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Abstract

A simple micromachined process based on one photomask is developed for a novel
micropreconcentrator (wPCT) used in a micro gas chromatograph (1« GC). Unique thick silver
heating microstructures with a high surface area for microheater of uPCT are fabricated by
combining the microfluidic laminar flow technique and the Tollens’ reaction within a
microchannel. Silver deposition using this laminar flow patterning technique provides a higher
deposition rate and easier microfabrication compared to conventional micromachined
technologies for thick metal microstructures (>200 p«m). An amorphous and porous carbon
film that functions as an adsorbent is grown on microheaters inside the microchannel. The
UPCT can be heated to >300 °C rapidly by applying a constant electrical power of ~1 W with
a heating rate of 10 °C s~!. Four volatile organic compounds, acetone, benzene, toluene and
xylene, are collected through the proposed novel uPCTs and separated successfully using a

17 m long gas chromatography column. The peak widths at half height (PWHHs) of the four
compounds are relatively narrow (<6 s), and the minimum PWHH of 3.75 s is obtained for
acetone. The preconcentration factors are >38 000 for benzene and toluene.

1. Introduction

Gas chromatography (GC) is widely used to analyze
compounds in gas samples for various applications, such
as indoor air quality monitoring, environmental analysis [1]
and medical diagnoses [2—4]. Numerous research groups
have attempted to miniaturize a GC system to facilitate
a portable instrument to improve the time resolution and
reduce the analytical costs of these applications [5-7].
However, the key micro components in these portable
instruments, that is, preconcentrators, GC columns and online
detectors, are rather complex to fabricate and require state-
of-the-art equipments for implementation [8, 9]. Thus, a
simple and cost-effective process for fabricating these micro
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components would significantly enhance the development of
analytical microsystems. Therefore, this study proposes a
novel fabricated micropreconcentrator (uPCT) based on this
goal.

A uPCT performs as the front-end device of a uGC to
collect and preconcentrate trace compounds in a test sample
or environment. The target compounds are adsorbed onto
adsorbents in the microchannels, and then desorbed by a
heat pulse. In conventional preconcentrator heater designs, a
capillary tube coiled with a metal wire is used as a heater [10].
However, with the development of microelectromechanical
system (MEMS) technologies, the preconcentrator has been
microfabricated and integrated into a miniaturized gas
chromatograph system [11]. High-aspect-ratio structures, such
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as 3D micropillar arrays, are designed and fabricated inside
uPCTs to increase the internal surface area [12]. Typically,
commercial carbon adsorbents with high porosity, such as
Carbopack X, are packed inside the microfluidic channel for
vapor collection [13, 14]. Porous silicon is then etched onto
the inner surface of the microchannel to enhance adhesion
between the carbon powders and substrates [15].

A high-performance microheater in a uPCT is crucial for
heating adsorbent material and thermally desorbing volatile
organic compounds (VOCs). Microheaters are also required in
various MEMS devices, such as sensors [16-20], chemical
reactors [21-23] and pneumatic pumps [24, 25]. Metallic
thin films that use e-beam evaporator and sputter deposition
are employed to fabricate microheaters [26]. Highly doped
polysilicon is also employed as microheater material using
CMOS technology [27-29]. The fabrication processes of the
conventional microheaters are extremely complex and require
multiple photomasks, such as those that define microfluidic
channels, electrical interconnects and microheating elements
with a high surface area [9]. A novel uPCT with self-
heating adsorbents was presented recently [30]. Self-heating
adsorbents are composed of porous gold layers, which serve
as both adsorbents and heaters, and are formed at the substrate
during seedless electroplating.

This study presents a novel uPCT that uses microfluidic
laminar flow patterning to form thick and high-surface-area
microheaters, followed by integrated adsorbent formation. A
silver microheater was fabricated inside a microchannel at the
liquid-liquid interface of two reactive solutions using laminar
flow patterning [31, 32]. This method was applied to deposit
thick silver microstructures as microheaters for uPCT, without
additional photomasks. Aqueous carbohydrate was injected
into the uPCT and then carbonized at a high temperature to
form the adsorbent film. The design, laminar flow patterning
technology developments, and characteristics of these uPCTs
are discussed below.

