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Abstract: A controlled and self-assembled micromachining system was built to fabricate a mico/ nanoscale
moenolayer patterned array on a silicon surface using a diamond tip. The process was as follows:
(1) we preprocessed a silicon wafer to obtain a hydrogen-terminated silicon surface; (2) we scratched
three rectangular arrays of 10 pm = 3 pm with a spacing of 2 um on the silicon surface with a
diamond lip in 1-octadecene solution; the Si-H bonds were broken, and silicon free radicals were
formed; (3) the l-octadecene molecules were connected with silicon atoms based on Si-C covalent
bonds, and the 1-octadecene nano monolayer was self-assembled on the patterned arrays of the
silicon surface. Atomic force microscopy {AFM), X-ray phnmel;eclrnn spectroscopy [XPS), and Sessile
waler contact angles were used o detect and characterize the self-assembled monolayers (SAMs).
The XP5 results showed that the 5i2p peak and the Ols peak were significantly decreased after
self-assembly; however, the Cls peak was successively significantly increased. Sessile water contact
angles showed that the hydrophilicity was weakened after the formation of 1-octenecene SAMs
on the silicon substrate. The nanofriction of the sample was measured with AFM. The change in
nanofriction also demonstrated that the SAMs were formed in accordance with the patterned array.
Wi demonstrated that, by using this method, self-assembled multiscale structures on silicon substrate
can be formed quickly and conveniently.

Keywords: silicon; self-assembly; 1-octadecene; chemomechanical method

1. Introduction

Silicon has become the most important material in the microelectronics industry [1-4].
When exposed to air, the silicon surface can be quickly oxidized. This oxide layer in-
duces electron defect states and electron flow resistance, which jeopardizes the material’s
performance [5]. Removing the oxide layer of the silicon surface and reforming a new
5i-H surface can significantly enhance its electrical performance [6]. However, the Si-H
surface can also be quickly oxidized when exposed to air, which leads to rapid performance
degradation. Therefore, many attempts have been made to graft organic molecules onto
a silicon surface, in order to stabilize, improve, and control the properties of the silicon
surface. Khung et al. [7] studied the thermal grafting properties of nucleophilic aniline
on the surface of planar 5i (111) through XI5 analysis and AFM characterization. FTIR
and Sessile water contact angles were used to verify the proposed theory and results.
Eihadj et al. [#] grafted organic molecules to modify the silicon surface. The process was
carried out by electrochemical reduction of 4-nitrobenzene diazonium tetrafluoroborate in
an aqueous medium containing HF and H,50y. It appears that the cathodic grafting led
to the formation of a polymeric layer, but the same grafting also occurred spontaneously
within a few tens of seconds at the open circuit potential, an expected phenomenon in
view of the reduction potential of 4-nitrobenzene diazonium. Eihadj et al. [8] modified
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Abstract: Thers a2 varions methods o evalnats the forming limit of 3 sheat, and these critefia can be clas-
sified a5 positon-d=pendent, time-depandant, and position-time depandant accosding to dhe basis of juds-
ment Howayer, thes critefia have 2 single fimction and can only find the fimming limdt of the shest and
cannat desaibe the strain distribotion, strain change and fraciure cation dufing the shest forming procss

This paper intmdnces a timeJocation dpendent methad: the spatial strain rate method, which is nsad to de-
tact the ansa of necking of the shest The spatial strain rate is diseciy basad on the strain and cn not only
find the forminglimit of the sheat but dso depict the strain distribution ad strEin vafiaton doring the o
phzss of the experimants procss: distdtutad instahiity and concantrated mstability, 25 wall 23 pradic the
location of the shest fracmee. The spatia strain rate of AASIES slumimem alloy of differant widths was an-
alyzad and verified in detail by Wakagme experimants using digital imass correlation techniques, and com-
pared with the snidelines published inthe literatore inrecent years .

