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Chapter 4

Electrochemically Programmed, Spatially Selective
Functionalization of Silicon Nanowires

4.1 Introduction

The spatially selective biofunctionalization of surfaces has proven to be an enabling
capability, beginning with the early work of Fodor and co-workers' on utilizing photolabile
surface groups to construct DNA libraries, to the use of inkjet technologies for the
construction of protein chips.” The dip-pen lithography methods from Mirkin’s group
represent the current limit of patterning density for protein chips.” Chip-based array
methods are largely predicated upon the optical detection of the target/probe binding
events, which imposes the optical diffraction limit on pixel density. = However,
electronically transduced detectors, such as chemically gated silicon nanowires (SiNW),*>
may circumvent this limitation. Methods for fabricating ultra-high density circuits of
silicon nanowires® with excellent conductivity’ and field-effect transistor® ° properties
required for biosensors have been established. To construct an array of sensors, NWs must
be functionalized with different receptor probes, such as antibodies or aptamers, against
their designated molecular targets. Here we describe an electrochemical approach that,
while possibly having multiple applications, should be applicable toward the selective
biopassivation of silicon nanowire sensor arrays, and is spatially limited only by the ability

to electronically address the individual sensor elements.'
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Recent advances in alkylation of H-terminated Si surfaces has made it possible to

bypass the necessity of chemical modification of the native oxide of silicon.''"

Hydosylilation produces cleaner, more stable and more reproducible monolayers than
silane-based SAMs.'* The benefits of utilizing organic monolayers formed on H-terminated
Si for biosensing are multifold. First, the removal of the SiOy tunneling barrier brings the
target/probe pair 1-2 nm closer to the conducting surface,”> which, as we have previously
reported,” translates into an increase in the sensitivity of the device. Second, the electrical
properties of sufficiently small diameter silicon NWs are dominated by the surface
characteristics. Removal of what is often an electrically imperfect Si-SiO; interface and a
disordered oxide film with a high density of trap sites'® is desirable. ~Finally, the difficulty

in controlling the smoothness of the SiO, layer results in rough and grainy surfaces upon

the growth of the siloxane-anchored monolayers.'”'®

Alkyl monolayers grown on appropriately prepared H-terminated Si(111) can

19, 20

reflect the atomic flatness of the underlying substrate. Multiple studies have focused on

the methods of chemical passivation of silicon via a formation of Si-C bond.

21, 22

Hydrosylilation has been accomplished with radical initiators, through thermally

d14, 22-26 27-31 32, 33

induce or photochemical methods, or utilizing Lewis acid catalysts.

Alkylmagnesium reagents have been successfully employed for the alkylation of H-

34, 35

terminated Si surfaces, and halogenated surfaces have been alkylated with

28, 36-40

alkylmagnesium and alkyllithium reagents. Furthermore, electrochemical methods of

H-terminated silicon functionalization have been explored.*' Several research groups have
demonstrated an ability to utilize these functionalization methods to nonspecifically attach

- 42-44
DNA to silicon surfaces.
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Electroactive monolayers have attracted attention due to the growing interest in
selective molecular and cellular immobilization on surfaces. Electrochemical activation of

-4 and hydroquinone esters on gold,*” as well as oxidation of thiols on Si-

hydroquione
Si0, surfaces™ have been demonstrated for such applications. Notably, Mrksich’s group
has accomplished a selective attachment of proteins and cells to monolayers on gold via a

45,46
™ Here, we extend

Diels-Alder reaction between 1,4-benzoquinone and cyclopentadiene.
this chemistry of hydroquinone terminated monolayers® to H-terminated silicon surfaces.
We also demonstrate an alternative method of molecular attachment via Michael addition

50, 51

of thiol-terminated molecules to p-benzoquinone. In addition, we discuss strategies to

reduce biofouling by utilizing mixed monolayers consisting of electroactive molecules and

>3 Finally, we discuss an alternative electrochemical

oligo(ethylene glycol).
functionalization strategy which utilizes reductively driven electroactive molecule that has
been “clicked” to the acetylenylated silicon surface.>® Such strategy avoids deleterious

oxidative damage of the silicon surface, which is detrimental to solution sensing

applications.

4.2 Experimental Methods

4.2.1 Materials

Single-polished Si(111): n-type, 550 um thick, resistivity 0.005-0.02 Q-cm (Montco
Silicon Technologies), single-polished Si(100): n-type, 500 uM thick, 0.005-0.01 Q-cm
(Wacker-Chemitronic, Germany), and silicon-on-insulator (SOI) (100): n-type, 9-18 Q-cm,
50 nm device thickness, 145 nm buried oxide thickness (Ibis Technology Corp.), substrates

were used. All reagents used were of highest purity. Streptavidin-AlexaFluor and
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streptavidin-gold conjugates, together with Silver-Enhancement Kit were purchased from
Molecular Probes. Dulbecco’s Phosphate Buffered Saline (DPBS), (2.7mM KCIl, 1.5mM
KH,PO4, 137mM NaCl, 8mM Na,HPO,) pH 7.4, was from Sigma. Molecule D or 2-
(Biotinamido)ethylamido-3,3'-dithiodipropionic-acid-N-hydroxysuccinimide — ester ~ was
purchased from Sigma. Dichloromethane (DCM) was distilled from calcium hydride,
tetrahydrofuran (THF) was distilled from sodium/ketone. All other chemicals were bought
from Sigma Aldrich and used as received. Molecule C was a generous gift from Dr. C. J.

