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Abstract

Development of synthesis methods using high yield acid-labile rather than photolabile group protected monomers is desirable to produce
microarrays of superior quality, general adaptability and reduced cost of genetic research. However, using solution photochemistry for
acid-labile deprotection requires the reaction sites being isolated from each other to prevent diffusion of reagents during a photolytic
reaction.

We present fabrication methods of two types of microwell array chips with different isolation strategies for carrying out parallel
oligonucleotide DNA (oDNA) synthesis in the liquid phase: electroplated microwell array chips with an isolation wall and a mechanical
sealing, and etched patterned microwell array chips with surface tension isolation. Both surface and bulk micromachining technologies
were used for fabrication of those chips. We also discuss various problems regarding fabrication and use. The validated fidelity from the
single mismatch detection of oligonucleotide DNA microwell array chips is also given to prove successful isolation of the liquid during a
photolytic reaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Oligonucleotide DNA (oDNA) microarray offers superior
hybridization specificity, freedom in sequence design, and
the choice of tailored chain length as compared to cDNA
microarray[1]. This makes oDNA microarray more attrac-
tive than cDNA microarray. There are two major techniques
of making oDNA microarrays: attachment of presynthesized
oDNAs by spotting[2,3] and parallel in situ synthesis[4–6].
Making oDNA microarray by spotting technique does not
require complicated or expensive equipment. Therefore, it is
widely used in molecular biology labs. However, the technol-
ogy suffers from problems of spot uniformity and requires
large numbers of presynthesized oDNA. Parallel in situ syn-
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thesis, in which a plurality of oDNA probes are directly
synthesized on a substrate surface, offers an alternative that
eliminate not only the problems associated with the spotting
technology but also the problems of a large clone library
requirement. Therefore, several approaches have been pro-
posed and/or implemented[4–6]. Photolithographic synthe-
sis used by Affymetrix[4] has been demonstrated to be par-
ticularly suitable for making high density microarrays. This
synthesis is based on photolabile phosphoramidite synthesis
chemistry in which the photolabile protecting group is de-
protected by light. The desired sequences on the microarray
can be obtained by spatially controlled light exposure during
the synthesis using a set of photomasks. There are several
limitations with this approach. First, this approach requires
the use of expensive photolabile phosphoramidite reagents.
Secondly, each step of the synthesis cycles requires the use
of a different photomask to control light spatially. The neces-
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sity of having to fabricate a new set of photomasks for each
custom oDNA chip results in a method that is extremely ex-
pensive. More importantly, the photolabile phosphoramidite
synthesis has lower stepwise yield chemistry (∼87–95%)
compared to conventional phosphoramidite synthesis that is
based on the removal of acid-labile protecting groups[5,7,8].
The low stepwise yield limits the length and quantity of
oligonucleotide probes on array. Purity of 25-mers probes
synthesized with stepwise yield chemistry of 95% is, for ex-
ample, only 28%. Clearly, it is highly desirable for in situ
array synthesis to use the high stepwise yield (>98%) con-
ventional acid-labile synthesis chemistry and to remove the
requirement of photomasks.

Recently, it was demonstrated that photogenerated acids
(PGAs) produced upon light exposure can be used as de-
protection reagents in the conventional oligonucleotide
and peptide chemistries[9–11]. In order to employ this
PGA chemistry to produce oDNA and peptide chips, our
research team has developed digital photolithography sys-
tems, namely a micromirror and a laser light display system,
to direct light to different locations on the chip to locally
generate PGAs without using expensive photomasks. This
system provides the flexibility to produce custom chips
with little additional cost and time. However, since PGAs
are generated in the liquid phase, it is necessary to de-
velop a method of limiting the diffusion of PGAs during a
photolytic reaction from intended sites to unintended sites
and causing so called chemical cross talk. The cross talk,
if taking place, would lead to the formation of impurity
product.

In this paper, we present the design and fabrication of mi-
crowell array chips for solution-based, PGA-catalyzed par-
allel oDNA synthesis. We apply either surface micromachin-
ing or bulk micromachining technology to fabricate microw-
ell array chips and use mechanical sealing and differential
surface tension to isolate reaction sites during a photolytic
reaction. The fabrication processes of an electroplated, a
flat patterned and an etched patterned microwell array chips
are described. The operation of both isolation mechanisms
is also given. We will discuss and propose solutions for the
problems regarding ease of fabrication and use of the iso-
lation mechanism for oDNA synthesis. Finally, we describe
the production of the oDNA microwell array chips for
genotyping and present a test performed to confirm fidelity.

Fig. 1. Portions of the masks for fabrication of the microwell array chips named as: (a) mask #1; (b) mask #2; and (c) mask #3.

