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1. INTRODUCTION

Nowadays, a number electronic devices offer multi-functional operation serving user requirements
which can be integrated into a single chip and embedded inside an instrument. Based on the fabrication of
integrated circuits (ICs) technology, micro-sensors and micro-actuators can be fabricated using technology
called Micro-Electro-Mechanical Systems (MEMS). Several micro-scale components which interact with
outside environment can be fabricated by deposition of material layers, photolithographic patterning, and
etching to create the desired profiles. MEMS is generally based on micro-fabrication which is made up of
components between 1 - 1000 micrometers in size, resulting in MEMS devices with the size ranging from 20
micrometers to millimeters. Many actuators and sensors such as micromotors, micropumps, microvalves,
microheaters, temperature sensors, and humidity sensors are applied to microdevice for implementation of
their functions.

Sensor is one of the important applications which has been usually applied with the temperature set.
Gas sensor is usually integrated with microheater and temperature sensor in order to control uniformity and
heating temperature at the whole region of gas sensing [1]-[4]. The temperature set has also been commonly
used in microfluidic system [5] such as lab-on-a-chip with polymerase chain reaction (PCR) which is a
function to control the thermal cycling for DNA amplification [13]-[19]. Moreover, micropump and
microvalve which are applied to drive solutions in microchannels embedded in the chip can be operated by
using MEMS actuator.

At present, microheater and temperature sensor which are usually integrated in a single chip have
been developed continuously in MEMS technology. However, high cost is one of the most serious problems
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because of their complicated fabrication processes such as chemical etching [2], lift-off process [6]-[7],
reactive ion etching (RIE) process [3],[8],[9], and PECVD/LPCVD [13]-[15]. These processes are also faced
with many expensive chemicals and materials. Another important factor is the material selection for the
design and fabrication of the micro heaters and sensors. A lot of research works have been using platinum
[13]-[17], copper [11],[19] and gold [18] to fabricate microheaters and sensors due to their accuracy and
stability for extensive applications. Not only their costs are expensive but operating temperature ranges are
also wider than some required application. Table 1 shows the properties and prices of materials which have
been applied for microheater and temperature sensor (www.metalprices.com and www.ptable.com).

Table 1. Properties and prices of materials

Material Resistivity (Qem) at ~ Temperature coefficient of Prices (USD/Ib) Sensor temperature
20°C resistance (TCR) (C'1) range
Aluminum 2.82 x 10° 0.0045 1.17 -40°C to 160°C
Copper 1.68 x 10° 0.0043 4.24 -100°C to 260°C
Nickel 6.99 x 10° 0.0067 11.61 -80°C to 260°C
Gold 2.44 x 10% 0.0040 22688.00 -150°C to 300°C
Platinum 10.6 x 10° 0.0039 28398.40 -200°C to 800°C

The selection of materials for microheater is considered from the minimum temperature coefficient
of resistance (TCR) to reduce the effect of the temperature resistance changing from the input power. In
contrast with temperature sensor, material with the maximum temperature coefficient of resistance and a
linear positive change in resistance with respect to temperature are considered. However, the manufacturing
cost is still expensive if the applied devices have to be operated at high temperature (> 300°C) because of the
cost of fabrication process. The PCR chip and some actuators such as micropump and microvalve operate at
temperature lower than 150°C, which suggests the choice of fabricated materials for economic cost. In low
temperature system, nickel which provides the best sensitivity can be chosen to be the temperature sensor
operated from -100°C to 260°C, while aluminum can be applied as microheater to support the temperature
higher than 100°C which is sufficient to cover every working condition.

To control the heating temperature of microheater on the microfluidic chip, a lot of researches have
been performed by applying open-loop control since it is simple but inaccurate [2],[6],[7]. By applying
current to microheater, the temperature is increased continuously without any monitoring. The microdevices
on the chip which are always controlled by this method are microvalve and micropump [20]-[22]. To
improve temperature accuracy of heating, thin-film sensors have been integrated as resistance temperature
detector (RTD) by being placed at the sensing area. The sensors offer a linear positive resistance changing
with respect to temperature which is suitable to apply to a closed-loop control system. Generally, the closed-
loop control system has many methods such as ON-OFF or bang-bang control but both are not appropriate
due to the oscillation in steady state. In addition, fuzzy-logic and PI/PID closed-loop control which are used
for temperature control can be efficiently applied for feedback control with a step response [13],[19].

