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Thermal Analysis of Micromirrors for High-Energy
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Abstract—This paper presents the results of an investigation of
thermal mechanism between laser and surface-micromachined mi-
cromirrors. Finite element models by use of ABAQUS are estab-
lished and used to study the temperature distribution on the sur-
face of micromirrors under the high-power laser illumination. It is
shown that the heat conduction through the gas gap between the
mirror surface and the substrate is the dominant thermal dissipa-
tion mechanism for the high surrounding gas pressure, while the
heat conduction through the flexures is dominant for the low sur-
rounding gas pressure. Based on the simulation results, two novel
methods are proposed in order to tolerate more power input under
a low surrounding gas pressure. The results of optical power testing
validate these models, and indicate that these two approaches are
efficient in improving micromirror performance for high-energy
applications.

Index Terms—Finite element, microelectromechanical systems
(MEMS), micromirror, thermal analysis.

I. INTRODUCTION

SURFACE-MICROMACHINED micromirrors have re-
ceived considerable attentions for the development of

optical systems. Many applications of microelectromechanical
systems (MEMS) require optical power levels that are large in
comparison to the size of the micro-optical structures [1]–[3].
For example, micromirror arrays are subjected to high heat
fluxes from an external light source when it is used for laser
modulation. The reliability and performance of the mirrors are
related to their operating temperature [4]. High temperature
can distort reflective surfaces, reduce the optical efficiency
of the system or even ablate micromirror surfaces and melt
supporting flexures [5], [6]. Therefore, thermal management
is a key consideration in the design of micromirror devices
and their packages. However, since the study of micromirrors
for high-energy applications is still in progress as of this time,
methods to improve the heat transfer performance of mi-
cromirrors are limited. In 1998, David and Bright investigated
optical power induced damage to MEMS-based micromirrors
[5]. A mathematical model was developed and used to predict
the minimum incident optical power that will permanently
damage the reflective surface of a micromirror. One typical
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micromirror they studied is shown in Fig. 1 (Design 1). In
fact, the mathematical model they established was based
on the assumption that the temperature on the surface of a
micromirror was uniform, which was not accurate for the
high surrounding gas pressure [7]. More accurate models are
required to study the thermal mechanism between laser and
micromirrors. Moreover, optical power testing indicated that
the lowest observed optical power resulting in damage was
7.5 mW for this design under a low surrounding gas pressure
(0.02 Torr). This power is not big enough for micromirrors in
many high-energy applications. New designs of micromirrors
to tolerate more power input are also needed. It is also very
important to know the thermal mechanism between lasers and
mirrors under different conditions to find more reliable designs
of devices and packages.

In this paper, three-dimensional (3-D) finite element models
are established and used to study different effects on the tem-
perature distribution on the surface of micromirrors. The ef-
fects studied are surrounding gas pressure in the micromirrors
package, the gold surface reflectivity, and the geometry of mi-
cromirrors. Micromirrors are usually hermetically sealed in chip
carriers to prevent dust and moisture contamination. Low pres-
sure package is desirable in order to obtain high speed modu-
lation. Based on simulation results, two novel methods are pro-
posed in order to tolerate more power input for low pressure
surrounding gas. It turns out that the results of optical power
testing are consistent with these models, and demonstrates the
efficiency of these two approaches in terms of improving mi-
cromirror performance for high-energy applications.

II. M ICROMIRRORCONFIGURATION AND FINITE ELEMENT

MODEL

Micromirrors studied in this paper were fabricated through
the production run of the multi-user MEMS processes
(MUMP’s) from Cronos Integrated Microsystems [8].
MUMP’s offer three patternable layers of polysilicon, and
two sacrificial layers of phosphosilicate glass on a base layer
of silicon nitride. A top layer of gold is used as the reflective
surface. After fabrication, MEMS devices are “released” by
removing sacrificial glass layers in buffered hydrofluoric acid
(HF). Fig. 2 depicts the micromirror’s structure after release
studied in this paper (Design 2). It consists of a top electrode
formed out of Poly1, Ploy2, trapped oxide and gold suspended
2.0 above one-bottom Poly0 electrodes. Dimples are put at
the end of flexures to protect the mirror from the electrostatic
snap-through effect. The micromirror is driven by an electro-
static force. If a voltage is applied between the top electrode
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Fig. 1. Surface-micromachined electrostatically-actuated micromirror studied
in [5], [6] (design 1).

and bottom electrode, it will be pistoned down, lengthening the
optical path of light reflected off the micromirror. Pistoning is
used for phase modulation in coherent systems.