Yu.

4.2.2 Organic Synthesis

Scheme 4.1 demonstrates the molecules used to functionalize silicon surfaces.
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Scheme 4.1: Molecules used in this study.
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Molecule A. 2-(4-(tetrahydro-2H-pyran-2-yloxy)phenoxy)-tetrahydro-2H-pyran
was synthesized according to literature methods.” To a solution of THP protected
hydroquinone (4.26 g, 15 mmol) in THF, was added t-butyllithium (15 mL of 1.7M
solution in pentane) dropwise at -78 °C. The reaction mixture was stirred at room
temperature for 2 hours, followed by the addition of 12 mL of 11-bromo-1-undecene, and
then stirred overnight at 40 °C. The reaction mixture was diluted with ethyl acetate, washed
with saturated NH4Cl and brine, then dried over MgSO,. Column chromatography with 1:1
hexane/dichloromethane gave mg (60% yield) of molecule A as a colorless oil. 'H NMR
(CDCI3, 300MHz) & 6.99 (m, 1H), 6.84 (m, 2H), 5.81 (m, 1H), 5.29 (s, 2H), 4.95 (m, 2H),
3.91 (m, 2H), 3.59 (m, 2H), 2.58 (t, 2H), 1.62-2.02 (m, 28H)

Molecule B. 11-(2,5-dimethoxyphenyl)-1-undecene was synthesized by following
the procedure outlined in the literature.”® To a solution of 2.76 g (0.02 moles) of p-
dimethoxybenzene in 20 mL THF was added dry tetramethylethylenediamine (2.19 mL,
14.5 mmol). The solution was cooled to -78 °C and purged under argon. N-butyllithium in
hexanes (1.6M, 12.5 mL) was slowly added and the resulting pale yellow reaction was
stirred for 2 hours. Subsequently, solution of 11-bromo-1-undecene (4.3 mL, 19.6 mmol)
was added. The colorless reaction mixture was stirred for 12 hours after it was warmed up
to room temperature. The mixture was diluted with ethyl acetate, washed with saturated
NH4CI solution, water and brine and dried over MgSO,. The concentrated pale yellow
organic oil was purified by column chromatography with hexane/dichloromethane (500 mL
1:10, 500 mL 1:5, 500 mL 1:3) to afford 3.2g (55% yield) of product as colorless oil: 'H

NMR (CDCls) § 6.74 (m, 3H, -CH5(OCHs),), 5.82 (m, 1H, -CHCH,), 4.96 (dq, J = 2.0 and
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17.1 Hz, 2H, -CHCH>), 3.78 (s, 3H, -OCH3), 3.77 (s, 3H, -OCHs), 2.57 (t, J = 7.6 Hz, 2H,

-CH,-Ar), 2.03 (q, J = 6.7 Hz, 2H, -CH,CHCH,) 1.57 (br s, 2H, -CH,CH»-Ar) 1.29 (br s,
12H, -(CH,)-).

Molecule E. Previously reported method’’ was modified to synthesize molecule E
as follows. To a solution of 50 mL triethylene glycol (375 mmol) in dry
dimethylformamide (DMF) was added 3.06 g NaH (60% in mineral oil, 76.5 mmol). After
four hours, 12 mL 11-bromo-1-undecene (54.7 mmol) was added and the reaction was left
overnight. DMF was evaporated and the resulting oil was diluted in DCM. After several
extraction steps with DCM, the solution was dried over Na,SO4 and concentrated. The
product was purified by column chromatography with ethyl acetate/hexanes (1:3) to afford
14.67 g of clear oil (88.7% yield): '"H NMR (CDCls) 85.7 (m, 1H, -CHCH>), 4.9 (m, 2H,
CHCH,), 3.5-3.7 (d, 12H, -OCH,CH,OCH,CH,OCH,CH,OH), 3.42 (t, 2H, J=7Hz,
CH,CH,CH,0-), 2.8 (br s, 1H, -OH), 2.0 (q, 2H, J=7Hz, -CHCH,-), 1.55 (qui, 2H, J=7Hz,
-CH,CH,CH;0-), 1.25 (br s, 12H, -CH,CH,-). To 3 g of the above purified undec-1-en-
11-yltri(ethylene glycol) in dry DMF was added 0.23 g NaH (2 mmol) and allowed to react
for 2 hours at room temperature. Subsequently, 2.84 g of iodomethane (20 mmol) was
added and the reaction was left overnight at 40 °C to produce pale yellow solution. The
concentrated clear oil was purified on silica gel with DCM/hexanes (1:1) to afford 0.92 g of

clear oil (30% yield).

4.2.3 Surface Functionalization

Si(111) and Si(100) substrates were cleaned in piranha (H,SO4:H,0O, = 2:1) at 90

°C for 15 minutes and etched in degassed 40% NH4F [Si(111)] for 20 minutes or in 2.5%
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HF for 15 seconds, respectively. In the case of SOI substrates, wafers were spin-on doped

with phosphorosilica film to concentrations of 10" cm™

as measured with 4-point probe
(chapter 2). The top 50 nm Si layer was patterned using conventional photolithography on
AZ5214 photoresist and etched in SFs by reactive ion etching (RIE). In the case of

nanowires, scanning electron microscopy (SEM) was utilized to pattern the PMMA e-beam

Vacuum line

Figure 4.1: High vacuum UV silicon functionalization setup.

resist.  After acetone liftoff, the substrate was cleaned in ALEG (J.T. Baker
Microelectronics) at 90 °C for 15 minutes and etched with 2.5% HF for 2 seconds.
Immediately after etching, neat degassed (by freeze, pump, thaw cycles) Molecules A or B
(Scheme 4.1) were spotted onto the chip. The samples were immediately placed into
custom-made quartz chamber, which was then attached to the vacuum line and pumped
down (Figure 4.1). Functinalization was carried out for 2 hours with UV (254 nm, 9
mW/cmz) illumination under ~107 Torr. Chips were rinsed with CH,Cl,, deprotected with
either 1% TSA in methanol (Molecule A) or with BBr; in anhydrous DCM (Molecule B).