2. Materials and methods

2.1. Fabrication of the electroplated microwell array chip

The first type of microwell array chips was fabricated us-
ing electroplating. A glass substrate was thoroughly cleaned
in an Ever Green machine before loading to a dc magnetron
sputtering machine (Perkin-Elmer). To further clean sub-
strate surface before a sputtering deposition, the substrate
was sputter-etched at a power of 500 W for 5 min. A metal-
lic seeding layer was then deposited on the glass substrate
at a power of 600 W. Two types of seeding layer (Cr and
Cr/Cu) were investigated in this study. The Cr and Cu layer
were deposited at a rate of 64 and 125 Å/min, respectively.
The microwell array mask design is shown inFig. 1. The
fabrication step of the electroplated microwell array chip
is described inFig. 2. The wafer was first primed with
hexamethyldisilazane (HMDS). A 1.3�m thick photoresist
(Hoechst, AZ5206E) layer was then spun at 2000 rpm for
15 s, soft-baked at 90◦C for 30 min, exposed to UV light
(13 mW/cm2) using mask #1 (Fig. 1a) for 8 s, and post-baked
in an oven at 110◦C for 30 min. The image reversal on the
wafer was achieved by UV flood exposure for 40 s and then
developed in MF319 for 1 min. For the Cr/Cu seeding layer
case, the Cu thin film was etched using Cu etchant while
keeping the Cr film intact. The remaining photoresist was
removed using resist stripper (Shipley 1165). Thick photore-
sist (PR1827) was spin-coated at 1000 rpm for 10 s to ob-
tain a thickness of 10�m, soft-baked at 110◦C for 30 min,
and exposed to UV light using mask #2 (Fig. 1b) for 65 s
to form an activated photoresist in the plated region (ring
feature). The wafer was dipped in developer solution (MF
319) for 2 min to remove the activated photoresist, followed
by a hard bake in an oven at 110◦C for 10 min. Electroplat-
ing was performed in a mixture of the electroplating solu-
tion described inTable 1, at a current density of 8 mA/cm2

and a temperature of 50◦C. After the electroplating was
completed, the photoresist mold was removed using a re-
sist stripper (Shipley 1165). The Cr film inside the wells
and Cu film outside the rings and wells were etched suc-
cessively in Cr etchant and Cu etchant. Silicon dioxide was
deposited on the metal surface as a chemical protection film.
We investigated three different deposition methods: plasma
enhanced chemical vapor deposition, sputtering deposition
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Fig. 2. Simplified fabrication process flow for the electroplating microwell
array chip. (a) Depositing the seeding layer (Cr/Cu); (b) defining Cu
etching area using mask #1 with photoresist and etching the Cu layer;
(c) defining electroplating area using mask #2 with photoresist; (d) Ni
electroplating; (e) removal of the photoresist and etching the Cr layer.

and spin-on-glass coating (15A, Filmtronics). A scanning
electron microscope (SEM) and an optical microscope were
employed to monitor feature and surface morphology of the
electroplated microwell array chips.

2.2. Derivatization with carbofluorosilane

Derivatization with carbofluorosilane self assembled
monolayer (SAM) was performed on different types of

Table 1
Composition of the nickel electroplating solution

Component Concentration

NiSO4·6H2O (g/l) 300
NiCl2·6H2O (g/l) 35
H3BO3 (g/l) 40
Sodium saccharin (g/l) 3.5
Butynediol (mg/l) 100
Sodium lauryl sulfate (ppm) 50

glass substrate (soda lime, Corning 7740, quartz, and
Corning 1737), which were cleaned in a hot mixture of
H2O2:H2SO4 for 15 min, and rinsed with distilled water,
followed by ethanol (EtOH). Glass plates were then dried
under N2 and transferred into plastic containers. Isooctane
was introduced into the containers, covering the entire glass
plates, followed by the addition of the appropriate volume
of (heptadecafluoror-1,1,2,2-tetrahydrodecyl) triethoxysi-
lane to obtain desired silane concentrations. The containers
were capped and shaken at room temperature overnight.
The glass plates were removed, rinsed with isooctane,
and dried under N2. Curing was performed under N2, at
100◦C for 1 h. To test the quality of carbofluorosilane
film, contact angles were measured both before and after
derivatization.

2.3. Fabrication of the patterned microwell array chip

The second type of microwell array chips is a flat patterned
and an etched patterned microwell array chip. The major
steps involved in the fabrication of our patterned microwell
array chips consisted of photolithography, deposition of thin
films and/or glass etching. Both a flat patterned and an etched
patterned microwell array chip (22× 75 mm2) containing
n × n (n = 12, 24, or 48) isolated regions ofd diameter
(d = 600, 300, 150�m) confined in a 1.4 × 1.4 cm2 area
were made.

