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a b s t r a c t

This paper describes a temperature management system for a deformable mirrors of piezo-actuated dis-
play package (PADP). This package which is integrated in microbeam projectors is used in portable devices
such as cellphones, laptops, and personal digital assistants (PDAs), to name a few. Ambient temperature
change is a critical factor affecting the performance of PADP. To reduce this effect of ambient temper-
ature change, a temperature control system using a microheater and a temperature feedback circuit is
developed. A computational model of the transient thermal analysis for the feedback control system is
also developed. The obtained theoretical results are in a good agreement with the experimental measure-
ments. Under this controlled system, the magnitude of the temperature fluctuation is reduced by ±0.5 ◦C.
In order to enhance the performance of the developed system, various values of the temperature sensor
resistance are used, leading to a reduction of about 10% of the temperature fluctuation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently, projection displays embedded in portable devices such
as cellular phones, laptops, and personal digital assistants (PDAs) [1]
have been widely studied. The temperature-related problems are
encountered as the projection display becomes smaller and lighter
due to higher resolution. The piezoelectric actuator is temperature
dependent [2,3]. Hence, the display packages driven by piezoelec-
tric actuator are sensitive to the ambient temperature. For instance,
during winter, there is a decrease in the operating temperature of
a display package. This results in a drastic change in the position of
the internal deformable mirrors. The large deformation of the mir-
rors emits distorted beams producing poor images on the screen.
The effect of surrounding temperature on the diffraction efficiency
of a deformable mirror was shown by Bouyge et al. [4]. However,
until now there is no solution for this problem.

The design of cooling systems, and the thermal design of
projectors and their display packages, has been widely studied.
Nevertheless, remedies to solve temperature induced malfunc-
tions in a display package are insufficient to the date. In the
past, microheaters for temperature control were used for common
devices such as gas sensors, flow sensors, and temperature sen-
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sors [5,6]. Gong et al. [7] studied the temperature control methods
and designed a control circuit sensor. However, there were certain
limitations in the controlled temperature range, the supplied tem-
perature and the current. Thus it was difficult to apply the circuit
directly to the display package. Hence, these studies are not appli-
cable to projection displays embedded in mobile devices. We have
been, so far, unsuccessful in finding references showing a clear solu-
tion to the malfunctioning of a projection display package caused
by the surrounding temperature.

In the present study, microheaters and their feedback con-
trol circuits have been fabricated on a projection display package
embedded in a portable device. The microheaters and temperature
sensors are designed using numerical and experimental methods.
A semiconductor manufacturing process is used for fabrication. The
effects of the operation of the microheaters are analyzed, and the
time periods for switching the microheater on and off are consid-
ered in the numerical analysis. It is concluded that the time step for
the microheater operation should be at least 8.12 �s.

Ambient temperature is the parameter used to evaluate the per-
formance of the microheater and control circuit. A temperature
control device made of a thermoelectric cooler and a heat exchanger
is developed to change the ambient temperature. A platinum tem-
perature sensor is used in this study. Platinum temperature sensor
can measure the temperature precisely and this resistance of plat-
inum temperature sensor can be converted to the temperature
change of the module. The temperature change, thus obtained, can
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Fig. 1. Schematic of microheater.

be used for feedback control. As a result, the operating temperature
automatically adapted to the surrounding temperature changes,
and a predefined operating temperature is maintained. The ther-
mal characteristic of the display module mounted on the projection
display package is obtained. The magnitude of the temperature
fluctuation of 1 ◦C is achieved.

The effects of the resistance value of the temperature sensor on
temperature control are investigated using four different magni-
tudes of resistance. The magnitude of the controlled temperature
fluctuation and the time period for switching the microheater
on and off are determined. As a result, the relationship between
the sensor’s resistance value and performance is obtained. It is
expected that the present method would improve the performance
of piezo-actuated display packages (PADP) and be useful in the
implementation of piezoelectric actuators into commercial elec-
tronic devices.

2. Design and fabrication

2.1. Design and fabrication of the microheater

2.1.1. Microheater geometry
Fig. 1 shows the design of the microheater. The general require-

ments for a thin film microheater are low power consumption,
fast response, good heat uniformity, good mechanical stability, and
good fabrication yield [8]. Hence, gold (Au) is selected as the micro-
heater material, and chromium (Cr) is used in the adhesion layer
between the Au and the silicon module. High resistivity is useful
for a temperature sensor that requires high resistance. Moreover, a
temperature sensor of high resistance is more sensitive to temper-
ature change than a temperature sensor of low resistance. Platinum
(Pt) is selected as the temperature sensor due to its good thermal
coefficient and high resistivity. The Pt temperature sensor consists
of four resistors (see Fig. 1). Four resistance values are used to inves-
tigate the effect of temperature sensor resistance on magnitude of
temperature fluctuation. The microheater and temperature sensors
are attached to the rear of the deformable mirrors. Note that the
thermal resistance between microheater and deformable mirrors
is negligible.