After deprotection, a 15° to 20° drop in contact angle was observed.
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To selectively attach molecules to the silicon wires, functionalized device was fixed
into a custom-made Teflon cell so that only the center of the chip was in contact with
solution. Individual wires were then connected to the outside metal pins with a thin gold
wire using silicon-indium-gold contacts. Wires were oxidized at 700mV (vs. Ag/AgCl) for
5 seconds. Immediately after the oxidation the devices were left in the solution of 10mM
Molecule C (1:1 DPBS:MeOH) for 30 minutes. Subsequently, the chips were sonicated in
methanol for 10 minutes and streptavidin-AlexaFluor (10nM in DPBS) or streptavidin-Au
(10pM with 0.05% Tween20 in DPBS) conjugate was introduced for 5 to 10 minutes.
Devices were sonicated in 0.05% Tween20/DPBS for 20 to 30 minutes. In the case of
Nanogold streptavidin detection, the nano-particles were amplified with silver

enhancement reagents for 20 minutes.
4.2.4 Electrochemistry, XPS, and Optical Microscopy

Electrochemistry of monolayers on bare silicon was performed in custom made
cells with VersaStat I (EG&G Instruments). DPBS (see materials section) was used as the
electrolyte, with Pt counter and Ag/AgCl (BAS Instruments) reference electrodes. For the
determination of molecular coverage, the area under the cathodic peak was converted to the
number of molecules through a stoichiometric ratio of 2 electrons to 1 electroactive
molecule, divided by electrode surface area and normalized to Si atom surface density
(7.8¢10" for Si(111) and 6.8e10" for Si(100)). XPS was performed in a UHV chamber that
has been described elsewhere.”® Experiments were performed at room temperature, with
1486.6 ¢V X-ray from the Al Ka line and a 35° incident angle measured from the sample
surface. ESCA-2000 software was used to collect the data. An approach described

58, 59

elsewhere was used to fit the Si 2p peaks and quantify the amount of surface SiOx,
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assuming that the oxide layer was very thin. Any peak between 100 eV and 104 eV was

assigned to Si'-Si*" and fitted as described in the literature.” SiO,:Si 2p peak ratio was
divided by a normalization constant of 0.21 in the case of Si(111) and 0.17 in the case of
Si(100).>° Fluorescence spectroscopy was performed on Nikon Eclipse €800 microscope

with a D-eclipse C1 confocal system equipped with 488nm, 546nm and 633nm sources.

4.3 Functionalization of Hydrogen-Terminated Si(111) and
Si(100) Surfaces with Hydroquinone

4.3.1 Characterization of Electroactive Organic Monolayers
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Scheme 4.2: UV-catalyzed functionalization of hydrogen-terminated silicon with
hydroquinone containing molecules. I) Functionalization is carried out in vacuum, under
UV irradiation, while the surface is covered with neat electroactive molecule. II-III)
Deprotection of R group (II) and reversible electrochemical activation (III), which
converts hydroquinone (HQ) into p-benzoquinone (Q). IV-V) Two attachment
strategies, selective to p-benzoquinone: addition of cyclopentadiene (IV) and thiolated
molecule (V) with arbitrary functional group R,

Scheme 4.2 shows the overall strategy of spatially-selective immobilization via a
Diels-Alder reaction (Step IV) or Michael addition (Step V). The initial step in organic
monolayer formation on H-terminated silicon involves a wet etch of native oxide. We

employed an established wet etch (40% NH4F) for preparing atomically flat Si(111).%!
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However, the flattest Si(100) surface that can be generated by a wet etch is substantially

rougher, with (111) facets, and is thus more prone to oxidation.®*** Our SNAP method for
NW fabrication can be carried out most easily using silicon-on-insulator (SOI) substrates,’
which are commercially available mostly in the (100) orientation. Bonded Si(111) wafers
are also available, although they require substantial additional processing steps before
being suitable for NW fabrication. Thus, the Si(111) surface is more ideal, while the

Si(100) surface is more practical.
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Figure 4.2: Survey scan XP spectra of Si(111) (left) and Si(100) (right) surfaces (a-b)
cleaned and etched as described, (c-d) functionalized with neat Molecule B and (e-f)
neat Molecule A at 10™ Torr under UV for 2 hours.

