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Treatment of surfaces to change the interaction of fluids with them is a critical step
in constructing useful microfluidics devices, especially those used in biological
applications. Silanization, the generic term applied to the formation of
organosilane monolayers on substrates, is both widely reported in the literature and
troublesome in actual application for the uninitiated. These monolayers can be
subsequently modified to produce a surface of a specific functionality. Here various
organosilane deposition protocols and some application notes are provided as a
basis for the novice reader to construct their own silanization procedures, and as a
practical resource to a broader range of techniques even for the experienced user.
© 2011 American Institute of Physics. [doi:10.1063/1.3625605]

I. INTRODUCTION

Self-assembled monolayers (SAMs) are commonly used for the modification of the free
chemical group on a surface,' often to change the physical and chemical properties. For exam-
ple, SAMs can be used to modify the hydrophobicity of a surface, creating an adhesion layer
for subsequent depositions, preparing a surface for protein and biomolecule immobilization*~
or preventing unwanted protein adsorption.°® As a result SAMs find many applications in
microfluidic systems such as biosensors,” ' labs-on-a-chip,'*'? and droplet microfluidics.'*'?

SAMs are formed by molecules with a strong and specific affinity for a particular surface
composition. These molecules usually have a linear morphology with a surface reactive group
at one end and a functional group at the other, with the former usually chosen to have a high
affinity for the surface that it is being assembled on.! The latter group is chosen based on the
application of the SAM. These molecules often contain a hydrocarbon chain spacer between
these two ends. Common SAMs include thiols on metals like gold,''®"'® silver,""'” and copper
surfaces'”'%2% organosilanes on hydroxylated surfaces''®2'; and fatty acids on alumina.'?
Detailed reviews on the theory, kinetics and applications of self assembled monolayer formation
can be found in the literature.''”-*32*

Thiol-based SAMs are the most common SAMs used to self-assemble on gold surfaces,"
due to their ease of use and wide variety of functional groups. Upon exposure, the sulphur group
strongly chemisorbs to the metal surface. However, they can only assemble on a small subset of
the many surfaces that appear in microfluidics, often requiring an extra deposition step. In an
actual application this further complicates the fabrication process of a microfluidic device.

Organosilanes offer tremendous potential as SAMs because they can form monolayers on a
wide variety of surfaces.”>° Organosilane SAMs form by reacting with trace amounts of water
to form intermediate silanol groups. These groups then react with the surface’s free hydroxyl
groups to covalently immobilize the organosilane. This basic reaction can be seen in Figure 1.
This is very sensitive to the amount of water present in the system.! While forming a high qual-
ity monolayer can be quite difficult, relatively consistent wettablity and functionality can be
achieved. Here we outline common methods of the formation of organosilane monolayers, and,
furthermore, a comprehensive survey of various deposition protocols are presented.
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FIG. 1. When a hydroxylated surface is exposed to an organosilane in the presence of trace amounts of water, the reactive
end bonds to the surface while the tail end becomes the dominant surface chemical species.

Il. METHOD

The basic protocol for silanization, whatever the technique, is composed of most of the fol-
lowing steps:

. Choose the appropriate silanes compatible with your application and process.

. Clean the substrate and introduce surface hydroxyl groups.

. Expose substrate to organosilane.

. Improve SAM quality and remove excess organosilane by (optionally) baking, rinsing, and/or
sonicating the sample.

5. Remove or pattern the SAM.

B W=

Each step is described in more detail below and in associated multimedia content.*> Note
that the intermediate exposure and final quality improvement steps are different depending
upon whether a solution or vapor deposition technique is used.

A. Compatibility and selection of organosilane

There are several different factors that can determine compatibility of a device with the
silanization process. This is important because organosilane deposition is normally one of the
last steps in the fabrication of lab-on-a-chip system. First and foremost, the device has to be
compatible with the cleaning and introduction of surface hydroxyl groups. Brief oxygen plasma
or ultraviolet (UV) with ozone cleaning is generally compatible with most structures even
though they can oxidize electrodes and may etch some polymers.*"** This can ultimately limit
the performance of the device. Processing should ideally take place under class 100 clean room
conditions.'