2. Experiments

2.1. Design of micropreconcentrators

A pPCT with four liquid ports and two gas ports was designed
as shown in figure 1. The dimensions of the adsorption
area were 10 mm long, 1 mm wide and 200 pum deep. To
increase the surface area for sample collection, cylindrical
obstacle arrays with a diameter of 100 um were arranged
in the sample collection region. The configuration of these
four liquid ports was used to construct five liquid streams
in a microchannel. Therefore, four liquid-liquid interfaces
could be obtained using laminar flow patterning to form thick
microheating elements with a high surface area that function
as a microheater. After the microheater was completed, the
chip was diced using the dicing line and an electrical port was
opened. This open port and another electrical port on the other
side of the uPCT were used as the contact points between the
silver microheaters and external platinum wires. The fluidic
interconnect is implemented through two microfluidic ports.
The uPCT is connected with a part of a uGC using fused

silica tubing, as shown in figure 1. The uPCTs were composed
of microchannels, microheaters and adsorbent materials. The
fabrication processes are shown in figure 2.

2.2. Silicon microchannel fabrication

A p-type silicon wafer (1 0 0) with a thickness of 500 um
(SILTRONIX, France) was used as the substrate of uPCT.
Only one photomask without alignment was required
for optical lithography to transfer the patterns of the
microchannels and micropillars on the silicon wafer, as shown
in figure 2(a). The photoresist SPR220 (Shipley Company,
MA, USA) was used as a passivation layer when an inductively
coupled plasma (MESC Multiplex ICP, STS, UK) etcher was
used for the etching process. The Bosch process, including
the etching and the passivation cycles, was employed to etch
structures with high aspect ratios [33]. In this study, the etching
cycle lasted for 11.5 s. An O, flow of 13 sccm and an SF¢ flow
rate of 130 sccm were used. A source power of 600 W and a
bias voltage power of 11.5 W were applied. For the passivation
cycle, a passivation layer was deposited for 7 s and a C4Fg flow
rate of 85 sccm was supplied. A source power of 600 W with no
bias voltage power was applied during the passivation process.
After optimizing and characterizing the dry etching conditions,
vertical microchannels and micropillar arrays were obtained,
as shown in figure 2(b).

The etched silicon wafer was bonded to a glass plate
(Pyrex 7740, Corning, NY, USA) using electrostatic force
during the anodic bonding process. The electrical potential
of 800 V was applied to form a thin oxide layer between
the silicon wafer and Pyrex glass at 400 °C. After the silicon
and glass cover were anodic bonded, the microchannels were
formed, as shown in figure 2(c).

2.3. Silver microheater deposition

Tollens’ reaction (silver-mirror reaction) was used to deposit
silver wires as the heating elements for microheaters of the
uPCT. Three parameters, the chemical reagent concentration,
the deposition temperature and the pH value, dominate the rate
of Tollens’ reaction. The reaction rate can be accelerated by
increasing the values of the three parameters. If the reaction
rate is low, deposition of the reduced silver on the substrate
surface against the shear force in a liquid stream becomes
difficult. By contrast, a higher reaction rate indicates greater
instability of deposition inside the microchannels. The rate
of Tollens’ reaction should be optimized to achieve high-
quality deposition of the microheaters. In our experiment,
the ammoniacal silver nitrate solution and reduction solution
were prepared as follows: a 0.5 M silver nitrate solution
was prepared by dissolving 0.17 g of silver nitrate (Showa
Chemical Industry, Japan) in 15 to 25 mL of deionized
water. Then, 14.5 M of aqueous ammonia (Shimakyu’s Pure
Chemicals, Japan) was added gradually to the silver nitrate
solution until the precipitate dissolved and the solution became
transparent. A potassium hydroxide (KOH) solution of 45%
(w/w) (Shimakyu’s Pure Chemicals, Japan) was added to
adjust the pH value of the ammoniacal silver nitrate solution
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Figure 1. An illustration of the uPCT with the cylindrical obstacle
array in the adsorption region and fluidic/electrical ports.

between 9 and 10. The reduction solution was created using
0.27 M of glucose (Chiabao, Taiwan) in deionized water.