All modeling and optical power testing in this paper is based
on the assumption that the micromirror is at steady state. When
a micromirror is at steady state, the thermal power absorbed
from a laser is equal to the thermal power dissipated. There
are three heat transfer paths that can remove the thermal power
from a micromirror, which are surface radiation, heat conduc-
tion through flexures to silicon substrate and heat conduction
through surrounding gas to silicon substrate. Micromirrors are
usually hermetically sealed in chip carriers to prevent dust and
moisture contamination: external forced gas convection is usu-
ally not practical. Because of the small scale of the micromirror,
free convection can be neglected [9]. Fig. 3 shows the diagram
of heat transfer paths and boundary conditions used for simula-
tions [10].

If only the gold region of the micromirror in Fig. 1 is illumi-
nated, the absorbed optical power is proportional to the incident
power, . Equation (1) calculates the absorbed power,

(1)

is the reflectivity of gold. It is a function of the wave-
length of the source, . All unreflected power is absorbed by
the gold and underlying polysilicon layers.

Thermal power dissipated by surface radiation,, is given
by (2)

(2)

is the emissivity, is Boltzmann’s constant, is the sur-
rounding temperature and is the surface area. Thermal con-
duction through gas gap to the silicon substrate depends on both
the composition and pressure of the gas. Equation (3) calculates
the thermal power dissipated by the top electrode through the
gas gap to the bottom electrodes and substrate,

(3)

Fig. 2. Surface-micromachined electrostatically-actuated micromirror studied
in this paper (design 2).

Fig. 3. Diagram of heat transfer paths (cross section view).

Fig. 4. Finite element model.

here is the thermal conductivity of the surrounding gas at
a reference pressure , is the pressure of the surrounding
gas, is the temperature difference along the direction of
heat dissipation andis the separation distance between the top
and bottom electrodes, is the conduction area of the sur-
rounding gas between the top and bottom electrodes. Thermal
conduction of the top and sides of the top electrode through
the surrounding gas to the micromirror package also dissipates
energy; however, the separation distance between the top and
bottom electrodes (2.0 for micromirror in Fig. 2) is much
less than the distance between the top electrode and the mi-
cromirror package (typically for micro-optical device
packaging). Thermal conduction through the surrounding gas to
the micromirror package is more than two orders of magnitude
less than the value predicted by (3), so it can be neglected with



312 IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 26, NO. 3, AUGUST 2003

TABLE I
VARIABLES AND MATERIAL PROPERTIES FOR THESIMULATION

TABLE II
OPTICAL POWER RATING DISSIPATEDTHROUGH DIFFERENTTHERMAL PATHS FORHIGH GAS PRESSURE(ABSORBEDPOWER: 85 MW, MAXIMUM SURFACE

TEMPERATUREFROM SIMULATION : 606 K, SURROUNDING GAS PRESSURE: 760 TORR)

TABLE III
OPTICAL POWER RATING DISSIPATEDTHROUGH DIFFERENTTHERMAL PATHS FORLOW GAS PRESSURE(ABSORBEDPOWER:4.25MW, MAXIMUM SURFACE

TEMPERATUREFROM SIMULATION : 640 K, SURROUNDING GAS PRESSURE: 0.02 TORR)

only a minimal impact on the model’s accuracy. Thermal con-
duction through flexures to the silicon substrate is dependent
on the geometry of flexures. Equation (4) calculates the thermal
power dissipated by flexures to the substrate,

(4)

where is the thermal conductivity of the polysilicon,is the
length of the flexures and is the conduction areas of the
flexures.