The quality of the formed monolayer on silicon is critical in determining the

interfacial electrical properties and the susceptibility of silicon to oxidation in air and in

65, 66

aqueous solution under oxidative potentials. In particular, higher packing density
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leads to a more stable silicon electrode. The size of the molecule in the chemisorbed
monolayer dictates the susceptibility of the surface to oxidation by limiting the packing
density. We explored two hydroquinone hydroxyl protecting groups, THP (Molecule A)
and CHj; (Molecule B) (section 4.2.2). THP is removed under milder conditions, and is
compatible with using tri-ethylene glycol (TEG, Molecule E) in conjunction with the
electroactive molecule (Step II in Scheme 4.2). As a co-component of a monolayer, TEG
helps prevent the non-selective binding of cells and proteins (Heath group, unpublished

data).” ¢’

In Figure 4.2 we present representative X-ray photoelectron spectroscopy (XPS)
survey scans for the photochemical functionalization of Si(111) and Si(100) with
Molecules A and B. All of native oxide has been successfully removed via the wet etch, as
evidenced by the absence of O 1s peak in Figure 4.2 (a, b) for (111) and (100),
respectively. Furthermore, no Si 2p peaks were observed on high resolution XPS scans

between 100 BeV and 104 BeV, which would be expected if traces of SiO, remained. No

Figure 4.3: Tapping mode atomic force micrographs of Si(111) (left) and Si(100)
(right) functionalized with Molecule B.
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adventitious C 1s peaks at 285 BeV were observed for either (100) or (111) immediately

after the wet etch.

As has been shown previously, atomic force microscopy (AFM) is a useful tool for
an assessment of surface stability."” Figure 4.3 presents AFM images of Si(111) and
Si(100) surfaces functionalized with Molecule B. Atomically flat terraces with monoatomic
steps, which resemble those of a well-etched, H-terminated surface,”” are evident on the
(111) substrate. The topography of these surfaces does not change after storage in air or
application of small positive potentials (<1V) in aqueous electrolytes. The root mean

square (rms) roughness of these surfaces was measured after zooming in on a 0.15um by

0.15um area on a single terrace. As expected, the hydroquinone functionalized Si(100)
surface is rougher (0.129+0.006nm) than the Si(111) surface (0.065+0.004nm). It is likely

that the molecular films on (100) are more disordered than those on (111).

Molecule B was synthesized in order to (1) study the effects of molecular size on
monolayer stability, and (2) assess the quality of monolayer on silicon prepared by
thermally and photochemically induced methods. Molecule A cannot be reacted with
silicon surface under thermally induction, since the tetrahydropyran protected group is
thermally unstable; however, Molecule B is stable under thermal or photochemical
functionalization. Molecule B, however, cannot be used in conjunction with Molecule E
since harsh BBr; deptrotection of methyl groups destroys Molecule E. Figure 4.4A
demonstrates the cyclic voltammetry on Si(111) surface functionalized with Molecule B
under thermal conditions, 80 °C for 2 hours. We often found that thermal functionalization

affords more stable surfaces with better coverage than photochemical functionalization.
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Moreover, Figure 4.4A demonstrates that the redox reaction of hydroquinone coupled to

silicon surface is diffusion limited.®® The reaction can be written as follows:
Q+2H" +2¢ <> HQ

The linear scaling of peak cathodic current with the scan rate indicates that likely the
hydrogen diffusion is the limiting rate of the reaction, not the electron transport through the

electrode electrolyte interface.
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Figure 4.4: A) Cyclic voltammetry of a Si(111) surface thermally functionalized with
Molecule B. The peak cathodic current (ipeak) s linearly proportional to the scan rate, v.
B) CV of S(111) surface photochemically functionalized with Molecule A before
(black) and after (grey) tetrahydropyran (THP) deprotection. Scan rate 30 mV/s.
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4.3.2 Electrochemical Oxidation of Silicon: Organic Monolayer Density
and Surface Orientation

We use cyclic voltammetry (CV) to determine the molecular coverage following
the deprotection of hydroquinone (Step III of Scheme 4.2). Figure 4.5 illustrates this
approach for a monolayer of Molecule B on Si(111) and Si(100), and molecular coverage
together with contact angle measurements are presented in Table 4.1. Coverage was
obtained by integrating the cathodic peak after all of the surface molecules were converted
to the benzoquinone form on a first oxidation sweep to at least 0.6V and then cycled back
to the hydroquinone form. A complete conversion to benzoquinone was achieved at
potentials above 0.6V because the integrated current plateaus at that value. To correct for
non-Faradaic processes, all samples were cycled once at the beginning of the measurement
from an open circuit potential to -700mV. The charge obtained from the integration of that
cycle was then subtracted from the integrated cathodic peak. The deprotection of the
hydroquinone hydroxyl groups is accompanied by a decrease in the static contact angle of
13° to 20°. This decrease in contact angle was reached within 1.5 and 2 hours during the
deprotection step for Molecules A and B, respectively, indicating that the deprotection was
complete by this time. Complete deprotection eliminates the possibility of underestimating
the molecular coverage. Figure 4.4B demonstrates the CV of Si (111) surface
functionalized with Molecule A before and after THP deprotection. As expected, the

emergence of the reduction peak can only be observed after the hydroxyl deprotection.
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Figure 4.5: Measurements of the coverage of Molecule B on Si(111) and Si(100) by
cyclic voltammetry (CV). A) Si(111) (top) and Si(100) (bottom): CV scans with increasing
peak anodic potential at a scan rate of 50 mV/sec. B) Coverage of electroactive molecules
on Si(111) (m) and Si(100) (o) obtained by integrating the reduction peak. The electrolyte
was Dulbecco’s Phosphate Buffered Saline (pH 7.4).
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No difference in contact angles was detected between monolayers of Molecules A
and B for the same surface. However, comparing (111) and (100) reveals that while the
contact angle is similar for Molecules A and B prior to deprotection, both monolayers

exhibit a 5° to 7° higher contact angle on (100) after deprotection.