For the etched patterned microwell array chip, the fab-
rication procedure shown inFig. 3 begins with a glass
wafer (quartz, soda lime, Corning 1737, Corning 7740,
Borofloat) coated with a thin film used as an etch mask.
Three different etch masks were investigated: Cr (200 nm),
Cr (50 nm)/Au (200 nm) and a-Si (200 nm). The Cr and
Au thin films were deposited by electron beam deposition
(Enerjet). The a-Si was deposited by plasma enhanced
vapor deposition (PlasmaTherm). After the deposition of
thin films is completed, the wafers were first primed with
hexamethyldisilazane (HMDS). A layer of photoresist (PR
1827, Hoechst Celanese) was then applied by spin-coating
at 2000 rpm for 30 s The wafers were soft-baked at 90◦C
in an oven for 30 min and then patterned using a mask #3
(Fig. 1c) and UV irradiation (404.7 nm, 5 mJ/cm2, 70 s)
to define the etched area. After removal of the activated
photoresist (PR) by developer solution (MF 319, Hoechst
Celanese) for 60 s, the wafers were hard-baked at 110◦C
for 1 h. The exposed thin film (Cr, Cr/Au or a-Si) layer
was etched. The Au and Cr film were wet-etched using a
gold etchant solution (TFA, Transene Co.) for 120 s and a
chromium etchant solution (CR-14, Cyantek Inc.) for 120 s
The a-Si film was removed using a CF4 plasma etching.
The exposed glass surface was further etched in HF be-
tween 1 and 6 min, unless otherwise noted. The remaining
PR was removed by a resist stripper (PRS-2000, J.T. Baker
Inc.). Etched depths were measured by surface profilome-
try. Next, etched microwell array wafers were protected by
spin coating a layer of photoresist (AZ 4620, Clariant) at
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Fig. 3. Simplified fabrication process of the etched patterned microwell
array chip. (a) Depositing the metal mask (Cr/Au); (b) defining the etching
area using mask #3 with photoresist, and etching the metal mask and
glass to form microwell array; (c) removal of photoresist and the metal
mask, and protecting the microwell area using mask #1 with photoresist;
(d) coating the nonwetting film; and (e) removal of the photoresist.

500 rpm for 30 s, soft-baked at 90◦C for 1 h, patterned by
a mask #1 under UV exposure (404.7 nm, 5 mJ/cm2, 150 s)
to generate the activated photoresist outside the wells. Fi-
nally, the wafers were dipped into a developer solution
(1:4 AZ 400K:H2O, Clariant) for 3 min to remove the ac-
tivated photoresist. For the flat patterned microwell array
chip, glass wafer was coated with photoresist and patterned
by mask #1 (Fig. 1a), using the same procedure described
previously.

Both the flat patterned and etched patterned microw-
ell array chips were then derivatized with a hydrophobic
SAM solution of (heptadecafluoror-1,1,2,2-tetrahydrodecyl)
triethoxysilane (Gelest) in isooctane (20 mM) overnight
at room temperature under gentle shaking to form a hy-
drophobic surface outside the wells. After curing for 1 h
at 100◦C under an N2 atmosphere, individual plates were
cut from the wafers using a diamond dicing saw. The pho-
toresist inside the wells was removed by successive wash-
ings in acetone, 2-propanol, 1:1 H2O2:H2SO4 for 15 min,
water, and EtOH, respectively. After photoresist was re-
moved, the chips were then treated with a linker solution
of N-(3-triethoxysilylpropyl)-4-hydroxybutyramide (Lan-
caster) 1% (v/v) in 95% EtOH overnight at room temper-
ature under gentle shaking to derivatize the surface inside
the wells. Upon completion of the reaction, the chips were
rinsed thoroughly with 95% EtOH and cured at 100◦C un-
der N2 for 1 h.

Fig. 4. Schematic illustration of a programmable microarray DNA syn-
thesizer.

2.4. Microarray synthesizer

The microarray synthesizer developed by us consists of
projection optics, a flow-through cartridge, a reagent man-
ifold, and a computer control system shown inFig. 4. A
500 W mercury arc lamp (Oriel Instruments) was used as
the light source. A water infrared filter and a dichroic mir-
ror (Oriel), with a reflection wavelength range from 350 to
450 nm, were used to cut off the IR and visible wavelengths
to prevent heating of optics and the in situ synthesized
oligonucleotide probes. In addition, the filter and the mirror
are used to select the wavelengths used for the excitation of
photogenerated acid precursors (PGA-Ps). A 480×640 dig-
ital micromirror device (DMD, Texas Instruments) was used
to generate light patterns projected through a 105 mm lens
onto the surface of microwell array chip, which was installed
in a flow-through cartridge. A beam splitter and a CCD video
camera (SONY) were used to assist projector-microarray
plate alignment. The cartridge made from 316-stainless steel
was connected to a commercial DNA/RNA synthesizer (Ex-
pedite 8909, PerSeptive) which served as a reagent mani-
fold. This cartridge was mounted on axyz translation stage
and a tilt platform for alignment. The seal actuator could be
used to push reactor cap to mechanically seal the microwell
array. Computer software, written in C++, was developed
in-house to generate light patterns based on predetermined
oDNA chip layout.