A 0.1 M sensitizing solution was prepared by dissolving
2 g of stannous chloride (Nihon Shiyaku Industries, Japan) in
100 mL of 1 M diluted hydrochloric acid (Shimakyu’s Pure
Chemicals, Japan). The microchannels were pretreated using
a stannous chloride solution for 2 min and then washed with
deionized water to enhance the adhesion of the silver wires

on the substrate. To form Tollens’ reaction, ammoniacal silver
nitrate and a reducing solution (glucose) were used. The two
chemical solutions were injected separately into the multiple
Y-junction microchannels to generate multiple parallel laminar
flows. The Ag*(q) was reduced to Ag, and formed a solid
metal microheater at the liquid-liquid interface inside the
microchannel, as shown in figure 2(d).

As the liquid streams flow through the cylindrical obstacle
array, silver is deposited on the inner surface of the microchan-
nel at the liquid-liquid interfaces and side walls of the cylin-
drical obstacle arrays, as shown in figure 3(a). Before imple-
menting electrical interconnection and adsorbent formation,
the section of multiple Y-junctions was severed to reduce ther-
mal mass. The two liquid ports were then sealed and filled with
high-temperature conductive liquid paste (Shenzhen Octopus
Technology, China) to serve as the electrical contact points.

2.4. Integrated carbonized adsorbent formation

Instead of packing the commercial carbonized adsorbent
materials into the uPCT manually [9], adsorbent material was
created using the flow through coating and pyrolysis method.

Photolithography to define the patterns on the silicon wafer

(a)

Silicon etching using DRIE to fabricate the microchannel

()

Silicon wafer anodically bonded with Pyrex glass

(c)

Silver microheaters formation using laminar flow patterning

(d)

Adsorbent materials formation through pyrolysis process

(e)

Insert fused silica capillary tubing for fluidic interconnects

0]

Figure 2. Fabrication processes of the preconcentrator using the MEMS fabrication process and laminar flow patterning.



J. Micromech. Microeng. 22 (2012) 065014

W-C Tian et al

E |

osited silver

Fused
silica
tubing

Electrical
interconnection

500pum

(a)

Figure 3. Photo images of (a) the cylindrical obstacle arrays
surrounded by four parallel silver wires and (b) the complete uPCT
with electrical interconnection and fused silica capillary tubing.

Figure 4. SEM image of porous carbon adsorbent with a surface
area of 308 m? g”! formed by the pyrolysis process of the cellulose.

The cellulose aqueous solution of 2.4% (w/w) was injected
into the microchannel for 20 s. A thin cellulose film was
coated on the inner wall of the microfluidic channels and silver
heating elements. The carbonized temperature of the adsorbent
film was characterized based on the adsorption capability of
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the adsorbent film. With the carbonized temperature below
500 °C and an annealing time of 2 h (in addition to 6 h of
rising time from room temperature), the adsorbent film was
not fully carbonized so the adsorption capacity is poor. At the
carbonized temperature above 550 °C with the annealed time
of 2 h, the adsorbents were fully carbonized and showed a
sufficient adsorption capacity. The adsorption capacity was
not varied significantly for the adsorbent film prepared at
550 °C or above. Therefore, the carbonized temperature at
550 °C with the annealing time of 2 h was chosen. An SEM
image of the carbonized carbohydrate is shown in figure 4.
The SEM picture was taken on another substrate which was a
flat and clean silicon wafer and carbonized adsorbent film
was formed using the same process as for uPCTs. The
surface area of the carbonized thin film, measured by the BET
method, is 308 m?> g~!. The weight of the carbonized thin
film was approximately 0.3 mg, which provides a sufficient
adsorption capacity for this experiment according to the results
of a previous investigation using similar carbon adsorbents,
such as Carbopack X [8, 9]. The weight of the carbonized
film was determined by comparing the weight of the uPCT
before and after the adsorbent forming process using a
high-resolution balance scale (GT480, OHAUS, USA). The
adsorbent film was not conformal due to the complicated
microstructures inside the microchannel. Hence, the thickness
of the adsorbent film was not constant inside the microchannel.
In addition, the adsorbent surface area and mass are much more
important parameters than the film thickness because these two
parameters determine the overall adsorbent capacity.