Furthermore, the reaction products of the covalent boding of the organosilane are typically
either methanol or chloride ions. In the latter case, this can cause high local concentrations of
hydrochloric acid which can damage local metal features. This can be circumvented be using
an organosilane with CH,O reactive groups instead of CI reactive groups.** Lastly, all fabrica-
tion steps must be compatible with the solvents used in liquid phase deposition. This limits the
use of some polymers as well as lift-off patterning of liquid phase organosilane deposition.

There are many organosilanes available for self assembly, and a few of the more common
ones suitable for lab on a chip applications are listed below. Exotic organosilanes can be used
for specific applications where the limitations of the process or requirements in use demand it.

1. 3-Aminopropyltriethoxysilane/3-aminopropyltrimethoxysilane (APTES/APTMS)

APTES and APTMS are organosilanes used to introduce surface amine groups. The major
difference between these two chemicals is the chemical composition of the reactive end group.
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This results in the reactive products of ethanol and methanol for APTES and APTMS, respec-
tively. APTES and APTMS are often used to create a charged surface or as a initial step for
protein or biomolecule immobilization.>3>-¢

2. 3-Mercaptopropyltrimethoxysilane (MPTS)

MPTS is suitable for introducing thiol groups to a surface. These thiol groups can then be
subsequently used to immobilize molecules with thiol groups by forming a disulphide
bond.?>">* More recently MPTS has been used to act as an adhesion layer for subsequent
gold deposition producing ultra low roughness gold.16’39

3. Octadecyiltrichlorosilane/octadecyltrimethoxysilane (OTS/OTMS)

OTS and OTMS have 18 carbon atom hydrocarbon chains. The primary difference between
the two is OTS contains 3 reactive Cl groups while OTMS contains 3 reactive CH3;0O molecules.
This results in OTS being more reactive then OTMS; both are typically used for creating hydro-
phobic surfaces.'”**™** They can also be used to adsorb proteins*’ like bovine serum albumin
(BSA), which can be then used for subsequent protein immobilization or to prevent future protein
immobilization.” OTS and OTMS has also been patterned using scanning probe lithography,?’
photolithography* and microcontact printing.** Furthermore, similar organosilanes exist with the
same functional groups but different reactive groups like dimethyloctadecylchorosilane.*’

4. Polytetrafluoroethylene organosilanes (PFS)

PFS typically contain a short hydrocarbon chain followed by a long polyfluoro chain. This
produces surface fluoride groups that create hydrophobic surfaces. These organosilanes can be
used to make surfaces hydrophobic,*' prevent microcontact printing molds from adhering,*®
nanocontact lithography*’*® and as a resist in electron beam lithography.” A commonly used
PFS is trichloro(1H,1H,2H,2H-perfluorooctyl)silane.

5. PEG and PEO organosilanes

These are organosilanes with a poly(ethylene glycol) (PEG) and poly(ethylene oxide)
(PEO). This creates a relatively hydrophilic surface that does not adsorb proteins or other bio-
logical species.®* These organosilanes are often used as blocking agents to reduce or eliminate
non-specific binding in biological applications.

B. Surface cleaning and chemical preparation

In order for successful organosilane monolayer formation, the substrates must be exception-
ally clean and present surface hydroxyl groups. Most cleaning methods rely on placing a surface
in a strongly oxidizing environment, including piranha cleaning, UV irradiation, UV/Ozone, and
oxygen plasma etch. While these cleaning procedures naturally leave the surface full of hydroxyl
groups, sometimes surfaces are rinsed in deionized water (ideally ultrapure) to ensure the surface
is fully hydroxylated. After cleaning and hydroxylization, organosilane deposition should be per-
formed immediately. Several cleaning methods used are summarized in Tables I and II.

All chemical manipulation of organosilanes should be handled under nitrogen because they
typically react with trace amounts of water. At the very least, stock solutions should not be
exposed to air wherever possible to extend the shelf life of the chemical and improve the qual-
ity of subsequent SAMs deposited.

C. Exposure to organosilane
1. Solution deposition

Solution deposition involves the submerging of the prepared substrate into a solution of
organosilanes. A strong solvent is typically used. Common solvents are toluene, benzene with
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TABLE I. Several different protocol parameters for liquid phase organosilane deposition.