Keywords Fonming limit; Spatial strain rate; Time location cosrelation method; Nakazima expariment:,

- 1, Introduction.,

Formability assessment of metal sheets is important for optimal design and devel-
opment of advanced forming technologies. Nedking is the most common failure phe-
nomenaon in the forming md manufacturing of sheet metal [1]. Bafore 2008 there was no
dear metheod to determine the forming limit of metal materials [2]. With the demand of
the industry a generalized standard was devaloped internationally to guids the industry
produdtion IS0 12004-2:2008 [3], this method has too many limitations and has not been
unanimously accepted internationally, the time dependent method proposed by Elsrle
et al. [4] is shill in the standardization stage. Based on this situation, reszarchers from
various couniries have proposed their own judgment guidelines for experimental de-
termination, butnone of them have found a general method for determining the forming
limit diagram (FLD') of materials, and how to accurately find the forming limit of mate-
rials has developed into a hot issue in today's research. Hill [5] pionsered the aiterion of
local necking under planar stress condifions. This ariteriom was applisd to obtain the laft
side of the FLC. For the right side, Swift [&] proposed that instability ocours when the
prindpal stress reaches a maxdmum size and prediced the aitical strain for diffuse
necking. The most widsly used analytical todl is the Mardniak-Euczynski (M-E) modsl
[7]. This isbasad on the hypothetical theary that necking is caused by the initial defect. In
biadal tension, the onset of necking is assodated with the establishment of a local plans
strain state at the defect perpendicular to the prindpal strain direction. Later, Hutchinson
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Abstrack A novel fabrication process to connect single-stranded DNA (ssDN Ao a silicon substrate
based on a mechano—chemical method is proposed. In this method, the single crystal silicon substrate
was mechanically scribed in a diazonium solution of benzoic acid using a diamond tip which formed
silicon free radicals. These combined covalently with organic molecules of diazonium benzoic
acid contained in the solution to form seli-assembled films (SAMs). The SAMs wem characterized
and analyzed by AFM, X-ray photoelectron spectroscopy and infrared spectroscopy. The mesults
showed that the self-assembled films were covalently connected to the silicon substrate by Si-C.
In this way, a nano-level benzoic acid coupling layer was self-assembled on the scribed area of
the silicon substrate. The ssDMA was further covalently connected to the silicon surface by the
coupling layer Fluorescence microscopy showed that ssDINA had been connected, and the influence
of ssDDNA concentration on the fivation effect was studied. The Auomescence brightness gradually
increased with the gradual increase in ssDINA concentration from 5 umol /L o 15 pmol /L, indicating
that the fived amount of ssDNA increased. However, when the concentration of ssDNA increased
from 15 pmol /L to 20 pmol /L, the detected fluomescence brightness decreased, indicating that the
hybridization amount decreased. The reason may be relaied to the spatial arrangement of DMNA and
the electrostatic repulsion bebween DNA molecules. It was also found that ssDINA junctions on the
silicon surface wem not very uniform, which was mlated to many factors, such as the inhomogeneity
of the self-assemblad coupling layer, the multi-step experimental operation and the pH value of the
fixation solution

Keywords: mechano—chemical method; single cry stal silicon; diaze salt of benzoic acid; coupling
layer; ssDINA

1L Introduction

In the construction of DMNA biosensors and the manufactume of DMNA chips, the effectve
fixation of DMNA probe on the surface of the converter or carrier 15 an important basic
premise. Therefore, the research on DNA fivation has important guiding significance for
the improvement of sensor and chip technology [1-3]. Typical methods of DNA probe
focation include adsorption, SAM (self-assembling film), and covalent bonding. Among
them, the SAM method and covalent bonding method can produce a stable modification
layer and improve the firmness and durability of the probe [4-7]. Fang et al. [5] self-
assembled amino thiols on the surface of a gold electrode to introduce amine groups. In
the presence of a chemical coupling activator, water-soluble carbodiimide (EDC), the probe
DMNA molecules wen covalently fived on the electrode surface through a condensation
meaction. Mirsky et al. [¢] used a gold electrode modified with alky] thiols to covalently fix
MNH;-DMA and studied the influence of different fixation conditions on the fixation density.
The self-grouping covalent fivation method of the gold surface does not requine special

