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Fabrication of a polymerase chain reaction micro-reactor
using infrared heating
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Abstract

A silicon-based micro-reactor to amplify small amount of deoxyribonucleic acid (DNA) has been fabricated using micro-
electro-mechanical systems (MEMS) technology. Polymerase chain reaction (PCR) of DNA requires a precise and rapid
temperature control. A Pt sensor is integrated directly in the chamber for real-time temperature measurement and an
infrared lamp is used as external heating source for non-contact and rapid heating. In addition to the real-time temperature
sensing, PCR needs a rapid thermocycling for effective PCR. For a fast thermal response, the thermal mass of the reactor
chamber is minimized by removal of bulk silicon volume around the reactor using double-side KOH etching. The
transparent optical property of silicon in the infrared wavelength range provides an efficient absorption of thermal energy
into the reacting sample without being absorbed by silicon reactor chamber. It is confirmed that the fabricated micro-
reactor could be heated up in less than 30 sec to the denaturation temperature by the external infrared lamp and cooled
down in 30 sec to the annealing temperature by passive cooling.
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1. Introduction

Since Northrup ef al. have realized a PCR chip using
MEMS technology in 19931, a great deal of efforts has
been dedicated to the development of miniaturized PCR
chips by a number of laboratories. In general, micro-
PCR chips have been classified into the continuous-
flow type® and micro-chamber typel'®l, A continuous-
flow type has well-defined three individual temperature
zones, kept constant at different temperatures over time,
and has a long channel delivering DNA sample. On the
other hand, a micro-chamber type has one reactor filled
with the DNA sampleand heat source that controls the
temperature. The latter has more advantages, such as
simple structure and small size that give suitability for
portable devices with low cost. In addition, the micro-
chamber type allows more flexibility in the temperature
cycling for DNA amplification.

A wide variety of materials, such as silicon, glass,
poly-dimethylsiloxane (PDMS), polyimide and so on,
has been used to realize PCR chips. Most of the poly-
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mer materials, such as PDMS and polyimide, are fre-
quently considered desirable due to the easiness in
manipulation, the biocompatibility and transparent
property'**l, However, silicon is preferable material than
others for realizing an intelligent PCR chips with inte-
grated circuit as a part of a lab-on-a-chip (LOC) or sys-
tem-on-a-chip (SOC), which we are finally aiming at.
Furthermore, well-developed processing technologies
with silicon give more chances fo realize micro-scaled
devices that have complex structures. For these reasons,
silicon is chosen for the bottom wafer where the PCR
micro-chamber is fabricated. The transparent top glass
opens a channel to the direct observation of the sample
injected into the PCR chamber. In this paper, a MEMS-
based silicon micro-reactor for DNA amplification and
its IR-mediated thermal cycling are demonstrated.

2. Fabrication

The schematic view of the PCR micro-reactor 1s iflus-
trated in Fig. 1. The starting material is 490 pm-thick
and double-side polished (100) silicon wafer, coated on
both sides with a low-stress LPCVD silicon nitride
layer. The nitride layers on both sides are patterned
using photolithography and following reactive ion etch-

~337 -



48 Ki-Sik Im, Duk-Soo Cun, Seong-Ho Kong, Jang-Kyoo Shin, and Jong-Hyun Lee

a hond pad

Fig. 1. Structural design of the PCR micro-reactor.

ing (RIE). Using the patterned nitride layers as the
mask, anisotropic wet etching through the silicon wafer
is performed in aqueous potassium hydroxide (KOH, 30
wt%, 90 °C). In order to define the reaction chamber the
silicon is etched from the top side to a depth of 190 um
in advance and then the bulk-silicon parts underneath
and around the chamber are etched away from the back
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side to minimize the thermal capacity of the reaction
chamber'*®. This results in a suspended PCR chamber
by two silicon bridges that contain the inlet and outlet
channels, as shown in Fig. 2. The well size is 3 x 3 x 0.19
mm® so that the total volume of the well is 1.71 pl.

A successful patterning of the Pt temperature sensor
in 190 um-deep reactor chamber is achieved by apply-
ing additional process steps to improve the uniformity
of photoresist coating at the sharp convex corners. The
sharp corners are rounded off using two-step KOH etch-
ing, followed by maskless tetramethyl ammonium
hydroxide (TMAH, (CH;);NOH) etching step. Fig. 3
shows the SEM photos of rounded corner and Pt tem-
perature sensor fabricated in the PCR well.

For PCR-compatible surface coating, a silicon diox-
ide (350 nm) was deposited by plasma enhanced chem-
ical vapor deposition (PECVD) on the silicon wafer.
The most used materials for the realization of biomed-
ical coatings are based on carbon, in the form of amor-

Fig. 2. Suspended PCR micro-reactor by in/outlet channels for minimizing the thermal mass; (a) Cross section of PCR
micro-reactor and (b) SEM photo of suspended PCR micro-reactor.