2.1.2. Fabrication of the microheater
The process flow of simplified microfabrication for the micro-

heater and temperature sensor is shown in Fig. 2. A 0.525 mm silicon
wafer is used as the substrate for the microheater and sensor. The

fabrication of the microheater is performed using microfabrication
technology as follows:

1. The substrate with 300 nm SiO2 is laminated with Plasma-
enhanced chemical vapor deposition (PECVD) for the dielectric
at the rear of the deformable mirrors.

2. A 30 nm Cr and 300 nm Au are deposited on the silicon substrate
by e-beam evaporation. The Cr layer acts as both the resistor and
adhesion layer between Au and the substrate.

3. A positive photoresist is spin-coated onto the Au layer and pat-
terned using photolithography through mask #1.

4. Dry etching is conducted to remove metal that is not used in
making the heater.

5. A negative photoresist is spin-coated to fabricate the tempera-
ture sensor.

6. The patterning was carried out using mask #2.
7. 30 nm titanium (Ti) and 150 nm Pt are deposited on the substrate

by e-beam evaporation. Note that the Ti layer acts as both the
resistor and adhesion layer between Pt and the substrate.

8. Finally, the heater and sensor are formed by lift-off.

A detailed microscopic view of a fabricated device is shown in
Fig. 3.

2.2. Temperature feedback control circuit

Fig. 4 shows the temperature feedback circuit. The feedback
circuit is driven by voltage. The Pt temperature sensor can be con-
sidered to be a resistor. The resistance change of the Pt temperature
sensor due to heat is transformed into a change in voltage at P, Vp.
Vp can be calculated for Eq. (1)

Vp = Rsensor

(RA + Rsensor)
× Vs (1)

where Rsensor is the resistance of Pt temperature sensor.
The comparator compares the Vs to match the operating tem-

perature with Vp. For instance, if Vp is lower than working Vs, the
comparator generates a ‘high’ signal and the MOSFET is switched
on. Thus, the current flows across the heater and heater is switched
on. On the contrary, if Vp is higher than working Vs, the comparator
does not generate a signal, and MOSFET is switched off. The tem-
perature feedback control system, thus, automatically maintain the
operating temperature.

2.3. Pt temperature coefficient of resistance

Pt is selected as the temperature sensor material because of
its linear thermal coefficient and stability at elevated temperature.
However, the resistance of Pt film depends on the fabrication and
the thickness [9]. The Pt temperature sensor’s thermal coefficient is
calibrated to obtain proper resistance behavior. The resistance can
be written as a function of temperature as follows:

R = R0[1 + ˛(T − T0)] (2)

where T is the change in temperature, To is the initial temperature,
Ro is the resistance at the reference temperature and ˛ is the tem-
perature coefficient of the resistance (TCR). For thin-film Pt TCR is
found to be 3.927 × 10−3 K−1 [10].

The measured sensor temperatures are used to calibrate the
temperature coefficient of the Pt temperature sensor when the
input power is controlled. A method to calibrate the Pt tempera-
ture sensor by controlling input power was introduced by Gong [7].
Another approach, different from controlling of input power, is used
in this work to calibrate the Pt temperature sensor. A device com-
posed of the thermoelectric coolers (TEC) and the heat exchanger
is used to control the ambient temperature. The temperature of the
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Fig. 2. Schematic of micro-fabrication process flow.

Fig. 3. Details of microheater and temperature sensors.

module is measured using thermocouples and an infrared camera.
The thermo-couple is placed at the module, and the infrared camera
is set up above the module. The resistance values of the Pt sensor
are measured for ambient temperatures between 0 ◦C and 60 ◦C, in
increments of 0.1 ◦C. Fig. 5 shows Pt temperature sensor resistance
versus temperature change. Here, TS1 (0.982 k �) is a separate resis-
tor whereas TS2 (2.134 k �) is the connection between two separate
resistors with wire bonding. TS3 (3.361 k �) and TS4 (4.374 k �) are
also obtained using the connection of four resistors, as shown in
Fig. 1. The deviation in the rate of increase in resistance is less than
2%. From these processes, the TCR of the Pt temperature sensor is
determined to be 2.3 × 10−3 K−1. The measured hysteresis values of

Fig. 4. Feedback control circuit.

these sensors, TS1, TS2, TS3, and TS4, are 0.15%, 0.29%, 0.21%, and
0.25% respectively. These values are negligible and do not affect the
temperature control.