In this work aluminum (Al) microheater and nickel (Ni) temperature sensor are constructed on a
glass substrate because of their low thermal conductivity and high electrical resistance. Thin PDMS
membrane is coated to protect them from environmental hazards. Nickel resistance is calibrated directly by
temperature of microheater to estimate its characteristics. These resistance signals are adjusted to temperature
values and fed-back to control microheater temperature through PI controller which is designed by a
frequency domain method. To show the capability in the low temperature application, temperature ranging
from 40°C to 120°C is controlled by using microcontroller with PI closed-loop control system.

2. DESIGN AND FABRICATION

The diagram in Figure 1 represents the fabrication process sequence of Al microheater and Ni
temperature sensor on a glass substrate [23]. Firstly, the fabrication of microheater based on the glass slide by
deposition of Al layer using thermal evaporation is shown in Figure 1(a). The AZ1512 positive photoresist
was coated for a protective layer and patterned by UV lithography as shown in Figure 1(b). Next, the Al
microheater pattern was appeared after etching in HF solution as shown in Figure 1(c) and the layer of
AZ1512 was next covered again to create the sensor pattern as shown in Figure 1(d). After photoresist was
patterned using UV lithography as shown in Figure 1(e), Ni was thermal-evaporated into the sensor pattern as
shown in Figure 1(f). To leave Ni pattern on the substrate AZ photoresist was removed by a lift-off technique
which utilized acetone to dissolve the photoresist, resulting in Ni sensor surrounded by Al microheater as
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shown in Figure 1(g). Finally, thin-film of PDMS was spin-coated in order to perform as a protective layer as
shown in Figure 1(h). A complete microheater set was measured its characteristics and displayed in Table 2
and Figure 2 which shows schematic diagram of microheater-sensor set consisting of an Al microheater
surrounding a Ni RTD sensor. By applying a voltage across the two ends of the microheater, heat can be
generated rapidly. Sensor which is encompassed with heat generator can always sense temperature change,
resulting in high accuracy temperature by using feedback control.
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Figure 1. Fabrication sequence of microheater and temperature sensor

Table 2. Characteristics of microheater and temperature sensor

Material Lengh (L:mm) Width (w:pm) Thickness (t:A) Resistance (R:Q)
Al (Heater) 8.7 50 430 114
Ni (Sensor) 7.0 30 125 1427

Sensor (Ni)

1.4 mm

Heater (Al)

L

<
<«

1.4 mm

Figure 2. Structures of microheater and temperature sensor

3. SENSOR CALIBRATION

Calibration of the developed device utilizes an infrared camera FLIR-T360. This section describes
the calibration circuits, procedures, and results, respectively. Figure 3 shows the schematic diagram of the
calibration circuits consisting of the microheater-sensor set, a driver, an AVR microcontroller, a voltage
divider, a zero-span circuit, and a low-pass filter. The driver uses a PN2222A transistor, which is driven by
PWM (8 bit) signal generated by the AVR Atmegal68/328 8-bit microcontroller. The main components of

Al Microheater and Ni Temperature Sensor Set based-on Photolithography with Closed-Loop ... (P. Deekla)



852 a ISSN: 2088-8708

the signal conditioning circuits are the OPA4227 op-amps available from Texas Instruments. Design of these
conditioning circuits follows standard design methods in textbooks, e.g. [24]. The AVR microcontroller reads
the filtered signal through an on-chip A-to-D converter. Figure 4 shows practical setup of microheater-sensor
set and calibration circuit.

V.,
Sensor \ Ve
Heater AVR
Atmega
168328 | AD
converter
D3 Al
L
OPA4227 R, OPA4227
+ R
— Vout
Rg
Rs 7 R, I Cri
RSBHSO RF
DR T e o > <>
Voltage divider Buffer and Zero-span circuit Low-pass filter

Figure 3. Schematic diagram of microheater-sensor set and calibration circuit

Microcontroller Driver .| Signal conditioner

Figure 4. Practical setup of microheater-sensor set and calibration circuit

The sensor has its nominal resistance Rynsor = 1.427 kQ at 25°C. Therefore, a variable resistor is
connected in series to the sensor to achieve a total resistance of 1.5 kQ, which is tuned to match the voltage
divider. Temperature changes of 25°C to 140°C cause sensor-resistance variations around 0-500 Q (AR).
These correspond to output of the voltage divider of 2.5-2.82 V. The zero-span circuit adjusts this voltage
range from 0.2 V to 4.0 V suitable for feeding an A-to-D converter. Table 3 summarizes the components
used in these circuits.

