate.

40

Figure 1.11 Illustration comparing HDL and pulsed laser patterning of H-
terminated Si. (A) In HDL a STM tip removes small clusters of hydrogen atoms,
thus exposing reactive Si radical sites, and allowing subsequent oxidation in a
selective manner. (B) Pulsed laser-assisted oxidation method where Si-H surface
bonds are excited under low vacuum and room temperature conditions.

43

Figure 1.12 Two potential routes to a unified “bottom-up” approach to surface
feature fabrication. Starting with H-terminated Si, this material can either be (2)
chlorinated or (1) put directly under laser exposure. (1) Pulsed Laser radiation of
either surface in mild vacuum will lead to oxidation of the laser exposed surfaces,

45




Xiv

leading to a complementary resist system for (3) AS-ALD, where film deposition
should occur selectively on the laser-oxidized surface domains. Until this point,
this process represents an exclusively “bottom-up” method to surface feature
generation.

Figure 2.1 ALD film growth per cycle change with reactor temperature.

52

Figure 2.2 Realtime pressure readings from within ALD reactor during 20 cycles
of A1203 deposition with TMA (first pulse) and water (second pulse).

55

Figure 2.3 ALD thickness profiles for A1203 film growth across 20 cycles. Dashed
lines represent the upper and lower bounds of growth at similar processing
conditions found in literature®"°2. Solids lines represent ALD process in this study
with and without prior reactor conditioning (profiles were generated by single film
thickness measurements after 20 cycles and extrapolating GPC).

56

Figure 2.4 Established A1203 ALD mechanism on (A) OH-Si(100) GS and (B) H-
Si(100) NGS.

57

Figure 2.5 ALD thickness profiles for A1203 film growth across 80 cycles. Dashed
lines represent the upper and lower bounds of growth at similar processing
conditions found in literature®"- 2. Solids lines represent experimental ALD growth
on OH-Si(100) and H-Si(100) surfaces.

59

Figure 2.6 Reaction mechanism showing functionalization of H-Si(100) with
NHS-Diazirine sublayer and subsequent attachment of PFA overlayer.

61

Figure 2.7 Si 2p, C 1s, F 1s, and N 1s XPS spectra measured from NHS-Si(100)
and PFA-Si(100).

62

Figure 2.8 Possible A1203 ALD mechanisms on (A) NHS-Si(100) and (B) PFA-
Si(100) NGS.

63

Figure 2.9 (Left) Al 2p XPS spectra and (Right) histogram of Al2p/Si2p XPS
signal ratios (normalized to the Si 2p signal such that relative compositions (Al
atoms to Si atoms) are being compared) for OH-Si(100), H-Si(100), NHS-Si(100),
and PFA-Si(100) surfaces post 20 cycles of A1203 ALD.

64

Figure 3.1 Illustration of experimental methods used in this chapter. (A) Solution
phase reactions were carried out at ambient conditions with mixtures of each N-
Hal-Succinimide molecules in chloroform. (B) Vapor phase reactions were carried
out via the sublimation of N-Hal-Succinimide molecules under low vacuum and
elevated temperature. (C) Lastly, the halogenated surfaces underwent 20 cycles of

72




XV

Al203 ALD to evaluate their effectiveness as inhibitors. H-Si(100) was
halogenated via both solution phase and vapor phase reactions, however, undesired
byproducts were also observed on the solution prepared samples, rendering them
problematic for controlled ALD inhibition. Overall, chlorinated silicon
demonstrated the highest degree of ALD film blocking.

Figure 3.2 I 3d XPS spectra of (Left) a H-Si(100) surface iodinated using either 74
solution-phase or vapor-phase reactions and (Right) a H-Si(100) surface iodinated
using solution-phase reaction with different solvents.

Figure 3.3 Comparison of solution-phase and vapor-phase halogenation showing 76
(Left) Cl 2p XPS spectra of a H-Si(100) surface post-chlorination and (Right) Br
3d XPS spectra for both OH-Si(100) and H-Si(100) surfaces post bromination.

Figure 3.4. Schematic procedure of reaction steps and process conditions for the 77
vapor-phase halogenation of H-Si(100) and OH-Si(100) with N-Hal-succinimides.

(1) Si(100) is cleaned and oxidized in Nano-Strip solution before (1->3) direct

exposure to a N-Cl/Br/I-succinimide molecule in the vapor phase, alternatively

(1->2) the new oxide is re-etched in HF and then (22 3) exposed to the N-C1/Br/I-
succinimide molecules.

Figure 3.5 (Top) Comparison of XPS spectra from Hal(H)-Si(100) and Hal(OH)- 78
Si(100) surfaces post reaction and a OH-Si(100) standard. Region scans for each
respective halogen (Cl 2p, Br 3d, I 3d) are depicted from left to right. (Bottom)
Corresponding histograms showing quantitative representation of XPS spectra,

normalized to Si 2p signal from each respective surface.

Figure 3.6 Water contact angle pictures of the three halogenated surfaces and a 82
reference OH-Si(100) surface. Surface hydrophobicity rises with increasing
halogen coverage.

Figure 3.7 Comparison of XPS region scans of C s, O 1s, and SiO2 (from Si 2p) 83
spectra depicted from left to right for OH-Si(100), H-Si(100), C1(H)-Si(100),
Br(H)-Si(100), and I(H)-Si(100) surfaces. In the bottom row are histograms

showing the quantitative XPS characterization of region scans (C 1s, O s, SiO2

from Si 2p) for each Hal(H)-Si(100) surface and reference unreacted OH-Si(100)

and H-Si(100) surfaces, all normalized by the Si 2p peak intensity which includes
contributions from both the bulk Si (SiB) and surface oxide (SiOx) interfaces (the

values in the SiOx histogram was normalized by only SiB).

Figure 3.8 Stability study consisting of histograms showing the quantitative XPS 85
characterization of halogen, C 1s, O 1s, and SiO2 (from Si 2p) region scans shown




XVi

from top to bottom, respectively, for [-Si(100), Br-Si(100), and CI-Si(100) surfaces
shown from left to right, respectively, over a 72 hour period of air exposure.

Figure 3.9 (Top) Schematic illustration of traditional ALD cycle of A1203 onto
OH-Si(100), H-Si(100), and Hal(H)-Si(100) surfaces. In step 1, the dosed
AI(CH3)3 precursor readily adsorbs onto the OH-Si(100) surface while H-Si(100)
and Hal(H)-Si(100) surfaces exhibit total and partial blocking of the same
molecule, respectively. In step 2 the H20 coreactant binds with the adsorbed metal
precursor to form a complete metal oxide film on OH-Si(100) and a metal oxide
island on Hal(H)-Si(100). Only H-Si(100) retains its original surface but it must be
maintained under high vacuum and temperature. (Bottom Left) Al 2p XPS spectra
for all three halogenated surfaces and reference H-Si(100) and OH-Si(100)
surfaces with (Bottom Right) corresponding histograms showing the quantitative
XPS characterization of the Al 2p region scans.

88

Figure 3.10 Three-dimensional AFM roughness topographies taken for the (a) OH-
Si(100) and (b) Br(H)-Si(100) surfaces post ALD.

90

Figure 3.11 ARXPS Experiments of the SiO2 and AI203 layers on OH-Si(100)
following 20 ALD cycles: Linear Fit of the Corrected Si 2p Signal Areas from the
Si Substrate as a Function of 1/cos(0).

93

Figure 4.1 (Left) Schematic of laser system setup (BS: Beam Splitter, WP:
Waveplate, Pol: Polarizer). (Right) (top) Q-smart 450 3 Omega Laser system,
(bottom) schematic of sample vacuum holder.

100

Figure 4.2 (Left) Fluence beam map for a 0.72 J/cm?2 exposure site, (Middle) same
beam map magnified, and (Right) table showing reported peak fluence values and
their corresponding average beam fluence before and after reflectivity loss.

101

Figure 4.3 (Top) SEM imaging of H-Si(100) surfaces post-laser exposure with
fluences of; 0.05 J/cm2, 0.09 J/cm2, and 0.22 J/cm2. (Bottom) SixOy2p, O 1s, and
SiBulk2p XPS region spectra from H-Si(100) surfaces post-laser exposure with
fluences of; 0.02 J/cm2, 0.05 J/ecm2, 0.09 J/cm2, and 0.11 J/cm2.

104

Figure 4.4 AFM micrographs of; (Top-Left) non-irradiated H-Si(100) surface,
(Top-Right) H-Si(100) irradiated with 0.24 J/cm2, (Bottom-Left) larger area H-
Si(100) irradiated with 0.24 J/cm2. (Bottom-Right) Table of RMS roughness
values.

107

Figure 4.5 (Top) SEM imaging of (Left) H-Si(100) and (Right) OH-Si(100)
surfaces post-exposure with 0.24 J/cm2. (Bottom) Plots showing (Left) how many

108




XVii

times greater the SixOy2p and Ols XPS signals (SiOx normalized by SiBulk2p
and O 1s normalized by Si2p) are on both OH-Si(100) and H-Si(100) surfaces post
laser exposure, relative to an unexposed area on the same surfaces, and (Right) the
estimated SiO2 film thickness calculated using Equation 4.1.

Figure 4.6 Array of greyscale pixel intensity profiles for (Top) SEM imaging of 110
sites (image subsets) matched with (Bottom) fluence maps (image subsets)
generated with the corresponding laser fluence.

Figure 4.7 (Left) Thermal conductivity of silicon as a function of temperature151, 114
(Right) conversion of profile from a logarithmic scale to a linear scale.

Figure 4.8 (Left Column) Change in temperature profiles at substrate surface for 115
varying peak fluence exposures (average fluence used in calculation) for a low,

mean, and high thermal conductivity, and (Right Column) change in temperature

profile at substrate surface as a function of laser intensity (i.e. pulse time and

average laser fluence) for a low, mean, and high thermal conductivity.

Figure 4.9 Heat dissipation of substrate as a function of heat diffusion length at 117
selected average exposure fluences (i.e. 0.34 J/cm2, 0.24 J/cm2, 0.16 J/cm2, 0.08
J/cm?2) after a 6 ns exposure pulse.

Figure 4.10 (Top) SEM imaging of H-Si(100) surface (Left) immediately 118
following laser exposure, and (Right) after 72 hr in an ambient environment post-

exposure. (Bottom) (Left) Histogram showing SixOy2p/SiBulk2p signal ratios for

a native oxide, unexposed H-Si, and laser exposed H-Si sites before and after 72

hours of air exposure, and (Right) a comparison of SixOy2p spectra from a 0.09

J/em?2 laser exposed H-Si(100) surface and unexposed H-Si(100) and OH-Si(100)

surfaces.

Figure 5.1 (A) Schematic of photochemical reactor setup for attaching DPP to 128
Diaz-Si surface with inset of reactor vial and UV lamp setup. (B) Picture of full

setup showing; (1) UV Lamp power supply, (2) UV shield blocking UV lamp and

reactor vial, (3) reactor manifold, (4) oil-based flowmeter.

Figure 5.2 Micrograph of patterned PUA stamp surface. 129

Figure 5.3 Functionalization strategy where; (1-2) generation of hydroxyl groups 130
on the surface of a Si(100) substrate, which is then (2-3) functionalized with an
amino-terminated monolayer via silanization, that is subsequently used for (3-4)

covalent attachment of carbene precursor (diazirine) molecules via amide bond,




Xviii

allowing for (4-5) UV-initiated generation of immobilized carbene species and
subsequent P-dopant capture.

Figure 5.4 (Top) Illustration of carbene-based functionalization; (Middle) C 1s, N
Is, F 1s and P 2p XPS region spectra measured from the following surfaces: NH2-
Si, Diaz-Si, PPh2-Si (No-UV), and PPh2-Si represented by the green, pink, blue,
and purple profiles, respectively; (Bottom) histograms showing the quantitative
XPS characterization of region scans (C 1s, N 1s, F 1s, and Si 2p) for each surface,
all normalized by the Si 2p peak intensity.

132

Figure 5.5 (Left) XPS P 2s core-level XPS spectra for; (top) a PPh2-Si surface
with electron detection carried out at an angle of 30°, and (bottom) a PPh2-Si
surface with electron detection carried out perpendicular from surface. (Right)
Histograms showing the integrated area (in arbitrary units) of each respective P 2s
and Si plasmon peak.

135

Figure 5.6 (Top) Schematic of contact printing method for delivering DPP onto
Diaz-Si in a localized manner. (Bottom) Surface chemistry strategy for facilitating
the printing of DPP.

138

Figure 5.7 SEM images of; (a) PUA stamp mold bearing 8 um squares and (b) the
corresponding P-doped Si(100) surface post-printing. SEM image (c) of Diaz-Si
surface post-printing with DPP-inked stamp and no UV-exposure, SEM image (d)
of Diaz-Si surface post-printing with an inkless stamp and UV-exposure. (Bottom
right) histogram showing XPS ratios of the C 1s, N 1s, F 1s, and P 2p over Si 2p
electron signals (corrected by the atomic sensitivity factors) on PPh2-Si, stamped
PPh2-Si, and stamped PPh2-Si (No-UV) substrates.

139

Figure A2.1 Al 2p XPS spectra and table of corresponding signals normalized to Si
2p for OH-Si(100) and H-Si(100) surfaces post A1203 ALD for 10, 20, and 40
cycles.

149

Figure A2.2 (Left) Si 2p XPS and (Right) histograms showing surface
concentration breakdown of elements found on OH-Si(100), H-Si(100), NHS-
Si(100), PFA-Si(100) surfaces following 20 cycles of A1203 ALD.

150

Figure A3.1 Solution phase iodination of H-Si using CHCI3 solvent.

151

Figure A3.2 Static, advancing, and receding contact angle images for each
halogenated surface.

152




XiX

Figure A3.3 Growth of SixOy2p XPS signal due to passive oxidation as H-Si(100)
is left under air exposure.

153

Figure A3.4. XPS spectra showing changes in Hal(H)-Si(100)composition over a
72 hour period. Region scans for each respective halogen (CI 2p, Br 3d, I 3d) are
depicted in the left column. The O 1s spectra and SiO2 signal from the Si 2p
spectra for each sample set are depicted in the middle and right columns,
respectively. Scans of halogenated substrates after 0 hr, 4 hr, 24 hr, and 72 hr of air
exposure are represented by maroon, olive, pink, and turquois lines, respectively.

154

Figure A3.5 Spectroscopic ellipsometry measurement of a reference OH-Si(100)
sample following rinsing. The average thickness across a 8 x 14 mm surface was
determined to be 2.10 £ 0.059 nm.

155

Figure A4.1 Code converting spatial intensity pixel profile into a fluence map.

156

Figure A4.2 Penetration depth of light in silicon versus wavelength with inset of
silicon material properties.

157

Figure A4.3 (Left) Histogram of quantitative XPS results for laser exposed H-
Si(100) surface. (Right) (Top) SEM images of laser exposure sites, and (Bottom)
SixOy2p XPS spectra for different exposure sites.

158

Figure A4.4 (Left) Histogram of quantitative XPS results for laser exposed H-
Si(100) surface. (Right) (Top) SEM images of laser exposure sites, and (Bottom)
SixOy2p XPS spectra for different exposure sites.

158

Figure A4.5 (Left) Histogram of quantitative XPS results for laser exposed H-
Si(100) surface. (Right) (Top) SEM images of laser exposure sites, and (Bottom)
SixOy2p XPS spectra for different exposure sites.

159

Figure A4.6 (Left) Histogram of quantitative XPS results for laser exposed H-
Si(100) surface. (Right) (Top) SEM images of laser exposure sites, and (Bottom)
SixOy2p XPS spectra for different exposure sites.

159

Figure A4.7 (Left) Histogram of quantitative XPS results for laser exposed H-
Si(100) surface. (Right) (Top) SEM images of laser exposure sites, and (Bottom)
SixOy2p XPS spectra for different exposure sites.

160

Figure A4.8 (A) XPS Si2p spectrum from unirradiated surface site with O 1s
spectrum inset, (B) Si 2p spectrum from site irradiated with 0.34 J/cm2 (1.15
J/em2 peak fluence) with O 1s spectrum inset.

161




XX

Figure A4.9 SixOy2p XPS spectra for fully oxidized Si(100) surface compared to 162
H-Si(100) and laser exposed H-Si(100).

Figure A4.10 (Left) Fluence beam map for a 0.33 J/cm2 peak fluence exposure 163
site, (Middle) SEM of a 0.33 J/cm2 peak fluence exposure site, and (Right)

magnified fluence beam (matching dimension of beam in SEM) overlayed SEM of

same exposure site, showing visual alteration of the sample surface is limited to

within the beam imprint and no dissipation (whether chemical or physical) is

observed outside the confines of the beam profile.

Figure A4.11 Code for generating thermal profile of Si surface post laser exposure. 164
Figure A4.12 Code for generating 2D and 3D laser intensity profiles. 166
Figure A4.13 Complete XPS quantification characterization of laser exposed H- 168
Si(100) and OH-Si(100) surface over 72 hours of air exposure.

Figure A5.1 SEM Imaging of; (Top-Left) PUA stamp surface with debris, (Top- 169

Right) Diaz-Si surface post-printing with inkless stamp and UV-exposure,
(Bottom-Left) larger area of clean PUA stamp surface, (Bottom-Right) PPh2-Si
surface post-printing under UV-lamp exposure.




XXi



List of Acronyms

IC
MOSFET
CD
DIBL
SIA
MtM
FinFET
GAA
EUV
DUV
UHV
EBL
SEM
PMMA
FIB
RIE
EPE
PVD
CVD
ALD
TSMC

AS-ALD

Integrated Circuit
Metal-Oxide—Semiconductor Field-Effect Transistor
Critical Dimension

Drain-Induced Barrier Lowering
Semiconductor Industry Association
More-than-Moore

Fin Field-Effect-Transistor
Gate-All-Around

Extreme Ultraviolet

Deep Ultraviolet

Ultra-High Vacuum

Electron Beam Lithography
Scanning Electron Microscopy
Polymethylmethacrylate

Focused Ion Beam

Reactive Ion Etching

Edge Placement Errors

Physical Vapor Deposition
Chemical Vapor Deposition

Atomic Layer Deposition

Taiwan Semiconductor Manufacturing Company

Area-Selective Atomic Layer Deposition

XXii



GS

NGS

SAM

ODTS

SMI

ALE

PUA

PDMS

CLL

SPL

DPL

AFM

HDL

ST™M

XPS

T™MA

GPC

ASF

NCS

NBS

NIS

ARXPS

ASD

Growth Surface

Nongrowth Surface
Self-Assembled Monolayer
Octadecyl-trichlorosilane

Small Molecule Inhibitor

Atomic Layer Etching
Polyurethane Acrylate
Polydimethylsiloxane

Chemical Liftoff Lithography
Scanning-Probe Lithography
Dip-Pen Lithography

Atomic Force Microscopy
Hydrogen De-passivation Lithography
Scanning Tunneling Microscopy
X-ray Photoelectron Spectroscopy
Trimethylaluminum

Growth Per Cycle

Atomic Sensitivity Factors
N-chlorosuccinimide
N-bromosuccinimide
N-Iodosuccinimide
Angle-Resolved X-ray Photoelectron Spectroscopy

Area-selective Deposition

XXiii



Chapter 1 Introduction

1.1 Semiconductor Devices

Electronics have been integrated into nearly every facet of our daily lives and society.
Appliances such as cellular phones, computing systems, and digital displays have become
quintessential aspects of our lifestyles and have also been irrevocably integrated into every
economic sector, from agriculture to healthcare. Different types of sensors such as temperature
sensors, biosensors, and photosensors are widely utilized to monitor and regulate processes across
manufacturing and research. We have seen recent advances in sustainable energy technology
including electric vehicles, fuel cells, and photovoltaic devices. What do all these devices have in
common? Their functionality is determined from internal silicon chips which possess some
combination of diodes, transistors, resistors, capacitors, and logic gates. These chips and their
components are fabricated from semiconductors which undergo a variety of processes that add
logic components to the surface that are ultimately wired together to create an integrated circuit
(IC). The shape, size, and orientation of the IC components are dependent on design parameters
(i.e. material, deposition, patterning) and device specifications (i.e. power, voltage, processing
speed). In general, the continued miniaturization of device designs and the further advancement of
device performance, for applications such as computer processors, are facilitated by the
progressive densification of chips with shrinking transistors. Notably, the number of transistors
required for new chips is said to have doubled every two years since the 1960s as a result of this
downsizing in component size'- 2. Specifically, the number of transistors on a standard Si chip has
increased from about 65,000 in 1975 to 50 billion on a 1in? chip in 2024°. This accelerated
phenomenon has been dubbed “Moore’s Law” as it was initially predicted by Gordon E. Moore,

the co-founder of Intel.



The single most important factor for the development of modern electronics was the
invention of the metal-oxide—semiconductor field-effect transistor (MOSFET) by Mohamed M.
Atalla and Dawon Kahn in 1959. The primary components of a MOSFET consist of a gate, a
source, and a drain which are all connected with a Si channel. The gate controls the charge that
runs through the channel from the source to the drain when the transistor is powered on. When
multiple MOSFETs are laid on a chip, they can be turned on and off in different series enabling
computation on a mechanical system. The densification of chips relies on the downsizing of
lithographically printed surface features that make up a transistor. The size of the smallest feature
in a transistor is often referred to as the critical dimension (CD) and for MOSFETs usually pertains
to the gate. The volume manufacturing of MOSFETs reached a CD of 32 nm around 2009*.
However, as development of sub-90 nm transistors progressed, the chips that were researched
began to suffer from both confinement effects and thermal management breakdown® ®. These
errors are enhanced at sub-32 nm dimensions because the size of the charge depletion zone on the
drain side of the transistor is similar to that of the conducting channel, which results in the drain
bias influencing charge injection across the gate and subsequent drain-induced barrier lowering
(DIBL). Thus, electron movement in an ultrashort channel deviates from established long channel
behavior. These deviations are known as short-channel effects and can result in the uncontrolled
enhancement of a local electric field which leads to current leakage and even junction damage’.
These ICs are also known to overheat due to the proximity of one ultrathin and long interconnect
to another. Consequently, it has become increasingly challenging for MOSFET technology to
maintain Moore’s law in a manufacturing setting®.

In addition to these problems associated with 2D downscaling, according to the

Semiconductor Industry Association (SIA), the total consumption of electricity by electronic



devices will surpass global energy production by 2040° unless radical changes are made in the
efficiency, design, and manufacturing of electronic device components. These current trends can
only be counteracted by inventing new device architectures that are more efficient and improve
chip performance through hierarchical designs, or so-called “More-than-Moore” (MtM) designs,
rather than relying on unsustainable planar scaling. For example, with regard to chip structures,
MtM designs aim to replace traditional 2D planar gates with stacked architectures such as Fin
Field-Effect Transistors (FinFETs) and 3D Gate-All-Around (GAA) transistors as shown in Figure

1.1.
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Figure 1.1 Evolution of FET design from planar structure to structures that can be stacked
vertically such as FinFETs and GAA FETs.

These architectures consist of fins with multiple vertical conducting channels that facilitate the
negation of short-channel effects and enables chip operation at lower voltage and leakage!?. These

fins now constitute the CD of a transistor and when paired with channels can be stacked upon each



other in multilayers enabling upscaling in the vertical dimension'! and further densifying chips,
pushing Moore’s law even further. Since 2009, FinFET and GAA designs have enabled volume
manufacturing of 13 nm node chips. Current chip development platforms are able to fabricate
transistors at the 8 nm technology node. At these dimensions, chipmakers will be able achieve

transistor densities nearly three times higher than 32 nm node MOSFETs can offer!2,

1.2 Capabilities and Limitations of Top-Down Processing
1.2.1 Top-Down Processing

To keep pace with this trend in shrinking ICs, semiconductor manufacturing has long relied
on parallel thin film deposition, patterning, and etching methods (Figure 1.2) that are said to
remove surface material from a “top-down” perspective to fabricate geometric features. These
surface features are in-turn converted into (or facilitate) the addition of IC components. These
“pattern and subtract” micromachining techniques can include the application of gas phase,
solution phase, or plasma-based etching, and light-based exposure that extends down to extreme

ultraviolet (EUV) wavelengths.

Deposition Lithography Etching Cleaning
» Metal Thin Film » Pattern Resist » Etch Metal Film » Dissolve Resist
» Organic Resist Layer » Metal Structures

Figure 1.2 Schematic of conventional “top-down” method involving; sputtering of metal layer and
deposition of a masking resist, lithographically removing portions of the resist layer to form a
pattern, etching away the unmasked metal layer, and cleaning off the remaining resist to reveal
the patterned metal features underneath.

An apt analogy for “top-down” processing would pertain to a sculptor carving out a statue from a

featureless block of marble. The inherent nature of this “sculpting” requires that most of the



materials used to construct a semiconductor-based device such as; photoresists, developers, resist
removers, and etched semiconducting material, are disposed of or need to be recycled using
complex reclamation processes. Additionally, the energy required for the “top-down” manufacture
of certain devices such as Si-based optoelectronics or sensors often exceeds their total electricity
consumption during a typical 5-year lifespan'®. Nevertheless, these same “top-down” techniques
have demonstrated unparalleled success with respect to the mass production of ICs. Here, we will
briefly survey the current capabilities and limitations of various lithographic and etching

techniques often integrated into “top-down” manufacturing process flows.

1.2.2 Photolithography

The most common “top-down” approaches to semiconductor device fabrication involve
optical lithographic techniques which consist of using short-wavelength optical sources,
photomasks, and corresponding resist materials. In general, photolithography utilizes surface
masking to partially block photosensitive resist films which are designed to either polymerize or
depolymerize upon light exposure. For example, with positive resists, the irradiated regions
become more soluble and are subsequently removed with the use of a caustic developer that
translates the mask’s pattern onto the substrate surface. Alternatively, with negative resists, the
resist will polymerize under light exposure resulting in patterns which are the reverse of those from
the photomask. After developing these photoresist films, the patterns can be further translated to
the substrate interface by wet or dry etching.

In the micro- and nano- electronics industry, optical lithography has been scaled up both
effectively and efficiently such that a large amount of chips can be manufactured at one time.
However, it is estimated that at least a third of the manufacturing cost of a chip stems from

lithography!#. For example, the photosensitive polymers and photomasks that are often necessary



to the process are costly. Furthermore, these methods struggle to accommodate patterning of
complex surfaces such as non-planar interfaces. Lastly, lithography is the primary technical limiter
in both the further 2D and 3D densification of chips. Thus, these techniques represent a key area
for optimization.

Conventional photolithography uses light (typically 350-480 nm) and a photomask to
pattern photosensitive resist layers deposited onto inorganic substrates'>. The resolution of the
resulting features is predominantly limited by the light wavelength and diffraction effects. The CD

resolution of any given photolithographic process can be determined using the Rayleigh equation:

A
CD Resolution = Kk — Eq11
esolution = Ky 7 (Eq 1.1)

where, K, is a process-related constant, A is the projection wavelength, and NA is the numerical
aperture of the imaging system lens. Thus, by either reducing A or increasing NA can the
lithographic feature resolution be enhanced (lower CD gives higher resolution). So-called deep
UV (DUV) lithography techniques have been developed which utilize shorter wavelength light
(193-250 nm), often from excimer lasers, to downsize feature CD past 40 nm'® 7. However, light
diffraction around the photomask can be observed at these wavelengths, sometimes reducing the
edge resolution of features!®. The furthest extent that DUV has been realized is with EUV
photolithography, which utilizes ultrashort wavelength light (13.5 nm) to pattern down to sub-10
nm CD resolution onto surfaces such as ICs'>2!. However, the equipment required to generate
EUV exposures such as a synchrotron light source are extremely large, expensive, and require
ultra-high vacuum (UHV) environments!2. Current industrial processes utilize DUV equipment to
manufacturer processers with CD’s down to 14 nm* 2, However, to realize reliable ICs on the sub-
10 nm node, EUV must be used and therefore should be made more cost practical for wider

implementation in manufacturing environments.