Organosilane Substrate Surface Preparation Solvent Concentration Time Notes Reference
APTES/APTMS Silica gel NS Toluene 10% 30 min 52
Si Piranha Ethanol 100 mM 24 h 53
Si Piranha Unspecified 2% 20 min 20 min bake at 120 °C 3
Glass Unspecified IPA 5% Unspecified 5% water added, at 60 °C 54
Glass Methanol, HCL, H,SO,, NaOH Water 0.40% 2h PH adjusted to 3.0 at 75 °C 35
PDMS/glass Oxygen plasma Acetone (95%) 2% 2h 55
Si/SiO, E-Beam lithography, HF Ethanol (95%) 2% 1h Second step in patterning
Zn0O/SiO, Sonication in NH4OH:H,0,:H,0 (1:1:10) Ethanol (95%) 4% 4-5h 36
Si NH3:H,0,:H,0 (1:1:5) and H,SO4:H,0,:H,0 Toluene 10% 1h 56
(1:1:5)
PDMS/glass HCL:H,0,:H,0 (1:1:5) Ethanol 50% 30 min In a microfluidic channel 57
MPTS SiO, Nitric acid, Piranha Benzene 5 mM - 40 mM 40 min In N, atmosphere 58
ZnO Ton beam milling Toluene 4% 24h 25
Si/Si0, Piranha, HCL:H,0,:H,0 (1:1:6) Benzene 1-2 mM 3h 16
OTMS SiO, Chromic/sulphuric acid Toluene 5% 1.5h n-Butylamine catalyst 4
Si Piranha Toluene 50 mM 4h 59
LiNbOs3, Quartz Oxygen plasma Hexanes 1% (24 mM) 4h 34
Si Piranha Bicyclohexyl 100 mM 24 h 60
OTS Mica HCL clean, dehydration, controlled rehydration Cyclohexane 3mM 20 min Subsequent 2 h bake at 120 °C 28
Si Piranha Bicyclohexyl 100 mM 24 h 60
Si Piranha, HF, UV ozone Hexane, hexadecane or toluene 1-50 mM 30s Compared with microcontact printing 42
Si Piranha Toluene 0.05-1 mM Varied 61
Si Sonocation, HF, Piranha Bicyclohexyl 1-10 mM 24h Water added to solvent for some depositions 62
SiO, Oxygen plasma Toluene 0.50% 16 h Baked at 120 °C for 30 min 7
LiNbO; IPA sonication Toluene 100 uM Overnight Rinsed with toluene and baked (1 h, 110 °C) 41
LiNbOs3, Quartz Oxygen plasma Hexane: Chloroform (4:1) 0.1% (2.4 mM) 4h 34
LiNbO; Oxygen plasma n-Hexane 1 mM 1h 15
Si/SiO, Piranha Unspecified Unspecified Unspecified 43
PEO TaOs UV/Ozone Toluene 3 mM 18 h 0.08% HC1 8
PEG PDMS Oxygen plasma Toluene 0.1 M 30 min 49
PFS Si Piranha Iso-octane 5mM 10 min 44
LiNbO; IPA sonication Toluene 100 uM Overnight Rinsed with toluene and baked (1 h, 110 °C) 41

APTMS—(3-Aminopropyl)trimethoxysilane, APTES—(3-aminopropyl)triethoxysilane, MPTS—(3-mercaptopropyl)trimethoxysilane, OTS—octadecyltrichlorosilane, OTMS—Octadecyltrimethylsi-
lane, PES—polytetrafluoroethylene based organosilanes, PEG—poly(ethylene glycol) based organosilane, PEO—poly(ethylene oxide) based organosilane.
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TABLE II. Several different protocol parameters for vapor phase organosilane deposition.