When a micromirror is in thermal equilibrium, the thermal
power absorbed is equal to the thermal power dissipated, as
shown in (5)

(5)

In order to compute the temperature distribution of the mi-
cromirror when it is under direct laser illumination, a 3-D finite
element model (FEM) with the use of ABAQUS is established.
Fig. 4 illustrates the model. In this model, it is assumed that
only the gold region of the micromirror is illuminated. The laserFig. 5. Optical power testing set-up.
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Fig. 6. Surface change for different incident power: (a) original mirror surface (after release), (b) reaction begins (incident power: 58.5 mW), (c)reaction expands
(incident power: 65 mW), and (d) gold reacts with polysilicon completely (incident power: 80 mW).

power is modeled as heat flux through top gold surface from out-
side. The input power is the “absorbed power,” as defined by (1).
Different thermal conductivity is assigned to the air gap for dif-
ferent surrounding gas pressure, shown in (3). Actually, (3) is for
macroscopic gas conduction in air. It might not be true for high
temperature and low surround gas pressure. These effects are
neglected in this paper. Since the contact area of support posts
is much larger than the cross section area of the flexures, their
thermal resistance is much smaller than the thermal resistance
of the flexure. Therefore, the support posts are not included in
the FEM model. Under direct illumination, the highest temper-
ature in the micromirror is the temperature at the center of the
gold layer. When this temperature exceeds a threshold value, the
micromirror will suffer a permanent damage. Variables and ma-
terial properties for simulation are shown in Table I. Once the
temperature distribution is obtained, thermal power dissipation
through different path can be calculated by integrating the heat
flux at the specified area based on (2)–(4).

III. SIMULATION RESULTS

In order to identify the thermal mechanism under different
conditions, several parameters are studied in this paper. These
parameters are the gold surface reflectivity, the gas pressure in
micro-mirrors package, and the device’s geometry.

Gold surface reflectivity is an important factor considered. If
the reflectivity decreased from 91.5% to 61.5%, the maximum
temperature on the micro-mirror would increase from 98to
303 when the incident power is 9.347mwand the surrounding

nitrogen gas pressure is 0.02 Torr. It can be even worse that the
surface reflectivity is reduced when the temperature increases.
The reflectivity effect was identified as a major factor to cause
the micro-mirror structural damage in a short period of time.

Gas pressure is another important factor. Tables II and III
show the power dissipated through different thermal paths for
different surrounding gap pressures. The gas gap conduction
dissipates more than 95% absorbed thermal energy when the
gas pressure is equal to 760 Torr (Table II). Therefore, thermal
conduction through surrounding gas to the substrate is the dom-
inant thermal energy mechanism for gas pressures at or above
760 Torr. But if the pressure of the surrounding gas is very
low (0.02 Torr), then the dominant thermal energy dissipation
mechanism is thermal conduction through flexures. Table III il-
lustrates that flexure conduction dissipates more than 97% ab-
sorbed thermal energy under this condition. Surface radiation
can be neglected for both conditions if the maximum surface
temperature is less than 500 .

Since the dominant thermal dissipation mechanism is dif-
ferent for different gas pressures, different methods to reduce
the surface temperature of the micromirror should be proposed.
For high gas pressure, gas gap conduction is the critical thermal
path. Using gas with high thermal conductivity (for example:
helium) can reduce the surface temperature apparently. Mi-
cromirrors are usually hermetically sealed in chip carriers
to prevent dust and moisture contamination. Low pressure
package is desirable in order to obtain high speed modulation.
The dominant thermal energy dissipation mechanism is thermal
conduction through flexures to the silicon substrate if the
pressure of the surrounding gas is very low. Flexure design is
the main factor of consideration in order to reduce the surface
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Fig. 7. Improved design: two flexures along each side (design 3).

Fig. 8. Improved design: gold on flexures (design 4).

temperature under this condition. The following optical power
testing and simulation is for low surrounding gas pressure.