2.5. Oligonucleotide microwell array synthesis and
hybridization

After installing the derivatized microwell array chip
into the flow-through cartridge connected to the DNA
synthesizer, DNA synthesizer was programmed to de-
liver reagents including PGA-Ps, such as triarylsulfonium
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hexafluoroantimonate, for oDNA synthesis. All of the syn-
thesis steps except the deprotection step for each cycle were
the same as those performed in conventional synthesis of
oligonucleotides. During the deprotection step, the reaction
sites (wells) were isolated from each other by either a me-
chanical sealing or a surface tension difference method. The
microwell array chip surface was illuminated according to
a computer generated pattern and washed by a solution of
pyridine/acetonitrile (CH3CN). The cycles were repeated to
achieve the desired sequence and length. For experiments
using fluorescent labeling as a reporter, all oDNA probes
were coupled with 1:10 of fluorescein:T phosphoramidites.
The oDNA microwell array chip was soaked in a mixture
of 1:1 ethylenediamine (EDA) and EtOH for 2 h at room
temperature to remove protecting groups on the phosphate
or fluorescein molecules. The oDNA chip was then rinsed
with EtOH and a sodium phosphate buffer. For hybridiza-
tion experiments, the oDNA microwell array chip, without
fluorescein, was first rinsed with EtOH and buffer, then the
chip was hybridized with 100�l of 50–200 nM oligonu-
cleotide target 5′-(fluorescein)-CTGCCTCYCGTAGGAG
(Y = A, C, G or T) in 6× SSPE solution (1 M NaCl,
66 mM NaH2PO4, 6 mM EDTA, pH 7.4) for 2–18 h. After
hybridization, the chip was washed intensively with buffer
(5 mM NaCl, 5 mM NaH2PO4, pH 7) and imaged.

3. Results and discussions

3.1. Transparency of glass

Because the transparency of the substrate is crucial for
light passage during the photolytic reaction, we prefer to use
glass as the substrate. In addition, glass has many unique
advantages making it a suitable substrate for the fabrica-
tion of our microwell array chips. Glass has high thermal
and chemical stability. It also has a naturally low autofluo-
rescence. Linker molecules which are important for oDNA
synthesis can be covalently attached onto a glass surface.
Even though glass is a suitable substrate for the fabrication
of the chips, we need to choose the glass which is transparent
to the light at wavelengths which can photogenerate acids
(PGAs) efficiently. While most glasses, such as borosilicate
glass (Corning 7740 and Borofloat), soda lime and boroa-
luminosilicate glass (Corning 1737), are transparent only to
light above 350 nm, only quartz is transparent at wavelengths
above 250 nm[12,13], In the visible light wavelengths, all
the glass materials, except soda lime, have the same percent-
age of transmission. PGA-Ps of our choice have excitation
wavelength between 350 and 450 nm[10]. Therefore, all the
commercial glasses mentioned above can be used.

3.2. Fabrication of the electroplated microwell
array chip

In order to electroplate nickel on a non-conductive sub-
strate, the seeding layer must be deposited prior to the plat-

ing process. Chromium is a good candidate because it ad-
heres well to the glass. However, the adhesion between the
chromium layer and nickel electroplated films are poor due
to the existence of chromium oxide on the chromium sur-
face. While the chromium layer alone is inadequate as a
seeding layer, we achieved excellent adhesion to the nickel
electroplated film by adding copper on the top of chromium
to form a composite seeding layer.

One of the requirements for our electroplating process is
that seeding layers need to be removed at a certain step,
subsequent to plating. Often removal of the seeding lay-
ers by a wet etching degrades the plated features or causes
the delamination of the electroplated structures by undercut-
ting the structure. According to our observation, the electro-
plated Ni film can not stand either a commercial Cr etchant
(Cr-14) or a Cu etchant. In addition, significant copper un-
dercut was produced by a very high Cu etching rate. We ex-
perimented with a number of solution compositions for Cr
and Cu etchants and found that HNO3:H3PO4:CH3COOH
(0.5:50:49.5) and HCl:H3PO4:CH3COOH (5:45:50) can be
used as Cu and Cr etchants, with an etch rate of 500 and
50 Å/min, respectively, and produced the best results. Both
of these etchants do not produce the common undercut or
degradation of electroplated microwell arrays.