Hydroquinone | Static contact angle /° Coverage
protecting . 5
group (before and after -OH deprotection) (# molecules/A”%)
Si(111 Si(100
aih (109) Si (111) Si(100)
Before After Before After
CH; (Mol. B) 73.7£0.8 | 54.6+1.4 | 74.1£0.1 | 61.1£2.0 | 0.23+0.01 0.17+0.02

THP (Mol. A) 72.0£1.3 | 53.24£1.2 | 72.540.6 | 58.7£1.8 | 0.20+0.01 0.11+0.005

Table 4.1: Monolayer characterization, separated by substrate and by hydroquinone
protecting group. The coverage data has been normalized to per silicon atom, taking into
consideration the difference in surface densities of Si(111) and Si(100).

As expected, the coverage of Molecules A and B on Si(100) is lower than on Si(111).
Table 4.1 also demonstrates that molecular size plays less of a role on the packing density
on Si(111): molecules A and B exhibit similar coverage on (111) but quite different

coverage on (100).

Due to lower surface density of atoms, Si(100) is more susceptible to oxidize in an
electrolyte solution. Figure 4.6 presents CV scans of an electrochemical oxidation of
freshly prepared, hydrogen terminated Si(100) and Si(111) surfaces. The electrode areas
are identical, so the current density of Si(100) oxidation is larger, corresponding to a more
extensive oxidation. Moreover, Si(100) functionalized with Molecule A is progressively
oxidized by cycling between two forms of the molecule, as evidenced by the linear drop in

the peak cathodic current in Figure 4.5. On Si(111) surface, such drop in current is not
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Figure 4.6: Cyclic voltammetry of freshly prepared, hydrogen-terminated A) Si(111)
and B) Si(100) surfaces in DPBS, pH 7.4. Scan rate 30 mV/s. C) CV scans of Si(100)
surface functionalized with Molecule A. Inset: peak cathodic current density as a
function of time after consecutive oxidation scans. Scan rate 30mV/s.

evident, arguing that the molecule itself is stable after multiple CV scans. Figure 4.7 trace
is the silicon oxidation of H-terminated and organically functionalized (111) and (100)
substrates through various processes, including the formation of the molecular monolayer,
incubation in air at 20% relative humidity, deprotection of the monolayer to form the

hydroquinone, and electrochemical oxidation to form the benzoquinone. The method used

to quantify the overlying oxide is presented in greater details in section 4.2.4.
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Figure 4.7: A) The fractional monolayer coverage of SiOx on either H-terminated
Si(111) and Si(100) or functionalized with either Molecule A (THP protected) or
Molecule B (CH; protected) through various chemical steps: (a) immediately after
functionalization, followed by (b) 135 hours in air at 20% relative humidity, followed
by (c) deprotection for 2 hours (in either 1% TSA in MeOH for Mol. A or BBr; in DCM
for Mol. B), followed by (d) chronoamperometry at 700mV (vs. Ag/AgCl) for 5 sec in
DPBS (pH 7.4). B) High resolution XP spectra of the Si 2p region of Si(100) that was
(a) freshly etched and (b) freshly functionalized with Mol. B, (¢) exposed to ambient
laboratory air for 135 hours, and (d) electrochemically activated at 700mV (vs.
Ag/AgCl) for 5 sec in DPBS (pH 7.4).

*Calculated by dividing SiOx:Si 2p peak area ratio by either 0.21 for (111) or 0.17 for
(100), different normalization constants calculated as described elsewhere.”

We assumed that the organic monolayer causes minimal attenuation of the photoelectrons,
although it is possible that the data presented in Figure 4.7 is slightly underestimated

because of this assumption. H-terminated and functionalized Si(100) consistently

62-64

demonstrate higher degree of oxidation than Si(111), consistent with the literature. In
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addition, substrates with monolayers of Molecule A exhibit consistently higher levels of
oxide than those functionalized with Molecule B. Our data indicate that the functionalized
(100) surfaces are oxidized the same amount as H-terminated Si when stored at room
temperature and 20% relative humidity, while Si(111) show extreme chemical stability.
We have observed that after eight months of storage, less than half of an equivalent SiO,
monolayer exists on functionalized Si(111) samples. Curiously, Si(100) functionalized
with Molecule A showed more oxide after incubation in air than H-terminated Si(100).
This may have resulted from trace water present in the Molecule A solution. For both
(100) and (111) surfaces, a negligible change was observed in the amount of oxide grown

during the deprotection steps of either Molecule A or B.