To calibrate the sensor, the microcontroller generates various PWM codes to the driver. As a result,
there are different current levels driving the sensor, resulting in different heat generated. Collection of the
temperature data is monitored on an FLIR-T360 infrared camera. As an example, Figure 5(a) shows the
picture seen on the camera screen. Figure 5(b) illustrates the equipment setup for calibration. Experiments
were repeated for 10 times, and their average results are illustrated in Figure 6.
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Table 3. Components of the sensor calibration circuits

Heater driver Voltage divider Zero-span Low-pass filter
V=9V V=5V R, =1.277kQ Rg;=100 kQ
Rg=330Q Ry=1.5kQ R, =1.50 kQ Cy=0.1 pF
Rpeater = 114 Q Ry =253 Q Rg=30kQ
Riensor = 1427 kQ Ry =330 kQ

t 100 =l Microheater and sensor

(a) (b)

Figure 5. Setup of calibration equipment: (a) screen display of the infrared camera, (b) equipment setup
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Figure 6. (a) Relationship between temperature-resistance and PWM codes, (b) Calibration curve

In Figure 6, linear relationships between temperatures, sensor resistances, PWM codes, and output
voltages can be observed. Therefore, the temperature-voltage calibration curve can be represented by

T=31315V . +18.378 (D

out

Where V., is the dc output voltage (V) of the zero-span circuit, and T is the sensor temperature (°C).
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During the calibration process, some dynamic characteristics of the developed sensors were
observed and found that the settling time, in some cases, was as long as 100 s. The slow response of the
developed sensor can be drastically improved by a closed-loop control technique. Next section explains an
approach using a PI-controller to improve the device response.

4. CLOSED-LOOP CONTROL

Closed-loop control development needs a model of the microheater. Regarding this, an empirical
model has been used. We used MATLAB and System Identification Toolbox to identify a transfer function
model of the ARMAX type [25]. Open-loop step-transient tests of the device were conducted as represented
by the block diagram in Figure 7.

A 4

Input —»| Controller »  Driver DUT Signal conditioners  — Output

A 4

Figure 7. Diagram of open-loop control

For the tests, the temperature ranges are 40-140°C with a step of 20°C. Figure 8 illustrates the step
response curves whereas the PWM step command codes are embedded in the figure. The responses
(nmumbered #1, 2, 4 and 6) corresponding to 40°C, 60°C, 100°C, and 140°C, respectively, are normalized and
used for identification. Validation of the obtained model is conducted against the normalized responses of
80°C and 120°C. As a result, Figure 9 illustrates the identified model plotted against the normalized
experimental responses. The root-mean-square errors of these results are 0.065 even though some steady-
state errors still exist. The dc-gain of the model is adjusted to 1.01936 for eliminating the errors.
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Figure 8. Open-loop step responses of the device
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Figure 9. Validation results
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Therefore, the final model of the device is obtained in (2). Noticeably, the model indicates the
settling time of 50 s while the actual response settles in 100 s.

0.0012(s +100)

2
$+0.1183 @

GP (S) =

A conventional Pl-controller followed a standard design procedure such as in [26] is used to
improve the response of the device. The design is to achieve a required phase-margin of at least 50°. As a
result, the control of the form in (3) has been obtained in which Kp =29.99 and Ki = 10.65.

29.995+10.65
Ge(8)= > 3)

Considering a unity-gain feedback system, the plant model (2), the controller (3) the system transfer
function of (4)

 0.0355s° +3.5625+1.26
1.0355% +3.685+1.26

G(s) “

Figure 10 shows the simulated step response of the device with closed-loop control. Overshoot of
less than 5% and settling time of less than 10 s are observed.
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Figure 10. Simulated step response of the device with a PI-controller

5. EXPERIMENTAL RESULTS
The continuous-time controller of the form (3) has been discretized using Tustin’s method.
Implementation of the controller uses an 8-bit AVR microcontroller as represented by the code-list in Table 4

Table 4. PI controller

Program Definitions

1 = setpoint; y = output; Define of setpoint and output
Kp = conts; Ki = conts; Define of Kp gain and Ki gain
Ui 1=0; Initial value of I term
err 1=0; Initial value of error
T = conts; Define of sampling time
while (1) Action in loop forever
{ eIT =T1-Y; Calculate of error