In addition to parallel patterning, other serial writing lithographic methods can be used to
assist or even augment photolithography. One such technique is electron beam lithography (EBL)
which patterns a surface using a beam of electrons capable of writing intricate arrangements into
a resist with sub-10 nm resolution??. The working principle of EBL is a combination of scanning
electron microscopy (SEM) and photolithography. The exposure beam interacts with an electron
sensitive surface to selectively modify the solubility of certain regions by adjusting the energy
output of the beam. After writing a pattern into the resist, features can be translated down to the
sample surface via etching or lift-off of the negative resist. Polymethylmethacrylate (PMMA) and
other methacrylates are widely used resists in EBL that can act as either positive or negative resists
depending on the beam dose?’. Contrary to photolithography, EBL pattern resolution is not limited
by exposure wavelength (since the wavelength of electrons is exceedingly small) but is instead
constrained by the lateral size of the exposure beam and the resolution of the resist molecules, both
of which allow for much room for optimization. This technique does not rely on masking and is in
fact the primary means for which photomasks are fabricated. Focused ion beam (FIB) lithography
is an iteration of EBL that emits heavier ions, typically Ga, to prevent backscattering that is
sometimes observed in EBL where scattered electrons interact with unexposed areas. EBL and FIB
are reliable tools for high resolution patterning in laboratory-scale “top-down” nanofabrication.
However, due to the serial writing nature of these techniques, the overall throughput is exceedingly
low. Whereas photolithography can pattern whole wafers within a few minutes, it can take up to a
day to process a 1 cm? region with EBL?*. Furthermore, in addition to backscattering, these
methods also experience perturbations within the exposure beam due to common background
noise, resulting in edge pattern defects. Due to these limitations, EBL and FIB are not used as

parallel patterning techniques in semiconductor manufacturing. Instead, they are primarily



employed as a prototyping tool for research and development, but can also be used to assist larger

photolithographic processes (i.e. fabricating photomasks).

1.2.3 Continuous Etching

Most “top-down” patterning techniques rely on continuous etching methods to facilitate
the translation of patterned features to a substrate surface. This is accomplished either through the
direct etching of resists or removal of bulk material from the substrate. This can be carried out
using either dry or wet etching. Typically, wet etching involves substrate immersion into a reactive
solution which dissociates and degrades unwanted regions of a surface's layer while leaving others
intact. Common wet etchants include hydrofluoric acid (HF) (often mixed with a buffer),
potassium hydroxide (KOH), mixtures of sulfuric acid and hydrogen peroxide (i.e. Nano-Strip or
Piranha), and phosphoric acid. HF etching is an effective remover of both SiO; and some
photoresists that doesn’t stain or contaminate Si. Although it requires robust safety protocols, it is
used throughout the semiconductor industry for wafer cleaning and for surface roughness
mitigation. KOH etching is used to directly remove Si atoms and form surface cavities on a wafer,
However, it is not compatible with removing most photoresists and the etch rate is often controlled
by adding corrosive alkaline compounds to the etchant solution which require extra safety
measures while handling. Nano-Strip or Piranha etching will remove most organics from Si
including photoresists. But because these mixtures are strong oxidizers they are again dangerous
to handle. They will also sometimes produce toxic off-gases when interacting with organics.
Phosphoric acid is an effective remover of photoresists when paired with a silicon nitride (SiN)
mask. However, sometimes undercut etching beneath the SiN mask is observed if conditions aren’t
closely monitored. Overall, these wet etching methods are often challenging to integrate into

semiconductor device fabrication schemes as they require processing outside the primary



manufacturing environment (i.e. outside deposition and lithographic chambers). Thus, industry
often turns to dryer methods for surface material removal.

Dry etching refers to methods which remove surface layers using surface reactive gases
and/or various iterations of ion-beam or plasma-beam surface bombardment. For example, in
reactive ion etching (RIE) a plasma source emits high-energy ions in vacuum that bombard and
react with a substrate to dissociate surface atoms. A negative resist can first be selectively deposited
to a surface to direct the etching chemistry. An advantage of RIE over other surface etching
methods is that this technique facilitates highly preferential anisotropic etching in a controlled
direction. Although traditional RIE techniques are limited to moderate etch depths (e.g., a few
microns) and arbitrary patterns, there are newer methods such as inductively coupled plasma (ICP)
RIE which facilitates much deeper etch depths with higher control and aspect ratios®. However,
these processes require substantial amounts of energy, most of which must be absorbed as heat by
advanced cooling systems. Additionally, since the removal mechanism is dependent on the
delivery of species emitted from a plasma source that establishes an interfacial gradient of material
etching, these processes are both transport-limited and may result in uneven layers if not properly
tuned due to the mixture of different plasma species emitted at similar energies?. Tuning the
process conditions to isolate desired plasma species for anisotropic etching is not trivial. Others
have explored vapor phase etching of SiO; with HF/H>O mixtures, where H>O particles adsorb
onto the Si surface and weaken Si-O bonds which then allows the HF to attack the SiO moiety?’.
This method can only be facilitated in a tightly controlled environment and requires robust safety

controls.



10

1.3 Capabilities and Limitations of Bottom-Up Processing
1.3.1 Bottom-Up Processing

Although many of the aforementioned lithographic and etching techniques demonstrate
high resolution at the nanoscale, they all have inherent limitations and exhibit some combination
of material-intensive, energy-intensive, or low-throughput characteristics. Additionally, the multi-
stack architectures of FinFETs and GAA FETs are very difficult for most “top-down” techniques

to realize at sub-32 nm dimensions without edge placement errors (EPEs), described in Figure 1.3.

Top-Down Fabrication

EPE EPE

Bottom-Up Fabrication

Self-Aligned Growth

Figure 1.3 lllustration of how EPEs form using conventional “top-down” patterning techniques
and how selective “bottom-up” feature growth avoids these same errors. These errors occur
when there is imprecise alignment of a photoresist or mask which leads to overlap of the
deposited feature onto undesired surface domains. EPEs may also occur due to imperfect
subtractive steps such as chemical etching necessary to translate patterns to a surface?®. Whereas
“bottom-up” fabrication enables self-aligned feature growth by leveraging the inherent chemistry
of materials.
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Photolithography is not very suitable for the fabrication of 3D architectures because it is inherently
a 2D pattern translation method from a mask to a planar surface, and it also suffers from
wavelength and/or cost (in the case of EUV lithography) limitations. A fundamental flaw of most
“top-down” schemes is that it emphasizes mechanical/optical processing instead of leveraging
differences in chemical behavior between surface species. When tailored properly, these systems
of self-limiting surface reactions can result in both self-aligned feature growth that avoids EPEs
and a favorable shift in thermodynamic profile that will alleviate high energy requirements. Instead
of patterning and then removing material, this contrasting form of deposition begins at the surface
and grows vertically in a layer-by-layer fashion via reaction from the “bottom-up”. An example of

such a process is shown in Figure 1.4.

) i LY

Deposition of Block Copolymer Self-Assembly of Materials Selective Etching of One Component

Figure 1.4 Schematic of an inherently “bottom-up” fabrication method that relies on a block
copolymer system that self-assembles on a chemically tuned surface and enables subsequent
feature formation upon a chemically selective etch. Although promising, “bottom-up” Block
Copolymer deposition has encountered many difficulties due to structure disordering at surface
defects?® 30,

Stacking stone blocks in a patterned fashion to create a castle would be an example of a “bottom-
up” process. Whereas, “top-down” processing largely centers on removing bulk material or resist
fragments from a surface, “bottom-up” processing starts at a substrate surface and relies on
stacking clusters of atoms and molecules. Theoretically, the resolution of these techniques will
only be limited by the size of the molecules or atoms used in the chemical system. This shift in

design philosophy was epitomized by Gordon E. Moore in a 2005 interview where he said “...the
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fact that materials are made of atoms is the fundamental limitation [for transistor downscaling]
and it's not that far away.”’! It is expected that by 2028 researchers will have established reliable
transistors with CD’s on the scale of 3—4 atoms of Si'2. Thus, the nanofabrication industry is now
focused on the shift from 2D planar chips to 3D multistack chips that are predominantly accessible
via “bottom-up” device processes that rely on mono-atomic and mono-molecular deposition,
etching and patterning steps to build and assemble device components in an additive manner

though precise and self-aligned surface chemical reactions.

1.3.2 Deposition

The proliferation of these 3D hierarchical designs has relied on selective and high
conformality thin film deposition methods that proceed at lower processing temperatures (<450
°C) overtop prepatterned templates. The three most widely used thin film growth processes are
physical vapor deposition (PVD), chemical vapor deposition (CVD), and plasma-assisted CVD.
Whereas both PVD and CVD can generate uniform films with decent control on thickness?® 32, the
process temperatures required can be higher than what the thermal budget will allow for a given
semiconductor application. PVD especially requires a significant amount of energy in the form of
heat for conformal growth. Alternatively, plasma-assisted CVD operates at lower temperature
regimes that are more typical for semiconductor manufacturing®®. However, during this process
reactive radicals and ions are sometimes generated from the plasma which promote non-conformal
film growth at the surface®*, an example of which is shown in Figure 1.6. This phenomenon is
hard to control and complicates the integration of plasma-assisted CVD processes into nanoscale
processing. Additionally, CVD cannot be used to deposit metal films. In light of these limitations,

for the last two decades device manufacturers have begun to transition away from PVD and CVD
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to atomic layer deposition (ALD), which has widely demonstrated the ability to grow uniform
films with superb thickness control at relatively lower process temperatures.

Atomic layer deposition (ALD) was originally known as an advanced coating technique
that deposited homogenous films with great uniformity and thickness control. However, it has now
been extended to non-coating applications such as semiconductor multi-patterning and is
increasingly becoming incorporated into the micro- and nano-electronics industry. It shares many
similarities with CVD but is unique in its deposition mechanism which is driven by substrate
exposure to alternating pulses of precursor molecules delineated with purges of inert gas, as shown

in Figure 1.5.

@®@OH R A(CH); #CH, @ H,0 ? ALO,

Figure 1.5 Schematic of standard cycle for Al,O3 ALD: (A) The first stage involves the initial
physisorption and subsequent chemisorption of the film precursor molecule onto a reactive
substrate. (B) While this precursor diffuses and organizes onto the substrate surface, there is
dissociation and transfer of ligands between the precursor and surface material, followed by a
purge of these dissociated fragments, byproducts, and of excess precursor molecules. (C) The
second reaction stage entails the dosing of the sample surface with a coreactant molecule. For
example, in the deposition of many metal oxide films, water is used as the coreactant to facilitate
hydrolysis of the surface grafted precursor moieties bearing the metallic atoms (i.e. Al, Ti, Hf).

Under ideal processing conditions, each stage of precursor exposure should be surface reaction

limited even in the presence of excess precursor, owing to the finite number of surface reaction
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sites. This results in self-limiting growth that in turn enables the generation of highly conformal
films. However, under non-ideal conditions, what instead will occur are near-simultaneous ALD
and non-ALD surface reactions that may result in surface decomposition and impurity
incorporation. Thus, identifying a window of favorable thermodynamics and kinetics for each
precursor step is vital for preventing non-ALD surface reactions and enhancing the deposition rates
of the desired ALD film. Because the mechanism of ALD is dependent on single layers of
molecules, this technique is capable of growing ultra-thin films with excellent control. Owing to
this excellent thickness control, the high-quality films that are generated, and the potential for high
volume processing, ALD is fast becoming one of the more effective and efficient thin film

deposition methods in semiconductor device manufacturing.

3D Architecture

Insulation Deposition

ﬁ

Thermal CVD Plasma CVD ALD

& Y

Figure 1.6 Comparison of CVD and ALD methods for coating of 3D chip structures. Thermal CVD
(at semiconductor processing temperatures) results in nonuniform feature coverage, plasma CVD
enables uniform coverage but variable film composition and properties, and ALD results in
uniform film coverage, composition, and properties.
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In the mid 2000s, ALD played an important role in volume manufacturing process flows
as a cost-efficient and effective method to deposit high-x gate dielectric layers for 45 nm node
MOSFETs*. From there researchers increasingly looked to implement ALD to construct/form
gates, insulators and interconnections for ICs. However, it was with the advent of 3D FinFET
design that the true potential of ALD in semiconductor processing was fully realized, due to the
highly controlled and vertical nature of its deposition mechanism. In a 2021 presentation, when
discussing the future direction of transistor design, the CTO of ASM International Ivo J.
Raaijmakers said, “...almost everything is going to 3D to enable scaling. We see a lot more thin
films, complex stacks and more complex materials, and that requires more ALD.”®, Intel utilizes
ALD to form the AlOs gates for their 22 nm CD FinFETs and both Taiwan Semiconductor
Manufacturing Company (TSMC) and Samsung are currently using ALD in the development of
their 3 nm node GAA FETs?’. Specifically, ALD is being used to interconnect GAA FETs and also
deposit Si0O; films between layers of the chip as an insulator to prevent current leakage. ALD will
be essential to the further stacking of FinFETs and GAA FETs and the future development of GAA

technologies.

1.3.3 Area-Selective Deposition

The rate of layer-by-layer deposition for ALD is primarily dependent on the chemical
terminations of the receiver substrate, and thus reactivity, of specific surface domains.
Consequently, there is an impetus to develop complementary molecule resists that, when applied
to a homogeneous growth-promoting surface, both shield desired non-deposition areas from ALD
chemistry while simultaneously permitting area-selective ALD (AS-ALD) growth on the

surrounding intended deposition interfaces, as shown in Figure 1.7. Thus, the difference in film
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growth on the growth and nongrowth surfaces (GS and NGS) will determine the resolution of the

deposited patterned film.

ALD Film

deposited on GS
Inhibitor Layer \L

CVD of ALD

Inhibitor Growth
-
Inhibitor
Molecule

A. B. C

ALD Reagents

Figure 1.7 Schematic of theoretical AS-ALD process®® showing; (A) a pre-patterned GS and NGS
substrate that is (B) selectively modified with an inhibitor molecule reactive with the NGS, thus
(C) promoting adsorption and reaction of the ALD film precursors on the GS region, resulting in
selective film growth.

This process of localized ALD circumvents many of the more potentially harmful subtractive steps
employed in photolithography*>-#4. The selective growth mechanism of AS-ALD is primarily
dependent on the application of these ALD resist (or inhibitor) molecules. Although the initial
reactivity of the ALD resist with the film precursor chemistry should be low, Figure 1.8
demonstrates that continued accumulation and nucleation of the precursor molecules atop and
within defects of the resist layer, after every ALD cycle, will eventually result in film growth on
the NGS. This effect can be mitigated by carrying out plasma-assisted atomic layer etching (ALE)
on the NGS, where alternating pulses of an etchant gas (reactive with the NGS) and low energy
inert ions work together to remove the reacted etchant/NGS interface in a layer-by-layer fashion

until the original NGS is renewed.



17

Initial Nucleation Partial adsorption  Continuous ALD
Inhibitor La)’er of ALD Precursor of ALD Precursor F|Im Generated

Early ALD ALD
Cycles G rowth
ALD Reagents ALD Reagents

Loss of NGS Selectivity

Continuous ALD
Film Generated

Inhibitor GS and NGS

_ Redeposition Etchback
<

D.

Figure 1.8 Schematic of AS-ALD “Super-Cycle”: (A) Prepatterned AS-ALD template post-selective
CVD of inhibitor onto NGS. (B) GS interface undergoes nonuniform film growth during first 1-3
cycles. (C) With more cycles a continuous ALD film is generated on GS and there is partial
adsorption and nucleation of ALD chemistry atop NGS and within defects in the inhibitor layers.
(D) This results in the eventual loss of NGS selectivity and continuous ALD film generation across
entire substrate. (E) The ALD process is then paused to allow for etchback of the ALD film on both
GS and NGS until original NGS is reestablished. (F) Lastly, the ALD inhibitor molecule is reapplied
to the NGS and ALD can start again.

In the last five years there has been significant movement in the integration of ALD with ALE to
construct a single AS-ALD “super cycle” process that is able to regenerate a NGS after it loses its
inhibiting ability, overall improving the AS-ALD growth selectivity. AS-ALD exhibits many
advantages over other thin film deposition methods. For instance, by relying on a predefined
substrate template, film growth is naturally self-aligning and precludes additional lithographic
processing during deposition. Additionally, it can achieve nanoscale resolution while also
alleviating the higher energy processing conditions of CVD and PVD. Consequently, AS-ALD has
become a viable platform for enabling selective deposition, etching, and patterning in parallel
processing flows.

Early AS-ALD resists included polymeric* and inorganic*® thin films that were
predominantly deposited though various iterations of photolithography or stenciling. As discussed,

these techniques can significantly increase both the energy and material cost of a process.
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Alternative approaches to resist deposition rely on so-called self-assembled monolayers (SAMs)*’
that chemically adsorb and assemble onto a surface. These molecules consist of a head group that
is reactive to the surface and a tail group that renders the underlying substrate inert towards the
ALD chemistry. SAMs have been widely validated as effective inhibitor molecules for AS-ALD**
48,49 For example, alkylsilanes and alkylphosphonic acids have been shown to react with metal
oxide substrates to form dense monolayers of alkyl groups that in turn inhibit metal oxide ALD**
50,51 "Studies also show that longer chain SAMs inhibit ALD precursor molecules more effectively
than shorter ones due to their denser packing and bulkier sterics. However, these longer molecules
(~2-3 nm) also adsorb more freely around and onto GSs and are therefore detrimental to
nanometer-scale patterning due to EPEs. This is observed with octadecyl-trichlorosilane (ODTS)
whose long aliphatic structure has been shown to cause edge defects in AS-ALD patterns below
50 nm>!. Although SAMs don’t require costly lithographic steps for application, issues still arise
when considering that they are mainly distributed in the solution phase which is incompatible with
vacuum-based processes such as ALD. Furthermore, the assembly of many SAMs is altered near
or on surface defects, resulting in surface domains that may remain reactive with what is intended
to be inhibited> 3. Alternatively, the use of lighter, small-molecule inhibitors (SMIs) yields better
results as ALD blockers. As evidenced by their name, SMIs are smaller than SAMs and they do
not self-assemble. However, they are structured similarly, consisting of a headgroup reactive to
some surfaces and a tail bearing inert/blocking functional groups. Unlike SAMs, SMIs are able to
fully adsorb onto complex surfaces, enable much smaller feature deposition dimensions, and can
be deposited using vapor chemistry compatible with vacuum deposition systems>*. A large pool of
SMIs have been studied to assess their potential for nanopatterning, for example, acetylacetone

(Hacac), propargylamine, and aniline have all demonstrated good blocking ability in AS-ALD
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schemes 3%-42-48,55-38 Researchers will continue to investigate SAMs and SMIs candidates for their
inhibiting properties as they have displayed great potential for integration into AS-ALD schemes.

Like ALD, the technique of ALE has been around for decades, but only in the last 10 years
has there been a renewed interest in the process as a potential alternative to continuous etching
techniques for AS-ALD schemes. As has already been mentioned, an effective AS-ALD process
must rely on ALE reactions capable of regenerating the inhibiting characteristic of a NGS after it
has been rendered noneffective due to interfacial adsorption, accumulation, and nucleation of the
ALD chemistry. To accomplish this the technique utilizes sequential self-limiting reactions, like in
ALD, where the first step involves forming a reactive overlayer with a surface that is easier to
remove than the underling species, and then the removal of the entire overlayer by a second
species, thus reestablishing the surface to its original state. A typical ALE process is presented in

Figure 1.9.

®Si @ Cl: @ A+

A. Si Surface B. Cl2 Dose C. Chlorinated Si D. lon Bombardment E. Etched Si

Figure 1.9 Schematic of ALE of Si layer: (A) A Si substrate is (B) exposed to Cl; gas which reacts
with the substrate surface to form a (C) more easily dissociated chlorinated surface that is then
(D) bombarded with high-energy Ar* ions to remove the Cl overlayer and the (E) top surface layer
of Si.

ALE precursors are usually delivered via vapor phase or plasma-based chemistry. Unlike in
continuous etching processes like RIE, ALE relies on intervals of clearly defined self-limiting

reactions which don’t suffer from transport issues associated with the unlimited flux of different
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species from a plasma source. Thus, all interactions between the etching species and the layer to
be etched are able to complete until more species are introduced, whereas in RIE there is no self-
limitation and removal is based local species fluxes that can form thick and uneven etching
interfaces. Examples of ALE include the removal of metal oxides from Si using alternating doses

of anhydrous HF and metal oxide precursors to remove Al2O3 and SiO»>% €0,

1.3.4 Bottom-Up Lithography

In addition to resist engineering and regeneration, another integral aspect of AS-ALD
which still requires further optimization are the methods that are used to fabricate the pre-defined
substrate templates that serve as the platform for selective film growth. These pre-defined
templates are usually prepared using photolithography or RIE, although no universal method has
yet to be established. The integration of these “top-down” lithographic techniques with vacuum-
based ALD systems is not easy and resolution issues at a sub-14 nm level will be encountered.
Thus, it may prove more practical and efficient to employ various “bottom-up” approaches to
micropatterning AS-ALD templates instead.

Soft lithography, specifically microcontact printing (WCP), can be referred to as an early

mode of “bottom-up” patterning®!-¢4

. This relatively fast and inexpensive method to patterning is
carried out using shape-memory, elastomeric stamps (e.g., polydimethylsiloxane (PDMS) or
polyurethane acrylate (PUA)) and primarily involves adding material to a surface instead of

removing. A standard route for surface feature generation via a transfer printing process is shown

in Figure 1.10.
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Figure 1.10 Transfer printing process where a stamp is cast onto a master mold and cured into a
negative replica. This stamp is then inked with a molecule and put into conformal contact with a
chemically receptive receiver substrate, resulting in the transfer of the master pattern onto the
receiver substrate. The transferred molecular ink can be used as an etching mask (as in this
example) or can be an active component thus chemically attached to the receiver substrate.

Although conventional pCP yields feature resolution on the order of microns, it can be further
reduced by using heavy molecular inks such as alkanethiols®> or dendrimeric polymers®® which
reduce the degree of ink diffusion within the stamp’s pattern. This method has been utilized to
pattern components for LED devices with sub-50 nm edge resolution®’. This diffusionless mode
of contact printing®® has also been shown to pattern monomolecular layers of organic molecules
that can possibly be used as ALD resists or ultra-shallow dopant layer precursors. Lastly, transfer
printing can also be employed to selectively remove molecules from a surface using chemical “lift-
off” lithography (CLL) that has generated features with down to 50 nm resolution® 7°. These
scalable and versatile additive (or in some cases subtractive) printing techniques broadly benefit
the nanomanufacturing capability of high-resolution displays, sensors, and optoelectronic devices.

Like contact printing, different iterations of scanning-probe lithography (SPL) have also
demonstrated potential as effective patterning techniques for “bottom-up” processing. SPL relies

on acute probe tips, with radii <10 nm, to write nanoscale patterns onto hard surfaces. The most
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common SPL approach is dip-pen nanolithography (DPN) where a molecular ink is coated onto
the end of an atomic force microscope (AFM) probe, or “pen”, and deposited onto a substrate
surface through the meniscus that is generated between the probe and the substrate upon close
contact. Since it is carried out under ambient conditions, DPN is widely used to template various
materials such as polymers’!, nanoparticles’?, and biomolecules®’. It is also compatible with many
substrate materials including semiconductors, metals, and insulators. Potential limitations of this
technique include ink diffusion at the tip/substrate interface’ 74, and low-throughput. DPN
patterning output has been increased by using large arrays of tips (>50 tips)’°, however, even these
systems struggle to facilitate large area patterning of complex surfaces’® and are more expensive’’.
Additionally, there is no example in literature of DPN being utilized to pattern substrates intended
for AS-ALD.

Another patterning method which demonstrates high precision in both the vertical and
lateral directions is hydrogen de-passivation lithography (HDL). This technique is based on
scanning tunneling microscope (STM) where the tunneling current between the STM tip and a
conductive substrate is used to selectively and homolytically cleave resist atoms (usually H) and
results in lithographically defined surface features. This process has been used to place dopant
atoms on a Si surface with atomic precision’® 7 and create p-n junctions®®. However, the chemical
bond breaking process by which patterns are written has only been shown to work on Si, Ge, and
diamond surfaces®!. Moreover, the atomically flat interfaces required for HDL are vastly different
from those used in traditional semiconductor processing, where wet chemical preparation methods
lead to relatively rough starting surfaces. This is also a serial write process, which necessarily
results in far lower throughput than other parallel lithography processes. Furthermore, this process

requires energy-intensive processing to control the cryogenic and UHV conditions required to
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maintain the highly reactive nature of the dangling bonds that are uncovered on a surface during
the patterning process.

Due to its capability of atomic-scale patterning, the ideal lithographic method for AS-ALD
templating would be HDL. When combined with AS-ALD, this process has the potential to achieve
truly atomically precise devices in both lateral and vertical dimensions. HDL defined surfaces have
already been shown to be compatible with AS-ALD techniques to grow patterned TiO; thin films®2.
In this instance, HDL was used to generate a line pattern of reactive dangling bonds from a
continuous H-terminated Si surface. This line pattern of unsatisfied bonds was then
instantaneously saturated with a direct flux of O, as shown in Figure 1.11, and subsequently
reactive for ALD of an oxide material. Meanwhile, the surrounding undissociated H resist
remained intact for a limited period of time while the ALD film was deposited onto the line
pattern®3. Although these preliminary results demonstrate the great potential for HDL integration
into AS-ALD schemes, the challenge becomes how to improve the throughput of the patterning
technique and make it applicable to a wider range of substrates to be patterned and materials to be
deposited. For example, due to the extremely precise nature of HDL, it is not practical to use this
method with many of the large hydrocarbon molecules that make up conventional resists. Instead,
HDL should be paired with SMIs or even single atomic species such as -H or -Cl surface
terminations. Because this high precision patterning process is only feasible with the correct
combinations of resist, deposited material and substrate, alternative methods to patterning ALD

resists must still be explored.
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Figure 1.11 lllustration comparing HDL and pulsed laser patterning of H-terminated Si. (A) In HDL
a STM tip removes small clusters of hydrogen atoms, thus exposing reactive Si radical sites, and
allowing subsequent oxidation in a selective manner. (B) Pulsed laser-assisted oxidation method
where Si-H surface bonds are excited under low vacuum and room temperature conditions.

Figure 1.11 shows that one such alternative to HDL may be ultrashort pulsed laser
patterning. Whereas HDL initiates patterning using a flux of electrons from a STM tip to cleave
surface bonds, it might also be possible to achieve a similar transition-state-induced effect by
delivering a high photon flux just within a shallow adsorption depth beneath a surface, without
dissipating a significant amount of heat into the bulk substrate. Such laser-initiated chemical
activation of atomic or small molecule films can promote a variety of surface reactions if the gas-
phase environment around the substrate has specific chemical reactivity. There are several
advantages of using photons to initiate chemical modifications of the semiconductor interfaces.
Like HDL, this technique would not be limited to specific atoms or molecules and activation can
be achieved via controlling the laser parameters (wavelength, pulse duration, pulse energy). In

addition, pulsed laser surface processing can be performed in parallel (unlike STM) on the entire
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substrate. This increase in throughput would result in a significant decrease in processing time and
energy consumption relative to STM-based patterning. Moreover, laser activation can be used on
non-ideal interfaces, which are incompatible with the STM probes used in HDL. Pulsed laser-
assisted ionization of organic molecules is a well-known phenomenon that is used in various
analytical techniques, and when combined with photomask patterning, can achieve the same
resolution as current state-of-the-art photolithographic processing®*-%, if the thermal diffusion is
limited. Additionally, scanning laser systems are also scalable for conventional wafer-size
substrates®”> 8 and can potentially be implemented into vacuum-based processes like ALD,
enabling in-situ patterning of various substrate/resist combinations. The development of such a
technique as shown in Figure 1.12 should focus on universal, nanosecond and picosecond pulsed
laser-promoted patterning of SMI and atomic ALD resists and the integration of the technique into

diverse manufacturing development environments.
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Figure 1.12 Two potential routes to a unified “bottom-up” approach to surface feature
fabrication. Starting with H-terminated Si, this material can either be (2) chlorinated or (1) put
directly under laser exposure. (1) Pulsed Laser radiation of either surface in mild vacuum will lead
to oxidation of the laser exposed surfaces, leading to a complementary resist system for (3) AS-
ALD, where film deposition should occur selectively on the laser-oxidized surface domains. Until
this point, this process represents an exclusively “bottom-up” method to surface feature
generation.