Micromachines 2023, 14, 1134. https:// doiorg/ 103390/ mil4061134
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Functionalizing and patterning of the silicon surface can be reahized simultaneously by the
chemomechanical method. The mdde-coated erystalline silicon | 100) surface is scratched with
a diamond tool in the presence of aryldissoniom salt (CgHyNaBFy). Seratching activates
the silicon surface by removing the passivation oxide layer to expose fresh S1 atoms. The sur-
face morphologies before and after chemomechanical reaction are characterized with atomic
force microscopy. Time-of-fight secondary ion mass spectroscopy confirms the presence of
CeHy and provides evidence for the formation of self-assembled monolayer (SAM) on silicon
surface via Si—C covalent bonds by scratching the silicon in the presence of CgH,NoBF,.
CgH,, groups further bond with surface 51 atoms via 51— C covalent bonds as confirmed from
mnfrared spectroscopy results. We propose that chemomechamical reaction, which occurred
during seratching the silicon surface, produce CgHy, groups from aryldiazonium salt. The rel-
evant adhesion of SAM 15 measured. It i found thet SAM ean reduce the adhesion of silicon
The monolayer can be used as anti-adhesion monelayer for micro/ nancelectromechanical sys-

tems components under different emvironments and opersting conditions.

Key words: Chemomedchanical, Silicon, Monolayer, Aryldiazonium salt

I INTRODUCTION
Traditicnally, fabnications of siicon-based devices re-

quire complex processes. An alternative approach by
the combination of convenient mechanical fabrication
amd chemical treatment 15 of great importance. During
last few vears, chemomechanieal modification of silicon
has emerged as a simple and convenient approach for
simultaneously functionalizating and patterning siheon
surfaces |1 —6|. Generally, the steps of chemomechanical
surface functionalization with a diamond tool are: (i)
An oxide terminated silicon substrate s prepared. (i)
The surface = scribed with the system in the presence
of a reactive compound. (i) The nnreacted compomnd
1= removed. We hypothesize that the mechanism of for-
mation of the new monolaver on silicon is closely related
to the reaction of arvldiazonium salts with highly active
surface species, bare silicon.

When an axide-coated sihicon surface 15 seribed, S1—51
or S51—0 bonds are mechanically broken, producing a
chemically active surface that reacts with & vanety of
molecules, covalently binding them directly to a crys-
talline silicon substrate [7]. This procedure takes place
in an open laboratory with compounds that have not

been depassed to otherwise specially treated. Seratehed

* Author to whom correspondence should be addressed.  Eomail:
jmedxshiligivE163.com

D010, 1088,/ 16T4-D068 24,06/ T41-744 T4l

silicon is already known to react with l-alkenes [8], 1-
alkynes 9], aldehydes [10], epoxides [11), and acid chlo-
rides [12).

The chemomechanical method was used to modify
the silicon surface to form self-assembled monolayers in
the presence of aryldiszonium salt (CgHaMNaBFa). The
aryldiszonium salt solution, becanse of the rich and ver-
satile chemistry of activated aryl groups, can modify
silicon surface and produce functional self-assembled
monolayer (SAM) to connect 51 atoms with other
molecules [13-15). The functionalizing and patterning
silicon surface can be realized simmltaneously, Time-of-
flicht secondary ion mass spectroscopy | TOF-SIMS),
Fourier transform infrartd spectroscopy (FTIR), and
atomic foree micrascopy [ AFM) were used to character-
ize the samples. Adhesive foree of edde-coated Si(100)
surface and phenyl-terminated monolayer was measured
using AFM.

Il. EXPERIMENTS
A. Sample preparation and handling

All sample preparations were cartied out in the air
at room tempersture with compounds that had not
been degassed. Si(100) wafers (p-boron, 460+15 pm,
test grade] were used and bought from Shenzhen. All
chemicals were analvtical grade and wsed as recerved.
Super pure water was obtained by Milh-0 water sys-

