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This work deals with the design, fabrication, and thermal characterization of a disposable miniaturized Polymerase Chain Reaction
(PCR) module that will be integrated in a portable and fast DNA analysis system. It is composed of two independent parts: a silicon
substrate with embedded heater and thermometers and a PDMS (PolyDiMethylSiloxane) chamber reactor as disposable element;
the contact between the two parts is assured by a mechanical clamping obtained using a Plastic Leaded Chip Carrier (PLCC). This
PLCC is also useful, avoid the PCR mix evaporation during the thermal cycles. Finite Element Analysis was used to evaluate the
thermal requirements of the device. The thermal behaviour of the device was characterized revealing that the temperature can be
controlled with a precision of ±0.5◦C. Different concentrations of carbon nanopowder were mixed to the PDMS curing agent in
order to increase the PDMS thermal conductivity and so the temperature control accuracy.

1. Introduction

This work shows the design, fabrication, and thermal char-
acterization of a μPCR module to be inserted in a primary
care diagnostic Lab-On-Chip platform for genetic analysis.
In the final LOC device, the designed μPCR module will be
integrated with a label-free detector of DNA hybridization
based on piezoresistive cantilever. A fluidic network based on
pneumatic valves and pumps will provide the required fluidic
handling and connections (Figure 1). The two modules will
be mounted on a custom made PCB board and all the
microfluidics will be integrated in the same PDMS layer
connecting the devices.

Since the 1990s, PCR micro devices have undergone
widespread and rapid development. Chamber PCR [1–3]
and continuous flow PCR (CFPCR) [4, 5] have been the
mainly investigated configurations over the last years. While
the first configuration uses a static approach, the second
configuration can be considered as a dynamic system because
it is characterized by a continuous flow of the reaction
mixture through different thermostatic zones. Moreover,

in the last few years, other original PCR chipshave been
developed [6–8] and different materials such, as silicon-glass
[9], Polydimethylsiloxane (PDMS) [9–11], SU-8 [12], poly-
methylmethacrylate (PMMA) [13], and polycarbonate (PC)
[14] have been studied as well. Considering the benefitsand
drawbacks of the two mostly diffused PCR configurations,
this work is focused on the development of a micro
chamber since it does not require complex microfluidics in
the prospective of an easier fluidic handling for the final
integrated system. In its first realization, the PCR device
is composed of two different parts: a silicon fixed part for
temperature control and a cheap disposable PDMS chamber
for single use applications such as DNA amplification.

2. Materials and Methods

2.1. Microdevice Design and Fabrication Process. The ampli-
fication device consists of a microchamber reactor in which
the PCR mix is confined and subjected to the thermal cycling.
The chamber is completely made of PDMS placed on the
top of a silicon substrate, in order to exploit the silicon
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Figure 1: Sketch of the final lab-on-chip with PCR module,
cantilever-based detector and fluidic channels.

thermal characteristics and make the thermal cycle faster.
The temperature control system is implemented by means
of platinum micro heaters and thermometers realized on the
silicon. PDMS was chosen as building material because it is
biocompatible, transparent, and easily moldable.

The reaction chamber has a polygonal shape in order to
facilitate the liquid movement and to avoid residual at the
edges. The chamber is 7 mm long, 3 mm wide, and 210 μm
deep with a total volume of 4.4 μL. Considering the inlet and
outlet channels, the volume rises up to 6.5 μL. The platinum
heater has a serpentine shape larger in the middle in order
to make a uniform heat generation. The heater resistance is
165Ω, while the thermometers have a resistance of 680Ω at
room temperature. The measured TCR for the thermometer
is 2540 ppm/◦C. The total dimensions of the PCR device are
9 mm × 4 mm × 3 mm.

The fabrication process is divided in two separated steps:
the chamber was realized using soft-lithography techniques,
while the silicon membrane and the heater were microma-
chined in conventional MEMS technologies.

For this second part, the process started with a 4-inch
silicon wafer covered with a multilayer of dielectric for a
good insulation (300 nm of Growth Silicon Dioxide, 100 nm
of LPCVD, 300 nm of TEOS). Negative photoresist was then
spun on the wafer and patterned using photolithography
technique in order to define the heater and thermometer
for the following lift-off step (Figure 2(a)). The wafer was
inserted in e-gun evaporator (ULVAC EBX-16C) and a
layer of chromium/platinum (5/150 nm) was evaporated on
the surface. The unexposed photoresist was removed using
acetone in ultrasonic bath and the Cr/Pt was sintered at
500◦C for 1 hour. Finally 400 nm of PECVD SiO2 was
deposited on the wafer in order to passivate the heaters and
thermometers and to provide a bonding layer for the PDMS.
A 90 μm silicon membrane was also obtained using TMAH
wet etching.