(@)

(b)

Fig. 3. Rounded convex corner and Pt temperature sensor fabricated through the non-planar in/outlet channels; (a) Cross
section of the convex corner rounded in TMAH, coated with AZ9260 photoresist and (b) Pt patterning through

the rounded concave corner.
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phous carbon (a-C), hydrogenated amorphous carbon
(a-C : H) and diamond like carbon (DLC). Also silicon
carbide (SiC), both in its amorphous and microcrystal-
tine form, shows good possibilities for its use in the bio-
medical field, especially thanks to its properties of great
hardness and resistance to degradation. Another mate-
rial of great interest is silicon oxide in its amorphous
form (a-Si(3), which shows characteristics of hardness
and mechanical resistance similar to the ones of glass.
There are very few scientific information on the bio-
compatibility of a-Si0, thin films, but some studies
exist, that deal with the use of bioactive glasses, which
include SiO, in their components”®, Also of interest
are the amorphous alloys based on silicon and nitrogen
(a-SiN), which show characteristics that are quite sim-
ilar to a-SiO.

Soda-lime glass wafer, which has inlet and outlet
holes prepared by sand blasting, is finally bonded with
the completed bottom silicon wafer using dry film pho-
toresist Ordyl BF 410 (manufactured by Tokyo Ohika
Kogyo co., Ltd)*!!, The bonded PCR chip is shown
in Fig. 4.

inlet

Pt sensor

R micro-well |
. outlet

Fig. 4. The fabricated PCR micro-reactor.

3. Finite Element Analysis (FEA)
of the PCR micro-reactor

Finite element analysis (FEA) is used for investigat-
ing the steady-state temperature distribution of the pro-
posed PCR micro-reactor with fully-reduced mass,
minimized heat capacity around the reactor chamber.
Because of symmetry considerations, it is sufficient to
model only a quart of the proposed device for a sim-
plicity. As the boundary conditions of simulation, the
temperatures at the bottom plane and two side-planes of
the proposed device are fixed to the ambient tempera-

(b) PCR micro~reactor with fully-reduced mass.

Fig. 5. Thermal analysis of the proposed structures.
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ture. Fig. 5 shows the simulated temperature distribu-
tions on (a) the reactor with full mass and (b) the reactor
with fully-reduced thermal mass around the reactor
chamber, when the heat generation is imposed upon the
bottom plane of the reactor chamber until it reaches at
90 °C. A uniform temperature distribution is observed
in the reactor chamber with fully-reduced thermal mass.

4. Measurements

The measured resistance of the fabricated Pt sensor
was about 200~250 €2 The linear property of the sensor
can be represented as follows

R=Ry[1+ a(T~Ty)],

where R is the resistance of the sensor at temperature
T {°C), Ry is the resistance at reference temperature 7))
and o is the temperature coefficient of resistance (TCR)
of the Pt sensor. The resistance change of the fabricated
Pt sensor was measured over the temperature range 20
~100 °C in a temperature/humidity-controlled chamber
and shown in Fig. 6, the measured TCR was about

250

Resistance (£2)
Ay

¥ TCR : 2.92x10°%/C

20 30 40 50 60 70 80 %N 100
Temperature (TC)

Fig. 6. Measured resistance of Pt sensor as a function of
temperature.

Controller

292 x 107/C that is close to that of bulk Pt (3.92 x 107/
ocy,

The measurement setup to measure the heating per-
formance of the fabricated device is illustrated in Fig.
7. The actual heating performance has been demon-
strated with de-ionized water of 1.7/ filled in the
micro-reactor instead of real DNA sample. A 100 W
tungsten lamp illuminates the sample filled in the fab-
ricated whole micro-reactor chamber and Pt sensor
formed in the micro-reactor chamber detects the real-
time temperature of the sample by observing the change
in its resistance!’®, The measured heating and passive
cooling profiles are shown in Fig. 8. As soon as the
lamp illuminates the PCR micro-reactor, the tempera-
ture rapidly increases. As can be seen in Fig. 8, it takes
less than 30 sec to reach to the denaturation temperature
(90~96 °C) from the room temperature and requires
another 30 sec to reach into the annealing tempearture
(50~65 °C) in PCR process. These results demonstrate
that the fabricated PCR reactor is applicable to the PCR
process,

5. Conclusions

A MEMS-based PCR micro-reactor for amplifying
DNA has been fabricated and characterized. A new
technology, rounding sharp convex corners, has been
devised to overcome the difficulty to form a Pt sensor
in the reactor chamber along the non-planar inlet/outlet
channel.

Differently from conventional PCR chips that have
micro-heater and temperature sensor on the back side of
the reactor chamber with a distance through bulk sili-
con, the device reported in this paper has a Pt temper-
ature sensor integrated directly in the reactor chamber

Tungsten lamp

Filter

Fabricated

micro-reactor

Fig. 7. Experimental Set-up.
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Fig. 8. Heating and cooling profile.

for improved real-time temperature measurement and
uses non-contact infrared-mediated heating for more
effective PCR amplification. In fact, the heating method
using IR source results in more efficient and uniform
heat transfer to the sample because the silicon micro-
reactor does not absorb most part of IR wavelength
rangel'!, while only the sample does due to the fact that
a specific IR-active absorption band for the sample is
limited.
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