4.3.3 Diels-Alder Reaction and Michael Addition on Silicon

Keeping the immobilized biological molecules in a functional state is absolutely
necessary for the development of any sensor array, including NW arrays. One
corresponding constraint for this chemistry is that the biological probe attachment step and
sensing must be done in an aqueous electrolyte. Alkyl monolayers formed onto H-
terminated Si surfaces have been shown to reduce anodic oxidation in aqueous media,
however, the quality of the monolayer again plays a critical role here. Figure 4.7 clearly
demonstrates that a short pulse of a small positive potential, although sufficient to oxidize
all surface hydroquinone molecules (Figure 4.8A), only slightly oxidizes the functionalized
Si(111), compared with the non-functionalized substrate. = The difference is less
pronounced for the case of Si(100). We have observed a direct correlation between the

packing density and the amount of anodic oxidation of functionalized silicon in phosphate

buffer at pH 7.4. Consistent with the packing density data from Table 4.1, molecular size
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plays an insignificant role in anodic oxidation of Si(111), while Si(100) functionalized with

Molecule A is oxidized more extensively than that functionalized with Molecule B.
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Figure 4.8: A) CV scans of n-Si(100) functionalized with deprotected Molecule A.
Dashed line—starting with benzoquinone form and scanning negative of open circuit
potential (OCP). Solid line—starting with hydroquinone and scanning positive of OCP.
The data was collected at a 50 mV/sec scan rate in DPBS, pH 7.4. B) CV of a
deprotected 50% Molecule B-50% decene monolayer on n-Si(111) in the presence of
9mM 2, 4-cyclopentadiene-1-acetic acid; taken at 30 mV/sec in aqueous DPBS (pH
7.4):methanol (20:1) solution. The inset shows the decrease in peak cathodic current
density measured at -640mV (vs. Ag/AgCl) over the time of the scan.

1000

The oxidation and reduction peaks of hydroquinone on medium doped (~10" cm™)

n-type silicon are observed at approximately 350mV and -500mV (vs. Ag/AgCl) on an
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initial CV scan. CV measurements on very similar molecules formed as SAMs on Au
surfaces reveal the oxidation peak at approximately 300mV and the corresponding
reduction peak at -150mV.* The redox potentials of hydroquinone/benzoquinone on the
functionalized Si electrodes, however, depend upon the quality of the organic monolayer
and shift to larger overpotentials as oxidation of the substrate adds to the surface
impedance. Figures 4.5A and 4.6C demonstrate a small decrease in current density with
consecutive CV scans and a shift of the anodic peak to higher overpotentials. Consistent
with the data reported elsewhere,” the open circuit potential (OCP) of alkylated silicon
electrodes used in this study was shifted to between -100 and -200mV (Figure 4.8A).
Silicon oxidation in an aqueous electrolyte causes an accumulation of electrons on the Si

surface, shifting the OCP to negative overpotentials.

The effects of monolayer composition and surface functional groups on the kinetics
of Diels-Alder interfacial reactions have been clearly demonstrated for the case of Au
substrates.” Figure 4.8A shows that the monolayer is completely oxidized and reduced at
800mV and -900mV, respectively. Furthermore, both reduced and oxidized forms of the
molecule are quite stable. The relaxation rate of p-benzoquinone is slower than either the
Michael addition or Diels-Alder reaction (data not shown). Therefore, it is sufficient to
pulse the monolayer for a few seconds without applying either subsequent pulses or
holding the Si electrode at anodic potentials. An attractive aspect of using the
hydroquinone and Diels-Alder chemistry for spatially selective biomolecular attachment is
that the redox reaction is electrochemically reversible, which allows for an accurate
determination of reaction rates using CV. Figure 4.8B shows a CV trace for a mixed

monolayer in the presence of 9ImM 2.4-cyclopentadiene-1-acetic acid. To increase the
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packing density and to minimize anodic oxidation, mixed monolayers of electroactive
molecule combined with 1-decene were used. In general, using short unsubstituted alkenes
in conjunction with hydroquinone leads to denser packing of the monolayer, which renders
the underlying substrate less prone to oxidation. The rate of this Diels-Alder reaction could

be obtained by fitting the decrease in peak cathodic current to the following equation®
[ =TI+ (I, — Ipexp™

Here, ¥=0.005 s, which is about five times faster than the rate of addition of
cyclopentadiene of equal concentration reported on Au electrodes.” The cathodic current
was evaluated to determine the reaction rates because the current associated with the
oxidation of the Si surface is convoluted into the anodic peak, as is clearly visible in

Figures 4.5 and 4.6C.

We also demonstrated Michael addition of thiolated molecules to 1,4-benzoquinone
as an alternative coupling chemistry (Step V of Scheme 4.2) that is not available for
hydroquinones bound to Au surfaces. This chemistry is advantageous because the native
cysteines of antibodies or other proteins could potentially be utilized,”" ® and thiol-
terminated nucleic acids are commercially available. The high-resolution XPS data
presented in Figure 4.9 (A, B) reveal clear S 2p and N 1s peaks of an oxidized monolayer
on Si(100) which was reacted with thiol-terminated biotin (reduced Molecule D) or
cysteine, respectively. A reduced hydroquinone monolayer that was taken through the
same chemical exposures exhibited no evidence of sulfur or nitrogen presence. Other
small, thiol-containing molecules such as L-cysteine (Figure 4.9B) and glutathione were

50, 70

also reacted with the oxidized monolayer. Figure 4.10 demonstrates the cyclic

voltammetry of hydroquinone on silicon before and after addition of thiol-containing
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Figure 4.9: High resolution XP spectra of (left column) sulfur 2p peak at 163.8 eV
and (right column) nitrogen Is peak at 400 eV. Si(100) samples functionalized with
Molecule A were either (A, a and c; B, b and d) oxidized at 700mV for 5 sec or (A, b
and d; B, a and c) reduced at -800mV for 5 sec in the presence of A) 60uM Molecule D
and 0.6mM TCEP or B) 60uM L-cysteine in DPBS, pH 7.4.

molecules. In each case, the oxidation and reduction peaks were diminished and shifted to

higher overpotentials. The covalent attachment of molecules was validated with XPS

(Figure 4.9).
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Figure 4.10: Cyclic voltammetry of Si(100) functionalized with Molecule A before
(black) and after (grey) addition of A) L-cysteine, B) glutathione, C) thiolated biotin
(Molecule D) in DPBS, pH 7.4. Scan rate 30 mV/s.