26

By fabricating templates using laser patterning that subsequently enables AS-ALD, this would
represent an exclusively “bottom-up” platform for 3D feature fabrication. Only when the ALD
template loses its selectivity would there have to be an etchback step that removes material (i.e.

undesired ALD film atop NGS).

1.4 Thesis Outline

Advanced “bottom-up” fabrication processes are fast becoming the most efficient means
to realizing the development of next-generation semiconductor devices which rely on 3D
architectures to increase processing speed with lower power consumption. To enable such
manufacturing, recently there has been an emphasis on finding universal and reliable techniques
for controlling and modifying chemical reactivity of atomic and small molecule films on
semiconductor materials. Through chemical modifications, these nanometer-scale systems can be
tailored to incorporate various active device components such as patterned ultra-shallow doping
layers®>2, chemo-selective resists for AS-ALD?® 3, and biological templates for sensors and
molecular arrays'® °+ 5. However, one of the major challenges of nanofabrication that precludes
widespread implementation of mono-atomic and mono-molecular platforms is the lack of unifying
conditions for controlling and activating chemical reactivity of these systems in a spatially resolved
manner, on a variety of different films and substrates. Thus, the guiding principle in this thesis
work was to investigate the compatibility of several surface patterning and thin film deposition
processes with various SMI and atomic layers that can be integrated into a primarily “bottom-up”
fabrication scheme.

In chapter 2, I will examine the wide difference in chemical properties between hydroxyl-
terminated silicon (OH-Si(100)), hydrogen-terminated silicon (H-Si(100)), and a SMI

perfluorinated Si surface and evaluate each of these resists as potential inhibitors to block the
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adsorption a common ALD precursors. This evaluation process will continue in chapter 3 where I
will investigate the ALD inhibiting ability of atomic halogen resists on Si(100). Chapter 4 will
explore the use of localized pulsed laser radiation as a “bottom-up” method to selectively oxidize
and pattern H-Si(100). Chapter 5 will explore the compatibility of pCP with a carbenylated SMI
for delivering patterned active components to a Si surface. Lastly, chapter 6 will look at the future
direction of this new laser patterning method and also examine the future prospects of integrating
the various ALD resists into a unified AS-ALD fabrication scheme. Overall, this work has the
potential to open-up new approaches for integration of laser-patterning, surface functionalization,

and AS-ALD, into current advanced semiconductor device manufacturing schemes.
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Chapter 2 Carbene-Derived Small Molecule Resists for AS-ALD

2.1 Chapter Structure

In this chapter various considerations for metal oxide ALD will be discussed. A baseline
for alumina (Al2O3) ALD on a standard OH-Si(100) GS and H-Si(100) NGS is also established.
These baselines, namely the inhibiting behavior of H-Si(100), will be evaluated against a bilayer
SMI resist system. This bilayer system consists of a succinimidyl-diazirine (NHS-diazirine)
sublayer covalently attached to a perfluorinated amine (PFA). XPS is used to verify the surface
functionalization of H-Si(100) with this resist system and its subsequent blocking ability against

the reagents used in AbO3; ALD.

2.2 Introduction

AS-ALD is a key technology for enabling atomically precise, self-aligned bottom-up

96.97_ photonic®® and quantum devices®. This method is

manufacturing of thin-film electronic
often suggested as a higher-resolution replacement for current “top-down” micromachining
techniques that can further advance the development of 3D ICs!%, AS-ALD relies on patterned
interfaces of GS and NGS which sequentially promote and block ALD reactions on the
corresponding domains.?% 3% 101.102 Growth selectivity is typically achieved by patterning ALD
resists that block deposition on the homogeneous growth-promoting interfaces.

Past studies have examined the effectiveness of ALD resists which focus on
functionalizing Si(100) interfaces.!%* 1% In the (100) orientation, the Si/SiO> interface state
density is generally lower than in the (110) and (111) planes, resulting in a lower density of
dangling bonds, higher carrier mobility, and better drive current for Si-based electronics.

Currently, hydrogen-terminated silicon (H-Si(100)) is employed as an effective NGS when

paired with hydroxylated silicon (OH-Si(100)) which acts as the GS. This basic complementary
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resist system is valued for its uniform composition and good growth/etch selectivity.>* 193

However, H-Si(100) is reactive and unstable in air, limiting its use to UHV environments and
hindering its application in commercial systems for “bottom-up” processing. Therefore,
alternatives to H-Si(100) that maintain its attractive physical and chemical properties, inhibit
partial oxidation, and improve ALD growth selectivity with OH-Si(100) are needed.

The objective of this study was to form a SMI resist system on Si(100) and evaluate its
ALD inhibiting ability as potential NGS candidate. The resist system consists of a primary
succinimidyl-diazirine (NHS-diazirine) layer subsequently bonded with a perfluorinated amine
(PFA). The attachment of NHS-diazirine to Si(100) relies on a unique carbene-based (i.e.
divalent carbons) mechanism, that when activated by UV-light, allows the molecule to insert
itself into X-H bonds. Previously, our group demonstrated the UV-activated insertion of carbene
groups into Si-H surface bonds*>4’. Carbenes can be generated from diazirines in either the
solution or vapor phase and require a lower activation energy compared to most other organic
radical-generating reactions**®. The NHS-diazirine sublayer is necessary for enabling the
attachment of PFA to Si(100). The bulky fluorinated terminal chain of the PFA molecule is
expected to be inert towards the ALD chemistry and provide robust shielding of any underlying

surface active sites for ALD.

2.3 Materials and Methods

All reagents and solvents were used as received without further purification. Solvents
were purchased from Sigma-Aldrich and filtered through a 0.2 um filter before use. The light
sensitive carbene precursor molecule 2,5-dioxopyrrolidin-1-yl 4-(3-(trifluoromethyl)-3H-
diazirin-3-yl) benzoate (NHS-Diazirine) was purchased from American Elements and stored in

dark environments. Its application was carried out under yellow light only. The perfluorinated
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amine used was 1H,1H-Perfluoropentylamine (PFA) and purchased from Sigma-Aldrich. P-
doped <100> silicon wafers were purchased from University Wafer, Boston, Massachusetts. XPS
spectra were recorded on a Kratos Axis Ultra XPS spectrometer equipped with a mono-Al x-ray
source at 200 W power and a pressure of 3.0x10® mbar. Survey scans were obtained between 0
and 1200 eV with a step size of 1 eV, a dwell time of 200 ms, and a pass energy of 140 eV
averaged over 2 scans. Core-level region scans were obtained at the corresponding binding
energy ranges with a step size of 0.1 eV, an average dwell time of 260 ms, and a passing energy
of 20 eV averaged over 10 scans. Data were processed using CasaXPS software and instrument-
specific atomic sensitivity factors (ASF). All C 1s peaks were calibrated to 284.7 eV and this
same binding energy shift was applied to all other spectra besides Si 2p to account for
adventitious carbon contamination. The quantitative accuracy of the atomic percentages
determined from XPS region spectra is approximately 90-95% of each peak area (0.05-0.10
At%)!%. Prior to analysis, samples were transported in petri dishes under Ar from the preparation
lab to the XPS. Ellipsometry was recorded using a J.A. Woollam M-2000 Ellipsometer whose

error is roughly + 0.5 nm under optimal testing.

2.3.1 Preparation of H-Terminated Silicon Surface

All glassware was washed with 1X Nano-Strip solution (a stabilized formulation of
sulfuric acid and hydrogen peroxide) followed by rinsing with water and isopropanol (IPA)
before being dried in an oven overnight at 130°C. A 4 cm? Si(100) substrates were soaked in
Nano-Strip at 75 °C for 15 min to produce OH-Si(100) surfaces. Following the oxidation, the
substrates were immersed in a 5% aqueous hydrofluoric acid (HF) solution for 6 min to

chemically etch away the native oxide layer and form hydrogen terminated silicon. The
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substrates were then quickly rinsed with water and isopropanol and dried under a filtered

nitrogen gas.

2.3.2 Insertion of Carbene into Si-H Surface Bonds and Self-Assembly of
Perfluorinated Amine

All glassware was washed with Nano-Strip solution (Cyantek) followed by rinsing with
water and TPA 99.5% before being dried in an oven overnight at 130 °C. A 4 cm? Si substrate was
soaked in Nano-Strip for 5 min and then submerged in 5% aqueous HF solution (9:1 vol%) for 6
minutes to chemically etch away the native oxide layer and form H-Si(100). The substrate was
then rinsed briefly with water and isopropanol and dried under nitrogen gas. The vapor-phase
deposition of the NHS-diazirine was carried out in a custom-built UV reactor. The H-Si(100)
substrate was placed 10 cm away from 7.5 mg of NHS-diazirine. Reactor was pumped down
(>200 mtorr) and heated to 89 °C. UV light was turned on and entered from the sides of the
vacuum chamber. After 90 min, the reactor was vented and allowed to cool. The newly NHS-
terminated surface (NHS-Si(100)) was removed and rinsed with isopropanol/ dichloromethane/
isopropanol, then dried under nitrogen gas. The NHS-Si(100) surfaces were then submerged in a
10mM solution of perfluorinated amine in isopropanol and 15 ul of triethylamine for 2 hours at
room temperature to form fluorinated Si (PFA-Si(100)). The surfaces were removed and rinsed

with isopropanol/water/isopropanol and dry under a stream of filtered nitrogen.

2.3.3 Atomic Layer Deposition of Al,O; thin film.

Deposition of Al2O3 thin films were carried out using a Cambridge Savannah 200 ALD
reactor. NHS-Si(100), PFA-Si(100), H-Si(100), and OH-Si(100) samples were taken from Ar
storage and placed in the reactor and heated to 130 °C. Al(CH3)3 (Hi-k grade, Air Products) and

H,O were flowed into the reactor for 0.03 and 0.05 s, respectively, using a 20 sccm nitrogen
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carrier gas. The reagent exposures were 6 X 107 torr-sec and 1X 1073 torr-sec during the
Al(CH3) and H>O pulses, respectively. The base pressure in the reactor between pulses was 0.3
mbar. A 20 s nitrogen purge followed each precursor pulse. On less otherwise stated, this process

was repeated for 20 cycles of deposition.

2.4 Results and Discussion
2.4.1 Defining ALD Process Parameters

Before conducting selectivity studies with ALD one must ensure that their base ALD
process conditions are adequate for uniform film growth. Each ALD cycle should more-or-less
produce the same equilibrium growth behavior within the deposition chamber for a given set of
process conditions. The primary kinetic parameters of ALD consist of; (1) process temperature
(i.e. heating of reactant lines, reactor vessel, sample), (2) partial pressure of ALD film precursor
(i.e. vapor pressure and carrier flow rate), (3) deposition time that allows for complete self-limiting
reactions, and (4) reactor purge time that delineates flux of ALD reagents.

Metal oxide ALD is primarily a thermally activated growth process. Thus, temperature is
the key parameter in controlling film growth. There must be adequate heating of the various ALD
components, namely the reactant source and carrier lines, reactor chamber, and deposition
substrate. The temperature of each of these parts will influence the growth per cycle (GPC) rate of
the ALD film. If the temperature conditions are too low at any of these parts, then slow reaction
kinetics may result in an incomplete and disordered monolayer. For example, if the temperature of
the carrier lines is too low, then the ALD reactants, which are introduced as a vapor from a
pressurized cylinder, may condense within the carrier lines and not reach the reactor. If the reactor
vessel or growth substrate aren’t adequately heated, then the reagents may condense and result in

non-ALD type deposition on the substrate. Alternatively, if the process temperature of any
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component is too high, then the reactant molecules may decompose during transport or
subsequently desorb from the substrate. Both potentially resulting in low GPC or non-ALD
substrate growth. Consequently, there exists a “temperature window” which promotes even
saturation of the ALD chemistry upon the desired growth substrate. This window is of course
specific to the ALD chemistry.

This work utilizes ALD chemistries which deposit alumina (Al2O3) thin films generated
from reactions between trimethylaluminum (TMA, AI(CH3)3) and H>O. Standard temperatures for
AlO3 thin film ALD range from 100-300°C#!: 43 101. 107108 (3]though newer studies are looking at
growth at <100 °C!%-!13), To find an operating temperature that fell within the “temperature
window” for ALD using our reactor, separate Al,O3 films were grown at 100°C, 130°C, 150°C,
and 200°C for 20 cycles. The resulting GPC rates as a function of ALD chamber temperature are

shown in Figure 2.1.
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Figure 2.1 ALD film growth per cycle change (film thickness calculated using Eq 2.2) with reactor

temperature.
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The decrease in GPC under 130°C is probably the result of the slower reaction rate. Full
thermal activation of the ALD reaction appears to be achieved when the reactor temperature is at
least 150°C. At this point, ALD growth becomes independent of reactor temperature as
approximately the same GPC is exhibited at both 150°C and 200°C. If the reactor temperature
continues to increase above 200°C, it is expected that the GPC will hover around 0.115 nm/cycle
and then eventually decrease due to decomposition. Overall, all the testing temperatures do appear
sufficient for overcoming the thermal activation barrier required for precursor transport and
grafting onto the growth substrate. In general, the lower the deposition temperature, the more
favorable the process is for electronic device manufacturing.

The partial pressure of the ALD film precursors must be high enough to ensure saturation
of the substrate growth surface. This is a function of both the vapor pressure of the precursor
molecule and its pulse duration in the reactor. Since the same precursor molecule is used, TMA,
the vapor pressure should be fixed at a given process temperature. Additionally, a constant N»
carrier gas flowrate of 20 sccm was used. Thus, the precursor pulse duration is the one parameter
that was more easily optimized. The pulse duration of the H>O co-reactant is also controlled. The
combination of both parameters and their effect on AlO3 growth at 130°C is shown in Table 2.1.

Table 2.1 Combination of TMA and H,O pulse durations and their effect on GPC.

TMA Precursor Pulse H>O Coreactant Pulse Duration (ms)
Duration (ms) 30 50
15 -- 0.04 nm/cycle
30 0.13 nm/cycle 0.09 nm/cycle
50 0.07 nm/cycle 0.10 nm/cycle

A GPC comparable to those observed in Figure 2.1 is not achieved when the TMA pulse
duration is below 30 ms and the water pulse duration is below 50 ms. This is most likely the result

of incomplete saturation of the growth substrate with the adsorbed TMA intermediates (Al(CHs)>
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and AICH3). When both molecules are pulsed in for 30 ms, the 0.13 nm/cycle is suggestive of some
degree of non-ALD growth. Perhaps the H>O pulse length requires a longer timescale to fully
saturate the adsorbed intermediate film on the substrate, and consequently the unhydrolyzed
intermediates promote a different form of deposition. The self-limiting nature of this reaction
should result in little change in GPC as a function of the H>O coreactant pulse time, as long as an
initial threshold of pulse duration is surpassed. Both TMA pulse durations at either 30 or 50 ms

produce standard GPCs (at 130°C) that are also observed in literature??: 108, 112, 114

when paired with
a 50 ms H2O coreactant pulse time. Because there is little change in GPC when increasing the
TMA pulse duration from 30 ms to 50 ms (relative to the change between 15 ms and 30 ms), it is
likely that full precursor saturation of the substrate active sites occurs within this range. Therefore,
any increase in TMA pulse length should theoretically only be in excess. However, it should be
noted that there are examples in literature when much longer TMA and water pulse durations (up
to 1 s) are used in Al,O3 ALD!®-!!1. 115 Evidently this may be caused by a wide variety of factors
including; component temperature, base reactor pressure, and/or carrier gas flowrate. In general,
longer precursor dosing is required for lower process temperatures (<115 °C) and carrier gas
flowrates (<20 sccm). The faster pulse lengths used in this work has the potential of reducing TMA
waste, however, there is a chance that a higher number of initial cycles is required to form a
complete monolayer. Overall, it is important that the surface reactions should be fast and
irreversible.

Lastly, reactor purge times between each pulse of reagent must be long enough to ensure
that any excess molecule that is not participating in the substrate surface reaction is removed. At

temperatures below 150°C both TMA and water molecules may remain physiosorbed on the

substrate surface or on the reactor interior'?!. Thus, longer purge times, typically four times the
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precursor pulse duration, are required so that desorption and purge take place. All ALD
experiments in this work were conducted with a 20 s N> purge between each reagent pulse.

Given the self-limiting nature of ALD, in theory film growth should be close to constant at
a given set of conditions. However, in practice, results in literature do vary even under near
equivalent conditions. For example, for AlO3 ALD with TMA and water on OH-Si around 115°C,
reported GPCs have ranged from 0.1 nm/cycle to 0.3 nm/cycle!''®!". A potential source for these
deviations may stem from hardware specific factors. For instance, some ALD systems experience
a “conditioning effect” where GPC and film uniformity improve with preceding depositions in the
same vessel. This effect has been observed in the ALD of Co films where consistent GPCs were
not attained until multiple Co runs were carried on in the same reactor before adding the
substrate!?% 2!, The authors of this study do not arrive at a definitive reason for why reactor
conditioning was necessary but do state that “...the effect is crucial to facilitate reproducibility
between labs.”. Reactor design characteristics such as; line leaks, zones of stagnant flow, interior
thermal variation, and valve blockage may all contribute to ALD run variability. Coincidently, a
conditioning effect was observed with the Cambridge Savannah 200 ALD reactor used in this

study.
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Figure 2.2 Realtime pressure readings from within ALD reactor during 20 cycles of Al,0; deposition with
TMA (first pulse) and water (second pulse).

The real time pressure measurements in Figure 2.2 show that a consistent rise in pressure
after either TMA or water pulse is only attained after 13 cycles. After this point the increase in
pressure following each respective pulse is approximately the same. Thus, complete saturation of
the substrate surface may not occur during the initial cycles. Again, the cause of this conditioning
effect is not known and may vary from system to system. For this specific reactor, reagents are fed
through a series of both stainless steel and plastic lines, thus, there may be a lag time required for
the entire system to thermally equilibrate and reach saturation vapor pressure. Nevertheless, in this
work each ALD run was preceded by 20 cycles of AlbOz conditioning. The effect of this

conditioning is shown in Figure 2.3.
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Figure 2.3 ALD thickness profiles measured using ellipsometry for Al,Os film growth across 20 cycles.
Dashed lines represent the upper and lower bounds of growth at similar processing conditions found in
literature®!’- 118 120 Solids lines represent ALD process in this study with and without prior reactor
conditioning (profiles were generated by single film thickness measurements after 20 cycles and
extrapolating GPC).

The ALD thickness profiles in Figure 2.3 demonstrate that at identical ALD processing conditions,
prior reactor conditioning resulted in increased GPC. Specifically, reactor conditioning appeared
to be the difference between achieving or not achieving Al,O3 growth within the standard range of
GPCs found in literature.

In summary, it was determined that Al O3 ALD reactions will be carried out at 130°C
(system and substrate temperature) with cycles consisting of 30 ms TMA pulse/20 ms N purge/50
ms H>O pulse, all preceded by 20 cycles of conditioning. A OH-Si(100) substrate will serve as a
representative GS and H-Si(100) a NGS. These two standard samples were included in each
subsequent ALD experiment as controls in case of any growth variability. The deposition rates on
each of these surfaces also serve to gauge growth selectivity when evaluating potential ALD

resists.
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2.4.2 Evaluating OH-Si(100) and H-Si(100) as Complementary AS-ALD System

ALD of Al,O3 on OH-Si(100) is one of the most studied surface reactions in “bottom-up”
deposition. Due to the ease in which H-Si(100) is generated from OH-Si(100), these two materials
are often posed as complementary systems for AS-ALD. Other potential ALD resist candidates are

often evaluated against H-Si(100) to determine their viability. Thus, it is important to first establish

the performance of both OH-Si(100) and H-Si(100) towards Al,O3 ALD as a baseline.
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Figure 2.4 Established Al,03 ALD mechanism on (A) OH-Si(100)* 1% 118 GS and (B) H-Si(100) NGS.

The schematic shown in Figure 2.4 shows how both TMA and water should react to form
AlO3 on OH-Si(100). First, TMA dissociatively chemisorbs onto the hydroxylated surface.
Next, the AICH; surface intermediates are reacted with water vapor to form Al,O3 with CH4 as a
byproduct. Also shown in Figure 2.4 is how the ALD reagents may interact with a H-Si(100)
surface across multiple ALD cycles. The surface begins inert towards the TMA molecule, but

during the next halfcycle of water exposure, partial hydrolysis of the surface allows local
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chemisorption of the AICH3 intermediate on the surface. These intermediates form Al>O3 surface
domains with water and will nucleate, eventually resulting in a continuous film given enough
cycles.

The effectiveness of a complementary resist system for selective ALD is evaluated using

the following equation;

Selectivity = % (Eq2.1)
GS NGS

where, X is the amount of material on the defined GS and Xj.s the material measured on the
NGS. The amount of material can be measured using ellipsometry or XPS. Measuring the early
stages of film thickness on H-Si(100) is problematic due to partial oxidation on the surface and
defects that may have formed during the HF etch, possibly rendering the top surface different than
the bulk material. In order to accurately model refractive index on H-Si(100), additional calibration
with other surface analysis techniques is most likely necessary. Therefore, unless otherwise
specified, in this study ALD film thickness was determined using Si 2p XPS intensity
measurements corrected for appropriate sensitivity factors (ASF). These estimates are compared
with thicknesses determined using the increase in Al 2p XPS peak intensities to check for

consistency. Thickness estimates are determined using the a well-established equation!??;

Isi
dA1203 = —/1,412031“( > ) (Eq2.2)

where, dy;, 0, is the Al,Os film thickness, A4, 0, the photoelectron mean free path in Al>Os, Ig;
the Si 2p signal intensity after ALD, and Ig; , the intensity before ALD. For Si 2p electrons
passing through the A1,O3 film, a mean free path of 2 nm was used. Using Equation 2.2 and Si

2p peak intensities from the spectra in Figure A2.1, Al;O3 film thicknesses were determined
following 5, 10, 15, 20, 40, 60, and 80 cycles of ALD on OH-Si(100) and H-Si(100) are shown

in Figure 2.5.
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Figure 2.5 ALD thickness profiles for Al,Os film growth across 80 cycles. Dashed lines represent the upper
and lower bounds of growth at similar processing conditions found in literature®?’- 18 120 Sglids lines
represent experimental ALD growth on OH-Si(100) and H-Si(100) surfaces.

Here, an initial growth selectivity is observed on OH-Si(100) relative to H-Si(100) during
the first 60 cycles of deposition. This coheres well with the idea that OH-Si(100) is a suitable GS
and H-Si(100) a NGS for ALD. However, unlike a true NGS, there appears to be Al atom
deposition onto H-Si(100) from the very first cycle. The inset in Figure 2.5 shows that the
selectivity window for H-Si(100) was about a 6 cycles. Additionally, the growth selectivity
between OH-Si(100) and H-Si(100) is only 20% between cycles 1-3, whereas others have reported
selectivities of up to 60% between the same to surfaces for metal oxide ALD!?*-!25, Both these
observations are most likely the result of partial oxidation of the H-Si(100) surface during transport
to the ALD reactor post-etching. Consequently, continued effort was made to reduce oxidation of
H-Si(100) between steps throughout this study. As expected, selectivity wanes (dropping from
20% to 5.5% after 40 cycles) as H-Si(100) is continually hydrolyzed via exposure to the H>O co-
reactant. Adsorption of TMA then occurs at a higher rate on this increasingly oxidized surface and
nucleates out to eventually form complete film growth on the previously inhibiting surface. This
is a major issue that H-Si(100) encounters as a NGS for metal oxide ALD, as the co-reactant needs

to be an oxidant (i.e. H>O, O2, O3). Thus, the ability to passivate H-Si(100) with a molecule that is
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also inert towards the ALD chemistry would be highly desirable. Interestingly, despite the initial
deposition delay, film growth on H-Si(100) not only catches up with OH-Si(100) but even
surpasses it after 60 cycles. It is not clear why the H-Si(100) surface would become even more

reactive than OH-Si(100) after complete selectivity loss.

2.4.3 Evaluating Small Molecule Organics as ALD Resists

The Shestopalov group has previous demonstrated the attachment of NHS-Diazirine on H-
Si(100). This molecule on its own was not expected to be an effective ALD inhibitor due to the
presence of several carboxylic groups in the head group (when bonded to H-Si(100)) that should
promote metal oxide growth. Therefore, in this work a PFA overlayer was covalently attached onto
the diazirine functionalized surfaces as shown in Figure 2.6 and this bilayer system was evaluated

as an ALD resist.
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Figure 2.6 Reaction mechanism showing functionalization of H-Si(100) with NHS-Diazirine sublayer and
subsequent attachment of PFA overlayer.
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The NHS-diazirine functionalization strategy relies on the removal of the diazo group via UV
exposure, thus forming a carbene (divalent C). This reactive dual-radical group will then directly
attach itself into Si-H surface bonds. Subsequently, PFA is anchored to the surface via nucleophilic
substitution between the amine and the carboxylic species present in the N-Hydroxysuccinimide
(NHS) end group. The modification of NHS-terminated substrates with amines has been
demonstrated elsewhere in literature!?% 127, XPS was used to determine the efficacy of each surface

reaction step and is shown in Figure 2.7.
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Figure 2.7 Si 2p, C 1s, F 1s, and N 1s XPS spectra measured from NHS-Si(100) and PFA-Si(100).

The Si 2p spectra in Figure 2.7 demonstrates that the underlying H-Si(100) surface
experienced minimal oxidation during each reaction step. This is evidenced by the weak signal
detected at 101.5 eV in both spectra. This is important as NHS-diazirine is non-reactive with
surface hydroxyls and any surface oxide will enhance the ALD growth behavior of the interface.