Electroplated microwell array chips were tested for
compatibility with all chemicals involved in oligonu-
cleotide synthesis. The electroplated metal microwell array
structures survived all chemicals including trichloroacetic
acid/methylene chloride, and acetonitrile except for the ox-
idizing reagent (iodine/pyridine/tetrahydrofuran/H2O). It is
likely that the Cu film is susceptible to iodine which is used
as a component in one of the Cu etchants[14]. Therefore,
sealing the electroplated metal structures from the synthe-
sis solutions is necessary. Silicon dioxide (SiO2) has good
chemical stability and a high resistance to chemical attack.
Furthermore, SiO2 is a good substrate for derivatization of
linkers, which is the first step in DNA synthesis. It is also
a transparent material for the UV wavelengths longer than
350 nm and, therefore, is suitable for the solution-based,
PGA-catalyzed parallel oDNA synthesis. We investigated
several SiO2 deposition methods. The films produced from
sputtering and plasma deposition processes, which are
widely used for SiO2 deposition, were found insufficient
for preventing chemical attack of electroplated metal struc-
tures. In contrast, spin-on-glass withstands well to chemical
attacks and is, therefore, more suitable for our application.
We tested the adhesion property of plated structures on the
glass substrates. They exhibited good adhesion and passed
the Transparent Tape Test.Fig. 5 shows a SEM micrograph
of portion of the electroplated microwell array chip.

3.3. Liquid isolation by mechanical sealing

Isolating the reaction sites during photolytic reaction from
each other is critical for the solution-based, PGA-catalyzed
parallel oDNA synthesis. We designed the cartridge
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Fig. 5. SEM micrograph of the electroplated microwell array chip.

containing the polypropylene seal pad at the center. The
seal pad could be pushed down against the electroplated
nickel rims to seal all the electroplated microwells.Fig. 6a
shows the synthesis method using mechanical sealing for a
liquid isolation in the solution-based, PGA-catalyzed paral-
lel oDNA synthesis. During most of the operation steps, a
seal cap is open so that the reagent solution flows in and out
of the microwell array chip freely. During a photolytic reac-
tion, the polypropylene seal cap is pushed against the rims
so that all the microwells are sealed. This would prevent
the acids that are generated in the light exposed microw-
ells from diffusing into adjacent unexposed microwells.
Although this liquid isolation mechanism was proven, there
are some disadvantages. First, mechanical sealing requires
the incorporation of an actuated sealing mechanism, which
significantly complicates the design of reactor cartridges.
Second, the successfulness of uniform sealing also depends
on how uniform the thickness of the electroplated structure
is [15]. The rate of metal deposition on the surface is pro-
portional to its current density so the structure has to be
carefully designed to minimize this problem. Third, due to
the repeated mechanical operations required, the synthesis
time is considerably extended. To eliminate the need for
mechanical sealing, we found that using surface tension dif-
ference is a more desirable approach for the liquid isolation.

Fig. 6. Solution-based, PGA-catalyzed oDNA synthesis method during the
photolytic reaction using: (a) mechanical sealing; and (b) surface tension
difference as a liquid isolation mechanism.

3.4. Liquid isolation by the surface tension difference

Dulcey et al.[16] demonstrated that surface tension dif-
ferences formed by SAMs can be employed to confine liq-
uids. Therefore, the use of surface tension differences can
prevent diffusion between individual liquid drops during
the photolytic reaction. A SAM molecule consists of three
main parts. The first is the functional head group, which
chemisorbs strongly at the binding site (Si–OH and Al–OH)
on the surface. The second part is the carbon-containing
chain. The van der Waals interactions between chains further
contribute to the ordering of the monolayer. The third part
is the terminal group, which contributes to the hydropho-
bicity or hydrophilicity of the treated surface. The mecha-
nism of silanization is as follows. First, the functional head
groups (SiX, where X= –Cl, –OEt, etc.) react with water
by a nucleophilic substitution reaction (called hydrolysis) to
form silanol (Si–OH) groups. These Si–OH groups are at-
tracted and physisorbed to the binding sites on the surface.
The Si–OH groups are linked to the binding sites on the sur-
face by a condensation reaction to form a covalent Si–O–Si
and Al–O–Si. The film is further stabilized by intermolecu-
lar cross-linking between the head groups (OH) of adjacent
chains[17,18].

In this work, a hydrophobic (nonwetting) surface
was achieved using SAM coating of a carbofluorosilane
((heptadecafluoro-1,1,2,2-tetrahydrodecyl) triethoxysilane).
The clean glass surface shows a hydrophilic characteristic at
a contact angle of 30◦. After reaction with this carbofluorosi-
lane, the surface became hydrophobic at a contact angle of
∼110◦. Compared to the result obtained by Handique et al.
[19], using 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane
(FTDS) as carbofluorosilane compound, while their contact
angles are comparable to ours, their carbofluorosilane com-
pound is more sensitive to moisture. This is most likely due
to the fact that –Cl functional groups have higher reactivity
to the water than –OEt function groups, resulting in the fast
hydrolysis reaction. This, in turn, leads to the greater forma-
tion of Si–OH groups on SAM molecules. Therefore, rather
than having condensation reaction between Si–OH group on
the molecule and the Si–OH or Al–OH groups on the sur-
face, fast formation of the silanol groups on these molecules
can cause a fast condensation reaction among them in the
solution phase (bulk polymerization). Their coating has to
be performed inside a N2-filled dry box to slow down the
formation of these silanol groups on the SAM molecules.