4.4 Selective Functionalization of Silicon Micro- and Nanowires

The Scheme 4.2 strategy could be used to selectively functionalize micro- and
nanostructures patterned on silicon-on-insulator (SOI) substrates and to subsequently
immobilize proteins onto selected electrodes (Figures 4.11 and 4.12). Microwires were
patterned using conventional photolithography, and nanowires were patterned using
electron beam lithography. Following the steps outlined in Scheme 4.2, a potential of
700mV (vs. Ag/AgCl) was applied to specific wires. All of the wires were immersed into
the solution containing either Molecule C (Figures 4.11A and 4.12) or reduced Molecule D
(Figure 4.11C), followed by the introduction of a fluorescent dye-streptavidin conjugate
(Figure 4.11) or gold nanoparticles functionalized with streptavidin (Figure 4.12). Figure
4.11A demonstrate that this approach can be used to construct a protein library of two

elements.
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After a particular protein was coupled to one silicon electrode, biofunctionalization
of an additional electrode on the same device did not affect the previously functionalized
electrode. It is thus apparently possible to saturate all the active sites on a given silicon

electrode and to prevent cross-functionalization between two electrically isolated

Figure 4.11: Optical micrographs revealing the spatially selective functionalization
of Si(100) electrodes (B) using Diels-Alder cycloaddition chemistry (A) and Michael
addition (C). The SOI substrates were photolithographically patterned with eight 20 um
wide wires. A) After oxidation of the middle wire, the device was treated with DPBS
solution containing 10mM Molecule C. A 10nM Streptavidin-AlexaFluor 488 was
introduced for 10 min and the device was washed with 0.05% Tween 20. The top wire
was then treated in an identical manner; however, Streptavidin-AlexaFluor 568 was
used instead. The bottom wire was maintained in the reduced state throughout the
experiment. Two fluorescent images were collected using appropriate excitation
wavelengths and filters, and then merged into a single image. Background noise arising
from the scattering of two different laser sources was subtracted from the image. C) A
fluorescence micrograph of spatially selective functionalized using Michael addition.
Two out of eight wires were oxidized at 700mV and the device was incubated with
60uM Molecule D/0.6mM TCEP in DPBS. Streptavidin-AlexaFluor 488 was then
introduced, and was found to bind only to the activated wires.

electrodes. However, it was necessary to clean the surfaces by sonication in 0.05% Tween
20 solution after every addition of protein to remove nonselectively bound proteins, and
this step may explain the dark patches appearing on the electrodes in Figure 4.11. The sites
vacated by leaving proteins may not be suitable for further molecular attachment. It was
possible to assess the degree of nonspecific adsorption on a given electrode by recording

the current density during the oxidation. While the current densities upon the oxidation of



115

the first set of electrodes on a device did not vary, activation of the subsequent electrodes
after the device had already been exposed to protein consistently exhibited lower current
densities. Furthermore, the electrode edges almost always exhibited more non-specific
fluorescent signal than did the central portions. This may arise from sharper field gradients

at those edges.

Figure 4.12: Electron micrographs revealing the spatially selective immobilization of
streptavidin-gold nanoparticle conjugates via Diels-Alder reaction. A) An SOI device
with ten micrometer wide wires. Four wires are shown, two oxidized (O) at 700mV and
two reduced (R) at -800mV. After incubation of the device with Molecule C, gold
nanoparticles conjugated with streptavidin were introduced in DPBS solution with
0.05% Tween 20. Silver amplification is only visible on the oxidized wires. B) An
electron micrograph of a different SOI device with four 100 nm wires. The third wire
from the left was activated and the above procedure was repeated; however, streptavidin
conjugated gold nanoparticles were added without Tween 20.

We extended this approach to the selective biopassivation of 100 nm wide, 50 nm
high nanowires (patterned using e-beam lithograpy) that were spaced too closely together
(0.3 um pitch) to easily resolve using fluorescence microscopy. Therefore, we utilized the
well-established Ag™ amplification scheme’' to assess fidelity of the biopassivation on
those nanostructures, and the results are shown in Figure 4.12. In this scheme, streptavidin
conjugated gold nanoparticles are bonded to the electroactive site, and a silver layer is

grown onto the Au particles. The nanowires exhibited more nonspecific binding than the
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microwires. As noted above, the edges of the microwires exhibited more non-specific
binding, and this affect may be exacerbated for the case of nanowires. In addition, as
Figure 4.12 demonstrates, it was possible to essentially eliminate the nonspecific binding
on the microwires by including Tween 20 detergent with the streptavidin. Therefore, even
without the use of TEG or other chemical approaches designed to prevent non-specific

binding, this method can be used for spatially selective immobilization of proteins.