The drop in bulk Si signal at 98 eV between the NHS-Si(100) and PFA-Si(100) surfaces is most



44

likely due to attenuation of the Si 2p signal from the denser attached PFA moiety. Both the slight
peak shift detected at 286 eV in the C 1s spectra and N 1s signal detected for both surfaces is
suggestive of NHS-diazirine attachment. Furthermore, the C 1s signal measured at 292 eV on PFA-
Si(100) is highly suggestive of CF» species surface incorporation. It should be noted that signal at
288 eV in the C 1s spectra from both surfaces is likely the result of adventitious carbon
contamination from the surrounding environment. It may also be partially derived from the
carbonyl group present in NHS-Diazirine. Lastly, the growth of the F 1s signal between NHS-
Si(100) and PFA-Si(100) surfaces is good evidence for the attachment of the fluorinated chain in
PFA. The small shift to 684.5 eV is most likely from residue of the HF etch. Having established
the functionalization of H-Si(100) with NHS-Diazirine and the subsequent attachment of PFA,
both PFA-Si(100) and NHS-Si(100) surfaces underwent 20 cycles of ALD, along with OH-Si(100)

and H-Si(100) controls.
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Figure 2.8 Possible Al;0; ALD mechanisms on (A) NHS-Si(100) and (B) PFA-Si(100) NGS.
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Figure 2.8 shows the possible mechanisms in which AO; ALD may commence on NHS-
Si(100) and PDA-Si(100) surfaces. Although used to passivate H-Si(100), as stated previously, the
NHS-Diazirine molecule should be relatively reactive with ALD chemistry. Perhaps initially inert
towards TMA, the water halfcycle pulse will likely hydrolyze the N-O bond and dissociate the
NHS moiety from the surface. The remaining hydroxyl would then serve as an active site for TMA
reaction. Hence, attachment of PFA is used to shield both the N-O bond and any underlying un-
passivated surface domains. However, with repeated cycles the PFA-Si(100) surface too will lose
its selectivity. As shown in Figure 2.8 this could be due to uncovered diazirine and hydroxyl
terminations scattered throughout the PFA layer. As has been shown, these species are reactive
with the ALD chemistry and will form “islands” of AICH3 and AlOs; deposition which will
nucleate throughout the inhibiting layer. Thus, it is important to optimize the PFA reaction so that
high monolayer coverage is achieved. However, this may be complicated by the sterics of the bulky

perfluorinated chain.
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Figure 2.9 (Left) Al 2p XPS spectra and (Right) histogram of Al2p/Si2p XPS signal ratios (normalized to the
Si 2p signal such that relative compositions (Al atoms to Si atoms) are being compared) for OH-Si(100),
H-Si(100), NHS-Si(100), and PFA-Si(100) surfaces post 20 cycles of Al,O3 ALD.

The XPS data in Figure 2.9 demonstrates that partial ALD film inhibition was observed

on H-Si(100), NHS-Si(100), and PFA-Si(100) relative to OH-Si(100). In the Al 2p spectra, the
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lowest signal was observed from the PFA-Si(100) surface. However, when normalizing this signal
by the Si 2p peak intensity shown in Figure A2.2 (Al atoms to Si atoms, each surface having
approximately the same number of Si atoms), the lowest Al2p/Si2p signal ratio was actually
measured from H-Si(100). Therefore, although PFA-Si(100) can act as a NGS for AS-ALD, its
effectiveness at blocking deposition was inferior to that of H-Si(100). However, given the extreme
volatility and low air stability of H-Si(100), PFA-Si(100) may possess some other advantages that
make it a more ideal NGS. As was expected, NHS-Si(100) exhibited the second most deposition
of Al atoms onto its surface. Lastly, AI2p/Si2p signal ratios were used to evaluate ALD inhibition
and not ALOs thickness estimations, because it is difficult to make these estimates given the

unknown monolayer density of the diazirine and PFA layers beneath the ALD film.

2.5 Conclusion

In this study, a baseline was established for Al,O; thin film growth on OH-Si(100) and H-
Si(100) surfaces using our ALD reactor. Next, the functionalization of H-Si(100) with NHS-
diazirine and subsequent PFA attachment was validated using XPS. Both NHS-Si(100) and PFA-
Si(100) were then evaluated against H-Si(100) as possible NGS for Al,O; ALD. XPS results
demonstrated that H-Si(100) exhibited greater ALD blocking than both SMI-functionalized
surfaces. In addition to inferior blocking, the PFA molecule was also deposited in the solution
phase rendering its use and reapplication in vacuum-based deposition processes such as AS-ALD
highly problematic. Thus, it is important to find ALD resists which (1) demonstrate superior or
comparable blocking to H-Si(100), (2) can be deposited onto a substrate in the vapor phase, and

(3) are small-enough in length to prevent EPE on the sub-10nm level.
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Chapter 3 Halogen Atomic Resists for AS-ALD
This chapter is a slightly modified version of “Vapor-Phase Halogenation of Hydrogen-
Terminated Silicon(100) Using N-Halogen-Succinimides” published in ACS Applied Materials &

Interfaces and has been reproduced here with the permission of the copyright holder.

3.1 Chapter Structure

The focus of this chapter is to demonstrate the vapor phase halogenation of Si(100) and
subsequently evaluate the inhibiting ability of the halogenated surface towards ALD of AlO;.
Hydrogen-terminated silicon <100> (H-Si(100)) was halogenated using N-chlorosuccinimide
(NCS), N-bromosuccinimide (NBS), and N-iodosuccinimide (NIS) in a vacuum-based chemical
process. This vacuum-based halogenation leads to the formation of stable Si-halogen bonds while
preventing subsequent generation of organic complexes observed in solution-based halogenation
schemes with succinimides. The vapor reactions most likely proceed through a radical initiator
mechanism where a steady-state and sustained flux of molecular halogen species is produced from
the corresponding N-halogenated succinimides. The composition and physical properties of the
prepared monolayers were analyzed using XPS spectroscopic ellipsometry (SE), and contact angle
goniometry. XPS and contact angle measurements confirmed that all three reagents were more
effective in halogenating H-Si(100) over OH-Si(100) in the vapor phase. The stability of the
modified surfaces in air was also tested, with the chlorinated surface showing the greatest
resistance to monolayer degradation and silicon oxide (SiO,) generation within the first 24 hours
of exposure to air. Lastly, angle-resolved XPS (ARXPS), SE, and AFM measurements all showed
that the succinimide-derived Hal-Si(100) surfaces exhibited superior blocking ability to that of H-
Si(100), a commonly used ALD resist. This halogenation method provides a dry chemistry

alternative for creating halogen-based ALD resists on Si(100) in near-ambient environments.
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3.2 Introduction

Considering the limitations of SAM and some SMI resists, recent efforts in AS-ALD have
been directed toward the development of atomic resists that can promote or block ALD reactions
by changing the surface termination of the deposition substrate. These studies are focused on
developing chemo-selective atomic resists that can withstand multiple ALD cycles without losing
their growth selectivity (i.e. the number of cycles before a resist loses its blocking ability)*# 128-130,
Halogenated Si(100) (Hal-Si(100)) is a promising candidate for fabricating semiconductor
interfaces used in electronics,'*' nanotechnology,'*> 133 and biosensing'** ¥, It is a more stable
alternative to H-Si(100) in air, and can better maintain the required difference in chemical
reactivity on a surface for AS-ALD due to the bulkier structure of the attached halogen species,
which effectively shield the underlying NGS from ALD chemistry'*¢. Different halogen precursors
can be used to passivate Si(100), potentially enabling versatility in inhibiting different types of
ALD chemistries. For example, a Cl-terminated Si(100) surface (CI-Si(100)) is more reactive with
thiols such as 1-octadecanethiol than a Br-terminated surface (Br-Si(100))"¥”. CI-Si(100) also
lowers the activation energy for attaching NH, species onto silicon surfaces using vapor-phase
ammonia. Furthermore, halogen atoms have demonstrated great potential as possible passivation
species for pattern preservation on H-passivated materials under UHV!3.

Most research on halogenation of crystalline silicon has focused on the Si(111) interface!!:
133-135 "but the structural differences between Si(111) and Si(100) result in different reactivities'*:
140 Thus, there is a need to investigate halogen formation on Si(100) more extensively, as it is a
more relevant material in semiconductor manufacturing'“!. The current standard for producing
Hal-Si(100) involves generating a halogen flux from a solid-state, electrochemical cell in UHV 4>

145 which is slow and not directly compatible with common commercial deposition systems.
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Others have employed chlorine gas (Cl,) under low pressure conditions to chlorinate Si(111)!46-147,
however, due to the toxicity of Cl, gas and its problematic incorporation into most vacuum
deposition systems, there is a need to find other halogenation molecules that are safer to handle.
Some have developed Si(100) halogenation methods using wet chemistry in near-ambient
conditions!33: 146. 148150 " byt these often require to be refluxed and generate byproducts that
accumulate on the Si(100) surface. Vapor phase halogenation in mild vacuum is more compatible
with other low vacuum processes such as AS-ALD, but few studies outside of UHV have focused
on vapor phase halogenation of H-Si(100). Nonetheless, H-terminated silicon quantum dots (H-
SiQDs) were chlorinated using chlorine gas (Cl,)!*"- 5155 but both methods have resulted in SiQD
oxidation and only partial halogenation. Thus, a more efficient and milder vapor phase
halogenation method for crystalline Si(100) is needed.

This study reports the use of N-halogen-succinimide molecules as vapor-phase
halogenation reagents for crystalline H-Si(100) in near-ambient conditions. N-halogen-
succinimide molecules are often used as a precursor of molecular halogens in radical type
reactions.!33:151.136.157 The reaction scheme in this study may follow a radical initiator mechanism'#,
where the terminal H atoms on a H-Si(100) surface are replaced by ClI, Br, or I atoms. However,
unlike in solution-based halogenation processes where there will be higher concentrations of
radical intermediates, it is less likely that these same intermediates will subsist in the gas phase
unless an adequate low pressure environment is maintained.'>*!! Although, it is also possible that
the radical reaction occurs on the Si interface in a condensed form. Alternatively, the halogenation

process may occur via a more straightforward dissociative thermolysis reaction pathway.
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Here, the halogen molecule is dissociated from the succinimide via thermolysis to react with the
high surface energy H-Si(100) interface, leaving a iminol, succinimide, or in the case some water
molecules are present, hydroxy succinimide, vapor byproducts.

The halogen precursors used in this study were N-chlorosuccinimide (NCS), N-
bromosuccinimide (NBS), and N-iodosuccinimide (NIS), which are all commonly used as
halogenating and oxidizing agents in organic synthesis and can be handled in air.!3 151.162.163 The
resulting monolayers were characterized using XPS, SE, and contact angle goniometry.
Calculations of surface coverage suggest that the Hal-succinimide halogenation process achieves
a high level of coverage, albeit not complete. The reported halogenation reaction has been shown
to have high chemo-selectivity and can be used to selectively halogenate H-Si(100) in the presence
of hydroxyl-terminated surface sites. The stability of the Hal-Si(100) interfaces in air was
investigated using XPS to monitor the concentration of oxide and halogen species on Si(100) over

a 72-hour period. The results showed that the halogenated substrates degraded at a slower rate
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compared than that of H-Si(100). When compared to other vapor phase halogenation techniques
(i.e. halogen flux from an electrochemical cell in UHV, surface exposure to Cl, gas) N-Hal-
succinimides require less of a low pressure demand and are safer to handle. Given these softer
requirements, the described vapor-phase halogenation reactions are compatible with existing thin
layer deposition systems. They could be used as an alternative to H resists on Si(100) in self-
aligned AS-ALD. For example, any halogen resist regeneration in between ALD cycles can
potentially be undertaken in-situ using certain line of sight evaporation techniques or the use of a
rotary ALD chamber where a sample can be transferred from one vacuum chamber (for
halogenation) to another (for ALD growth). Here, we studied the selectivity of the ALD of Al,O;
on Hal-Si(100) and on H-Si(100). Angle-resolved XPS (ARXPS) and ellipsometry data showed
that the halogenated monolayers were better at inhibiting the ALD chemistry than H-Si(100). We
believe that the development of highly selective and stable ALD resists, that can be deposited
under mild vapor-phase conditions, would have numerous applications in bottom-up
semiconductor manufacturing. However, more research is needed to understand the mechanism of
defect formation during and after the reaction to further improve the coverage and stability of the

halogen resists.

3.3 Materials and Methods

All reagents and solvents were used as received without further purification. Solvents were
purchased from Sigma-Aldrich and filtered through a 0.2 um filter before use. Light sensitive
molecules NCS, NBS, NIS all with 99% purity were purchased from Sigma-Aldrich and stored in
dark environments. Their application was carried out under yellow light. P-doped <100> silicon
wafers were purchased from University Wafer, Boston, Massachusetts. XPS spectra were recorded

on a Kratos Axis Ultra XPS spectrometer equipped with a mono-Al x-ray source at 200 W power
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and a pressure of 3.0x10® mbar. Survey scans were obtained between 0 and 1200 eV with a step
size of 1 eV, a dwell time of 200 ms, and a pass energy of 140 eV averaged over 2 scans. Core-
level region scans were obtained at the corresponding binding energy ranges with a step size of
0.1 eV, an average dwell time of 260 ms, and a passing energy of 20 eV averaged over 10 scans.
Data were processed using CasaXPS software and instrument-specific atomic sensitivity factors.
All C 1s peaks were calibrated to 284 eV and this same binding energy shift was applied to all
other spectra besides Si 2p to account for adventitious carbon contamination. Separately, the bulk
Si signal in the Si 2p spectra were calibrated to 99 eV for better quantitative assignment of shifts
in the spectra. Prior to analysis, samples were transported in petri dishes under Ar from the
preparation lab to the XPS. AFM images were recorded on a NT-MDT AFM Microscope using a
silicon nitride probe (Manufacturer: NanoWorld) with a tip radius of <15 nm, a resonance
frequency of 67 kHz, and a force constant of 0.32 N/m. The same probe was used for each sample
in tapping mode. The RMS roughness measurements should have an uncertainty of +£0.01 nm
under optimal testing parameters. Goniometry measurements were conducted using ultra-pure

water. SE scans were recorded using a J.A. Woollam M-2000 Ellipsometer.
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Figure 3.1 lllustration of experimental methods used in this chapter. (A) Solution phase reactions were
carried out at ambient conditions with mixtures of each N-Hal-Succinimide molecules in chloroform. (B)
Vapor phase reactions were carried out via the sublimation of N-Hal-Succinimide molecules under low
vacuum and elevated temperature. (C) Lastly, the halogenated surfaces underwent 20 cycles of Al,O3 ALD
to evaluate their effectiveness as inhibitors. H-Si(100) was halogenated via both solution phase and vapor
phase reactions, however, undesired byproducts were also observed on the solution prepared samples,
rendering them problematic for controlled ALD inhibition. Overall, chlorinated silicon demonstrated the
highest degree of ALD film blocking.

3.3.1 Preparation of H-Terminated Silicon Surface

All glassware was washed with 1X Nano-Strip solution (a stabilized formulation of sulfuric
acid and hydrogen peroxide) followed by rinsing with water and IPA before being dried in an oven
overnight at 130°C. A 4 cm? Si(100) substrates were soaked in Nano-Strip at 75 °C for 15 min to
produce OH-Si(100). Following the oxidation, the substrates were immersed in a 5% aqueous HF
solution for 6 min to chemically etch away the native oxide layer and form H-Si(100). The
substrates were then quickly rinsed with water and isopropanol and dried under a filtered nitrogen

gas.
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3.3.2 Solution-Phase Halogenation of H- and OH- Terminated Silicon with N-
Halogen-Succinimides

A 10 mM solution of N-Hal-Succinimide in chloroform was prepared. Cleaned OH-
terminated Si(100) substrates were formed in Nano-Strip at 75 °C for 15 min, thus undergoing
robust hydroxylation and rendering the surface OH-terminated. OH-Si(100) and freshly prepared
H-terminated Si(100) substrates were placed in a vial containing the solution. The solution-phase
reaction was carried out under yellow light (due to the white-light sensitivity of the N-Hal-
Succinimide molecules) for 2 hours at room temperature. Following the reaction, the substrates

were rinsed with chloroform and isopropanol, dried with a filtered N, stream.

3.3.3 Vapor-Phase Halogenation of H- and OH- Terminated Silicon with N-Halogen-
Succinimides

Cleaned OH-terminated Si(100) substrates were formed in Nano-Strip at 75 °C for 15 min,
thus undergoing robust hydroxylation and rendering the surface OH-terminated. OH-Si(100) and
freshly prepared H-Si(100) substrates were placed in a vacuum jar along with 0.5 g of N-Hal-
succinimide. The jar was evacuated to ~10* mbar and heated to a temperature that was 25 °C
below the melting point of each N-Hal-succinimide molecule (ex. N-bromosuccinimide M.P. =
174 °C, hence the reaction temperature employed was 149°C). These temperatures were selected
through experimentation in order to ensure adequate volatility of the N-Hal-succinimide molecules
at the vacuum jar pressure. The sample was left in the jar for 2 hours as that was observed to be
necessary/sufficient to fully vaporize 0.5 g of N-Hal-succinimide molecule. This time was selected
primarily on transport considerations rather than on kinetics. 2 hours was observed to be
necessary/sufficient to both fully vaporize 500 mg of N-hal-succinimide molecule and result in
discernable halogen surface coverage (verified by XPS measurements). Lastly, Samples were then

rinsed with IPA and dried under nitrogen.
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3.3.4 Atomic Layer Deposition of Al,O; thin film.

Deposition of Al,O; thin films were carried out using a Cambridge Savannah 200 ALD
reactor. Hal-Si(100), H-Si(100), and OH-Si(100) samples were taken from Ar storage and placed
in the reactor and heated to 130 °C. Trimethylaluminum (Al(CH;);) (Hi-k grade, Air Products) and
H,O were flowed into the reactor for 0.03 and 0.05 s, respectively, using a 20 sccm nitrogen carrier
gas. The reagent exposures were 6 X 10™* torr-sec and 1X 1073 torr-sec during the AI(CHs) and
H,O pulses, respectively. The base pressure in the reactor between pulses was 0.3 mbar. A 20 s
nitrogen purge followed each precursor pulse. This process was repeated for 20 cycles of

deposition.

3.4 Results and Discussion
3.4.1 Halogenation of H-Si(100) and OH-Si(100) Using N-Halogen-Succinimides

Here we present the solution-phase and vapor-phase reaction of NCS, NBS, and NIS with
H-Si(100) via a radical initiator reaction between a H-terminated silicon surface and the

succinimide molecule, replacing the surface H atom with either a Cl, Br, or I atom.
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Figure 3.2 | 3d XPS spectra of (Left) a H-Si(100) surface iodinated using either solution-phase or vapor-
phase reactions and (Right) a H-Si(100) surface iodinated using solution-phase reaction with different
solvents.
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The I 3d XPS signal for a theoretically Si-I surface should exhibit two distinct peaks
centered at 617 Ev and 629 Ev due to spin orbit splitting, an effect where due to electromagnetic
interaction between each electron spin (i.e. magnetic dipole effect), a doublet in the spectra is
formed. The distance between doublets for I 3d orbitals is known to be 12 eV, which approximates
the distance in the above scans.*' Figure 3.2 shows that the vapor-phase iodination of H-Si(100)
results in this expected XPS signal. However, on the surface prepared using solution-phase
iodination, there is a significant second signal centered at 621.5 eV and 633.5 eV. This is the result
of a I-containing byproduct that also forms on the surface. In this reaction, the NIS molecule was

dissolved in chloroform and probably followed the Wohl-Ziegler Halogenation scheme!?3 148,

o HO
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Here, a trichloro(iodo)methane (CCl;I) intermediate acts as an effective iodinating agent of the H-

passivated substrate. However, an iminol byproduct and the iodinated intermediate also forms that
may also graft onto the surface (the full reaction pathway is shown in Figure A3.1). Figure 3.2
also shows that this effect can be mitigated by employing other solvents. In toluene, there is only
a slight byproduct signal at 621.5 eV and 633.5 eV. With dichloromethane (DCM) no byproduct
is observed at these signals, however, there is a 1 eV shift in the primary Si-I signal which may
possibly be the result of oxidation of the halogen film due to the longer reaction time required for

the NIS/DCM solution.
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Figure 3.3 Comparison of solution-phase and vapor-phase halogenation showing (Left) Cl 2p XPS spectra
of a H-Si(100) surface post-chlorination and (Right) Br 3d XPS spectra for both OH-Si(100) and H-Si(100)
surfaces post bromination.

Although solution-based halogenation does lead to some degree of stable Si-halogen bond
formation, Figure 3.3 demonstrates that both vapor-phase chlorination and bromination can
achieve comparable, if not greater, halogen coverage than the respective solution phase reactions
using DCM. Considering this and the fact that dry halogenation is also much more compatible
with prolonged vacuum-based processes such as AS-ALD for in-situ NGS regeneration, vapor-
phase application of these halogen ALD resist is much more practical.

The Br 3d spectra in Figure 3.3 also demonstrates preferential reactivity of the N-hal-
succinimide molecules with H-Si(100) over OH-Si(100), in both the solution and vapor phases. A
mild, vapor-based functionalization method that selectively halogenates H-Si(100) over OH-
Si(100) can be applied in AS-ALD processes to (1) create initial NGS for area-selective thin-film
deposition and (2) regenerate NGS during thin-film deposition to extend the selectivity window.
Such selective H-Si1(100) halogenation can be achieved by exploring the higher reactivity of H-
Si(100) interfaces. In this study, N-Cl/Br/I-succinimides were used to halogenate H-Si(100) under

mild vapor-phase conditions. The reactivity of the N-Cl/Br/I-succinimides with OH-Si(100)
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interfaces was also examined to determine halogenation selectivity between H-Si(100) and OH-

Si(100).
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1: Nanostrip, 15min, 75°C

2: HF 5% aq. sol., 5min, 23°C

3:NCS/NBS/ NIS, 2h, 150-200°C, 10 mbar
Figure 3.4. Schematic procedure of reaction steps and process conditions for the vapor-phase
halogenation of H-Si(100) and OH-Si(100) with N-Hal-succinimides. (1) Si(100) is cleaned and oxidized in
Nano-Strip solution before (1=3) direct exposure to a N-Cl/Br/I-succinimide molecule in the vapor phase,

alternatively (1=2) the new oxide is re-etched in HF and then (2=3) exposed to the N-Cl/Br/I-succinimide
molecules.

The steps and experimental conditions of these reactions are shown in Figure 3.4. Si(100)
substrates with native oxide were immersed in Nano-Strip solution for 15 minutes at 65°C and then
rinsed in ultra-pure water and isopropanol to remove organic impurities. The native oxide layer
was then etched away during a 5-min dip in a 5% HF solution to form a H-Si(100) surface. The
freshly prepared H-S1(100) surfaces were exposed to a N-Cl/Br/I-succinimide molecule for 2 hours
in a flask evacuated to 10 mbar and heated to the melting point of the succinimide molecules
which range from 148°C to 206°C. Similarly, freshly oxidized OH-Si(100) substrates were also

reacted with the N-Cl/Br/I-succinimide molecules to assess halogenation selectivity towards H-
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Si(100) and OH-Si(100). Following the reaction, the substrates were rinsed with isopropanol, dried
with a filtered nitrogen gas, and analyzed using XPS and contact angle measurements to assess the

atomic composition and the halogen coverage before and after the reactions.
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Figure 3.5 (Top) Comparison of XPS spectra from Hal(H)-Si(100) and Hal(OH)-Si(100) surfaces post reaction
and a OH-Si(100) standard. Region scans for each respective halogen (Cl 2p, Br 3d, | 3d) are depicted from
left to right. (Bottom) Corresponding histograms showing quantitative representation of XPS spectra,
normalized to Si 2p signal from each respective surface.

The XPS CI 2p, Br 3d, and I 3d spectra in Figure 3.5 all confirm the formation of Si-Hal
bonding on the halogenated H-Si(100) (Hal(H)-Si(100)) substrates. In contrast, the XPS signal
intensity on halogenated OH-Si(100) (Hal(OH)-Si(100)) was significantly lower. Table 3.1 shows
relative XPS peak intensities of CI 2p, Br 3d, and I 3d electrons adjusted by atomic sensitivity

factors (ASF) and normalized by the total Si 2p peak intensity in each sample (Hal atoms to Si
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atoms, each surface having approximately the same number of Si atoms). Overall, Table 3.1 shows
that halogenation with N-Hal-succinimides resulted in XPS signal intensities 2.8 — 4 times higher
on H-Si(100) than on OH-Si (100). This result was expected due to the more reactive nature of Si-

H bonds in interfacial radical-type reactions.!*

Table 3.1 XPS ratios of the Hal 2p (or 3d) over Si 2p electron signals corrected by the atomic sensitivity
factors on Hal(H)-Si(100) and Hal(OH)-Si(100) substrates after the halogenation reaction with N-Hal-
succinimides. Halogenation selectivity of N-Hal-succinimides.

Halogenating agents NCS (C) \ NBS (Br) \ NIS (I)
XPS signal ratios of Hal 2p (or 3d) / Si 2p electrons
H-Si(100) 0.028 0.017 0.012
OH-Si(100) 0.010 0.005 0.003
OH-Si/H-Si halogenation selectivity
1:28 | 1:35 | 1:4

The binding energies of the halogen electrons are consistent with literature data that reports
halogenation of H-Si(100). Their values suggest the formation of silicon-halogen species.
Specifically, signals at 199.5 eV, 69.5 eV, and 619/631 eV are indicative of Si-Cl, Si-Br, and Si-I
formation, respectively. 136165166

Previous studies have relied on XPS to identify the type of halogenated species bonded
directly to Si(100). For instance, Silva-Quinones et. al. paired XPS measurements with STM
imaging to demonstrate that their method for the chlorination of H-Si(100) resulted in the
formation of silicon dichloride (SiCl,) surface species, while bromination yielded complete
monobromide (SiBr) monolayer formation.!®> The position of their CI 2p and Br 3d peaks are
consistent with those in this study and suggest that our method primarily results in the formation
of SiCl, and SiBr bonds.

In order to assess the degree of halogen coverage on each surface the established Haber

and Lewis’s substrate-overlayer model (®)'%” was used. This model is based on the assumption
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that the newly formed halogen species comprise a single monolayer that interfaces directly with

the silicon substrate. All other organics are assumed to sit on top of this halogen layer.
Asin 871/ ASFs; Psi \ (lnal
q)Hal:[ ](AS ’)( l)( “) (Eq 3.1)
AHal Fyar/ \Puar/ \ Is;

Where A is the penetration depth (calculated for each element using escape depth); 6 is the angle

in which electrons take off from sample surface (90.0°); ay,; is the atomic diameter of the halogen
species; ASF is the atomic sensitivity factor which scales XPS peak signals such that the area
corresponds to surface concentration; p is the vapor density of each element; and [ is the integrated
area under the XPS peaks, processed by CasaXPS software.

Table 3.2 Halogen surface coverage on Hal(H)-Si(100) substrates treated with N-Hal-succinimides. Water

contact angle measurements of Hal(H)-Si(100) and Hal(OH)-Si(100) substrates and a bare OH-Si(100)
substrate before the reaction.

Halogenating agents NCS (C) NBS (Br) NIS (I)

Mono-halogen surface coverage (%)

H-Si(100) 145 88 62

Contact angle (°) and contact angle hysteresis (°)

. 725t 1.6 4691+ 0.6 262+09
Hal(H)-5i(100) 27.1 £0.1 240 +0.1 204 £ 0.1
. 219+04 244405 252 +0.7
Hal(OH)-5i(100) 179 +0.1 192 +0.1 17.1 £0.1
Bare OH-Si(100) before halogenation 207+04
Bare H-Si(100) before halogenation 670+04

In order to assess the degree of halogen coverage on each surface, we compared theoretical values,
derived from Equation 3.1, with the values Silva-Quinones et. al.!®> calculated in their study on

H-Si(100) halogenation. Their STM results demonstrated that an overlayer model coverage of 0.4
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corresponds to a complete mono-brominated Br-Si(100) interface. The overlayer model coverage
of the Br(H)-Si(100) substrate in our study was calculated to be 0.35, indicating that the
bromination of H-Si(100) with N-Br-succinimide resulted in approximately 88% mono-bromide
termination of the surface-exposed silicon atoms. The surface coverages of the chlorinated and
iodinated H-Si(100) substrates were subsequently calculated by comparing the ASF corrected ratio
of Br 3d/Si 2p XPS signals with the ASF corrected ratios of the CI 2p/Si 2p and I 3d/Si 2p XPS
electron signals (Tables 3.1 and 3.2). Our findings suggest that NCS chlorination achieved either
an incomplete di-chloride termination or a complete mixed mono-/di-chloride termination of the
surface-exposed silicon atoms, while NBS bromination achieved 88% coverage of the mono-
bromide silicon species. However, NIS iodination resulted in only 62% mono-iodine coverage of
the surface silicon atoms. This decrease in halogenation efficiency from chlorine to bromine to
iodine could potentially be attributed to the increase in the atomic size of the halogen species or to
the decrease in the Si-Hal bond energy.