We found that the hydrophobic SAM coating’s quality
depends on the type of glass substrate (Table 2). The con-
tact angles (or hydrophobicity) increase for the respective
substrates in the order of Corning 1734∼ soda lime <

Corning 7740< quartz. Based on the silanization mech-
anism mentioned above, we believe that the hydrophobic-
ity properties of surfaces modified by silanization reactions
would depend on the density of the binding sites on the
surface. Therefore, the contact angles are directly related to
amount of the SiO2 and Al2O3 on the surface. The total
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Table 2
Contact angles on different types of glass coated with a carbofluorosilane

Type of
glasses

SiO2 + Al2O3

(wt.%)
Carbofluorosilane
concentration (mM)a

Contact angle
(◦)b

Soda lime 71.5–74.5 0 35
1 91

20 103

Corning 7740 83 20 115
Corning1737 75.5 20 97
Quartz 99.5 20 126

a Carbofluorosilane derivatization was performed at room temperature
overnight.

b Experimental error is about±5◦.

amount of both oxides as shown inTable 2increases in the
same order, Corning 1734∼ soda lime< Corning 7740<
quartz, as the contact angles.

To attach, or in situ synthesize the oDNA, normally a
surface first need to be derivatized with a linker (one of the
hydrophilic SAMs containing of –NH2 or –OH terminal
functional groups). It is important, therefore, to develop a
strategy to control the location of the hydrophilic SAMs
(linkers), which are the starting material for oDNA synthesis
on the surface, and the hydrophobic SAMs. The synthesis of
such a patterned surface has previously been demonstrated.
In that work, the linker was formed first on the surface,
followed by photolithography to define the area where the
hydrophobic surface would be subsequently formed. The
linker in this area is removed by either photo-cleavage at the
Si–C bonding using deep UV laser (∼200 nm) or oxygen
plasma[16,20]. This area is then derivatized with carboflu-
orosilane compound to form the hydrophobic surface. A
significant drawback of this approach is that the linker,
which is important to the attachment of DNA, is coated
first and could be degraded by the subsequent steps used to
define the hydrophobic area. In contrast to this strategy, we
decided to form the carbofluorosilane film, followed by the
derivatization of the linker. To achieve this, we employed a
patterned photoresist as a mask to block the chemisorption
of a SAM carbofluorosilane film. After that, the photoresist
was removed and the linker was derivatized on the remain-
ing area. This process is advantageous since the delicate
surface is prepared last, thus limiting premature degradation.

Fig. 6b shows the synthesis method using surface ten-
sion difference for liquid isolation in the solution-based,
PGA-catalyzed parallel oDNA synthesis. Basically, before
a photolytic reaction, a cartridge is filled PGA-P solution
and then the solution is drained or pushed out by argon gas.
Droplets are formed on the surface of the reaction sites due
to surface tension difference. Light beams are then projected
onto the selected reaction sites where PGA is produced.
Since all droplets are physically isolated, the diffusion of
acids between adjacent reaction sites is prevented.

Although we were able to demonstrate the suitability of
this isolation strategy for oDNA synthesis on the flat pat-
terned microwell array chip displaying a name patterned

Fig. 7. FRE image of oDNA chip synthesized on the flat patterned
microwell array chip with a pattern containing UM and UH letters.

UH (i.e., the University of Houston)–UM (i.e., the Univer-
sity of Michigan), as shown inFig. 7, we observed a prob-
lem regarding the reproducibility of the oDNA synthesis.
The problem was caused by the drying of the PGA-P be-
fore it generates enough PGA for the deprotection reaction.
To demonstrate this failure mechanism, we varied the wait-
ing time before irradiating the droplet. As can be seen in
Fig. 8a, deprotection failed at a waiting time of 50 s. This
experiment obviously shows that drying of the droplet in-
deed affects oDNA synthesis and needs to be controlled.

3.5. Fabrication of the etched patterned microwell
array chip

To extend the life of these droplets on the well surface, the
volume of isolated liquid can be increased. Increasing the
diameter of the drops would increase the volume of liquid.

Fig. 8. FRE image of oDNA chip synthesized with varied waiting time on:
(a) the flat patterned microwell array chip; and (b) the etched patterned
microwell array chip with 30�m depth.
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However, it also increases the evaporation rate due to the
increase of surface area. An increase in the depth of the
structure confining the liquid would offer a more promis-
ing alternative. In this work, the etched patterned microw-
ell array chips are fabricated using the wet etching process.
To achieve a defect-free etched structure, we examined the
quality of protection of potential etch masks on the unetched
surface of the glass. We also examined the etch rate, the pro-
file and the sidewall smoothness of different types of glass
subjected to 49% HF.