4.5 Discussion

4.5.1 Mixed Monolayers and Biofouling Minimization

We describe an electrochemical method to selectively functionalize silicon micro-
and nanoelectrodes utilizing Diels-Alder and Michael additions. Such route of selective
molecular immobilization should be especially valuable for the biopassivation of ultra
dense arrays of electronically addressable silicon nanowires’> (chapter 2) or other
nanostructures such as nanomechanical sensors.”” * This method avoids the spatial
limitations of alternative techniques such as inkjet spotting, or the alignment and registry

limitations of dip-pen lithography. While the selectivity of this process, as shown in

HHHH
Silicon

Figure 4.13: Tapping mode atomic force micrographs of Si(111) surface A)
hydrogen terminated, B) functionalized with Molecule E, or C) functionalized with
Molecule A, after exposure to 90nM streptavidin solution.
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Figures 4.11 and 4.12, is evident, it can be substantially improved beyond the results
presented here. For example, mixed monolayers incorporating TEG units will minimize
nonspecific adsorption of proteins™ and improve the selectivity of this approach. Our

preliminary results on such mixed monolayers demonstrate that the high packing density
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Figure 4.14: Cyclic voltammetry of mixed 20% (v/v) hydroquinone (Molecule A):
80% tri(ethylene glycol) (TEG, Molecule E) monolayer on Si(111) in DPBS, pH 7.4.
Scan rate 30 mV/s. Inset: density of hydroquinone (HQ) molecules in 20% HQ/80%
TEG (grey) and 30% HQ/70% TEG (black) monolayers as a function of maximum
anodic potential reached.

of TEG terminated alkanes (Molecule E) yields more stable silicon electrodes than the

ones functionalized only with hydroquinone-terminated alkanes. Figure 4.13
demonstrates the resistance of such surfaces to protein biofouling. Biofouling does not
only cause significant noise in electronic sensing, but will most likely be a hindrance in
building a large element library with the electrochemical method described above.
However, mixed monolayers composed of the electroactive molecules and tri(ethylene

glycol) will most likely decrease the problem of biofouling, while further stabilizing the
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silicon surface. The cyclic voltammetry on Si(111) surface with such mixed monolayer
is shown in Figure 4.14. As is evident from the presence of a reversible reduction peak,
the hydroquinone moiety remains functional at low densities, which can be tuned to yield
sufficient selective attachment of probe molecules while minimizing the non-specific
binding. Furthermore, electrode stability may be substantially improved by modulating
the doping levels, or utilizing p-type Si rather than the highly doped n-type substrates

used in this study.®*

Extending this approach to nanowire circuits (Figure 4.15),
however, is going to present a number of challenges, not the least of which will involve

analytical methods, since most of the techniques utilized here are not easily translated to

high density nanowire circuits.

Figure 4.15: Electron micrograph of ultra-high density, single-crystal silicon
nanowires, 15 nm wide, with 35 nm pitch. Top right: zoomed-in image of the
nanowires.
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4.5.2 Reductive Functionalization

As described above, -electrochemical conversion of hydroquinone to p-
benzoquinone causes appreciable oxidation of silicon surfaces, and may play an adverse
role in nanowire electrical sensing.’ Therefore, our group has embarked on finding
alternative strategies of spatially selective, electrochemical functionalization of silicon. In
particular, an electrochemical method which relies on the reductive conversion of the
electroactive molecule (Scheme 4.3) to its active form will be particularly beneficial in

avoiding oxidative damage to the nanowire surface.® Scheme 4.3 outlines the steps in
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Scheme 4.3: UV-catalyzed functionalization of hydrogen-terminated silicon with
benzoquinone. Upon the reduction of benzoquinone at -800mV (vs. Ag/AgCl) to the
hydroquinone, an intramolecular cyclization reaction result in the production of lactone
leaving group and a primary amine, which can be utilized for subsequent coupling.”*

electrochemically converting a benzoquinone molecule to a primary surface amine via an
intramolecular cyclization and liberation of a lactone group. The electrochemical reduction
is irreversible, as demonstrated in Figure 4.16A. Surface amine is a general group which
can be utilized for subsequent functionalization with a variety of molecules and biological
probes. We employed this chemistry to demonstrate a spatially selective coupling of gold
nanoparticles functionalized with N-hydroxysuccinimidyl ester (NHS ester) to the surface

amines generated via a reductive electrochemical deptrotection (Figure 4.16B).
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Figure 4.16: A) Two CV scans with Si(100) electrode functionalized with
benzoquinone molecule (Scheme 4.3). A large reduction peak is evident on the first
scan, corresponding to the reduction of benzoquinone to hydroquinone. Intramolecular
cyclization results in the irreversible liberation of lactone, evident by the absence of
reduction peak on the second scan. B) Si(100) microelectrodes were functionalized as in
Scheme 4.3. The middle electrode was subjected to irreversible reduction, followed by
the coupling of gold nanoparticles functionalized with NHS ester and silver
amplification (experimental methods).

Recent developments in spatially selective electrochemical functionalization
indicate that this field is of interest due to its relevance in a wide variety of applications.”™
This chapter addresses some important issues pertaining to the passivation of hydrogen
terminated silicon with electroactive molecules, with emphasis on obtaining the most stable
surfaces which are resistant to oxidation in air and in aqueous media. Parameters such as
molecular size, monolayer density, and crystal orientation of silicon surface affect the
silicon electrode stability in a profound way. We further demonstrate that individually
addressed silicon micro- and nanowires may be utilized to create an electrochemically
encoded protein library of an arbitrary density.®! Direct surface passivation of silicon

affords several important advantages. First, reactions involving immobilized electroactive

molecules may only be carried out at low voltages (-1V < voltage < 1V) if the native oxide
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of silicon is replaced with a short organic monolayer. Second, directly passivated silicon

nanowires are much more effective biological sensors in high ionic strength solution.”
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