3. Numerical method and experimental method

3.1. Numerical method

3.1.1. Three-dimensional finite volume method
The simulations are performed on Flotherm, a commercial com-

putational fluid dynamics (CFD) tool based on the finite volume
method. Flotherm solves airflow and heat transfer problems in and
around electronic equipments. The tool solves fully conjugated heat
transfer problems (all three modes – conduction, convection, and

Fig. 5. Ambient temperature effect on the resistance of Pt sensor.
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Table 1
Average temperature of module along number of mesh.

Number of mesh 50,000 100,000 150,000 200,000 250,000
Average temperature of module (◦C) 76.04 75.07 62.77 62.78 62.74

radiation – are considered). The air flow and heat transfer processes
are governed by the conservation equations of mass, momentum
and energy and are detailed below.

Mass conservation

∂�

∂t
+ ∇ · (��u) = 0 (3)

Momentum conservation

∂(��u)
∂t

+ ∇ · (��u�u) = �gi − ∇P + �∇2 �u (4)

Energy conservation

∂(�h)
∂t

+ ∇(��uh) = �∇2T + Sh (5)

The temperature of ambient air is fixed at 20 ◦C and a natural
convection environment is applied to the simulation. All mate-
rial properties are taken from the material database [11]. The total
number of grid points is optimized using the localized and nesting
meshes. The average temperature of the model obtained by con-
sidering different number of points is shown in Table 1. It can be
seen that the solution converges after around 150,000 grid points.
The computational results are obtained by considering 160,000 grid
points.

3.1.2. Temperature feedback control
Feedback control is selected as the control algorithm for the

microheater. A transient numerical simulation is conducted to
obtain the thermal characteristics of the display module with
feedback control. Feedback control for temperature maintenance
is achieved by switching on/off the microheater when over-
cooled/overheated. The maximum response time of the comparator
is 8 �s, and the maximum time for which the MOSFET is on is 120 ns
[12,13]. This implies that the circuit should be switched on for at
least 8.12 �s. Thus, the time step of the microheater operation was
obtained

3.2. Experimental method

The microheater is installed on a deformable mirror module as
shown in Fig. 6. The temperature is measured by an infrared cam-
era and thermocouple. The size of the module restricts the use of
thermocouple to measure the temperature on the surface of the
deformable mirror. The heat spread through the thermocouple wire
could affect the results if it detects the temperature of the small
device. Hence, the two temperature detectors were used for precise
temperature measurement. The specification of the infrared cam-
era is given in Table 2. The temperature of the display module was
measured with the setup depicted in Fig. 7. The various components
of the device have different emissivity values, see Fig. 6. A direct
measurement of the temperature from raw surfaces could result
in unrealistic temperature values. Hence, the board was coated

Table 2
Specification of infrared camera.

Pixel number 320 × 240 pixels
1 Pixel area 100 �m2

Thermal sensitivity 0.08 ◦C
Spatial resolution 1.3 mrad
Sample rate 60 Hz

with black paint with known emissivity (e = 0.97). Thus, all com-
ponents had the same emissivity. A temperature distribution was
then obtained directly from the IR picture.

4. Results and discussion

4.1. Temperature–power relationship

The temperature of the deformable mirror module with respect
to the power of the microheater is investigated. This is to achieve
the optimum power of the microheater required to maintain the
operating temperature. The thermal resistance of the module is
0.35 K/W and it is small enough to be neglected. Most portable pro-
jector manufacturers ignore the minimum ambient temperature
and assume a maximum ambient temperature between 35 ◦C and
40 ◦C [14]. In this study, the ambient temperature is varied from
0 ◦C to 40 ◦C. The operating temperature is taken to be 40 ◦C and a
microheater assists in maintaining this operating temperature. Fur-
ther experimental analysis shows that the power of the microheater
should be set to 0.3 W.

4.2. Thermal uniformity

The thermal uniformity of the deformable mirrors is of utmost
importance. This is because enormous numbers of deformable mir-
rors are arranged laterally. The lateral arrangement of the mirrors
is shown in Fig. 2. The thermal uniformity of the module is ensured
by conducting various transient numerical and experimental anal-
yses. Fig. 8(a) shows the simulated temperature distribution of the
cross section of the module at the position of the deformable mir-
rors. The maximum temperature is about 40 ◦C with the ambient
of 20 ◦C. The difference between maximum and minimum temper-
atures is less than 0.1 ◦C at the surface of the deformable mirror
module. Fig. 8(b) shows the thermal image at the module surface.
The difference between maximum and minimum temperatures is
less than 0.3 ◦C at the surface of the deformable mirror module.
The temperature distributions from the numerical analysis and the
experiment study are in good agreement.