The electrical resistance value of the silver microheaters
changed slightly (from ~8 to ~10 ) after the high-
temperature treatment during the pyrolysis process. The
completed uPCT connects the microheater to the external
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Figure 5. The width variations of deposited silver with (a) an applied flow velocity of 0.14 m s~ at various deposition times and (b) various
applied flow velocities at deposition time of 15 min; the images of silver deposition with (¢) two and (d) four liquid-liquid interfaces using

multiple Y-junction microchannels (microchannel width 500 zem).
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Pt wires electrically and connects the microfluidic port to
the fused silica capillary tubing fluidically, as shown in
figure 3(b).

2.5. Test of organic vapor preconcentrations

A GC system (HP, USA) with a flame ionization detector (FID)
was employed to characterize the desorption performance
of the uPCT. Four VOCs acetone, benzene, toluene and
xylene were prepared at a concentration of 10 parts
per million for adsorption/desorption tests. The wPCT
was connected to a six-way switching valve. This valve
was switched between sampling and desorption of the
four compounds to detecting GC-FID. The compound
mixture was carried through the puPCT at an air flow
of 1.6 mL min~! for 600 s, drawing a total volume of
16 mL. After the sampling process was completed, the uPCT
was heated to the desorption temperature of 300 °C for 90 s.
The applied power was adjusted using an IR camera (FLIR
SC325, FLIR, USA) to confirm the device temperature. A
heating rate of 10 °C s~! can be achieved by applying a
constant electrical power of ~1 W. The concentrated mixture
was released from the adsorbent by the nitrogen carrier gas at
a flow rate of 2.75 mL min~! after the desorption temperature
was achieved, separating a 17 m long fused silica capillary
column. During the separation cycle, the initial temperature of
the GC oven was set to 70 °C for 2 min and then increased to
a final temperature of 150 °C, with an average heating rate of
35°C min~ .

3. Results and discussion

3.1. Characterization of laminar flow patterning

The width of the silver microheater increased only slightly
from upstream to downstream because of the constant flow
resistance throughout the microchannel within the first 10 mm.
Variation of the silver microheater width along the fluid stream
with a velocity of 0.14 m s~! can be ignored (from 28 to
28.5 um). To analyze the characteristics of the deposited silver
microheater using laminar flow patterning, Tollens’ reagents
were injected into a well-designed Y-junction microchannel
that was 500 um wide and 80 um deep. Images of the
deposited silver microheater with an applied flow velocity of
0.14 m s~! were captured and measured every 20 s. The width
of the deposited silver microheater at a fixed position increases
rapidly initially, but then gradually slows after 2 min, as shown
in figure 5(a). The maximum width of 28 ym can be achieved
under this deposition condition in 3 min. The effect of the flow
velocity on the deposited silver microheater width was also
examined, as shown in figure 5(b). The width of the deposited
silver microheater declined with an increase in the applied
flow velocity. When a flow velocity of 0.7 m s~! was applied,
a silver microheater with a width of 12 um was obtained at
room temperature.

According to the experimental results, the apparition of
the plateau for the width of deposited silver depends on the
rate of Tollen’s reaction, which is related to the concentration
of chemical solutions and the deposition temperature only.

Therefore, the time required to reach a plateau is independent
of the flow rate applied in this study. A plateau of the growth
in silver width is reached after 2 min, but the plateau of the
growth of the silver thickness, equivalent to the thickness
of the 200 pum high microchannel, is not yet reached. The
silver microheaters were deposited in the microchannels after
the anodic bonding process between silicon and Pyrex glass.
Measuring the thickness of a deposited silver microheater
during the silver deposition is difficult, although the etched
depth should be equal to the height of the deposited silver.
To estimate the deposition time required for deposited silver
with target thickness, the microchannels were diced after the
completion of the silver deposition. The thicknesses with
different deposition times were measured on the cross-section
of deposited silver. A minimum deposition time of 15 min is
required to reach the target thickness of 200 um at a flow rate
of 0.08 ms~!.

Various silver microstructure patterns can also be
obtained by manipulating a continuous liquid stream. Multiple
Y-junction microchannels were combined to generate multiple
parallel laminar streams for silver wire deposition, as shown
in figures 5(c) and (d). Multiple silver microstructures
were obtained simultaneously without an additional MEMS
fabrication process, such as microlithography or e-beam
evaporation. This result can be used to create conductive
structures inside a microchannel and provide high-aspect-ratio
microheaters for the proposed device.