Photoresists have commonly been used as etch masks
to transfer patterns onto the surface. However, when us-
ing 49% HF solution, photoresists can generally not survive
more than 30 s, because the solution attacks the interface of
the photoresist and the glass. Therefore, we had to find a
highly resistant etch mask for the 49% HF solution. Thin
films, such as amorphous silicon (a-Si), Cr and Cr/Au, with
hard-baked photoresist (PR 1827) were tested as etch masks.
Although a-Si/PR has been demonstrated to resist HF etch-
ing for 10 min, our results indicated that a-Si/PR does not
withstand this etchant even for 2 min. We believe that de-
fects, pin holes or stress in the a-Si may be the source of
this variation in results. Our a-Si thin film contains more pin
holes and defects through which the etchant penetrates and
attacks the glass. We then tested the Cr (2000 Å)/PR etch
mask. The results show that while the Cr/PR etch mask can
withstand in 49% HF for 2 min, the Cr/PR etch mask was
attacked by the etchant after a 4 min etch. However, our test
of the Cr (500 Å)/Au (2000 Å)/PR etch mask indicated that
it could withstand up to 8 min in 49% HF solution without
any compromise of surface quality. This result exceeds the
results obtained in previous tests of Cr/Au/PR[21]. Again,
we suspect the difference in the results is mainly due to the
quality of materials. In summary, it is important to consider
not only the materials employed for the etch mask, but the
quality of those materials as well.

Table 3shows the etch rate of different types of glass in
49% HF, with and without agitation. We found that the etch
rate is insensitive to the agitation of the etchant. This would
suggest that glass etching by an HF solution is reaction rate

Table 3
Vertical and lateral etch rate of different types of glass in 49% HF

Glass Vertical etch
rate (�m/min)

Lateral etch
rate (�m/min)

Thermal oxidea 1.36
Thermal oxideb 1.30
Quartz 1.28
Soda lime 26.85
Corning 1737 26.64
Corning 7740 7.19 22.4
Borofloata 6.73 7.5
Borofloatb 6.75
Polished Borofloat 7.00 20.5
Annealed polished Borofloat 7.06 8.0

a Stirring etchant during etching.
b Not stirring etchant during etching.

controlled. The results also show that there are large differ-
ences in etch rate amongst glass of various compositions.
The etch rate of glass subjected to 49% HF proceeds in the
following order: corning 1737 which approximates the etch
rate of soda lime> borosilicate glass (Corning 7740 or Bo-
rofloat) > thermal oxide which approximates the etch rate of
quartz. This can be explained by considering the glass struc-
ture. The glass structure is basically a three-dimensional net-
work of the silicon–oxygen tetrahedron, in which a silicon
atom is tetrahedrally coordinated to four surrounding oxy-
gen atoms. This network is partially broken down by other
metallic oxides (such as, Na2O, K2O and CaO), each metal-
lic ion removing one of the siloxane bonds[22]. In order
to etch SiO2, it is necessary to break all the siloxane bonds
surrounding a given silicon atom in order to remove it from
the glass. Therefore, the etch rate of glass will depend on
the amount of metallic oxides in the glass. Glass contain-
ing larger amounts of metallic oxides can be etched more
rapidly.

We observed from a cross section SEM of Corning 1734
etched in 49% HF (Fig. 9a) that a precipitate was formed in
the etched area. We also observed the precipitation for soda
lime. This is most likely due to the fact that both types of
glass contain large amounts of alkaline and alkaline earth
oxides. Due to the low solubility of bifluorides (HF2

−) and

Fig. 9. (a) SEM micrograph of Corning 1734; and (b) cross section SEM
micrograph of soda lime. Both were etched in 49% HF.
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hexafluorosilicates (SiF62−) of both alkaline and alkaline
earth metals[22], they tend to precipitate. These precipitates,
which essentially act as masks during etching, would cause
the rough sidewalls and surface shown inFig. 9b.