Fig. 6. Top view photograph of the device.
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Fig. 7. Experimental setup for performance test of temperature control system.

4.3. Temperature feedback control

The thermal characteristics of the deformable mirror module
with feedback control are analyzed using numerical and experi-
mental methods. Fig. 9 shows the temperature of the deformable
mirror obtained from numerical simulation and experimental

Fig. 8. (a) Temperature distribution of deformable mirror module. (b) Temperature
distribution of deformable mirror module.

observations when temperature feedback is applied. The numer-
ical results show a gradual increase in the temperature from 20 ◦C
to 40 ◦C 2.2 s. After this time, the temperature fluctuates in the
range of about ±0.5 ◦C. In the experimental observation the fluctu-
ation characteristic is also achieved after 40 ◦C but approximately
after 2.8 s. The difference in the fluctuation state in numerically
simulated and experimentally obtained results is attributed to
material properties used for adhesive between the module and
PCB substrate. Apart from the time of achieving the fluctuation
state, the simulated temperature curves are in a good agreement
with experimental results. The results can be used for a para-
metric study, and to corroborate the temperature analysis. The
temperature feedback control system is also tested for transient
ambient temperature conditions. Fig. 10 shows the time variation
of temperature of the deformable mirror module as the ambi-
ent temperature changes from 0 ◦C to 40 ◦C. The temperature of
the module is well controlled at the operating temperature, and
the obtained magnitude of the temperature fluctuation is about
±0.5 ◦C. Thus it could be concluded that the developed tem-
perature feedback control system shows good performance with
the variation of ambient temperature. Fig. 11 shows the image
test for the micro beam projector. The black and white colors
represent the maximum movements of deformable mirrors. The

Fig. 9. Time variation of temperature of the deformable mirror module.
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Fig. 10. Temperature of the deformable mirror module in variant ambient temper-
ature.

original image of PADP is shown in Fig. 11(a). Fig. 11(b) and (c)
shows the images when the difference between the actual tem-
perature and the optimal temperature, �T, is 16 ◦C and 23 ◦C
respectively. It could be seen that the image quality decreases as
temperature difference increases. The image, however, returns to
its original state when the developed control system is used (see
Fig. 11(d)).

4.4. Device performance

The MOSFET, comparator, and Pt temperature sensors, shown
in Fig. 4, are the important components in the performance of
the temperature feedback control system. From the results shown
in Fig. 9, the most important component is the Pt temperature

Fig. 12. Temperature fluctuations of the deformable mirror module.

sensor, because its switching period is longer than the operat-
ing time of the MOSFET and comparator. In order to improve
device performance, four resistance values are used. Fig. 12 shows
the module temperature fluctuations versus operating time. The
magnitude of temperature fluctuations and the time period for
which the microheater is are shown in Fig. 13. The frequency
of switching on the microheater is increased with the mag-
nitude of Rsensor. The reduction in time period during which
the microheater is on reduces the magnitude of temperature
fluctuations. Therefore, the increase in the resistance of the Pt
temperature sensor can reduce the length of time the micro-
heater is switched on. This results in more precise temperature
management.

Fig. 11. Image test using developed system.
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Fig. 13. Operation time and magnitude of temperature fluctuation.

5. Conclusion

This paper describes the design, fabrication, simulation, and
testing of a temperature feedback control system using a micro-
heater on a PADP. The temperature feedback control system is
concluded to be a potential solution for the thermal problems
associated with the display package. Using this system, module
temperature can be continuously controlled with a ±0.5 ◦C fluctua-
tion in the 0–40 ◦C temperature range. In the operating regime this
temperature is maintained at 40 ◦C. The operation of the micro-
heater and its feedback control are modeled using the switching
period. The operating effects of the microheater are investigated
computationally and compared against the experimental results.
The magnitude of the temperature fluctuations, and the switching
period, are studied for four resistances of different magnitudes. It is
observed that the performance of the temperature feedback control

improves with the increase in the resistance of the Pt tempera-
ture. Consequently, the proposed temperature control system can
be used to improve display package performance, and can be useful
in the implementation of piezoelectric actuators into commercial
electronic devices.
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