For what concerns the PDMS chamber, a master of the
reactor was obtained by spinning and patterning a thick layer
of SU-8 on a silicon substrate (Figure 2(b)). PDMS, in ratio
of 5 : 1 (5 g of prepolymer and 1 g of curing agent), was
then poured on the master, let polymerize for 20 minutes
at 80◦C and peeled away. Holes (1 mm in diameter) were
punched to realize fluidic connections. In the meantime,
a thin membrane (400 μm) of PDMS (20 : 1) was obtained
and prepolymerized 10 minutes at 80◦C. The two layers
were placed one on top of the other and permanently glued

after the complete polymerization of the PDMS. The silicon
layer and the PDMS layer were then bonded together using
mechanical clamp if reversible bonding is required or oxygen
plasma bonding (25 s, 80 W, 10 sccm O2) using a commercial
plasma cleaner (Diener FEMTO) for permanent bonding. In
this experiment, mechanical temporary bonding was used.
The PLCC provided a distributed pressure on the surface of
the chip. In this way, the thermal contact between the PDMS
chamber and the silicon substrate was guaranteed without
breaking the thin membrane.

2.2. Analytical Simulations. The design of the device was
supported by analytical and finite elements simulations in
such a way to evaluate the thermal requirements (Figure 3).
A coupled thermal electric simulation was performed using
Ansys. Two different elements were used for the modeling:
the thermo-electric element SOLID69 for the heater and the
thermal element SOLID70 for the other components. The
simulated structure is a stack of different materials: the PCB
on the bottom, the silicon bulk with 90 μm thick silicon
membrane, the platinum heater and the PDMS chamber
filled with the PCR mix. The material properties are reported
in Table 1.

A voltage of 22 V (2.9 W) was applied to the heater and a
boundary condition of convection was applied to the external
walls. Simulations show that in this condition, good temper-
ature uniformity is achieved in the PCR chamber. The silicon
surface reaches the 95◦C from 65◦C with a rate of 10◦C/s and
cools down from 95◦C to 65◦C with a rate of 1.7◦C/s.

As a negative aspect, simulation shows that with 400 μm
of PDMS membrane, the temperature in the chamber after
30s simulation is 8◦C lower than the temperature on the sur-
face of the silicon due to the low thermal conductivity of the
PDMS (see Figure 3). The conductivity of the PDMS mem-
brane should be increased for a better temperature control.

2.3. Electronic Control. An electronic board was designed
and realized to control the embedded heater. The control is
based on PID controller coupled to a PWM to regulate the
input power. The PID receives the actual temperature value
from the internal thermometer in a feedback configuration,
as sketched in Figure 4.

A microcontroller (ATMEL atmega16) was used to
implement the PID, the PWM, and the ADCfor data visual-
ization and storing. The electronic board communicates with
a computer through a serial-USB interface (FTDI MM232)
(Figure 5).

A LabView VI is used to pass to the microcontroller all
the parameters for the PCR cycle (number of cycle, tempera-
ture, duration). This setup is able to control the temperature
with a precision of 0.5◦C.

2.4. PCR and Gel Electrophoresis. PCR was performed in the
PDMS chamber with a total volume of 6 μL reaction
mixture containing 1X PCR buffer (Roche), each 0.2
mMdeoxynucleotide triphosphates (dNTP) (Applied Biosys-
tems), 0.5 mM of forward and reverse primers, 30 ng of
purified human genomic DNA, and 1 U of FastStartTaq
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Figure 2: Device fabrication process. (a) Fabrication of the silicon layer with heater and thermometers; (b) picture of the fabricated heater
serpentine (top) and PDMS microchambers (bottom); (c) fabrication of the PDMS chambers.

Table 1: Material properties.

Material Resistivity Ω/square Thermal conductivity (W/mK) Heat capacitance (J/KgK)

Platinum 0.96 71.6 192

PDMS — 0.15 1460

Silicon — 150 700

PCB — 0.2 2000

DNA polymerase (Roche). The following primers related
to the hemochromatosis gene were utilized: C282Yforward
(TGGCAAGGGTAAACAGATCC) and C282Yreverse (TAC-
CTCCTCAGGCACTCCTC). For the amplification, the fol-
lowing protocol was used: 10 min at 95◦C for the initial
denaturation step, 60 sec at 95◦C, 60 sec at 62◦C, and 60 sec
at 72◦C (these 3 steps were repeated for 35 cycles), and 7 min
at 72◦C.

To check the presence of the PCR product, a gel
electrophoresis was performed in TAE buffer (40 mMTris-
Acetate and 1 mM EDTA) by using 2% agarose gel containing
ehidium bromide (0.125 mg/mL) in a standard apparatus
(BioRad).

3. Results and Discussions

3.1. Device Fabrication and Packaging. The described device
was fabricated and bonded on PCB designed for a Plastic
Leaded Chip Carrier (PLCC). The PLCC is used as a cap to
prevent the evaporation of the PCR mix during the thermal
cycle (Figure 6).