3.2. Sampling performance of micropreconcentrator

The GCs of the four prepared compounds with and
without the adsorbent material were tested to evaluate their
preconcentration efficiency, as shown in figure 6(a). The
compound mixture was drawn through the preconcentrator
at a flow rate of 3.5 mL min~! for 600 s, which represents
a total sampling volume of 35 mL. The peak widths
at half height (PWHHs) of 3.75, 3.76, 4.26 and 5.92 s
were examined for acetone, benzene, toluene and Xxylene,
respectively. The sharp peaks of the four compounds indicate
that the preconcentrated VOCs adsorbed to the adsorbent
film inside the uPCT were desorbed completely without any
residual compounds left within the adsorbent film. Typically,
highly volatile compounds, such as acetone (vapor pressure
228.4 Torr), elute rapidly through the GC column; therefore,
their PWHHs are determined primarily through desorption
efficiency. Compounds with lower volatilities were retained
on the GC column for longer durations; thus, the PWHHs of
these compounds were determined by the retention behavior in
the column, instead of the desorption efficiency of the uPCT.

Preconcentration factors were determined by calculating
the ratio of the peak area of the uPCT with and without the
adsorbent film. The desorption profiles of the four compounds
injected by wPCT are shown in figures 6(b) to (e); the
inset of each figure shows the signal without adsorbents.
Preconcentration factors of 47 798, 38 346, 38 005 and
23753 were obtained for acetone, benzene, toluene and xylene,
respectively. Theoretically, the preconcentration factors of all
tested VOCs should be similar under the same operating
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Figure 6. A chromatogram of (a) four compounds; (b) acetone; (c) benzene; (d) toluene and (e) xylene, at a flow rate of 3.5 mL min~"' for

600 s with and without adsorbent material.

conditions. The preconcentration factors for benzene and
toluene are relatively consistent. However, we believe that the
unusually high preconcentration factor of acetone is caused
by the uncertainty of measuring less-sensitive acetone at low
concentrations. The relatively low preconcentration factor of
xylene can be attributed to adsorption to the internal surface
of uPCTs without adsorbent film. The surface roughness of
channel walls, pillars and silver heaters allows retention of low-
volatile xylene; therefore, the denominator for calculating the
preconcentration factor was increased for xylene. The overall
reduction of the preconcentration factor is reasonable.

To further evaluate the sampling capacity of uPCTs,
sampling time was increased from 600 to 1800 s and tested
under the same conditions. Table 1 shows the desorbed peak
areas of the four separated compounds with two sampling
times. The peak area under the FID signal curve of these
four compounds increases proportionally, indicating that the

Table 1. The peak area of four volatile organic compounds.

Peak area
Sampling time (s) acetone benzene toluene  Xxylene
600 4451  259.23 529.99 670.74
1800 11829  716.69 1477.03  2017.31

collected sample does not differ significantly from the uPCT
under our testing conditions.

Compared to the £ PCT, the conventional preconcentrators
are larger in size; therefore, the mass of adsorbent is much
larger and requires external thermal desorption instruments
to perform the desorption process. The advantages of our
uPCT are lower power consumption, faster desorption and
smaller in size than conventional preconcentrators. With
these advantages, the uPCT typically provides a smaller
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PWHH and a higher preconcentrator factor than conventional
preconcentrators.

4. Conclusions

In this study, microfluidic laminar flow patterning was
employed to deposit an in-channel silver microheater for
a novel uPCT. The deposition conditions of the silver
wire were optimized. Thick and high-surface-area silver
wires, which can be formed in several minutes without
employing sophisticated clean room processes, were used
as heating elements. Integrated adsorbent formation was
conducted using the pyrolysis technique. A highly porous
carbon film was created as the adsorbent inside the uPCT to
enable quantitative collection of VOCs. Four compounds were
separated successfully using narrow PWHH (3.75 to 5.92 s).
Preconcentration factors of >38 000 were observed for both
benzene and toluene. This study presented a simple, rapid and
cost-effective method for fabricating a novel uPCT for future
1 GC development.
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