Table 3.2 shows that the Hal-terminated surfaces display higher hydrophobicity than
unreacted OH-Si(100) and similar or lower hydrophobicity than untreated H-Si(100), based on the
static water contact angle measurements of halogenated and non-halogenated substrates shown in

Figure 3.6.
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Figure 3.6 Water contact angle pictures of the three halogenated surfaces and a reference OH-Si(100)
surface. Surface hydrophobicity rises with increasing halogen coverage.

This decrease in hydrophobicity from CI to I can partially be attributed to the increasing
polarizability of the halogen atoms in that same order. Consequently, the high surface energy of 1-
Si(100) rendered it the most reactive to its environment. Notably, the water contact angle of I-
Si(100) was within 6° of that of OH-Si(100), this is suggestive that the Si-I bonds experienced a
high rate of hydrolysis upon contact with water, whether from the air or during the contact angle
measurement itself, relative to the Si-Cl and Si-Br bonds of the other surfaces. This may
complicate the use of I-Si(100) as an inhibitor in ALD processes which rely on water as a reagent.
The observed high water contact angle hysteresis of the halogenated surfaces, calculated from the
advancing and receding contact angle measurements shown in Figure A3.2, is likely due to the
reactivity of Hal-Si(100) with water, as well as the incomplete coverage of the halogen species on
the surface. As expected, the water contact angles of the halogenated OH-Si(100) substrates are
comparable with the native OH-Si(100) surface due to the low yield of the halogenation reaction

on the oxidized surface.



64

C1ls O1s Si 2p

I(H)-Si I(H)-Si

296 292 288 284 280 540 537 534 531 528 106 104 102 100 98
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
C1s/Si2p XPS Ratio 01s/Si2p XPS Ratio Sipy2p/Sig2p XPS Ratio
0.40 0.16 2l

020 00 oo M 02 o1
015 T I BB oo B 008
BB o010 0.04 -
0.00 0.00-

0.00 {01 SiH Sicl SiBr Sil

SiOH SiH SiCl SiBr Sil

SiOH SiH SiCl SiBr Sil
Figure 3.7 Comparison of XPS region scans of C 1s, O 1s, and SiO; (from Si 2p) spectra depicted from left
to right for OH-Si(100), H-Si(100), CI(H)-Si(100), Br(H)-Si(100), and I(H)-Si(100) surfaces. In the bottom row
are histograms showing the quantitative XPS characterization of region scans (C 1s, O 1s, SiO; from Si 2p)
for each Hal(H)-Si(100) surface and reference unreacted OH-Si(100) and H-Si(100) surfaces, all normalized

by the Si 2p peak intensity which includes contributions from both the bulk Si (Sis) and surface oxide (Siox)
interfaces (the values in the Siox histogram was normalized by only Sis).

XPS region scans of C 1s, O 1s, and SiO, signal (from the Si 2p spectra) shown in Figure
3.7 were collected to discern compositional differences in the prepared halogenated monolayers.
With a negligible SiO, peak observed, and only a slight O 1s and C 1s signal detected, the spectra
for the H-Si(100) sample demonstrates that the initial oxidative cleaning and HF etching steps
effectively removed a majority of organics from the sample surface prior to halogenation. The
region scans for each of the surfaces post-halogenation show little variability in composition. The

primary contribution to each of the C 1s spectra are from C-C/C=C bonds at 284 eV. The highest
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degree of carbon contamination was seen on I(H)-Si(100), a likely result of the higher
polarizability of the I atom and therefore the higher surface energy of the entire surface. There is
good agreement in the size and shape of the O and Si0, peaks between both the C1(H)-Si(100) and
Br(H)-Si(100) surfaces and H-Si(100). However, in relation to the OH-Si(100) surface, the SiO,
signal for each of the halogenated surfaces is slightly shifted to a lower binding energy. This is
most evident when comparing the SiO, peaks for OH-Si(100) and I(H)-Si(100) where there is
about a 0.3 eV difference in peak center. This shift is most likely indicative of the newly formed
Si-Hal species found on the halogenated samples and absent on the OH-Si(100) and H-Si(100)
references. Overall, the dry halogenation process effectively prevents silicon oxidation in the case
of chlorination and bromination. The low O content that is observed on these two surfaces can be
attributed to the physisorption of water. The O and Si0O, peak areas measured on the I(H)-Si(100)
sample were larger likely due to the lower halogen coverage observed on that surface which
allowed surrounding O species to more effectively access the underlying Si-H bonds. This likely
explains the higher degree of hydrophilicity that was also observed on I(H)-Si1(100), in addition to
any hydrolysis of the Si-I bonds. Nevertheless, the degree of Si oxidation that I(H)-Si(100)

experiences is still only about a third of what was observed on the reference OH-Si(100) sample.

3.4.2 Stability of Hal(H)-Si(100) Surfaces in Air

The stability of C1(H)-Si(100), Br(H)-Si(100), and I(H)-Si(100) in an ambient environment
was examined by monitoring the surface composition of each surface via ex-situ XPS
characterization over a 72 hour timespan. Figure A3.3 demonstrates how H-Si(100) naturally
oxidizes during 72 hours of air exposure. For each halogenated surface, after the reaction, the
samples were directly transferred into the XPS for measurements. After collecting the data, the

samples were unloaded and kept at ambient laboratory conditions for 4 hours. Following this, each
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sample was reloaded into the XPS for additional testing. This same process was repeated at both
24 and 72 hours post reaction.

(1,Br,Cl)/Si2p XPS Ratio

I-Si Br-Si CI-Si

I-Si Br-Si CI-Si

0O1s/Si2p XPS Ratio
o
LN

0.422

~
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Figure 3.8 Stability study consisting of histograms showing the quantitative XPS characterization of
halogen, C 1s, O 1s, and SiO, (from Si 2p) region scans shown from top to bottom, respectively, for I-
Si(100), Br-Si(100), and CI-Si(100) surfaces shown from left to right, respectively, over a 72 hour period of
air exposure.

XPS characterization in Figure 3.8 (and the corresponding spectra in Figure A34)
demonstrated that although each halogenated sample attained roughly the same degree of surface
oxidation after 72 hours of air exposure, the rate of halogen degradation on CI(H)-Si(100) was

slower than on the other two surfaces. Br(H)-Si(100) and I(H)-Si(100) both experienced more than

a 50% drop in halogen signal during the first 4 hours, while CI(H)-Si(100) only exhibited a 32%
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drop. Deterioration then proceeded slowly during the next 20 hours with each surface experiencing
less than a 20% additional drop in halogen signal, and by 72 hours there was near-complete
desorption of halogen atoms, except on CI(H)-Si(100) which was retained 29% of its original
halogen content. It should be noted that all CI 2p signals are partially obscured by a Si plasmon,
as seen in Figure A3.4, which renders peak identification and characterization slightly more
difficult than the other halogen signals. The plasmon was subtracted from all Cl 2p spectra using
a reference Cl 2p spectrum from a bare OH-Si(100) sample.

All three surfaces experienced similar rates of O accumulation in the 24 hours post-
reaction, with I(H)-Si(100) having a head start due to its lower initial halogen coverage and higher
likelihood of Si-I hydrolysis relative to Si-Br and Si-Cl, as previously discussed. A reference for a
theoretical maximum in Si oxidation is the native oxide layer on the freshly oxidized OH-Si(100)
surface in Figure 3.7, where the Sio2p/Sig2p XPS ratio is 0.16. The SiO, plot in Figure 3.8
illustrates that I(H)-Si(100) reached the threshold for full oxide growth after 24 hours and then
leveled off, while CI(H)-Si(100) reached full growth after 72 hours. Only Br(H)-Si(100) exhibited
a Si0O; signal below the max threshold at the end of 72 hours. This surface also demonstrated the
lowest O 1s signal after 72 hours. Frederick et. al. also determined that Br(H)-Si(100)
demonstrated the highest resistivity to oxidation in their study where they evaluated the stability
of UHV-prepared CI(H)-Si(100), Br(H)-Si(100), and I(H)-Si(100) in a nitrogen gas
environment.!** Consequently, after 72 hours the three halogenated surfaces more or less
resembled each other with respect to organic and oxide concentration. Within the first 24 hours,
the results clearly demonstrate that CI(H)-Si(100) resisted both surface oxidation and halogen

deterioration most effectively.
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3.4.3 Hal(H)-Si(100) Surfaces Ability to Inhibit ALD Precursors

Many researchers are now focused on developing chemo-selective molecule resists that
can withstand multiple ALD cycles without losing their growth selectivity.* 128130 Several
publications have shown that typical organosilane or phosphonic acid SAMs of organic molecules
on Si(100) will act as viable ALD resists, but they too lose their selectivity due to the hydrolytic
desorption promoted by the ALD conditions.!'>- 18 Nevertheless, due to the long linker chains and
larger terminal groups associated with SAMs, these molecules should provide more shielding of
the underlying surface from the ALD chemistry and are viable as resists down to sub-10 nm
features.*” However, atomic-scale halogen resists should enable even higher resolution fabrication
with sharper vertical wall profiles due to their near-monoatomic nature. Additionally, SAM resists
are primarily deposited from solutions'®> 1 (conditions incompatible with in-situ resist
regeneration), whereas halogen monoatomic resists can be applied in the vapor phase. SAMs have
also been shown to fail to block ALD film growth near surface defects where self-assembly
deteriorates.: 52 168 171 They also suffer from structural instability under ALD processing
conditions.”>? Such dependence of stability on surface morphology complicates the use of many
potential SAM resists. As halogen monoatomic resists can be applied in the vapor phase on a
variety of surface geometries due to their higher adsorption mobility, in the future they may
represent a more effective alternative to SAMs as ALD inhibitors. Hence, the halogenated
monolayers investigated in this study were next examined on whether they (1) formed stable
enough bonds with Si(100) to adequately block ALD chemistry and (2) if they could withstand

multiple deposition cycles.
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Figure 3.9 (Top) Schematic illustration of traditional ALD cycle of Al,O; onto OH-Si(100), H-Si(100), and
Hal(H)-Si(100) surfaces. In step 1, the dosed Al(CHs)3 precursor readily adsorbs onto the OH-Si(100) surface
while H-Si(100) and Hal(H)-Si(100) surfaces exhibit total and partial blocking of the same molecule,
respectively. In step 2 the H,O coreactant binds with the adsorbed metal precursor to form a complete
metal oxide film on OH-Si(100) and a metal oxide island on Hal(H)-Si(100). Only H-Si(100) retains its
original surface but it must be maintained under high vacuum and temperature. (Bottom Left) Al 2p XPS
spectra for all three halogenated surfaces and reference H-Si(100) and OH-Si(100) surfaces with (Bottom
Right) corresponding histograms showing the quantitative XPS characterization of the Al 2p region scans.

This study is specifically interested in the deposition of aluminum oxide (Al,Os), the most
common metal oxide film deposited via ALD, and is often used in the production of
electroluminescent displays and memory capacitors.' The ALD process was carried out at 130°C
and a base pressure of 10" mbar. When considering that the halogen reaction temperatures ranged
from 123°C to 170°C at 10 mbar, all three halogenated surfaces were likely thermally stable

under the ALD conditions.
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The XPS analysis in Figure 3.9 demonstrates that after 20 cycles of Al,O; ALD, the Al-to-
Si ratios on H-Si(100) and OH-Si(100) were 1.24 and 1.41, respectively. This illustrates that the
ALD chemistry was more selective towards OH-Si(100) which agrees with many studies in
literature 3% 44 83. 105. 168, 172 FHor example, Longo et al. used density functional theory (DFT)
calculations to denote that the adsorption of the metal oxide precursor (Al(CHj;);) experiences a
higher kinetic barrier on H-terminated surfaces (~1.5 eV) than on OH-terminated surface (~ 0.8
eV).# Thus, as OH-Si(100) serves as an ideal GS, it is important to evaluate the ability of each
Hal(H)-Si(100) surface to block ALD precursor chemisorption so to determine their efficacy as
potential complimentary NGS materials. To test this, CI(H)-Si(100), Br(H)-Si(100), and I(H)-
Si(100) surfaces underwent 20 cycles of ALO; deposition. Figure 3.9 shows that all three
halogenated surfaces exhibited lower Al 2p signals and Al-to-Si composition ratios than found on
a corresponding H-Si(100) surface, thus demonstrating the superior blocking ability of the
halogenated surfaces. CI(H)-Si(100) was the most effective inhibitor followed by Br(H)-Si(100)
and then I(H)-Si1(100). This trend is likely due to the higher halogen coverage on CI(H)-Si(100)
than on Br(H)-Si(100) and I(H)-Si(100). Interestingly, despite there being a more than 2.5 times
difference in water contact angle between the CI-Si(100) and I-Si(100) surfaces, there was only a
12% difference in their respective Al-to-Si ratios, indicating that atom polarizability and/or bond
hydrolysis don’t play a significant role after 20 cycles of ALD with a water co-reactant. The ALD
growth selectivities reported in Table 3.4 represent the proportion between the surface
concentration of Al atoms on the “inhibiting” NGS relative to that of the OH-Si(100) GS. The
selectivity’s of CI(H)-Si(100), Br(H)-Si(100), and I(H)-Si(100) were 30.0%, 27.6%, and 24.2%,
respectively. H-Si(100) demonstrated a slightly lower selectivity of 18.5%. Thus, in addition to

their capability of being intermittently re-dosed directly into the ALD reactor when selectivity
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wains (after etching away accumulated NGS ALLOs/TMA and reforming the halogen-reactive Si-
H surface using either a vapor phase, plasma-based, or ALE method of Si-OH?’: 5% 60:173.174) "the

halogenated substrates also exhibit a higher degree of ALD inhibition than that of H-Si(100).
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Figure 3.10 Three-dimensional AFM roughness topographies taken for the (a) OH-Si(100) and (b) Br(H)-
Si(100) surfaces post ALD.

The inhibiting character of the halogenated surfaces can also be defined by the degree of
conformality of the deposited thin films. For example, in Figure 3.10 three-dimensional AFM
roughness topographies are displayed for the OH-Si(100) and Br(H)-Si(100) surfaces post ALD.
The OH-Si(100) surface exhibits both a lower RMS roughness measurement and a smoother
topography compared to that of the Br(H)-Si(100) surface. This is as expected since the brominated

monolayer does not promote homogenous nucleation of the precursor molecules and thus the
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gradual Al,O; film growth should remain uneven. And this phenomenon is observed in the surface
topography for the Br(H)-Si(100) surface where there is a greater number of defects scattered
across the entire area of measurement whereas OH-Si(100) exhibits a more homogenous surface.

A well-known ARXPS method was used to calculate the thickness of the deposited Al,O;
film on a OH-Si(100) GS.'7>'”° This method utilizes ARXPS to collect background Si 2p signals
at varying take-off angles and fit them into Equation 3.2 to determine the total thickness of the
film layers on top of the bulk silicon interface based on the intensity of Si 2p electrons detected
through the layer system (namely SiO, and Al,O; layers). Equation 3.2 describes the relationship
between the XPS area intensity of the substrate electrons, the electron collection angle, and the

thickness of the film that covers the substrate.

Iinf

ISi(s)corr = A(0)corr X ISi(s) = Isics) X exp l_ (Eq3.2)

o]
Asi(m) X cos(6)

Where Ig;(s)corr 18 the corrected area intensity of silicon in the substrate; A(8) o is the correction

factor measured on a bare Si substrate; Ig;(s) is the measured area intensity of Si in the substrate;

Isi?(];) is the bulk area intensity of Si in the unfunctionalized substrate; Ag;(m) is the inelastic mean

free path (the attenuated length) of Si 2p electrons in the monolayer; d the monolayer thickness;
and 8 the collection angle between the sample normal and the analyzer. The Si 2p ARXPS spectra
were taken from an extended analytical area (~600 x 900 pm) to maintain an adequate signal-to-
noise ratio and to limit the molecule system’s exposure to the X-ray radiation. Because of this wide
analytical area, a drop in the Si 2p signal intensity was observed at the higher takeoff angles
associated with the shallow depth of field of the XPS analyzer. The correction factors for this drop

in intensity were measured using a bare Si substrate, in which both SiO, and Al,O; layers were
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absent, thus the change in the substrate intensity at different collection angles is not related to the
attenuation of the substrate Si 2p electrons by the ALD film material and is only associated with
the change in the sample focal area. This correction factor was then used to adjust the signal
intensities of the Si 2p scans from the corresponding OH-Si(100) substrate with 20 cycles of Al,O;
deposited on them. The corresponding signal intensities, correction factors, and collection angles

used in Equation 3.2 are reported in Table 3.3.

Table 3.3 Halogen Si 2p ARXPS substrate peak areas, collection angles and correction factors used
in the Equation 2.2 thickness calculations of the Al203 film deposited onto OH-Si(100) after 20
ALD cycles.

. ; Ie:
Coleetion | oue) | by | Fator | = A@rre | 1)
A(O)corr X Isi(s)

0 1 7936.44 1 7936.44 8.98

15 1.0353 6466.11 1.034 6682.72 8.81

30 1.1547 5489.22 1.150 6310.96 8.75

45 1.4142 3290.14 1.452 4777.28 8.47

60 2 824.76 2.600 2144.71 7.67

Using these parameters, Figure 3.11 was generated and demonstrated a strong linear fit. According

to Equation 3.2, we can derive total surface layers thickness from the slope of the profile.
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Figure 3.11 ARXPS Experiments of the SiO; and Al,03 layers on OH-Si(100) following 20 ALD cycles:
Linear Fit of the Corrected Si 2p Signal Areas from the Si Substrate as a Function of 1/cos(0).

The measured thicknesses from Figure 3.11 of the layer system comprising both a native SiO,
base layer and the top Al,O; ALD film was 42.563A or 4.2563 nm. And after accounting for the
thickness of just SiO; on a OH-Si(100) reference, nominally set at 2.10 nm based on a previous
ellipsometry measurement shown in Figure A3.5, the thickness of the Al,Os film deposited on
OH-Si(100) after 20 ALD cycles was calculated to be 2.16 nm, as reported in Table 3.4. This
thickness value was divided by the ellipsometry thickness measured on the same material to
determine a correction factor that could be applied to each of the NGS surfaces (H-, Cl-, Br-, and
I-) to determine the Al,O; film thickness on them since the same ARXPS method could not be
applied due to the uncertainty of how the ALD chemistry alters the thickness of the underlying
halogen sublayers.

Table 3.4 Characterization of Al,Os thin films deposited onto sample surfaces after 20 ALD cycles,
including thickness calculations from ARXPS and ellipsometry measurements and AFM roughness
measurements. Selectivity is defined as a proportion between the surface concentration of Al
atoms on the OH-Si(100) reference and the surface concentration of Al atoms on the Hal-Si(100)
surfaces, all values found using XPS and normalized to the Si 2p signal such that we were
comparing relative compositions (Al atoms to Si atoms). Selectivity(Al 2p : Si 2p ratio) =
(SiOH — SiCl,Br,I)/(SiOH + SiCl, Br, 1)
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Surface Calculated ALD Growth Selectivity (%) AFM RMS
Thickness (nm) Rate (nm/cycle) | (Based on XPS) Roughness (nm)

OH-Si(100) 2.16 0.11 -- 0.49 £ 0.01

H-Si(100) 1.63 0.08 18.5 0.53 £ 0.01

CI(H)-Si(100) 1.38 0.07 30.0 0.21 £ 0.01

Br(H)-Si(100) 1.43 0.07 27.6 0.76 £ 0.01

1(H)-Si(100) 1.45 0.07 24.2 0.78 £ 0.01

The resulting film thicknesses on the NGS are reported in Table 3.4 and shows that the
thinnest ALLO; film was observed on CI(H)-Si(100) followed by Br(H)-Si(100) and then I(H)-
Si(100). This trend in film thickness mirrors that of the XPS halogen-to-silicon signal ratios,
halogen coverage values, water contact angle, and blocking ability determined from XPS for all
three surfaces. All three halogenated surfaces exhibited lower ALD film thicknesses than H-
Si(100). Despite the three halogenated surfaces exhibiting similar Al-to-Si XPS ratios and Al,O;
film thicknesses, when factoring in the higher 24 hr air stability observed on Cl-Si(100), this
material appears to be the most effective candidate for Al,O; ALD surface blocking. Overall, the
reduced reactivity that each halogenated surface showed towards the ALD chemistry demonstrates
that they are each suitable candidates for effective ALD resists and when paired with a ALD
growth material such as OH-Si1(100) can participate in chemo-selective processing schemes such

as AS-ALD.

3.5 Conclusion

In this study, XPS, ellipsometry, and contact angle goniometry measurements were used
to demonstrate the covalent bonding of halogenated monolayers to a H-Si(100) surface prepared
via a dry reaction process. NCS, NBS, and NIS were all found to be effective halogenating agents
of H-Si(100). However, chlorination resulted in the highest halogen surface coverage by a
significant margin followed by bromination and then iodination. This approach exhibited an

exclusive bonding of halogen atoms to silicon while maintaining a low rate of oxidation of the
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underlying silicon interface, especially in the case of chlorination and bromination. Stability tests
in air were then undertaken to determine how long each surface could resist degradation and
oxidation. Over the course of 24 hours, CI(H)-Si(100) demonstrated the strongest resistance to
both halogen deterioration and SiO, growth followed by Br(H)-Si(100) and then I(H)-Si(100). At
the end of 72 hours each surface more or less resembled each other with respect to organic and
oxide concentration, however, CI(H)-Si(100) was able to retain about a quarter of its original
halogen coverage, something the other two surfaces did not achieve. Surfaces halogenated via a
vapor phase reaction can more feasibly be implemented into vacuum-based processes such as
ALD. In such a process, the halogenating molecule can be dosed into reactor chamber in the same
manner as the ALD chemistry. Applying inhibiting molecules to NGS on a sample surface will
allow for patterned deposition of the desired thin film, using atoms as building blocks for
synthesizing materials from the bottom-up. As a proof of principle, surfaces halogenated following
our enumerated protocol underwent traditional ALD in order to examine the newly formed
surface’s blocking ability against a metal oxide precursor. Consequently, SE and AFM data
demonstrated the improved shielding ability of the halogenated monolayers relative to H-Si(100)
and OH-Si(100). Once again CI(H)-Si(100) demonstrated the most effective blocking ability
against the ALD chemistry followed by bromination and then iodination. However, the reduced
reactivity that each halogenated surface showed with the ALD chemistry demonstrates that they
are each suitable candidates for effective ALD resists and when paired with an ALD growth
material such as OH-Si(100) can participate in chemo-selective processing schemes such as AS-

ALD.
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Chapter 4 “Bottom-Up” Laser Patterning of Ultra-Thin Oxides on
Hydrogenated Silicon

4.1 Chapter Structure

A technique for forming thin oxide layers on hydrogen-terminated silicon (H-Si(100))
using Nd:YAG pulsed laser radiation (355 nm, 6 ns) under low vacuum and room temperature
conditions is presented. The exposure wavelength was selected to limit photon absorption to a
~10nm depth below the Si-H interface, while nanosecond pulses were used to limit nonlinear
excitation effects. Using XPS and SEM, a range of average laser beam fluences from 0.10 — 0.24
J/em? was identified where the oxidation of H-Si(100) was promoted without causing observable
physical damage or crystallographic modification of the substrate under SEM. Contrastingly, the
same exposure to laser pulses produced limited physical and chemical changes on an already
oxidized OH-Si1(100) surface. Modeling of the transient temperature profile during and following
the laser pulse is suggestive of a thermal mechanism associated with the surface oxidation process.
The results suggest that exposure of a hydrogen layer on Si(100) to 355 nm nanosecond laser
pulses can promote chemical oxidation of silicon without causing morphological damage to the

underlying surface.

4.2 Introduction

To enable “bottom-up” manufacturing, recently there has been an emphasis on finding
universal and reliable techniques for controlling and modifying chemical reactivity of atomic
and/or ultra-thin layers on semiconductor materials.?!- ¥ Through surface chemical modification,
these nanometer-scale systems can be tailored to incorporate various active device components
such as patterned ultra-shallow doping layers > chemo-selective resists for AS-ALD and ALE®*:

% or chemical and biological templates for sensors and molecular arrays.!®- %% However, one of
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the major current challenges of nanofabrication of atomic and ultra-thin films is the lack of
unifying conditions for controlling and activating chemical reactivity of these systems in a spatially
resolved manner on a variety of different films and substrates. To date, atomic level patterning has
been enabled mostly with HDL!'! 132 Although this technique demonstrates atomic-scale
precision, it is limited by extremely low throughput and requires energy-intensive processing to
control the cryogenic and UHV conditions necessary for the patterning environment. Whereas
HDL initiates patterning using a flux of electrons to homolytically cleave surface bonds, we
hypothesize that it is possible to increase the surface reactivity to achieve a similar transition-state-
induced effect by delivering a high photon flux just within a shallow adsorption depth beneath an
interface, but without dissipating energy into the bulk substrate. Such laser-initiated chemical
activation of atomic or small molecule films within a suitable gas-phase environment can promote
a variety of surface reactions with specific chemical reactivity.

Oxidation of silicon is an important topic in microelectronics,'®* surface passivation,!34-186

and bio-engineering!'®’

. Current methods primarily aim at producing a continuous SiO> thin film,
often requiring high processing temperatures!®3-1°°, Consequently, there has been a longstanding
pursuit to find an approach that can achieve (1) localized silicon oxidation with good spatial
resolution, (2) operate at lower processing temperatures, and (3) avoid introducing crystallographic
damage to the surface. To gain better control of the oxidation process, researchers have turned to
various growth techniques such as ion-beam, plasma, visible and UV radiation!*!-!%3, Of these
techniques, oxide generation by UV light via pulsed laser exposures seems particularly promising
in achieving these objectives!*. Specifically, pulsed UV laser-assisted oxidation of silicon has
garnered attention due to its ability to precisely control the growth of extremely thin silicon oxide

189-191

layers on the scale of 1-2 nm . These studies however, primarily focused on growing
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continuous homogeneous oxide films without demonstrating spatial patterning. Additionally, the
mechanism of this laser-assisted oxidation remains largely unexplored. SEM has been utilized to
depassivate hydrogen-terminated silicon with spatial resolution of 200 nm but requires UHV!%,
Most promising, a 3.5 ns pulsed N> laser at 337 nm has been shown to locally initiate the
photothermal dissociation of hydrogen from silicon under UHV'?*, This laser-defined area was
then successfully phosphorus-doped to create a van der Pauw junction on previously H-terminated
silicon. This work gestures towards a universal technique for the pulsed laser patterning for a whole
host of substrates, resists, and small molecule precursors.

In this work, we demonstrate the formation of an ultra-thin oxide on H-Si(100) using
exposure to 355 nm, 5 ns laser pulses, without causing undesirable physical damage to the
underlying lattice. Thermal modeling of this process showed that the rise in surface temperature,
brought upon by laser exposure, exceeded the thermal threshold for H desorption from Si. These
laser-defined, H-desorbed sites then experienced oxidation with the surrounding low vacuum
environment. A range of laser fluences where this effect occurs while remaining below the melting
point of Si were determined both theoretically and experimentally. This laser-patterning has the
potential to be integrated into a variety of deposition strategies which involve chemo-selective
patterns with differences in reactivity between the chemically active OH-Si(100) regions and the

chemically inert surrounding H-Si(100) surface.