(€12011 Chinese Physical Society
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RE: Functiomalizing and patieming of the silicon surface can be realized simultaneously by
the chemomechanical method. The oxide-coated crystalfine silicon (100) surface is scratched
with a dismond tool in the presence of aryldiaronium salt (COOMH(SINIZIBF(4)). Scratching
activates the silicon surface by removing the passivation oxide layer 1o expose fresh Si atom
8. The surface morphologies before and after chemomechanical reaction are characterized wit
h stomic force microscopy. Time-of-flight secondary jon mass speciroscopy conflrms the pres
ence of C(60({5) and provides evidence for the formation of self-assembled monolayer (SA
M) on silicon sarface via Si-C covalent bonds by seratching the silicon in the presence of
CIEMH(SIN(2MBF(4). CI6)H(S) groups further bond with surface Si stoms via Si-C covalent b
onds as confirmed from infrared spectroscopy results. We propose that chemomechanical reac
tion, which occurred during scratching the silicon surface, produce C(6)H(3) groups from ary
Idiazonium salt. The relevant adhesion of SAM s messured. It Is found that SAM can redu
ce the adhesion of silicon. The monolayer can be used as antl-adhesion monolayer for micro
/manoelectromnechanical systems components under different environments and operating condit
ions.
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10. SCI #£3L: Fabrication of Functional Structures at Si (100) surface by
Mechanical Scribing in the Presence of Aryl Diazonium Salts
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scribing in the presence of aryl diazonium salts
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A combination of chemical and mechanical method has been proposed to fabricate modified surface
on the oxide-coated silicon. When the diamond tool scribes the silicon sample in the presence of
4-benroic acid diazonium tetrafluoroborate (COOHC;H4MN.BF,). the chemoactive COOHC;H,
radical can be generated from aryldiazonium salt due to the breaking of chemical bond of silicon
subsirate. They may then induce grafting of an organic monolaver on the subsirate via 5i-C
connection. The surface morphologies before and after chemomechanical reaction are characterized
with atomic force microscopy. X-ray photoelectron spectroscopy confirms the presence of
COOHCH, and shows a steady increase in the amount of carbon on the exposed fresh Si surface.
Infrared spectroscopy suggests that COOHC H, groups bond with surface 51 atoms via S1-C
covalent bonds. To the best of the authors knowledge, this is the first report of the chemomeachanical
preparation of self-assembled monolayers on oxide-coated silicon in the presence of aryldiazonium
salt. The method described in this article will have important implications for building nano- or
microscale functional structures. © 20090 American Vacuum Society. [DO0: 10.1116/1.3137025)

I. INTRODUCTION

Silicon has been made one of the most imponant of all
materials because of the rapid growth of the semiconductor
and microelectronics industries. Traditionally, fabrications of
silicon-based devices require complex processes. Providing
an alternative approach by the combination of convenient
mechanical fabrication and chemical treatment is of great
importance. For the past few years, chemomechanical modi-
fication of silicon has emerged as a simple and convenient
approach for simultaneously functionalizing and patterning
silicon surfaces.”® When an oxide-coated crystalling silicon
surface is scribed with a hard scribes like a diamond tool,
5i-5i or 5i-0 bonds are broken mechanically. The resulting
chemically active surface can react covalently with a variety
of molecules.” The aromatic diazonium salis, because of its
wide variety of unsubstiuted or substituted aromatic radi-
cals, appears (o be a %Eneral and versatile agent for modify-
ing silicon surfaces, 10

Here, for the first time in the presence of 4-benzoic acid
diazonium tetrafluoroborate (COOHC;H N;BF,), we report
that the chemomechanical method can be used to modify the
silicon surface to form self-assembled monolayers (SAMs).

*Floctronic mail: jmzdxshiligin@ 163 com
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We found that functionalizing and patterning silicon surface
can be realized simultaneously. X-ray photoelectron spec-
troscopy (XPS), fast Fourier infrared (FTIR), and atomic
force microscopy (AFM) are used to characterize the
samples. To explain the formation of monolayers on scribed
silicon from aryldiazonium salt, a two-step mechanism was
proposed, as shown in Fig. 1." In the first step. the one-
electron reduction in the arenediazonium salt forms an arene
radical. In the second step, the arene radical bonds covalently
via C—5i bond to exposed reactive 51 atoms to form SAMs.

Il. EXPERIMENTAL SECTION

The steps of chemomechanical surface functionalizing
with a diamond tool are (1) preparation of the oxide-
terminated silicon substrate, (2) scribing of the sample in the

® _O—N,Bﬂm' —pR —@ +N;+ BFS

Fuz. 1. Stepwise attachment of an arenediazonium salt to silicon.

1071-1023/200027 (301 300/4/525.00  ©2009 American Vacuum Soclety 1399
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