3.2. Thermal Characterization. The thermal characterization
of the PCR chip was made at different levels. For comparison
purposes we also used devices with bulk silicon without
the etched membrane. Initially, the thermometer resistance
was measured at room temperature and the resistance and
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Figure 3: (a) Simulated temperature distribution in the PCR device; (b) simulated voltage distribution on the heater.
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Figure 4: Schematic sketch of the temperature control loop.

temperature values were passed to the LabView VI for
calibration. A voltage amplitude of 22 V (2.9 W) was used
for the thermal calibration. The program was started, and
the value of the temperature read by the thermometer was
plotted against the set point. In the case of bulk silicon device
the results are reported in Figure 7.

As a second step, a thermocouple (Type K) was used to
test the reliability of the thermometer measurement. This test
can be useful only in quasistatic configuration to validate the
accuracy of the measured temperature; in fact, the thermal
resistance of the thermocouple produces a delay in the
answer (green curve) and so it can’t be used in dynamic
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Figure 5: Picture of the realized electronic board. Total board
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Figure 6: Picture of the fabricated device inserted in the PLCC.

measurements. As can be inferred from the graph, the system
needs 23 s to cool from 95◦C to 65◦C (1.3◦C/s) and 12 s to
reach up 95◦C from 72◦C.

At this point, we tested the difference in cooling and
heating time using three different devices: bulk silicon,
long membrane and short membrane, configurations. The
difference between the two kinds of membrane is that the
long membrane is etched throughout the whole length of
the chip thus creating a channel below the heater; instead,
the short membrane is etched just below the heater forming
a tub. As shown in Figure 8, with the long membrane the
cooling time is about 15 s (2◦C/s) and the heating time from
72◦C to 95◦C is 1.5 s (11.5◦C/s).

For the preliminary thermal characterization tests, the
PCR protocol includes an annealing step at 95◦C for 5 min
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Figure 7: Temperature measured with internal thermometer
(black) and thermocouple (green) versus set point (red).

followed by 35 cycle of denaturation (95◦C for 1 min),
annealing (65◦C for 1 min), extension (72◦C for 1 min).
At the end, the temperature is kept at 72◦C for 7 min.
Considering the heating and cooling time, each cycle needs
105 s to be completed, so a whole PCR will take 2 hours.

If less power is required, using the long membrane
configuration, half power is required to obtain the same
heating time of the bulk silicon configuration (16 V, 1.5 W).

After the thermometer thermal characterization, we tried
to characterize the PDMS membrane in the bottom of the
PCR chamber. In this aim, we positioned the thermocouple
just above a 400 μm of PDMS. As expected from the
simulation, the temperature after 30 s is lower than the set
point as reported in Figure 9.

In order to improve PDMS thermal conductivity, we
filled the polymer with carbon nanopowder. In particular, we
mixed a certain quantity of carbon nanopowder with PDMS
curing agent before adding the prepolymer in a ratio 20 : 1.
Three different concentrations in weight of carbon powder
versus curing agent were used: 1% carbon, 5% carbon,
and 10% carbon. The measurements reported in Figure 11
show that in the case of 10% carbon, the temperature is
much closer to the set point, thus increasing the temperature
control accuracy.

The fabricated device was preliminarily tested using PCR
mix for validating the effectiveness of the approach in the real
conditions.

For the preliminary PCR test, the amplification of a DNA
fragment related to the hemochromatosis disease was chosen.
The thermal protocol (described in Section 2) was redundant
from the biological point of view but it matched with the
thermal characterization previously conducted (Figures 7–
10). The positive result of the on chip PCR is shown in
Figure 11, where a significant band due to the PCR product
is clearly visible.
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Figure 8: Heating (a) and cooling (b) of the silicon surface with different silicon membrane configurations: no membrane (red), short
membrane (green), long membrane (blue).
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Figure 9: Measured temperature on the top of the PDMS mem-
brane (blue) compared to the temperature read by the thermometer
(red).

4. Conclusions

A chamber-type PCR module was realized and characterized
in terms of thermal control. The use of carbon nanopowder
has been demonstrated to optimize the heat exchange
between the platinum on-chip heater and the reaction
chamber. Analytical and FEM simulations have been used to

PDMS 1% C
PDMS 5% C
PDMS 10% C

Thermocouple (no membrane)
Pt thermometer

7006005004003002001000

Time (s)

60

65

70

75

80

85

90

95

100

Te
m

p
er

at
u

re
(◦

C
)

Figure 10: Comparison among the temperatures measured on the
top of the PDMS membrane using different concentrations of the
carbon nanopowder in the PDMS curing agent.

support the module design. PCR experiments in operative
conditions have provided the validation of the approach.
Currently, work is ongoing to integrate the detection and
microfluidic modules in order to obtain the final integrated
system.
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Figure 11: 2% (a) garose gel electrophoresis of on chip PCR. (1)
PCR product (400 bp); (2) 200 bp ladder (Promega).
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