4.3 Materials and Methods

All reagents and solvents were used as received without further purification. Solvents were
purchased from Sigma-Aldrich and filtered through a 0.2 um filter before use. P-doped,
monocrystalline (100) silicon substrates were purchased from University Wafer, Boston,

Massachusetts. XPS spectra were recorded on a Kratos Axis Ultra XPS spectrometer equipped
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with a Al Ka (1486.6 V) X-ray source at 200 W power and a pressure of 3.0x10-8 mbar. Survey
scans were obtained between 0 and 1200 eV with a step size of 1 eV, a dwell time of 200 ms, and
a pass energy of 140 eV averaged over 2 scans. Core-level region scans were obtained at the
corresponding binding energy ranges with a step size of 0.1 eV, an average dwell time of 260 ms,
and a passing energy of 20 eV averaged over 10 scans. XPS data were processed using CasaXPS
software and instrument-specific atomic sensitivity factors. All C 1s peaks were calibrated to 284.7
eV and this same binding energy shift was applied to all other spectra to account for adventitious
carbon contamination. Prior to analysis, samples were transported under low vacuum from the
laser system to the XPS. SEM images were recorded on a Zeiss Auriga FIB-SEM microscope
detecting secondary electrons at 2-4 mm working distance. An electron beam with low accelerating
voltage (1-2 kV) was used in order to resolve secondary electron emissions indicative of different
chemical terminations (i.e. OH-Si and H-Si). Under SEM, any change in contrast between a laser
exposed and unexposed surface should be attributed to the higher emission of secondary electrons
from the heavier O atoms present in the grown oxide!'*®. The low voltage SEM beam may have
also helped to prevent any adsorption of carbon on the sample surface or additional hydrogen
desorption by the secondary electrons. AFM images were recorded on a NT-MDT AFM
Microscope using a silicon nitride probe (Manufacturer: NanoWorld) with a tip radius of <15 nm,
a resonance frequency of 67 kHz, and a force constant of 0.32 N/m. The same probe was used for

each sample in tapping mode. All goniometry analysis was gathered using ultra-pure water.
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4.3.1. Laser Parameters and Operation

Q-Smart 450 - 3 Omega Pulsed Laser System
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Figure 4.1 (Left) Schematic of laser system setup (BS: Beam Splitter, WP: Waveplate, Pol:
Polarizer). (Right) (top) Q-smart 450 3 Omega Laser system, (bottom) schematic of sample
vacuum holder.

Laser exposures were carried out using a Q-switched Nd:YAG laser (Q-Smart 450)
equipped with second- and third-harmonic crystals, which produces 5 ns nearly Gaussian pulses
with up to 80-mJ output pulse energy at 355 nm. A schematic illustration of the experimental
apparatus is shown in Figure 4.1. The output beam power was controlled using a combination of
a waveplate and polarizer. Single pulse excitation of the sample was enabled using a programmable
shutter. The beam was subsequently directed onto the sample after passing a 1-m focusing lens
that created a ~2 mm diameter laser spot at the sample plane. A wedged beam splitter was placed
after the focusing lens to produce two auxiliary beams with ~4% of the energy per beam. One
beam was directed into an energy meter, allowing the energy of each pulse to be measured, and
the second beam was directed into a beam profiler to record the spatial intensity profile of the
beam at an equivalent sample plane. The beam profile characteristics were recorded for each
exposure pulse, necessitated by small variation from shot to shot and over the duration of the

experiments. The relatively large beam size on the sample was required to enable modification of
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a sufficiently large area on the sample to be characterized with XPS. An example of the beam
profile is shown in Figure 4.1. The combination of the data from the power meter and beam
profiler allowed for characterization of the spatial distribution of the pulse energy on the sample
(fluence) and its peak fluence. The laser fluences reported in this work were originally measured
as the peak energy density deposited by the beam. A calibration experiment was then conducted
with the beam profiler, and the resulting energy distribution maps of the exposure beam were used
to correlate peak fluence with average fluence. Average fluence from the beam profile was
determined by converting pixel intensity values to an excel file and then averaging all cells with

non-zero values.

Fluence profile in J/cm2

Fluence profile in J/cm2
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Figure 4.2 (Left) Fluence beam map for a 0.72 J/cm? exposure site, (Middle) same beam map
magnified, and (Right) table showing reported peak fluence values and their corresponding
average beam fluence before and after reflectivity loss from two separate laser experiments on
H-Si(100).

As can be seen in Figure 4.2, the energy distribution across the exposure beam was nonuniform
and therefore consisted of average fluences up to an order of magnitude lower than the reported

peak fluence.
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The location of each exposed site was determined using an initial fiducial generated at a
higher laser fluence that could be visualized and subsequently generating a matrix of exposure
sites a preset separation distances along the sample plane. The laser exposure parameters are
summarized in Table 4.1.

Table 4.1 Laser Testing Parameters.

Waveleneth Pulse Elr)le?k P];\I/lerrage Polarization Incident Pulse Beam Beam
avelens Duration crey crey ° © Angle Profile Height | Width
Density Density
0.10-1.25 0.04-0.40 o Vertical
355 nm 6 ns Tem? Tem? P 7 Oval 1.5mm | 1.0 mm

The laser beam has a varying intensity profile with the maximum intensity occurring on the left
edge and dropping one order of magnitude across the entire width of the beam as seen in Figure
4.1. The main experimental peak laser fluence varies in the range between 0.10 and 1.25 J/cm? per
pulse, with a significant increase in oxidation observed starting at 0.25 J/cm?. The corresponding
average laser fluence were 0.04 and 0.40 J/cm?, with a significant increase in oxidation observed
starting at 0.10 J/cm?. Laser fluence was controlled using a polarizer and a rotating waveplate and

a shutter was used to isolate single shots.

4.3.2. Sample Preparation

All glassware was washed with 1X Nano-Strip solution (a stabilized formulation of sulfuric
acid and hydrogen peroxide) followed by rinsing with water and isopropanol before being dried in
an oven overnight at 130°C. A 4 cm? Si(100) substrate was soaked in Nano-Strip at 75°C for 15
min to produce a OH-Si(100). Following this oxidation, the substrate was then immersed in a 5%
aqueous HF solution for 6 min to chemically etch away the native oxide layer and form hydrogen
terminated silicon H-Si(100). The substrate was then quickly rinsed with water and isopropanol

and dried under a filtered nitrogen gas, before being mounted in a vacuum holder (10 torr)
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underneath a silica viewport. This holder was then placed on the target stage of the laser system,

where the laser exposure beam passes through the viewport and impinges on the H-Si(100) surface.

4.3.3. Estimating SixOy Film Thickness

From the XPS data SiO, film thickness was calculated using Equation 4.1'?%;
Isi
dsixoy = —Asio,In (i) (Eq 4.11)

where dg;yoy is the thickness of the Si Oy film, Ag;o, is the photoelectron mean free path through
Si0,, and lastly I; o and Ig; are the Si2p XPS signal intensities prior to and after laser exposure,

respectively. A Ag;p, of 10 nm was used for Si2p electrons passing through SiO,.

4.4 Results and Discussion
4.4.1 Defining Range of Energy Density for Enabling Oxidation

Initial considerations were focused on the selection of the laser parameters, based on the
experimental aim of inducing material modification exclusively on the near-surface layer, with
minimal heating of the bulk, in a manner that is reproducible and controlled. The selection of 355
nm laser excitation was based on limiting the absorption depth of laser radiation to the top 5-10
nm of the substrate material, as shown by the absorbance data in Figure A4.2. Initially, it was
conceived that by increasing the carrier density we may induce a pseudo phase-transition state that
allow for higher oxidative reactivity. However, the evidence presented here is instead suggestive
of a thermal oxidation mechanism, future experiments with longer wavelength light should be
carried out to determine if the same degree of oxidation is enabled with lower carrier density. Pulse
lengths on a nanosecond scale were selected over shorter exposures to exert more precise control

over the total amount of energy delivered to the substrate and to minimize contributions by
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nonlinear absorption, which may introduce a competing photoelectronic mechanism for H-Si(100)
oxidation. All exposures consisted of a single pulse as this allowed for only the study of the effect
of varying laser fluence. Lastly, the effect of laser pulse intensity on Si(100) oxidation was
examined by varying fluence exposure up to introducing laser induced damage (from 0.04 J/cm?

to 0.40 J/cm?). Example results are shown in Figure 4.3.

0.10 J/cm? 0.18 J/cm?2

SiOx2P (Si2p)

0.24 J/cm?
0 0.18 J/cm?

0.18 J/cm?2

13% 0.10 J/cm?
\ 0.10 J/cm?

0.4 %

0.04 J/cm? | 0.04 J/cm?

bWy bm hy 9N 9 0 MmO AN TD O 9. o D &9
FPT IV YIFIHFTFTHTE IS TS
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4.3 (Top) SEM imaging of H-Si(100) surfaces post-laser exposure with fluences of; 0.10
J/cm?,0.18 J/cm?, and 0.40 J/cm?. (Bottom) SixO,2p, O 1s, and Sisuik2p XPS region spectra from H-
Si(100) surfaces post-laser exposure with fluences of; 0.04 J/cm?,0.10J/cm?, 0.18 J/cm?, and 0.24
J/cm?. The same experiment was repeated using similar testing conditions on five separate H-
Si(100) samples and the XPS and SEM results are shown in Figures A4.3 — A4.7.

The XPS and SEM results shown in Figure 4.3 demonstrate that pulsed laser exposures of
H-Si(100) can promote chemical oxidation within the irradiation site without causing physical
surface damage. This is evidenced by the clear enhancement of the SixOy2p XPS signal centered

at 103.2 eV when the surface is exposed to a fluence of about 0.10 J/cm? compared to exposure at
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a lower fluence (0.04 J/cm?). Quantitatively, this signal enhancement translates to an increase in
SixOy surface concentration of 1.3 At% relative to a fully etched H-Si(100) surface. This effect is
amplified when increasing the laser fluence exposure to 0.18 J/cm? and 0.24 J/cm?, with SixOy
surface concentration increases of 2.9 At% and 3.5 At%, respectively. The relative rise in O1s XPS
signal also scales very closely with SixOy generation. For example, between 0.18 J/cm? and 0.24
J/em? exposures there is a 1.2x increase in SixOy surface concentration which shows good
agreement with the 1.5x increase observed in overall O content found on the surface. Hence, the
primary mode of O atom introduction onto the surface appears to be through SixOy generation.
Furthermore, there are two notable characteristics in how the Siux2p spectra evolve with
increasing fluence exposure which are indicative of interfacial chemical transformation. First, the
overall Sipu2p signal decreases, and secondly, there is a blurring of the closely spaced spin-orbit
components, both of which would occur as an oxide (and other oxygenated species) accumulates
on the surface, due to increasing attenuation of the underlying Sipux2p signal. Additional
experiments were conducted using similar testing conditions on five separate H-Si(100) samples
and the XPS and SEM results are shown in Figures A4.3 — A4.7. Each shows a general
enhancement of SixO,2p XPS signal above 0.1 J/cm? laser exposure, albeit with differing degrees
of oxidation observed. The differences in oxide generation may be the result of the contrasting
amounts of initial F and C atom containing species found on each surface. Overall, the compilation
of these results more-or-less resembles the results shown in Figure 4.3. All this is strong evidence
of a precise laser-driven oxidative effect on H-Si(100). All this is a strong evidence of a laser-
driven oxidation of the top H-Si(100) surface at fluences above approximately 0.10 J/cm?.

We also determined a maximum fluence where physical surface damage begins to occur.

The results showed that the surface morphology begins to physically alter starting at a fluence
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above 0.25 J/cm?, where subtle scattering from the surface morphology is first observed on camera.
Although this damage is minimal at first, when the exposure fluence reaches 0.40 J/cm?, significant
surface melting is observed, as shown in Figure 4.3. The Si2p and O1s XPS spectra for a surface
exposed with 0.38 J/cm? shown in Figure A4.8 demonstrates that the rate of this laser driven
surface oxidation effect continues to increase up until this threshold of melting. Overall, the
apparent range of tunable energy density available for controlling the oxidation of H-Si(100)
without surface rearrangement is in the range from 0.10 J/cm? to 0.24 J/cm?, with further oxidation
continuing until clear surface damage occurs as the fluence approaches 0.40 J/cm?. This range is
in good agreement with the lower bound of the range of energies that Katzenmeyer et. al. found
for hydrogen depassivation from Si without surface damage (0.2-0.3 J/cm?). Using STM, they
found that acute lattice damage occurs at 0.3 J/cm?, which is slightly below the melting threshold
we defined with SEM.

SEM images in Figure 4.3 show the gradual formation of the beam imprint onto the sample
surface with increasing laser fluence, the generation of which scales closely with the increase in
both SixOy2p and Ols XPS signals with fluence. This is suggestive that the propagation of the
beam imprint in SEM is due to a change in surface chemistry, rather than a change in the physical
morphology of the surface. This same effect is observed in most of the data sets in Figures A4.3

—A4.7.
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Figure 4.4 AFM micrographs of; (Top-Left) non-irradiated H-Si(100) surface, (Top-Right) H-Si(100)
irradiated with 0.24 J/cm?, (Bottom-Left) larger area H-Si(100) irradiated with 0.24 J/cm?.
(Bottom-Right) Table of RMS roughness values.

AFM imaging shown in Figure 4.4 also validates this interpretation, as no significant
increase in roughness was observed within the laser exposure sites as compared to the surrounding

unirradiated surface.

4.4.2 Nature of Laser-Grown Thin Film Oxide

The role played by potential oxidizing agents in laser driven oxide growth is still not well
established. Nayar et. al. theorized that SiO> growth via UV-light exposure is predominantly
enabled by O ions, produced through photodissociation of oxygenated species in the surrounding
environment that then experience self-limiting diffusion through the growing surface oxide

interface!®’. It has been suggested that the fast rate of O  recombination also limits the
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concentration of oxidizing species that are able to access the silicon surface!®® 18, To prevent this
loss of surface oxidizing species, Kailath et. al. found that by heavily diluting a saturated O»
environment with N> when oxidizing H-Si(100) with a 355 nm laser, that they were able to hinder
both oxide diffusion and recombination that stimies surface oxidation, which enabled great control
over SiO; film growth!®. A similar phenomenon may also be occurring in this technique by virtue
of the low-vacuum conditions (10~ torr) which similarly limits the concentration of available
oxidizing species. The oxidizing O anions in this work are most likely derived from water

molecules in the surrounding environment.

0.24 J/cm? 0.24 J/cm?

XPS signal ratio of the exposed XPS SiO2 thickness (nm)
to unexposedon area

Fluence (J/cm?) Fluence (J/cm?)
Figure 4.5 (Top) SEM imaging of (Left) H-Si(100) and (Right) OH-Si(100) surfaces post-exposure
with 0.24 J/cm?. (Bottom) Plots showing (Left) how many times greater the SixOy2p and O1s XPS
signals (SiOx normalized by Siguk2p and O 1s normalized by Si2p) are on both OH-Si(100) and H-
Si(100) surfaces post laser exposure, relative to an unexposed area on the same surfaces, and
(Right) the estimated SiO; film thickness calculated using Equation 4.1.
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As a control experiment, the same laser exposure experiment was carried out with an
already solvent-oxidized OH-Si(100) surface and a comparison between it and the laser-processed
H-Si(100) sample is shown in Figure 4.5. SEM imaging shows that after exposure to 0.24 J/cm?
there is clear imprinting of the laser beam onto the H-Si(100) surface, whereas, the beam imprint
is much harder to discern on the OH-Si(100) surface, despite similar SEM detection settings, due
to a smaller difference in contrast between the irradiated and non-irradiated areas. Furthermore, a
histogram of showing the increase in Si,O,2p and Ols signals on both OH-Si(100) and H-Si(100)
with increasing laser fluences relative to an unexposed area, demonstrates that there is significantly
more oxidative change occurring on the H-Si(100) surface as laser energy is applied. For example,
after exposure with 0.34 J/cm? there is a 14 times increase in the Si,O,2p/Sis2p signal ratio on H-
Si(100), while the OH-Si(100) surface exhibits only a 1.4 times increase in signal between the
irradiated and non-irradiated areas. Below 0.24 J/cm? exposure, on OH-Si(100) both the Si,O,2p
and Ols signals found on the irradiated sites are approximately the same to that found on the non-
irradiated area. These observations show good correlation with the estimated Si0O, thickness values
displayed in Figure 4.5, where on OH-Si(100) an increase in thickness is only observed after
exposure with 0.24 J/cm?. Meanwhile, gradual growth in SiO, thickness is observed on H-Si(100)
as higher laser fluence is applied. These observations suggest that the laser exposure is initiating a
predominantly chemical modification rather than a morphological one. Furthermore, the estimated
SiO, thickness values also show that after 0.24 J/cm? exposure on H-Si(100), the oxide thickness
is still only 34% of the thickness found on the native OH-Si(100) surface. This, in addition to the
Si,O,2p XPS spectra in Figure A4.9 which shows that laser oxide growth is only a fraction of a
fully formed native oxide, demonstrates there is still much room for further tuning of exposure

fluence when it comes to the laser driven oxidation of H-Si(100). Lastly, although it would be
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expected that the relative increase in O1s signal would scale evenly with that of the S1,0,2p signal,
if only surface oxidation is occurring, which is not the case on H-Si(100). However, as can be
observed in the O1s spectra in Figure 4.3, the H-Si(100) surface begins with a discernable amount
of O surface concentration as opposed to SiOj, specifically, at a 0.04 J/cm? exposure site there is
already 5 At% of O content, whereas there is only 0.4 At% of SiO, surface concentration.
Therefore, with increasing laser fluence, the overall increase in Ols signal is less than that of

S1,0,2p due to higher initial amount of non-Si,Oy, O-containing species found on the surface.
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Figure 4.6 Array of greyscale pixel intensity profiles for (Top) SEM imaging of sites (image subsets)
matched with (Bottom) fluence maps (image subsets) generated with the corresponding laser
fluence.

Fluence maps across the exposure area were collected using a beam profiler and converted

to topographies in MATLAB™, An array of fluence maps and SEM of the corresponding exposure
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sites are shown in Figure 4.6 and demonstrate the general uniformity of the laser beam shape and
dimensions. Moreover, visual alteration of the sample surface is limited to within the beam imprint
and no dissipation (whether chemical or physical) is observed outside the confines of the beam
profile, as is shown more closely in Figure A4.10. Both the fluence maps and SEM images were
converted into greyscale images and the pixel intensities across each image were plotted in the
accompanying intensity profiles in Figure 4.6. These profiles show that although the SEM images
of the exposure sites are characterized by a narrow bi-modal distribution of the pixel intensities
attributed to the H-Si(100) background (dark) and the OH-Si(100) exposed spots (bright), the beam
fluence maps have a wide distribution of the pixel intensities due to the non-uniform range of laser
intensities within the beam. Furthermore, the SEM images of the laser-exposed samples
demonstrate increasing homogeneity of the exposed spots with increasing fluence, whereas the
images of the fluence maps remain non-uniform. This suggests that the OH-Si(100) areas in the
laser exposed samples have relatively consistent and constant contrast with the H-Si(100)
background and, therefore, should have a uniform and constant distribution of the oxide. However,
with the increasing laser fluence the ratio of the oxidized to non-oxidized areas within the exposure
spot decreases. Yet, the XPS data demonstrates that the degree of oxidation increases with the
average fluence of the exposure beam. This is because the XPS analysis averages the overall oxide
amount within the exposed area and cannot discriminate between uniform spots with thinner oxide
layers vs. non-uniformed spots with both oxidized and non-oxidized areas. This is also supported
by the reduction of the apparent oxide growth after a thin oxide layer (~1 nm) develops at ~0.24
J/em? fluence and even with increasing laser fluence (up to the physical damage at 0.4 J/cm?) the

formation of thicker oxide films does not occur. Thus, the laser-assisted oxidation effect observed
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in this study appears to be a threshold event where a certain minimum value of the laser fluence is

required to initiate oxidation.

4.4.3 Elucidating Mechanism of Laser-Assisted Oxidation Effect

In order to effectively modulate surface chemical reactions, it is important to understand
the mechanism by which light absorption induces them. The primary potential processes are
photoelectrochemical processes induced by carrier generation in the substrate, thermal processes
due to substrate heating, and direct electronic absorption by the molecular species at the interface.
Although there have been some general studies into the mechanism of laser-assisted oxidation of
H-Si(100)!88 190, 197,199,200 " the photoinduced oxidation kinetics is not well understood. Gibbons
was the first to employ CW lasers to grow SiO, on Si(100)?°! and in an attempt to enumerate a
possible oxidative mechanism, Boyd et. al. hypothesized that the continuous laser radiation
enhanced carrier population by progressively weakening surface Si dimers?’? via promotion of
valence electrons (Si bandgap: 1.12 eV) and subsequent electron-induced lattice heating. Using
continuous laser radiation to weaken and gradually break surface bonds through a predominantly
thermal effect is an example of a linear process since the probability of bond activation/dissociation
increases with exposure duration. If the mechanism behind this laser driven oxidation effect is due
to a linear process than the energy of the photons at 355 nm (3.5 eV) must deliver enough energy
to overcome the threshold for Si-H dissociation within the 6 ns laser pulse. The reported values

203-205 and

for hydrogen desorption from silicon range from 2.82-3.9 eV for monohydride species
1.86-3.19 eV for dihydride species®®®. Additionally, the Gibbs free energy of oxide formation for
Siis -35.4 J/mole at ambient temperature and pressure and thus is significantly prone to oxidation

in most states. The activation energy for hydrogen desorption from Si(100) is reported to be 49+3

kcal/mol (1.99 eV+0.3 ¢V)?%. To determine the role of thermal oxidation in this laser driven
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technique, the time-resolved thermal analysis of silicon was performed as a function of both silicon
properties (absorption coefficient, reflectivity, thermal conductivity, and diffusivity) and laser
exposure parameters (wavelength, pulse time, and fluence). For this thermal modeling, the average
fluence values were reduced by 58% to account for reflectivity loss (roughly 50% loss for Si and
8% loss due to the sample holder glass viewport) at 355 nm. Additionally, although material
reflectivity is a temperature dependent property, this effect is negligible at our experimental
conditions?’.
Assuming 1-D transient heat transfer, the heat flux ( g) to the topmost surface can be

defined as Equation 4.2;

qs = AT /% kpc,t (Eq4.2)

where k is the thermal conductivity, p and ¢, are the density and heat capacity of the substrate
material, respectively, and t is the laser exposure pulse time (described using step function). After

expanding AT and rearranging, Equation 4.3 is as follows;

T(z=0,t)—T; =g, ,# (Eq 4.3)
p

where the final surface temp (T) is only a function of laser exposure time. To consider the volume
of thermal absorption from laser exposure, Equation 4.3 should first account for the loss of laser
energy that the photons experience as they travel through the substrate bulk. Thus, after

incorporating absorption depth (6) Equation 4.4 is;

€gen ’ 4t
= —T;, = — S Eq 4.4
T(z=0,t)—T; =96 p (—o+ 7T(kpcp)) (Eq4.4)

where ég en 18 the volumetric power absorbed. When the thermal absorption depth (z) is also varied

Equation 4.5 is;
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€gen

. —oexp (—%) +

T(z, ¢) =T, = & (Eq 4.5)

4at z2 z
- exp yyon zerfc (ZM)

where a is the thermal diffusivity of the substrate material, and the complementary error function
(erfc) term is added to account for heat diffusion length. However, k and a have strong nonlinear

dependence on surface temperature®®, as is demonstrated by Figure 4.7.
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Figure 4.7 (Left) Thermal conductivity of silicon as a function of temperature?°®, (Right)
conversion of profile from a logarithmic scale to a linear scale.

Here, the k vs. T profile exhibits a R? value of 0.9988 with a logarithmic line of best fit. However,

this profile was converted to a linear scale using;

k(T)
k(T,)

T
= (?0)” where T, = 300 K and n = 1.25

So that a linearized version of the model could be solved. Furthermore, a can be derived from k

using Equation 4.6.

k
— Eq 6
e, (Eq 6)
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Thus, for each iteration of T (z, t) calculated, new k and a values should be determined. Here, we
solve a linearized version of Equation 4.5 based on a range of fixed values for k between 130 W
m! K at21°C and 30 W m! K- at 1500°C to generate temperature profiles as a function of z, t,
and average exposure fluence shown in Figure 4.8. Equation 4.5 was coded into Matlab™ and

the script is shown in Equation A4.11.

0.04 J/cm? 0.10J/cm?  0.18 J/cm?
0.24 J/cm? 0.34J/cm?  0.40J/cm?

AT vs. Time & Fluence

4000

@) n
%. 3500 3
]
£ Q
T 3000
i -
8 2500 5-‘
£ <
K = 30 W/rﬂ-‘K"I ‘5 2000 gh
2z ?
c
_a 1500 m
=2 1000 3
.(:% S
o
U 500 O
0
2500
G 2500 9
g o
Q 2000 é
£ 2000 )
b =
(= ]
[] wv
% ‘I 500 Z:? 1500 E
K=80W/m-K-1 £ i 5
[V} = ™
c 1000 1000 i
@ 3
[o)] T
j= 500 500
] 3
Ne 8]
S s
0 T: o
@) 800
QL_), 2000 ! A
a 1600 g
£ =}
<1500 o G
v =
o 1200 3
i 0
5 B 1000 &
K=130W/m-K-* & 1000 2 3
< £ w3
] —
o 600
c 500 3
00 O
<
v 3
8)
s

5 10 15

0 0.05 01 0.15 0.2
Time (ns) Fluence (Jicm?)

Figure 4.8 (Left Column) Change in temperature profiles at substrate surface for varying peak
fluence exposures (average fluence used in calculation) for a low, mean, and high thermal
conductivity, and (Right Column) change in temperature profile at substrate surface as a function
of laser intensity (i.e. pulse time and average laser fluence) for a low, mean, and high thermal
conductivity.
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The temperature profiles at the substrate surface (z = 0.01 nm) for each specific exposure
fluence and k value, shows that fluences at or above 0.10 J/cm? results in a surface temperature
change above the threshold for dry thermal oxidation of Si (700 °C?%), although some papers report
monohydride desorption of Si at temperatures as low as 430 °C?%. This correlates well with the
XPS data shown in Figure 4.5 which demonstrate a 2.25 times increase in Si,O, surface content
between 0.10 J/cm? and 0.18 J/cm? exposures. Additionally, Figure 4.8 also shows that peak
fluence exposures at or above 0.34 J/cm? results surface temperature change above the melting
threshold for Si at each k value too. This coheres well with SEM of a 0.40 J/cm? exposure site in
Figure 4.3 which exhibits observable melting of the surface. Both these observations are
suggestive of a thermal mechanism driving surface oxidation. It should also be noted that even
though the temperature change after a 0.10 J/cm? exposure with a low k value is 20 °C under the
thermal oxidation temperature threshold, Figure 4.5 shows that there is still about a 4% increase
in S1,O, concentration on the surface at this same exposure fluence. But because the model outputs
surface temperature change, it is reasonable to assume that the surface is initially at or around room
temperature (21 °C) prior to laser exposure, and thus the temperature change after a 0.10 J/cm?
exposure should be approximately 701 °C. It appears that the mean k value of 80 W cm! K-! best
approximates the reality of the material during laser exposure as the temperature profiles generated
between 0.10-0.24 J/cm? indicate surface temperature changed above the threshold for thermal
oxidation but below the threshold for surface melting.