IV. OPTICAL POWER TESTING

Previousthermaltestingdemonstratesthatmicromirrorsbaked
at temperatures of 250 or higher causes visible damage to the
gold reflective region [5], [6]. The thermal damage visually ap-
pears as a discoloration and a loss of planarity (appearance of
small bumps) in the gold layer. Polysilicon and silicon nitride
layers suffer no visible damage. So 250is chosen as a device
failure threshold temperature. When the maximum surface tem-
perature reaches this value, the amount of incident optical power
is defined as the minimum optical power that will damage the mi-
cromirror for the simulation. A power at 150 mW supplied by a
power-adjustable continuous wave laser diode is used as the inci-
dentopticalpower.Fig.5 is thepictureof theopticalpower testing
set-up. The MEMS device is put in the vacuum chamber with a
glass cover. A molecular pump connects the chamber with a hard
plastic pipe. When the pump is on, the air in the chamber is drawn
away until the pump reaches its steady state (0.001 Torr). The
laser’s output is focused by the focusing lens in the laser diode
device so that the laser’s spot filled the gold reflective surface but

Fig. 9. Surface temperature distribution for different micromirrors. (Incident
power: 52.3 mW, the maximum surface temperature: (a) 250C, (b) 178 C,
and (c) 210 C).

Fig. 10. Electrical-mechanical test for different micromirrors.

did not fall on the polysilicon border. A microscope with CCD
camera is located above the chamber and used to grab pictures
of the device. These pictures can be shown on a color monitor
and used to check the size and location of the laser spot. The op-
tical power is measured by an optical power meter. A new mi-
cromirror is used for each test. Losses in the glass cover of the
vacuum chamber reduce the optical power incident on the mi-
cromirror to 90% of the optical power exiting the focusing lens
in the laser diode device. The test device is put on a large copper
stagein thechamberduringtheexperiment.Thevacuumchamber
isalsomadeofcopper.Therefore, theheat fromthemirrorsurface
can be dissipated very quickly through the stage and the chamber
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TABLE IV
MEASUREMENTRESULTS OFOPTICAL POWER RATING

to hold the substrate at the surronding room temperature (22)
during the test.

Fig. 6 shows the surface change for different incident power.
After release, the original micromirror surface is very flat and
the reflectivity is more than 90% (Fig. 6(a)) [11]. Surface change
could not be observed until the incident power is equal or larger
than a threshold value 250 [5]. At this threshold value, the
gold surface becomes rough and surface reflectivity falls to less
than 50% [Fig. 6(b)]. Bright surface becomes dark in a very
short time (less than half a minute). This threshold value is de-
fined as the minimum optical power resulting in damage for
the micromirrors obtained by optical power testing. The thermal
damage is likely due to a widening of the eutectic bond under the
gold layer, release of the phosphorous (which boils at 280) in
the polysilicon under the gold, or a combination of these effects
[5]. As the power rises, the gold layer reacts with the polysilicon
layer and partly becomes to another material [Fig. 6(c)]. If the
incident power is large enough, the gold layer will completely
disappear [Fig. 6(d)]. The mechanism of this reaction needs to
be further investigated [12].

V. DISSCUSSION

Using a device failure threshold temperature of 250, the
simulation results show that the amount of optical power re-
quired to damage the reflective layer is 52.3 mW for the mi-
cromirror of Design 2. It is 7-time larger than the optical power
causing damage to the micromirror of Design 1. One reason for
this difference is that there are 4 flexures for the micromirror
shown in Design 2 instead of 3 flexures for the micromirror
shown in Design 1. More flexures can reduce the thermal resis-
tance of micromirrors and then dissipate more thermal energy.
Flexure width is another reason for better energy dissipation.
The width of flexures is 2.0 in Design 1, whereas 12.0
in Design 2. Wide flexures also reduce the thermal resistance
of micromirrors and cause the increment of minimum optical
power induced damage to micromirrors. The threshold power is

58.5 mW obtained from optical power testing, which gets good
agreements with simulation results.