To examine the type of the borosilicate glass on the etch-
ing rate, we compared the etch rate of the polished Bo-
rofloat glass, unpolished Borofloat glass, and polished Corn-
ing 7740 glasses with and without annealing (Table 3). The
vertical etch rates among them slightly depend on either
a polished surface or a thermal treatment. Since glass is
amorphous, glass should be etched isotropically in the HF
solution. However, as shown inTable 3, both of the pol-
ished borosilicate glasses (Corning 7740 and Borofloat) have
higher lateral etch rate than the unpolished Borofloat glass.
We believe that the faster lateral etch rate on the polished
glass should be attributed the mechanically damaged sur-
face layer. The damaged surface layer contains an increased
number of dangling bonds. Therefore, this layer would have
a much higher etch rate than the underlying native glass
material itself. This explanation would be consistent with
our previous argument about the dependence of etch rate on
the perfection of silicon–oxygen tetrahedron structure. Com-
pared to a semi-circular sidewall profile (Fig. 10a) for unpol-
ished Borofloat glass, the higher etch rate of this damaged
layer results in a tapered sidewall profile (Fig. 10b) for both

Fig. 10. SEM micrograph showing the sidewall profile of: (a) unpolished
Borofloat; and (b) polished Borofloat.

Fig. 11. (a) The probe sequence layout. The sites containing se-
quences 5′-CTCCTACGXGAGGCAG, where X= A, C, G, T or
deletion in variable position are color marked. (b) FRE images of
oDNA chip hybridization with fluorescein-labeled single-target sequences
5′-Fp-CTGCCTCYCGTAGGAG, where Y= A, C, G or T.

polished glasses. Not only the sidewall profile of the etched
structure, but also the smoothness of sidewall change. The
polished glass has rougher sidewalls. We found that one way
to obtain a smooth semi-circular sidewall profile from the
polished glass is annealing the glass at its annealing point
(570◦C for 1 h) before etching. We believe annealing pro-
cess can remove dangling bonds in the mechanically dam-
aged surface layer[23]. The vertical and lateral etch rate of
annealed polished glass, in turn, are comparable as shown
in Table 3.

3.6. Etched patterned microwell array chip

Combining the results we obtained for coating hydropho-
bic SAM film, selection of the etch mask and the glass
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etching, we were able to successfully fabricate defect-free
microwell array chips. We performed a synthesis test on
the etched patterned microwell array chips with varied wait-
ing times before the light irradiation. As shown inFig. 8b,
droplets irradiated after different waiting times have similar
fluorescence signals for the etched patterned microwell ar-
ray chips. This demonstrates that the droplets do not disap-
pear during the synthesis. Therefore, we are able to obtain
reproducible results from the etched patterned microwell ar-
ray chips.

3.7. Applications of the etched patterned microwell
array chips

High sequence fidelity is determined by success in liq-
uid isolation during DNA synthesis. This fidelity can be
validated by testing for the ability to discriminate single
base mismatches by hybridization using fluorescein-labeled
target sequences.Fig. 11ashows the probe sequence lay-
out corresponding to the region of the images shown
in Fig. 11b. Fig. 11b shows the results after hybridiza-
tion with fluorescein-labeled target sequences 5′-Fp-
CTGCCTCYCGTAGGAG, where Y= A, C, G, T, to the
probes on microwell array chip, containing the sequences
5′-CTCCTACGXGAGGCAG, where X= A, C, G, T or
deletion. The brightest spots correspond to probe hybridiza-
tion to the complementary target sequences. Most mismatch
probes produce low FRE intensity, except some of stable
mismatches (such as CAC·GCG) under the condition we
used. From this hybridization result, we conclude that sin-
gle mismatch discrimination is achieved, confirming the
success of the liquid isolation during oDNA synthesis.

4. Conclusion

Isolation of reaction sites to prevent diffusion of photogen-
erated reagent during a photolytic reaction is very crucial for
a solution-based, PGA-catalyzed parallel oDNA synthesis.
In this paper, we demonstrated the use of either a mechanical
sealing or a surface tension difference between hydropho-
bic and hydrophilic areas to achieve the liquid isolation. The
surface tension difference is obtained using a self-assembly
monolayer coating. We used both surface micromachining
and bulk micromachining technology to fabricate microw-
ell array chips. The surface micromachining is based on an
electroplating technique, whereas bulk micromachining is
based on a wet etching process. An electroplated microw-
ell array chip with mechanical sealing can be well isolated
during the photolytic reaction. However, the sealing mech-
anism and its operation as well as the fabrication process
make electroplated microwell array chips less attractive. The
surface tension difference is a promising method to isolate
liquid reaction chambers without the addition of mechani-
cal sealing. The quality of hydrophobic SAM film depends
on the amount of SiO2 and Al2O3 on the surface. During

the oDNA synthesis, the drying of isolated photogenerated
precursor droplets has a great effect on the consistency of
our results. Therefore, to overcome this problem, we devel-
oped the HF-based etched patterned microwell array chips.
The etch rate and the etch profile are strongly related to the
type of glass used. Finally, we demonstrate the use of the
etched patterned microwell array chips with a hydrophobic
SAM film coated over the non-etched surface surrounding
the wells on a solution-based, PGA-catalyzed parallel oDNA
synthesis. Successful isolation of the liquid during photolytic
reaction is evidence by the single nucleotide polymorphism
detected on our oDNA chip.
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