It has been reported that the fastest oxidation rate of Si between 800-1200 °C is 0.042
nm/sec?'?, but the results in this study demonstrate 0.9 nm of Si,O, growth during the 6 ns laser
exposure pulse after 0.18 J/cm?. This previously reported rate pertained to oxide growth of thick

layers (from O to 1 micron in increments of 40 nm), thus, it’s probable that at the lowest thickness
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regime (~ 0-2 nm) at which this study is interested in, the initial rate of oxide growth is much faster
for the initial monolayer or two, and then slows significantly due to the transport limitations. This
discussion on oxide growth rate is only speculative as it is not clear whether oxidation is
predominantly occurring during or after the exposure pulse. However, if the laser is desorbing
hydrogen from the surface, the unsatisfied silicon sites will be extremely reactive with its
immediate environment. And given the relatively low vacuum conditions of the sample holder (10-
2 torr), the surface is most likely interacting with 2-4 ppm of oxidizing species, and so the kinetics
of the subsequent oxidation reaction should be ultrafast. Figure 4.8 shows 3D profiles that relates
laser intensity (laser fluence/pulse time) to surface temperature change that will help to define a
window in laser intensity where thermal oxidation of Si can be enabled without surface melting.
These profiles were generated using the code shown in Figure A4.13. To attain a 700 °C surface
temperature change at k = 80 W cm! K-!, the minimum intensity needed is 0.009 nW/cm? (0.0525
J/em? for 6 ns). For the same 6 ns pulse, the minimum intensity that induces a surface temperature

change above the melting point of Si (1412 °C) is 0.0233 nW/cm? (0.140 J/cm? for 6 ns).
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Figure 4.9 Heat dissipation of substrate as a function of heat diffusion length at selected average
exposure fluences (i.e. 0.34 J/cm?,0.24 J/cm?,0.16 J/cm?, 0.08 J/cm?) after a 6 ns exposure pulse.
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Thermal dissipation length profiles in Figure 4.9 show that the heat diffusion length is roughly

375 nm after a 6 ns exposure pulse at average fluences ranging from 0.08 J/cm? to 0.34 J/cm?.

4.4.4 Air Stability Study of Exposed and Nonexposed Laser Sites
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Figure 4.10 (Top) SEM imaging of H-Si(100) surface (Left) immediately following laser exposure,
and (Right) after 72 hr in an ambient environment post-exposure. (Bottom) (Left) Histogram
showing SixOy2p/Sisui2p signal ratios for a native oxide, unexposed H-Si, and laser exposed H-Si
sites before and after 72 hours of air exposure, and (Right) a comparison of SixO,2p spectra from
a 0.09 J/cm? laser exposed H-Si(100) surface and unexposed H-Si(100) and OH-Si(100) surfaces.

To further evaluate whether the beam imprint observed with SEM was primarily a product
of chemical or physical surface transformation, the irradiated H-Si(100) surface was allowed to
passively re-oxidize in an ambient laboratory setting for 72 hours. The subsequent XPS and SEM

results are shown in Figure 4.10 and reveal a nebulous picture of how additional oxidation of the
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laser exposed sites progresses. SEM shows that a change in contrast occurs within the H-Si(100)
exposure sites after prolonged exposure to the ambient environment compared to the same surface
immediately following laser exposure. This change occurs despite almost identical SEM detection
settings, yet still the laser site appears to be charging electrons differently. The darker shade on the
72 hr post exposure sample more closely resembles that of the exposure site observed on the OH-
Si(100) surface in Figure 4.5. And although the beam resolutions are still high compared to that
of the OH-Si(100) site, one can begin to see fading around the edges of the beam imprints on H-
Si(100) 72 hours post exposure. However, the majority of each beam imprint did remain across
the 72 hours. Interestingly, after 72 hours of air exposure, the histogram in Figure 4.10 shows that
the Si,O,2p XPS signal on H-Si(100) is lower in the irradiated sites (above 0.04 J/cm?) compared
to an non-irradiated site. For example, the Si,0,2p signal measured from the site irradiated with
0.24 J/cm? is about 12.5% less than the signal measured on the non-irradiated site. Figure A4.13
also shows that the O1s signal is also lower on H-Si(100) sites irradiated with at least 0.24 J/cm?.
This same reduction in Si,O,2p and Ols signals is not found on laser exposed OH-Si(100) sites,
all of which more or less resemble the chemical composition of the corresponding non-irradiated
site. Therefore, just as the rate of oxidation on H-Si(100) increased with laser fluence exposure in
Figure 4.3 and Figure 4.5, the rate of subsequent passive oxide formation decreases with
increasing laser fluence following 72 hours of air exposure. This, in conjunction with the beam
imprints still visible but with a change in contrast, may suggest that the original oxide formed on
H-Si(100) post exposure may differ chemically from that of oxides generated in air or in a solution
phase oxidizer (i.e. Nano-Strip). This reasoning is further validated by the Si,0,2p XPS spectra in
Figure 4.10 which shows that the signal measured from a H-Si(100) site irradiated with 0.18 J/cm?

is shifted to a lower binding energy by 0.3 eV compared to signals found on both non-irradiated
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OH-Si(100) and H-S1(100) sites. Thus, it is possible that rather than stoichiometric Si0,, a slightly
different form of oxide is generated using this technique, possibly some derivation of Si,0; which
is reported to be 0.9 eV down energy from the SiO, signal?!!. It is not clear whether this difference
in oxide structure is the result of a predominantly thermal oxidation mechanism and future studies
should focus on examining the difference in chemical structure of native grown oxide and thermal

oxide.

4.5 Conclusion

Presented here is a methodology for universal patterning of atomic and small molecule
resists using nanosecond pulsed laser radiation. Specifically, Nd:YAG pulsed laser radiation was
employed to increase the rate of oxidation on hydrogen-terminated Si(100) under low vacuum and
room temperature conditions. An interval of average laser beam energy density (0.10 —0.24 J/cm?)
was established in which the rate of surface oxidation on H-Si(100) is enhanced, whereas a
corresponding OH-Si(100) surface saw minimal oxide growth. Furthermore, XPS demonstrated
that the degree of surface oxide content on H-Si(100) increased with energy density and correlated
with the formation of small spots (matching the profile of the laser beam) observed with SEM.
This imaging was paired with laser fluence mapping to demonstrate the local nature of the
oxidizing effect. AFM analysis was used to verify that the oxide areas were morphologically
similar to the unexposed H-Si(100) areas suggesting that the laser radiation below the damage
threshold fluence does not lead to physical changes of the exposed interface. Thermal modeling
demonstrated that the rise in surface temperature, brought upon by laser exposure between 0.10-
0.30 J/cm?, exceeded the thermal threshold for H desorption from Si, while remaining below the
melting point of Si. These laser-defined H-desorbed sites then experienced oxidation with the

surrounding low vacuum environment. Lastly, ambient stability studies over 72 hours
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demonstrated that subsequent passive oxidation within the irradiated spots progressed differently
than on the surrounding non-irradiated area, indicating that laser radiation grows a different form
of oxide (most likely Si,0;) than that of stoichiometric SiO,. From these results it was concluded
that pulsed laser exposures of a monoatomic hydrogen-resist layer on Si(100) can promote
chemical oxidation of the resist without causing morphology damage to the underlying surface.
Such an oxidative patterning technique has the potential to enable universal, in-situ patterning of

various substrate/resist combinations for ASD manufacturing platforms.
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Chapter 5 Soft Lithography of Carbene-Based Small Molecule
Layer

This chapter is a slightly modified version of “Light-Mediated Contact Printing of Phosphorus-
Species onto Silicon Using Carbene-Based Molecular Layers” published in Langmuir and has

been reproduced here with the permission of the copyright holder.

5.1 Chapter Structure

The ability to deposit pattern-specific molecule layers onto silicon with either regional p-
/n- doping properties or that act as chemo-selective resists for area-selective deposition, is highly
sought after in the bottom-up manufacturing of microelectronics. In this chapter, we demonstrate
a simple protocol for the covalent attachment and patterning of a phosphorus-based dopant
precursor onto silicon(100) functionalized with reactive carbene species. This method relies on
selective surface reactions which provide terminal functionalities that can be photochemically
modified via UV-assisted contact printing between the carbene-functionalized substrate and an
elastomeric stamp inked with the inorganic dopant precursor. XPS analysis combined with SEM
imaging was used to characterize the molecule attachment and patterning ability of this technique.
The XPS spectra are indicative of the covalent bonding between phosphorus-containing molecules
and the functionalized surface after both bulk solution-phase reaction and photochemical printing.
SEM analysis of the corresponding printed features demonstrates the effective transfer of the
phosphorus species in a patterned orientation matching that of the stamp pattern. This simple
approach to patterning dopant precursors has the potential to inform the continued refinement of

thin-film electronic, photonic and quantum device manufacturing.
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5.2 Introduction

Strategies for the bottom-up manufacturing of semiconductor devices are increasingly
relying on the selective functionalization of surfaces with small molecules or monoatomic films
that can act as deposition resists®® **, dopants®!, or active device components®*. When combined
with parallel patterning techniques, these small molecule and atomic-scale interfaces can play an
integral role in self-aligned fabrication schemes for bio-templates® 2'2, doping of ultra-shallow
junctions®> 213, or act as effective resists in ASD techniques?®: 92 171.214. 215 However, traditional
patterning methods such as photolithography and shadow mask deposition are not directly
compatible with monomolecular or atomic layers, which are projected to play a bigger role in
electronic device manufacturing due to the continuous downsizing of device components?'®.
Alternatively, contact transfer printing has been shown to be a viable bottom-up fabrication
method for the patterning of molecules with up to 50 nm lateral resolution?'”-2!8, This technique
utilizes an elastomeric stamp inked with a molecule to transfer the species onto a chemically
receptive receiver surface in a patterned orientation. Unlike traditional photolithographic
techniques, photochemical transfer printing reactions are not always limited by light diffraction
because the resolution is primarily determined by the diffusivity of the transferring molecules and
the quality of the mechanical stamp-substrate contact*’®. This technique is also naturally
compatible with a wide range of materials such as organics*?, inorganics®*2?!, polymerics???, and
biologics??. Furthermore, contact printing is inherently more efficient and less expensive than UV-
based photolithographic techniques. Another advantage of transfer printing with elastic stamps is
the ability to pattern nonplanar surfaces while still maintaining high feature uniformity and
resolution® — an impossible task for techniques such as photolithography**-2!¢ and shadow mask

deposition?* 2%,
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When paired with a reactive interface, transfer printing can enable the delivery of
monomolecular layers with regional p-/n- doping properties onto a semiconductor interface
necessary for the development of ultra-shallow doping strategies. Specifically, the immobilization
of inorganic atoms such as phosphorus and boron to silicon is an essential component in the
fabrication of ultra-shallow doping interfaces for next generation complementary metal-oxide—
semiconductor (CMOS) transistors??%-2?7, In order to maintain low series resistance in sub-10 nm
CMOS transistors, surface junctions should exhibit abrupt depth profiles and high
phosphorus/boron concentrations that help to negate short-channel effects®-228:22, Such properties
cannot be achieved with current ion beam implantation techniques, which either produce broad,
low concentration dopant zones or inflict crystallographic damage upon a substrate’s surface over
a micrometer range®?>?!. Alternatively, plasma doping studies have demonstrated the ability to
generate more conformal doping profiles?*?, however, surface quality concerns arising from the
entrapment of dopant molecules at the oxide interface during implantation have also been
reported®?. STM has been shown to produce atomically precise phosphorus-doped regions on
silicon using an STM probe to cleave Si-H bonds and generate strong and chemically inert Si-P
bonds in a site-by-site manner®>2**. However, this deposition and patterning technique has very
low throughput and requires ultra-high vacuum conditions. Consequently, techniques such as
transfer printing which facilitate selective surface doping similar to that of STM, but in parallel
fashion and at milder conditions®*® are essential to circumvent the inherent throughput, material,
and energy intensive constraints of STM-based patterning.

To accomplish selective surface doping via contact printing, the receiver substrate needs
to be reactive to the species being delivered via the transfer process. In this study, receiver

substrates functionalized with a carbene-based molecule layer were examined on their ability to
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immobilize a printed phosphorus-based dopant precursor via stable C-P surface bonding. A
carbene is a divalent carbon which can be photogenerated from diazirine or diazo-based
compounds. They can be generated from diazirines in either the solution or vapor phase and require
a lower activation energy compared to most other organic radical-generating reactions?**23. In our
previous work we have demonstrated the UV-activated insertion of carbene groups into Si-H
surface bonds!'” 235, However, carbene species can also provide a viable platform for chemically
trapping organic and inorganic species at the solid interfaces from the gas or liquid phase via a
similar UV-facilitated X-H insertion mechanism. Unlike other phosphorus-containing dopant
precursors, which are typically immobilized using Si-O or C-O bonds, carbenes can directly insert
into the P-H bond creating strong and direct C-P attachment of phosphorus atoms**: 2. For
example, diphenylphosphine (DPP) is a disubstituted phosphine derivative that can potentially be
trapped by surface immobilized carbene species via the insertion into the P-H bond and formation
of the P-C bond. When coupled with the contact transfer printing, this would enable the selective
immobilization of phosphorus-containing molecules via a direct C-P surface bonding.

In this study, a simple approach to selectively modify and pattern phosphorus-containing
monolayers onto silicon(100) is demonstrated. Contact printing coupled with a carbene-based
molecule system was utilized to introduce new surface functionality via conformal contact
between functionalized silicon and a DPP inked elastomeric stamp. XPS coupled with SEM and
SE were used to characterize the phosphine attachment and patterning ability of this printing
technique. This work has demonstrated (1) the direct trapping of phosphorus species by UV-
generated surface carbenes immobilized to silicon and (2) the patterning of these species onto
silicon with micrometer resolution and high feature uniformity, using contact printing under close-

to-ambient conditions.
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5.3 Materials and Methods

All reagents and solvents were used as received without further purification. Solvents were
purchased from Sigma-Aldrich and filtered through a 0.2 um filter before use. The light sensitive
carbene precursor molecule 2,5-dioxopyrrolidin-1-yl 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)
benzoate (NHS-Diazirine) was purchased from American Elements and stored in dark
environments. Its application was carried out under yellow light only. P-doped, monocrystalline
(100) silicon substrates were purchased from University Wafer, Boston, Massachusetts. XPS
spectra were recorded on a Kratos Axis Ultra XPS spectrometer equipped with a Al Ka (1486.6
eV) X-ray source at 200 W power and a pressure of 3.0x10-® mbar. Survey scans were obtained
between 0 and 1200 eV with a step size of 1 eV, a dwell time of 200 ms, and a pass energy of 140
eV averaged over 2 scans. Core-level region scans were obtained at the corresponding binding
energy ranges with a step size of 0.1 eV, an average dwell time of 260 ms, and a passing energy
of 20 eV averaged over 10 scans. ARXPS was used to collect P 2p spectra at varying emission
angles in order to detect electrons from different surface depths (i.e. increasing grazing angle limits
detection to upper portion of surface). XPS data were processed using CasaXPS software and
instrument-specific atomic sensitivity factors. All C 1s peaks were calibrated to 284.7 eV and this
same binding energy shift was applied to all other spectra to account for adventitious carbon
contamination. SEM images were recorded on a Zeiss Auriga FIB-SEM microscope detecting
secondary electrons at ~3.5 mm working distance. All goniometry analysis was gathered using
ultra-pure water. Ellipsometry data were collected using a J.A. Woollam M-2000 Ellipsometer and

fitted using the Cauchy refractive index model.
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5.3.1 Functionalization of Si(100) Substrate with Carbene Precursor

All glassware was washed with Nano-Strip solution (Cyantek) followed by rinsing with
water and isopropanol 99.5% before being dried in an oven overnight at 130 °C. A 4 cm? Si
substrate was soaked in Nano-Strip for 5 min and then immersed in a 7:1 buffered oxide etch
solution (hydrofluoric Acid — 12.5%, ammonium fluoride - 87.5%) for 30 s to chemically etch
away a contaminated native oxide layer and then re-immersed in Nano-Strip for an additional 15
min at 70 °C to reform a clean oxide layer and to generate surface hydroxyl-groups. The substrate
was then rinsed with water and isopropanol and dried under nitrogen gas. The sample was then
placed into a glass bottle containing 30 pL. of 3-aminopropyltrimetoxy silane 97% (APTMS)
purchased from Alfa Aesar and 5 pL of triethylamine 99.5% purchased from Sigma-Aldrich. The
bottle was capped and heated to 65 °C and left for 2 h. After silanization, the sample was removed
and rinsed thoroughly with dichloromethane and isopropanol, and then dried under nitrogen gas.
The amino-terminated surface (NH,-Si) was subsequently immersed in a 10 mM solution of NHS-
diazirine in carbon tetrachloride 99.9% for 2 h under yellow light. Postreaction, the diazirine-
terminated surface (Diaz-Si) was rinsed with dichloromethane and isopropanol, and then dried
under nitrogen gas. The sample was stored in the dark under nitrogen until subsequent

photochemical dopant species attachment.
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5.3.2 Light-Induced Generation of Reactive Carbene Species and Subsequent
Covalent Attachment of Phosphine Derivative

To Vent

Gas Manifold

Qil-Based
Flow Meter

Ar —»

UV-Transparent
Reactor

Figure 5.1 (A) Schematic of photochemical reactor setup for attaching DPP to Diaz-Si surface with
inset of reactor vial and UV lamp setup. (B) Picture of full setup showing; (1) UV Lamp power
supply, (2) UV shield blocking UV lamp and reactor vial, (3) reactor manifold, (4) oil-based
flowmeter.

A Diaz-Si sample was placed into a UV-transparent vial and capped with a silicone septum.
This vial is the UV transparent reactor shown in Figure 5.1 along with the rest of the reactor setup.
The vial was then purged for 5 min with argon before neat DPP was added dropwise to the surface
of the sample via needle syringe. The substrate was then put under a UV-lamp (UVP UVGL-15,
365 nm, 4 watt) for 1 h forming the DPP reacted sample (PPh,-Si). Following the reaction, the
sample was removed from the vial and rinsed with carbon tetrachloride and dried under nitrogen

gas.

5.3.3 Fabrication of Micropatterned SiO: Mold

NRO9-1500PY (Futurrex) was spun on a clean silicon wafer at 3000 rpm for 40 sec. The
resulting substrate was baked on a digital hot plate at 155°C for 2 min to produce 180nm of the
resist on Si. Photolithography (Karl Suss MA6/BA6) was performed using a photomask (Photo
Sciences, Inc.) bearing 8 ym squares with an exposure time of 11.5 sec. After UV exposure, the

substrate was baked on a digital hot plate at 105°C for 70 sec, developed in RD6 (Futurrex) for 11
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sec and immediately rinsed with water. The dried substrate was baked in an oven at 110 °C for 5
min and descumed in oxygen plasma for 1 min at 100 watts and 6x10-' mbar O, pressure (Emitech
K-1050X plasma asher). The oxide layer was etched away through the opening in photoresist using
reactive ion etching (Trion Technology Phantom II) for 22 min using CF, and O,. Any remaining
oxide was removed using buffered oxide etch (BOE). The negative resist was removed with

nanostrip (55°C, 2 min) producing a patterned silicon/SiO, master.

5.3.4 Preparation of Reactive Polyurethane Acrylate Stamps

Figure 5.2 Micrograph of patterned PUA stamp surface.

Synthesis of the polyurethane acrylate (PUA) monomers were prepared according to a
previously published protocol*’. Under yellow light, 1 mL of PUA was transferred into a vial and
de-gassed at 30 inHg for 2 h. The resin was dispersed onto the patterned portion of the SiO, mold
and allowed to settle. A UV-transparent cover slide and 2.2 mm glass spacers were applied to
control stamp thickness. The mold was exposed to 365 nm UV-light for 2 h. After removing the
cover slide, the replication system was again exposed to UV-light overnight. The mold and resin
were placed into a UV crosslinker system (SpectrolinkerTM XL-1500, 351 nm 6 x 15 W) for 600

s. After heating the system on a hotplate to 65°C for 10 min, the fully cured stamp was removed
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with a sharp-ended tweezer and rinsed with isopropanol and dried under nitrogen. The resulting

stamp surface is shown in Figure 5.2.

5.3.5 Generation of Micropatterned Phosphine Monolayers on Functionalized Si
Substrate via Contact Printing

A PUA stamp patterned with 8 pm squares was inked with a 50 pL droplet of neat DPP
and allowed to dry in ambient air for 10 min and then thoroughly dried under nitrogen gas. The
stamp was placed on the top of a diazirine-terminated Si substrate at room temperature for 5 min
with no external load. The stamp/substrate system was exposed to 351 nm UV-light for 2 min in
the UV-crosslinker system. Postreaction, the substrate was carefully removed from the stamp and

rinsed with isopropanol and dried under nitrogen gas.

5.4 Results and Discussion

5.4.1 Immobilization and Activation of Carbene for Subsequent Capture of
Phosphorus Species

Transfer printing requires a receiver substrate chemically receptive to the species being
delivered during the transfer step. In this study we evaluated the use of surface-immobilized
carbenes as reactive species that can trap substituted mono-phosphines via direct insertion into P-
H bonds. To immobilize unreacted carbene precursors onto Si, hetero-bifunctional molecules that

consist of a carbene-precursor species and surface-reactive functional groups are required.
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Figure 5.3 Functionalization strategy where; (1-2) generation of hydroxyl groups on the surface
of a Si(100) substrate, which is then (2-3) functionalized with an amino-terminated monolayer
via silanization, that is subsequently used for (3-4) covalent attachment of carbene precursor
(diazirine) molecules via amide bond, allowing for (4-5) UV-initiated generation of immobilized
carbene species and subsequent P-dopant capture.

As shown in the reaction scheme in Figure 5.3, we theorized that an NHS-diazirine
molecule could react with a primary amine species via the N-hydroxy-succinimide constituent at
one end of the molecule, while the diazirine headgroup can be independently activated under UV-
light to generate carbenes. The functionalization strategy employed in this study relied on a
bilayered system, consisting of a primary aminosilane layer attached to a secondary diazirine layer
via stable amide bonding. Organosilanes have been shown to form homogeneously oriented
monolayers on oxidized group IV semiconductors®*! and have good chemical and physical
stability. From the diazirine precursor, metastable®*> surface carbenes were generated following
exposure to UV-light at 365 nm. The dense primary silane layer increased chemical and physical
stability of the substrate interface, while the secondary reactive overlayer provided a functional
surface moiety that could directly trap P atoms via stable covalent C-P bonding without any
additional linkers. The phenyl rings present in the immobilized DPP species can potentially be
dissociated either photochemically or through low temperature annealing?#-244. XPS, SE thickness,
and contact angle measurements were collected to characterize the incorporation of each

functionalization step and are presented in Figure 5.4 and Table 5.1.
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Figure 5.4 (Top) lllustration of carbene-based functionalization; (Middle) C 1s, N 1s, F 1s and P 2p
XPS region spectra measured from the following surfaces: NH,-Si, Diaz-Si, PPh,-Si (No-UV), and
PPh,-Si represented by the green, pink, blue, and purple profiles, respectively; (Bottom)
histograms showing the quantitative XPS characterization of region scans (C 1s, N 1s, F 1s, and Si
2p) for each surface, all normalized by the Si 2p peak intensity.
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Table 5.2 Water contact angle and ellipsometry measurements performed on NH-Si, Diaz-Si,
PPh>-Si, PPh,-Si (No-UV) substrates.

Ellipsometry Goniometry
Surface Layer (rIIl‘?ri)Ckness T}E illfl?;izlzsin) Contact angle (°) | Hysteresis (°)
NH,-Si 0.98 £0.06 0.83 60.0 0.1 170 +£0.1
Diaz-Si 1.34 £0.06 1.31 68.0 +0.1 250+0.1
PPh,-Si 1.62 +£0.06 1.37 550+0.1 340+0.1
PPh,-Si (No-UV) 143 £0.06 1.31 64.0+0.1 31.0+0.1

Figure 5.4 shows the C 1s, N 1s, F 1s and P 2p core-level XPS spectra of hydroxyl-
terminated silicon (OH-Si) following silanization, carbene activation and dopant attachment steps.
A fourth control sample was also included to examine the necessity of UV-exposure for carbene
generation and dopant capture. The primary contribution to each of the C 1s spectra was from C-
C/C=C bonds centered around 284.7 eV. Following silanization there was a shift towards 286 eV
which is indicative of the chemical contributions from C-N bonding arising from the attachment
of the amino-terminated silane. Furthermore, in the N 1s spectra there was a broad signal detected
at ~400 eV that was not also observed on the reference OH-Si surface, indicative of C-NH,
bonding. In Table 5.1, the relatively small contact angle hysteresis found on the NH,-Si surface
suggests a homogeneous, dense, and well-ordered monolayer. The monolayer thickness measured
on this surface also showed good agreement with the calculated theoretical value.

Figure 5.4 indicates that there was a significant increase in both the C 1s and F 1s peak
intensities between the NH,-Si and Diaz-Si surfaces. This was expected due to the addition of C
and F atoms to the surface via attachment of NHS-diazirine. Furthermore, the N 1s spectra for the
Diaz-Si, PPh,-Si and PPh,-Si (No-UV) surfaces all exhibited a shift towards 399.4 eV which is
suggestive of amide bonding (N-(C=0)-C)?*. In the F 1s spectra for the Diaz-Si, PPh,-Si and PPh,-
Si (No-UV) surfaces, the peak centered around 687 eV indicates the incorporation of -CF;

species’® present in the attached diazirine moiety. Notably, the F 1s/N 1s XPS signal ratios indicate
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that there were approximately 4 times more N atoms than F atoms on each surface. This is an
indication that the surface concentration of the diazirine groups was ~ 10-12 times lower than that
of the primary silane layer. This lower degree of coverage is likely attributed to the molecule size
and symmetry difference between NHS-Diazirine and silane molecules. Nevertheless, goniometry
and ellipsometry analysis in Table 5.1 both indicate an increase in the hydrophobicity and
thickness of the Diaz-Si surface relative to NH,-Si, which was most likely due to the bulkier
headgroups of the attached diazirine moiety. Overall, this evidence suggests covalent amide bond
attachment of the carbene precursor into the amino-terminated surface.

The Diaz-Si surface was next reacted with DPP under UV-light to evaluate the degree of
DPP attachment onto the bilayer system. The P 2p core-level spectra shown in Figure 5.4
demonstrates an increase in signal peak intensity on PPh,-Si that was not observed on the other
surfaces. Specifically, there was a component at 133 eV which is indicative of the presence of C—P
groups?¥. Furthermore, the only appreciable P 2p/Si 2p ratio was measured from PPh,-Si following
the photochemical deposition of DPP with UV exposure. This suggests the conversion of the
diazirine headgroup to a carbene and subsequent reaction with DPP. Table 5.1 shows that the
contact angle of the PPh,-Si surface also decreased relative to Diaz-Si, possibly due to the more
polarizable nature of the immobilized P atoms and phenyl rings. The SE thickness measurement
also increased post DPP and UV exposure. These observations are evidence of bonding between

the phosphine group and the carbene-activated surface.
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Figure 5.5 (Left) XPS P 2s core-level XPS spectra for; (top) a PPh,-Si surface with electron detection
carried out at an angle of 30°, and (bottom) a PPh»-Si surface with electron detection carried out
perpendicular from surface. (Right) Histograms showing the integrated area (in arbitrary units)
of each respective P 2s and Si plasmon peak.

It should also be noted that when analyzing the emission of electrons from only the topmost
portion of the PPh,-Si film (by varying the XPS detection angle), there was an increase in the peak
area of the P 2s signal shown in Figure 5.5, which indicated that the P atoms were primarily
bonded atop the Si interface and not distributed throughout the entire XPS analytical depth.
Additionally, the ratio of P 2s to Si plasmon signals increased, showing that as the detection angle
became shallower, there were less photo-emitted electrons from the Si bulk and more from the top
layer of P atoms.