Although 7-time increment of minimum optical power has
been obtained for the micromirror of Design 2, its electrical-me-
chanical performance is changed. Increasing the flexure width
or the number of flexures could decrease the surface temperature
but would increase the stiffness of flexures and then the applied
voltage in order to get the same displacement. These methods
are not good. Good methods should lower the surface temper-
ature without affecting the electrical-mechanical performance
of micromirrors. One method to lower the surface temperature
is to use two flexures instead of one flexure along each side to
reduce the thermal resistance of the micromirror. This new de-
sign is shown in Fig. 7 (Design 3). The length of flexures is the
same as that of Design 2 and the width of flexures is half of that
of Design 2. Thus the total stiffness of flexures is almost the
same for both designs, and then the electrical-mechanical per-
formance will not be affected for this improved design. Coating
gold on flexures (Fig. 8, Design 4) is another desirable method
to reduce the thermal resistance of flexures because the thermal
conductivity of gold is much larger than that of polysilicon. Seg-
mented gold slices are chosen to avoid warpage of flexures in-
duced by the CTE difference between gold and polysilicon. The
Young’s Modulus of gold (80 GPa) [13] is much smaller than the
Young’s Modulus of polysilicon (169 GPa). The coating thick-
ness of gold for MUMP’s (0.5 ) is also much smaller than the
thickness of poly 2 (1.5 ). Therefore, effects of gold layer on
stiffness of flexures can be neglected. The electrical-mechanical
performance of this design is almost the same as Design 2.

Fig. 9 shows the simulation results of the surface tempera-
ture distribution for different micromirrors when the incident
optical power is 52.3 mW. Different colors represent different
temperatures. The maximum surface temperature will fall from
250 to 210 if there is a gold layer on flexures and will
fall from 250 to 178 if there are two flexures along each
side instead of one flexure. The results indicate that these two
approaches are efficient ways to increase micromirror perfor-
mance for high-energy applications.
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Fig. 10 presents the experiment results of electrical-me-
chanical performance for different micromirrors. These two
improved micromirrors almost have the same pull-in voltage
with the micromirror of Design 2. These results indicate that
those two proposed methods for better heat transfer do not
affect their electrical-mechanical performance.

The threshold optical power for all kinds of micromirrors ob-
tained from simulation and optical power testing is listed in
Table IV. The lowest observed optical power resulting in damage
is about 10% higher than the simulation results in all cases. Vari-
ations between the simulated and observed values may be due
to the estimate of the emissivity of the polysilicon. Published
emissivity measurements of MUMP’s polysilicon are not found.
Variations may also result from an inaccurate estimate for the
thermal conductivity of the polysilicon. The thermal conduc-
tivity of the polysilicon used in MUMP’s may be higher than
the value listed in Table I. Spot size of the laser beam may be
another factor, which causes the variations. The actual spot size
of the laser beam may be larger than the gold layer. The actual
width of the support flexures varies slightly from design values,
depending on fabrication etch rates and times. The sides of top
electrodes and the top of flexures also dissipate thermal power
to the surrounding gas.

Table IV also indicates that the two approaches previously
proposed are efficient to make micromirrors tolerate more in-
cident optical power. The minimum optical power resulting in
damage increased from 58.5 mW for the micromirror in Fig. 2
to 72.5 mW if the segmented gold slices are coated on the flex-
ures, and to 91 mW if two flexures are designed along each side.
Poly2 should be used to construct flexures if gold layer is coated
on the flexures because gold layer cannot be coated directly on
the top of Poly1 layer in MUMPs. The minimum optical power
increased to 109.1 mW if these two methods are combined to-
gether. Compared with the micromirror of Design 1, more than
10-time increment of minimum optical power is obtained.

VI. CONCLUSION

Finite element models of MEMS-based micromirrors in
thermal equilibrium and under continuous optical illumination
have been developed, validated and used to improve the design
of micromirrors for better heat transfer. Two methods are
proposed and validated by optical power testing as efficient
ways to increase micromirror performance for high-energy
applications under the low surrounding gas pressure.
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