Organosilane Substrate Surface preparation Temperature Pressure Time Notes Reference
APTMS Glass Piranha Unspecified 670 Pa 16h 11
MPTS SiO, Sulphuric acid/sodium peroxydisulphate 100 °C Unspecified Unspecified Also pumped (pressure unspecified) 63
Si Piranha, oxygen Plasma Unspecified 1 mTorr 4h 64
Silica Piranha, UV ozone Unspecified 200 mBar 0-120 h 39
OTMS SiO, UV irradiation 100/150 °C Unspecified 1-16 h Patterned with AFM 27
OTS Si UV irradiation 150 °C Unspecified 0.5-8h 26
PFS Si UV irradiation 150 °C Unspecified 0.5-8 h 26
Si NH,404/H,0,/H,0 (1:1:4) 45°C Unspecified 3h In N, atmosphere 5
SiO, Plasma Unspecified 1 Torr lh 48
SU8 Unspecified (after patterning) Unspecified 0.5 bar Unspecified 46

APTMS—(3-Aminopropyl)trimethoxysilane, MPTS—(3-mercaptopropyl)trimethoxysilane, OTS—octadecyltrichlorosilane, OTMS—octadecyltrimethylsilane, PFS—polytetrafluoroethylene based

organosilanes.
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hexane, acetone, anhydrous ethanol, or mixtures of these. Table I shows a list of parameters for
the liquid phase deposition of various organosilanes. It is clear that a wide range of cleaning
procedures, solvents concentrations and deposition times have been used.

Solution deposition is often used due to the simplicity of the method and low setup cost.
However, the monolayer quality is very sensitive to the amount of water in the system. If there
is not enough, only a partial monolayer forms, while if there is too much water the organosi-
lanes may polymerize. This can result in inconsistent surface properties. The reader is directed
to Ulman’s seminal work' for a detailed description of complications that can occur.

2. Vapor deposition

Vapour organosilane deposition is essentially chemical vapor deposition (CVD) of organo-
silanes to form a monolayer.”® This relies on increasing the percent partial pressure of the orga-
nosilane within a closed system, achieved either by heating a closed container or by lowering
the base pressure using a vacuum pump with an open source of the liquid organosilane inside.
The organosilane is then deposited via chemisorption.

A sample protocol of vapour organosilane deposition is as follows:

. Clean the substrate with acetone, isopropanol and deionized water.

. Piranha clean the substrate. Rinse and dry the substrate with nitrogen.

3. Place the substrate and 100 ul of organosilane in a vacuum chamber/dessicator and pump down
the system to approximately 100 mTorr.

4. Leave the sample for 30 min to allow the organosilane to chemically adsorb onto the substrate.

5. Vent chamber and dispose of the organosilane appropriately. Store the sample in a clean envi-

ronment until required.

N =

Table I summarizes some process parameters of vapor deposition processes for silanes. Vapor
organosilane deposition has several advantages over liquid phase deposition. Monolayers formed are
typically of higher order and quality. There is also less likelihood of forming multilayers during the
deposition.'® In addition, significantly reduced volumes of reagents are used in the deposition process.

Commercial CVD systems are available for purchase as well. These consist of vacuum cham-
bers that often incorporate the organosilane manipulation. Some of these can also include substrate
and chamber cleaning processes which can improve the consistency of the deposition process.”!

D. Improving SAM quality

The final step is the improvement of the silane SAM quality by additional processing. For solu-
tion deposition of the silane, the SAM may actually be many layers thick and contain excess poly-
mer. Rinsing and sonication in solvent will help to reduce this material to form a high-quality SAM.

E. Removal and patterning

Organosilanes can be removed by the oxidation of the tail group. This is best achieved
through the use of a dry oxidation process due to its simplicity. Both oxygen plasmas, UV and
UV/Ozone cleaning can be used to remove the majority of the SAM." There will likely be a re-
sidual silicon oxide layer after this process which can be removed through subsequent processing.

UV light alone can slowly oxidize an organosilane surface, but this may require long expo-
sure times. This allows for an organosilane to be patterned by optical lithography without the use
of a photoresist.'** However, it is likely that employing a traditional photolithographic or lift of
processes with photoresist could provide much faster patterning. After the removal of an organo-
silane layer the surface will be ready for a subsequent organosilane deposition. Organosilanes
have also been used as molecular resists in electron beam lithography5 and scanning probe lithog-
raphy.?’ Patterning can also be achieved through microcontact or nanocontact printing.**#7#%
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