Finally, a control sample bearing the immobilized carbene precursor was also exposed to
DPP in a similar manner but without UV-light exposure during deposition. This was to test the
necessity of UV exposure for carbene generation and phosphine surface bonding. Figure 5.4

demonstrates the negligible P 2p signal detected on this control surface and in Table 5.1 there was
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strong agreement in goniometry and ellipsometry measurements between the control and Diaz-Si
samples. This all suggests that UV-radiation was a requirement for P atom surface capture. Overall,
the strong agreement between the measured and theoretical thicknesses for each layer shown in
Table 5.1 validates the attachment of each chemical component and is highly suggestive of single
monolayers.

Table 5.2 Ratio of XPS signals measured from NH-Si, Diaz-Si, PPhy-Si (No-UV), and PPhy-Si
surfaces used to assess the relative completion of each reaction step.

Surface N Is/C 1s F Is/N 1s O 1s/Si2p P 2p/N 1s
NH,-Si 0.257 0.036 0.427 0.000
Diaz-Si 0.175 0.271 0.460 0.000
PPh,-Si 0.143 0.475 0.503 0.235
PPh,-Si (No-UV) 0.146 0.348 0.479 0.000

Table 5.2 shows that the N 1s/C 1s XPS ratio decreases after attachment of NHS-diazirine
to the previously amine-terminated surface, as the surface concentration of C atoms. The N 1s/C
Is ratio drops post reaction with DPP (with UV-exposure) most likely because of the addition of
C species onto the surface (in the form of phenyl ring attachment with respect to PPh2-Si, in
addition to the loss of the N=N groups). This same ratio also drops for the PPh,-Si (No-UV) control
relative to Diaz-Si, but that is probably the result of the additional handling required for DPP
immersion. The F 1s/N 1s ratio increases after attachment of NHS-diazirine relative to NH»-Si due
to the addition of the -CF3; headgroup. The largest increase in this ratio is seen on PPh,-Si due to
the addition of -CF3 and subsequent removal of N=N. The rise in O 1s/Si 2p ratio following each
step indicates an increasing addition of oxygenated species on each surface. This in turn most
likely had a dampening effect on each rate of reaction and resulted in lower molecule coverage.

Lastly, the P 2p/N 1s ratios show that P 2p signal was only detected from the PPh»-Si surface.
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It should be noted that the functionalization strategy presented here will most likely require
further refinement before implementation in ultra-shallow doping applications due to limitations
of the carbene sub-layers. As such, our approach employs a dense sub-layer of organic molecules
attached to an oxidized silicon. Although similar systems were used in the past for ultra-shallow
doping?#, (1) the underlying oxide interface may limit diffusion of P atoms to Si; and (2) C-P and
Si-P defects may form (e.g. large diffusion coefficient of C in Si), and induce electrical
deactivation of Si**’. For example, O'Connell et. al. demonstrated that when annealing a P modified
self-assembled monolayer into Si (~100:1 C:P atomic ratio) up to 20% of the P-dopant species
were deactivated due to C contamination®. Although the molecule system that was used in this
study was much smaller (~24:1 C:P), further reduction in concentration of C atoms (or F atoms)
at the Si interface may be achieved by exploring alternative diazirine or diazo-based compounds

with shorter organic linkers.

5.4.2. Photoreactive Microcontact Printing of P-dopant onto Functionalized Si(100)

Microcontact printing is a parallel and scalable technique®” for the patterning of small
molecules onto inorganic substrates that avoids light diffraction limitations of i-line and UV
photolithographic techniques. Its resolution is primarily limited by the lateral diffusivity of the
printed molecules and the mechanical deformations of the elastomeric stamps. Here, the previously
validated carbene-based functionalization scheme was integrated into a microcontact printing
method in order to orthogonally pattern DPP molecules onto the reactive Si(100) interface. To
facilitate this, the reactive layer on the substrate must be sufficiently stable to enable efficient
coupling of DPP to the activated carbene species. As such, the functionalization approach in this
study exploited the stability and order imposed by both the organosilane and carbene precursor

compounds to form homogeneously oriented monolayers which could withstand both stamp
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contact and removal during attachment of DPP. For a stamping material, PUA was selected due to
its good moldability, low roughness, and surface energy compatibility with the polarity of the DPP
molecle??. This was important as the DPP ink needed to be completely wet and be uniformly
distributed over the polymer surface to facilitate defect-free complete transfer. Additionally, PUA
as a UV-transparent material would enable the activation of the DPP-trapping mechanism of the
underlying carbene-terminated substrate. Gas-phase carbene generation and subsequent X-H bond
insertion have fast kinetics?!>53, which can help facilitate a high rate of pattern transfer in actual
applications.

Contact Printing of Phosphine Solutions

Inert PUA stamp with
adsorbed phosphines
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Figure 5.6 (Top) Schematic of contact printing method for delivering DPP onto Diaz-Si in a
localized manner. (Bottom) Surface chemistry strategy for facilitating the printing of DPP.

The PUA stamp was prepared bearing 8 pm squares to enable site-specific immobilization of the
phosphines on the receiver surface. As shown in Figure 5.6, the stamp was inked with DPP and

then placed in conformal contact with a Diaz-Si surface prior to UV-light exposure. After placing
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the stamp atop the Diaz-Si substrate no further force was applied to the stamp/substrate system to
avoid the potential for force-induced diffusion and smearing of the DPP molecules. SEM and XPS
characterization of the resulting surface post photoreactive contact printing is shown in Figure

5.7.

No Pattern Pattern Pattern
(Uv) (Uv) (No-UV)

Figure 5.7 SEM images of; (a) PUA stamp mold bearing 8 um squares and (b) the corresponding
P-doped Si(100) surface post-printing. SEM image (c) of Diaz-Si surface post-printing with DPP-
inked stamp and no UV-exposure, SEM image (d) of Diaz-Si surface post-printing with an inkless
stamp and UV-exposure. (Bottom right) histogram showing XPS ratios of the C 1s, N 1s, F 1s, and
P 2p over Si 2p electron signals (corrected by the atomic sensitivity factors) on PPh,-Si, stamped
PPh>-Si, and stamped PPh;-Si (No-UV) substrates.

The dimensions and orientation of the resulting surface features shown in Figure 5.7
displayed good agreement with the stamp pattern, indicating effective transfer. To examine
whether the change in contrast observed between the 8 um squares and the background substrate
was the result of P coupling or due to the transfer of PUA material to the Diaz-Si surface, a control
sample (following the same functionalization and stamping protocol) was made using an inkless

stamp under UV-exposure. The resulting SEM in Figure 5.7 showed minimal surface change. The
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source of this small change was most likely the result of transfer of debris from a dirty portion of
the stamp to the substrate, as shown in Figure AS.1. Overall, the change in contrast observed
between the 8 um squares and the background substrate is attributed to the higher emission of
secondary electrons from the heavier P atoms!'*®. Another image of the successfully patterned PPh,-
Si surface at lower magnification is also shown Figure AS.1. Lastly, another control sample with
the same functionalization and stamping protocol was performed but without the presence of UV-
light. SEM imaging shown in Figure 5.7 revealed no apparent pattern transfer, further evidence
of stamping selectivity in this photoreactive contact printing process.

This approach to patterning small molecule films was demonstrated at the micrometer
resolution. We believe that by adjusting the ink system and the mechanism of the contact printing
activation it will be possible to further increase the resolution to sub-100 nm dimensions. For
example, in the past we and others have demonstrated diffusion-less, sub-50 nm resolution
microcontact printing with PUA stamps®7-250.254.255,

The quantitative XPS results in Figure 5.7 demonstrate that both the homogeneous PPh,-
Si surface and the stamped PPh,-Si surface closely resembled each other chemically, with similar
P 2p signals. There was less than a 25% difference in C 1s, N s, and P 2p XPS signal ratios
between these two surfaces, which suggests that the microcontact printing technique effectively
transferred the DPP molecule without degrading the underlying substrate. It also demonstrates that
UV-radiation was able to activate the surface carbene groups through the PUA stamp. This was
key as it was also shown in Figure 5.7 that the microcontact printing technique without UV-light
exposure resulted in a near-zero P 2p signal, despite exhibiting C 1s, N 1s, and F 1s ratios indicative
of previous functionalization with the diazirine precursor. The slight reduction in organic signal

on this control sample was likely due to partial hydrolysis of the silane-diazirine linker. It should
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also be noted that the P 2p signal from the stamped PPh,-Si surface was measured from a 400 x
400 pm portion of the surface which included both DPP-functionalized and unmodified regions
(i.e. stamped and unstamped) of the surface, and yet still resulted in approximately the same P
surface concentration as the homogenous PPh,-Si surface. Therefore, if corrected for the pattern
density of the DPP-modified features (25% of the total analytical area), the overall P 2p signal
could be about four times higher in the DPP regions generated via printing. Similar results have
been observed in other studies where reactive contact printing has demonstrated higher reaction
yield than that of non-contact solution phase chemistry?°. Lastly, collecting spatially resolved XPS
imaging for either P 2p or P 2s electrons would be helpful to further demonstrate the transfer of P
atoms exclusively onto the stamped interfaces, however, due to direct overlap of both these signals

with strong Si plasmons, it is challenging.

5.5 Conclusion

Semiconductor device manufacturers are facing challenges associated with continuous
downsizing of critical dimensions of device components and will continue to do so according to
Moore’s law?**. Thus, researchers are now searching for novel and efficient processes for the
functionalization and patterning of silicon with active molecule or atomic components such as
inorganic-based monomolecular dopant layers. In this study, we have demonstrated an effective
method for the micropatterning of P-containing monolayer dopant precursors onto Si(100). This
protocol relied upon a bilayer molecule system consisting of a dense amino-silane sublayer and a
photoreactive NHS-diazirine overlayer, which is then activated via UV-exposure to chemically
trap a phosphine-based molecule. This molecule system was subsequently patterned utilizing
photoreactive contact printing of DPP under UV-light exposure and without mechanical force. The

resulting surface patterns matched the stamp’s surface, displaying the high feature uniformity of
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the printing technique. Ultimately, scalable approaches to patterning and doping small molecule
systems, such as the micro contact printing technique implemented in this study, can potentially
facilitate a higher-resolution and less-energy intensive alternative to traditional top-down
micromachining techniques for the continued refinement of templating, ultra-shallow doping, and

resist based deposition processes.
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Chapter 6 Conclusion and Future Outlook

6.1 Conclusion

Each project presented here pertained to the deposition and patterning of small molecule and
atomic (or near atomic) layers on silicon. First, I investigated different chemistries that would
allow us to deposit such layers onto a silicon substrate. Once attached, I then studied how these
layers were able to inhibit surface film deposition, such that they could be integrated into a
complementary resist system for area selective deposition. In chapter 2, a baseline was
established for Al,Os thin film growth on OH-Si(100) and H-Si(100) surfaces using our ALD
reactor. Next, the functionalization of H-Si(100) with NHS-diazirine and subsequent PFA
attachment was validated using XPS. Both NHS-Si(100) and PFA-Si(100) were then evaluated
against H-Si(100) as possible NGS for Al,03 ALD. XPS results demonstrated that H-Si(100)
exhibited greater ALD blocking than both SMI-functionalized surfaces. In addition to inferior
blocking, the PFA molecule was also deposited in the solution phase rendering its use and
reapplication in vacuum-based deposition processes such as AS-ALD highly problematic. Thus,
it was important to find ALD resists which (1) demonstrate superior or comparable blocking to
H-Si(100), (2) can be deposited onto a substrate in the vapor phase, and (3) are small-enough in
length to prevent EPE on the sub-10nm level. In chapter 3, XPS, SE, and contact angle
goniometry measurements were used to demonstrate the covalent bonding of halogenated
monolayers to a H-Si(100) surface prepared via a dry reaction process. NCS, NBS, and NIS were
all found to be effective halogenating agents of H-Si(100). However, chlorination resulted in the
highest halogen surface coverage by a significant margin followed by bromination and then
iodination. This approach exhibited an exclusive bonding of halogen atoms to silicon while

maintaining a low rate of oxidation of the underlying silicon interface, especially in the case of
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chlorination and bromination. Stability tests in air were then undertaken to determine how long
each surface could resist degradation and oxidation relative H-Si(100), a standard NGS material.
Over the course of 24 hours, CI(H)-Si(100) demonstrated the strongest resistance to both halogen
deterioration and SiO»> growth followed by Br(H)-Si(100) and then I(H)-Si(100). These
halogenated surfaces then underwent traditional ALD in order to examine the newly formed
surface’s blocking ability against a metal oxide precursor. Consequently, SE and AFM data
demonstrated the improved shielding ability of the halogenated monolayers relative to H-Si(100)
and OH-Si(100). Once again CI(H)-Si(100) demonstrated the most effective blocking ability
against the ALD chemistry followed by bromination and then iodination. However, the reduced
reactivity that each halogenated surface showed with the ALD chemistry demonstrates that they
are each suitable candidates for effective ALD resists and when paired with an ALD growth
material such as OH-Si(100) can participate in chemo-selective processing schemes such as AS-
ALD.

Next, I looked at different methods for patterning these small molecule and atomic resists.
In chapter 4, a method was presented for patterning of atomic and molecule resists using
nanosecond pulsed laser radiation. Specifically, Nd:YAG pulsed laser radiation was employed to
increase the rate of oxidation on hydrogen-terminated Si(100) under low vacuum and room
temperature conditions. An interval of average laser beam energy density was established in which
the rate of surface oxidation on H-Si(100) is enhanced, whereas a corresponding OH-Si(100)
surface saw minimal oxide growth. Furthermore, XPS demonstrated that the degree of surface
oxide content on H-Si(100) increased with energy density and correlated with the formation of
small spots (matching the profile of the laser beam) observed with SEM. This imaging was paired

with laser fluence mapping to demonstrate the local nature of the oxidizing effect. AFM analysis
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was used to verify that these small spot patterns were primarily due to chemical transformation
and not physical alteration below the LIDT. From these results it was concluded that pulsed laser
exposures of a monoatomic hydrogen-resist layer on Si(100) can promote chemical oxidation of
the resist without causing morphology damage to the underlying surface. Such an oxidative
patterning technique has the potential to enable universal, in-sifu patterning of various
substrate/resist combinations for ASD manufacturing platforms. In chapter 5, I demonstrated an
effective method for the micropatterning of P-containing monolayer dopant precursors onto
Si(100). This protocol relied upon a bilayer molecule system consisting of a dense amino-silane
sublayer and a photoreactive NHS-diazirine overlayer, which is then activated via UV-exposure
to chemically trap a phosphine-based molecule. This molecule system was subsequently patterned
utilizing photoreactive contact printing of DPP under UV-light exposure and without mechanical
force. The resulting surface patterns matched the stamp’s surface, displaying the high feature
uniformity of the printing technique. Ultimately, scalable approaches to patterning and doping
small molecule systems, such as the micro contact printing technique implemented in this study,
can potentially facilitate a higher-resolution and less-energy intensive alternative to traditional top-
down micromachining techniques for the continued refinement of templating, ultra-shallow

doping, and resist based deposition processes.

6.2 Future Outlook

The main thrusts of the work were to (1) develop nanosecond pulsed laser-promoted
patterning of H-Si(100), (2) functionalize Si(100) with effective ALD resists, and (3) evaluate the
blocking ability of these resists. The long-term goal would be the integration of these three
components into a unified AS-ALD scheme. Below are more near-term projects that would

logically follow from the work presented in this document.
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6.2.1 Laser Assisted Oxidation of Small Molecule Layers

I theorize that there may be an opportunity to use the same laser exposure method to
“pattern” other molecule and atomic layers. The first candidates should be the surface layers
halogenated with the N-hal-succinimide molecules. For example, the ability to directly oxidize a
CI-Si(100) monoatomic resist layer would theoretically generate a nonhomogeneous surface of Si-
CIOy/Si-Cl regions. The ALD chemistry would selectively react with Si-ClxOy while the
surrounding Si-Cl surface would benefit from the excellent shielding ability of Si-Cl. Thus, this

new potential strategy may result in a higher degree of AS-ALD selectivity.

6.2.2 Evaluation of Halogen and Carbene Resists Towards Differing Metal Oxide

ALD Chemistries

I am interested in evaluating the PFA-Si(1000) and Hal-Si(100) surfaces against other
common ALD metal oxides, namely, hafnium oxide (HfO) and titanium oxide (TiO2). The
precursors involved in each of these processes possess different reactivities and kinetics. It will be
important to determine which resists pair most effectively with which ALD metal.

On another note, exposure of the halogenated surfaces to air during transfer to the ALD
was a major concern that I faced in these studies. Post-reaction, the vacuum jar in which the
halogen reaction was carried out was sealed, disconnected from the pump, and transferred to the
ALD for rinsing and immediate entry into the chamber which was then put under vacuum. In total,
the halogenated surfaces experienced no more than 1 min of air exposure during this transfer.
However, the ability to carry out the halogenation reaction in the ALD chamber as a “pre-step”
would be very advantageous to avoid any surface oxidation/deterioration pre-ALD. It will also be
necessary for any redosing/regeneration step in a fully realized AS-ALD process in which we hope

to further pursue. Access to a Rotor ALD which can transfer a sample from one vacuum chamber
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(for halogenation) to another (for ALD growth) would be ideal for building a AS-ALD process
using dry halogenation. Certain line of sight evaporation techniques could also be tested in the

future to enable this dry halogenation within an ALD chamber.

6.2.3 Mechanistic Study of Laser Assisted Oxidation (LAQ) of Silicon

There is a need to further elucidate the surface mechanism behind laser patterning of H-
Si(100). Namely, I would like to answer the following questions: (1) is this process primarily
influenced by the laser exposure or the surface chemistry, (2) is the laser interaction with the
Si(100) interface a linear or non-linear process, and (3) is this process driven by laser power or
pulse length? We can learn more by conducting various experiments. The first question can be
addressed by controlling the amount of ambient water vapor around the substrate (i.e conducting
laser exposure at ambient pressure rather than 10 mtorr) or introducing a limited flowrate of Oo,
into the H-Si(100) sample holder during the laser exposure. This will determine whether the
amount of SiO, growth, and the resulting selectivity between the irradiated and non-irradiated
sites, scales more with O2 concentration or laser energy. The second experiment would focus on
varying the number of laser pulses (1-10-100) and investigating how that effects oxide growth.
This should indicate whether the laser pulse is emitting more electrons or ions from the surface. If
there is not a significant increase in SiOz or O XPS signal from 1 to 100 pulses, then it is possible
that reactivity is being driven by an optical phenomenon such as two-photon absorption where
laser photons are absorbed by either the Si or H atoms, consequently bringing them to an excited
electronic state. This would be an example of a nonlinear absorption process, since increasing the
number exposures does not correlate with an increase probability of a process like two-photon
absorption. Alternatively, if the amount of surface oxidation increases with the number of exposure

pulses, then that would suggest that we are gradually breaking surface bonds through a
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predominantly thermal effect. This is an example of a linear process since the probability of bond
activation/dissociation would increase with pulse number. Both explanations will most likely
include the ionization of O, which has a low ionization energy and theoretically acts as an ideal
oxidant. In the past, I have varied the number of pulses (1 vs 10 pulses) during exposure of a H-
Si(100) surface. No discernable increase in oxide formation was observed, however, 10 pulses at
5 Hz is probably too short a time to test any prolonged effect. Lastly, determining if laser
wavelength is the primary contributing factor should be investigated by comparing the degree of
oxide formation generated by a 355 nm-5 ns laser to that generated by a 532 nm-5 ns laser. With
longer wavelength exposure, the same amount of surface temperature change can be attained at
similar fluences to that of 355 nm, but with a much longer absorption depth and therefore lower
carrier densities. This would represent strong evidence of either thermal or photoelectronic
modification. Alternatively, shorter wavelength lasers will allow for a greater degree of edge
resolution optimization while maintaining less absorption depth in silicon, while shorter pulse

length will enhance photon absorption and/or electron emission of Si(100).
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Figure A2.1 Al 2p XPS spectra and table of corresponding signals normalized to Si 2p for OH-Si(100) and

H-Si(100) surfaces post Al,O3 ALD for 10, 20, and 40 cycles.
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Figure A3.2 Static, advancing, and receding contact angle images for each halogenated surface.
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Figure A3.4. XPS spectra showing changes in Hal(H)-Si(100)composition over a 72 hour period.
Region scans for each respective halogen (Cl 2p, Br 3d, I 3d) are depicted in the left column. The
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Figure A3.5 Spectroscopic ellipsometry measurement of a reference OH-Si(100) sample following rinsing.
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Figure A4.1 Code converting spatial intensity pixel profile into a fluence map.

% script will generate at fluence map based on the energy profile that is
imported into the script

pixel_width = 4.4; S%um

energy_profile = load('0.75 Avg.ascii.csv');
fluence_profile = (energy_profile)./(pixel_width*x10"-4)"2;
Avg_fluence = mean(fluence_profile,"all")

figure(1)

subplot(1,2,1)

imagesc(energy_profile)

title('Energy profile in J')

colorbar

subplot(1,2,2)

imagesc(fluence_profile)

title('Fluence profile in J/cm2')

colorbar
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Figure A4.2 Penetration depth of light in silicon versus wavelength® with inset of silicon material

properties.

9). Data given in: Green, M.A. and Keevers, M. "Optical properties of intrinsic silicon at 300 K", Progress
in Photovoltaics, p.189-92, vol.3, no.3; (1995)

10). Data from Kittel, C., Introduction to Solid State Physics, 6th Ed., New York:John Wiley, 1986, p. 185

11).https://www1.columbia.edu/sec/itc/ee/test2/pdf%20files/silicon%20basics.pdf

12). https://labs.chem.ucsb.edu/zakarian/armen/11---bonddissociationenergy.pdf
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Figure A4.3 (Left) Histogram of quantitative XPS results for laser exposed H-Si(100) surface.
(Right) (Top) SEM images of laser exposure sites, and (Bottom) SixOy2p XPS spectra for different
exposure sites.

0.180

0.160

0.140

0.120

0.100

XPS Signal Normalized to Si 2p
o
8
S

4
8
S

0.040

0.000

0.00 J/cm”2

mSi02/5i WF/Si mC/si mO/si

si2p

™3 0.19J/cm?
“y 0.12J/cm?
1 0.00J/cm?2
g 401
20] — TN~ -
S N~ aly
| | I I I e S o DL
N - - | | R

1

T T T
103.5 103 1025 102

0,09 Jfem2 0.12 Jfern™2 019 J/em~2 0.25 Jfem2 O ting Enenes (&%

Figure A4.4 (Left) Histogram of quantitative XPS results for laser exposed H-Si(100) surface.
(Right) (Top) SEM images of laser exposure sites, and (Bottom) SixOy2p XPS spectra for different
exposure sites.
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Figure A4.5 (Left) Histogram of quantitative XPS results for laser exposed H-Si(100) surface.
(Right) (Top) SEM images of laser exposure sites, and (Bottom) SixOy2p XPS spectra for different
exposure sites.
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(Right) (Top) SEM images of laser exposure sites, and (Bottom) SixOy2p XPS spectra for different
exposure sites.
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exposure sites.
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Figure A4.10 (Left) Fluence beam map for a 0.33 J/cm? peak fluence exposure site, (Middle) SEM
of a 0.33 J/cm? peak fluence exposure site, and (Right) magnified fluence beam (matching
dimension of beam in SEM) overlayed SEM of same exposure site, showing visual alteration of
the sample surface is limited to within the beam imprint and no dissipation (whether chemical
or physical) is observed outside the confines of the beam profile.
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Figure A4.11 Code for generating thermal profile of Si surface post laser exposure.
% script developed by Dr. John Lambropoulos

delta = 10e-9; Absorption depth [m] = 10 nm
t_pulse = 6e-9; % Pulse time [s] = 6 ns

k = 80; % Thermal conductivity [W/m K]

rho = 2330; % Density [kg/m3]

cp = 700; % Heat capacity [J/kg K]

a =k / (rho x cp); % Thermal diffusivity [m2/s]

% Fixing z = 0.01 nm, see delta_T vs. both time and fluence

z = 0.01e-9; % Distance into sub [m] = 0.01 nm

t = linspace(0, t_pulse, 100); % Time [s]

F = linspace(@, 0.2e4, 101); % Energy flux or fluence [J/m2]

temp = @(z, t, F) (F / t_pulse / k) .*x ((-delta * exp(-z / delta)) + sqrt(4 x*
axt/ pi) .x exp(-(z72) / (4 xaxt)) -z *xerfc(z / (2 % sqrt(a x t))));
delta_T = zeros(100, 101);

for i = 1:100

for j = 1:101

if t(i) <= t_pulse

delta_T(i, j) = temp(z, t(i), F(j));

else

delta_T(i, j) = temp(z, t(i), F(j)) - temp(z, t(i)-t_pulse, F(j));
end

end

end

[X, Y] = meshgrid(F, t);

% Plot surface

figure;

surf(X / 1led4, Y *x 1e9, delta_T, 'EdgeColor', 'none');
colormap hot;

colorbar;

xlabel('Fluence (J/cm”~2)"');

ylabel('Time (ns)');

zlabel('AT (K)');

title('AT vs. Time & Fluence');

% Plot contour

figure;

contourf(X / 1le4, Y x 1e9, delta_T, 'LineColor', 'none');
colormap hot;

colorbar;

xlabel('Fluence (J/cm”~2)');

ylabel('Time (ns)');

title('AT vs. Time & Fluence');
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Figure A4.12 Code for generating 2D and 3D laser intensity profiles.

% Constants
delta = 10e-9; % Absorption depth [m] = 10 nm
t_pulse = 6e-9; % Pulse time [s] = 6 ns
rho = 2330; % Density [kg/m3]
cp = 700; % Heat capacity [J/kg K]
% Function to compute temperature
temp = @(z, t, F, k, a) (F ./ t_pulse ./ k) .*x ((- delta .*x exp(- z ./
delta)) + ...
sqrt(4 .x a .x t ./ pi) .x exp(- (z .~ 2) ./ (4 .xa .x 1)) - ...
z .x erfc(z ./ (2 .x sqrt(a .* abs(t)))));
Distance into substrate [m]
= 0.01e-9;
Time [s]
= linspace(@, 1 % t_pulse, 101);
Energy flux or fluence [J/m2]
_values = linspace(0, 0.2e4, 100);
% Prepare a grid for results
[T, F_grid] = meshgrid(t, F_values);
delta_T_grid = zeros(size(T));
% Iterative solution parameters
tolerance = le-6;
max_iterations = 1000;
for i = 1:length(F_values)
F = F_values(i);
k_old = 130; % Initial guess for k
delta_T = zeros(size(t));
for iteration = 1l:max_iterations
% Calculate thermal diffusivity with current k
a = k_old / rho / cp;
% Compute temperature rise
elta_T = temp(z, t, F, k_old, a) .x heaviside(t) - ...
emp(z, t - t_pulse, F, k_old, a) .x heaviside(t - t_pulse);
Update k using new delta_T
_new = 1.8136e5 * ((delta_T + 298.15) .~ (-1.2505));
% Check for convergence
if max(abs(k_new — k_old)) < tolerance
break;
end
% Update k for next iteration
k_old = k_new;
end
% Store results in grid
delta_T_grid(i, :) = delta_T;
end
% Plot
figure;
contourf(T, F_grid ./led4, delta_T_grid, 10, 'LineColor', 'none');
colorbar;
xlabel('Time (s)');
ylabel('Fluence [J/cm™2]');
title('Temperature Change vs. Time and Fluence');
colormap hot;
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Figure A4.13 Complete XPS quantification characterization of laser exposed H-Si(100) and OH-

Si(100) surface over 72 hours of air exposure.
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Figure A5.1 SEM Imaging of; (Top-Left) PUA stamp surface with debris, (Top-Right) Diaz-Si
surface post-printing with inkless stamp and UV-exposure, (Bottom-Left) larger area of clean
PUA stamp surface, (Bottom-Right) PPh,-Si surface post-printing under UV-lamp exposure.
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