Up = Kp*err; Calculate of P term

Ui = (Ki*T/2)*(err+err 1)+ Ui_1; Calculate of I term

Upi = Up+Ui; Sum of P term and I term

SentToDriver(Upi); Sent value (PWM) of PI to driver

Ui 1=Ui; Save variable of | term

err_1 =err; Save variable of error

}
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Figure 11 illustrates the experimental results of the closed-loop control of the proposed device. The
top left inset shows the whole step response for 100°C consisting of on- and off-intervals of the driver.
During the on-interval (from t = 0 s to 150 s), the device without control takes 100 s to settle to the targeted
temperature. The transient response of the controlled device is magnified as shown in the bottom inset.
Observably, the response has only 3% overshoot, and settles in 16 s, which is 16 times faster than that of the
uncontrolled device.

Practical result also pronounces the delay of 0.8 s compared with the simulated response. The delay
is due to the sampling, data-conversion and instruction-execution processes taken by the digital control loop.
This delay could be further reduced using an appropriate control or a higher performance CPU if necessary.
Response during the beginning of the off-interval (t = 150 s to 155 s) is also magnified as shown in the top
right inset. The fall-time is considerably long because the device dissipates heat naturally. However, this long
thermal decay rate could be reduced via some added-on components to help dissipate heat.
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Figure 11. Closed-loop experimental response of the microheater

Figure 12 shows the controlled temperature variation based on 5 temperature targets widely used in
microfluidic applications. It can be observed that the temperature quickly responds when the system was
actuating to high temperature. In the other hand, the responses of cool down states do not provide suitable
variations, especially a change of temperature from 60°C to 40°C.
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Figure 12. The controlled temperature variation based on 5 different temperature targets

In the fabrication process of sensors and heaters many works used chemical etching process, RIE
process, and PECDV/LPCVD process to fabricate such devices. These processes are very expensive and even
the cost of manufacturing is also high. This work uses lithography process and lift-off technique. However, in
which the machine and equipment are not expensive and the cost of the device is not too high. On the other
hand, it requires more steps in order to finish the process.

In generally, the metal thin-film of sensor and microheater is fabricated by using Au and Pt since
both materials are reliable and can operate at high temperature. Specifically, Pt can operate at high
temperature more than 800°C. It has very good linearity and performance but is 10000 times more expensive
than Al and Ni. In future work, this research plans to apply to miniature PCR operating at less than 100°C.
Therefore, this work must use Al and Ni since both materials are not expensive and easy to purchase in
market. Additionally, Al and Ni are appropriate to fabricate as a heater-sensor set because they have good
linearity at low temperature.

For temperature control microheater is operated in a few types for testing. The first type is the open-
loop control in which a power apply is use to generate thermal energy and it is easy to use. Howerver, this
type cannot control temperature at the level of setting target constantly since there is no feedback signal sent
to a controller. Many researches use the second type which is a closed-loop control. The closed-loop utilizes
ON-OFF control which is easy to program in this software. The disadvantage of it is the oscillation of
temperature. Nevertheless, it is better than the open-loop control. In some cases, PI/PID controllers are used
in the closed-loop control. Since there is no strict mathematical model for calculating controller parameters it
must take some time in tuning parameters or finding controller gains. Furthermore it cannot predict the
response time of the overall system. In this research, a closed-loop PI controller is chosen and the
mathematical model is calculated from real experiments with ARMAX method which is the first research for
microheater and MEMS devices. This method helps to design parameters of the control systems and the
temperature control is very accurate than the system without closed-loop control.

6. CONCLUSION

Design and fabrication processes of the low-cost controlled temperature microheater set were
presented. Photolithography method was used for Al microheater and Ni sensor patterning designed to
monitor and control the temperature. By surrounding Ni sensor with Al microheater while microheater was
energized, temperature change can be rapidly checked and fed-back to control the input power using PI
closed-loop control. The PI controller was adjusted to achieve the step response for the controlled
temperature between 40°C and 120°C. As the result, the PI closed-loop control is 16 times faster than the
open-loop control and response has only 3% overshoot. Nevertheless, thermal decay has to be considered
more based on fabrication materials and some add-on electronic components for heat dissipation.
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