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Thermal Analysis of Micromirrors for High-Energy
Applications

Jianglong Zhang, Yung-Cheng Lee, Adisorn Tuantranont, and Victor M. Briigémber, IEEE

Abstract—This paper presents the results of an investigation of micromirror they studied is shown in Fig. 1 (Design 1). In
thermal mechanism between laser and surface-micromachined mi- fact, the mathematical model they established was based
cromirrors. Finite element models by use of ABAQUS are estab- on the assumption that the temperature on the surface of a

lished and used to study the temperature distribution on the sur- . . if hich t te for th
face of micromirrors under the high-power laser illumination. It is IMICTOMIFFOrWas “LIRIOI, “WhICH Was Not accurale 1or ine

shown that the heat conduction through the gas gap between the high surrounding gas pressure [7]. More accurate models are
mirror surface and the substrate is the dominant thermal dissipa- required to study the thermal mechanism between laser and

tion mechanism for the high surrounding gas pressure, while the micromirrors. Moreover, optical power testing indicated that
heat conduction through the flexures is dominant for the low sur- the lowest observed optical power resulting in damage was

rounding gas pressure. Based on the simulation results, two novel 75 mW for this desi d | di
methods are proposed in order to tolerate more power input under °* IMYVIOF LIS CGeSIgn UNGEr a Iow SUFroUnding gas pressure

alow surrounding gas pressure. The results of optical power testing (0.02 Torr). This power is not big enough for micromirrors in
validate these models, and indicate that these two approaches aremany high-energy applications. New designs of micromirrors

efficient in improving micromirror performance for high-energy  to tolerate more power input are also needed. It is also very
applications. important to know the thermal mechanism between lasers and
Index Terms—Finite element, microelectromechanical systems mirrors under different conditions to find more reliable designs

(MEMS), micromirror, thermal analysis. of devices and packages.
In this paper, three-dimensional (3-D) finite element models
I. INTRODUCTION are established and used to study different effects on the tem-

. ) perature distribution on the surface of micromirrors. The ef-
URFACE-MICROMACHINED  micromirrors have re- fects studied are surrounding gas pressure in the micromirrors
eived considerable attentions for the development gfckage, the gold surface reflectivity, and the geometry of mi-
optical systems. Many applications of microelectromechanicgomirrors. Micromirrors are usually hermetically sealed in chip
systems (MEMS) require optical power levels that are large #yriers to prevent dust and moisture contamination. Low pres-
comparison to the size of the micro-optical structures [1]-[3}yre package is desirable in order to obtain high speed modu-
For example, micromirror arrays are subjected to high hegtion. Based on simulation results, two novel methods are pro-
fluxes from an external light source when it is used for |as%rosed in order to tolerate more power input for low pressure
modulation. The reliabi_lity and performance of_ the mirrors argurrounding gas. It turns out that the results of optical power
related to their operating temperature [4]. High temperatuggsting are consistent with these models, and demonstrates the
can distort reflective surfaces, reduce the optical eﬁiCien%)I‘ficiency of these two approaches in terms of improving mi-

of the system or even ablate micromirror surfaces and melomirror performance for high-energy applications.
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-Micromirrors studied in this paper were fabricated through
cromirrors are limited. In 1998, David and Bright investigate¢he production run of the multi-user MEMS processes
optical power induced damage to MEMS-based micromirrofMUMP’s) from Cronos Integrated Microsystems [8].
[5]. A mathematical model was developed and used to predidUMP’s offer three patternable layers of polysilicon, and
the minimum incident optical power that will permanentlftwo sacrificial layers of phosphosilicate glass on a base layer
damage the reflective surface of a micromirror. One typicaf silicon nitride. A top layer of gold is used as the reflective
surface. After fabrication, MEMS devices are “released” by

Manuscript received July 12, 2001; revised July 8, 2003. This work was sJ&mOV'n_g sacrlflglal glass IE_;\yers_ln buffered hydrofluoric acid
ported by the Air Force Office of Scientific Research (AFOSR), Bolling AFB(HF). Fig. 2 depicts the micromirror's structure after release

Il. MICROMIRROR CONFIGURATION AND FINITE ELEMENT
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Fig.2. Surface-micromachined electrostatically-actuated micromirror studied
in this paper (design 2).
Fig.1. Surface-micromachined electrostatically-actuated micromirror studied

in [5], [6] (design 1).

Incident power
Reflected power
. . . . Surface radiation wisce radiation
and bottom electrode, it will be pistoned down, lengthening tf l i Gl m
optical path of light reflected off the micromirror. Pistoning is | J comuetion
used for phase modulation in coherent systems. A

All modeling and optical power testing in this paper is base (top electrode)
on the assumption that the micromirror is at steady state. Wh T =
a micromirror is at steady state, the thermal power absorb e ye— (bottom electrode)
from a laser is equal to the thermal power dissipated. There
are three heat transfer paths that can remove the thermal pokigr3. Diagram of heat transfer paths (cross section view).
from a micromirror, which are surface radiation, heat conduc-
tion through flexures to silicon substrate and heat conducti
through surrounding gas to silicon substrate. Micromirrors a
usually hermetically sealed in chip carriers to prevent dust a
moisture contamination: external forced gas convection is us Flexure
ally not practical. Because of the small scale of the micromirrc
free convection can be neglected [9]. Fig. 3 shows the diagr:
of heat transfer paths and boundary conditions used for simu
tions [10].

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

Micromirror

Po=[1-R4(N)]-P 1)

R,(X) is the reflectivity of gold. It is a function of the wave- Fig. 4. Finite element model.

length of the source). All unreflected power is absorbed by

the gold and underlying polysilicon layers. herek, is the thermal conductivity of the surrounding gas at
Thermal power dissipated by surface radiation,, is given @ reference pressuge, p is the pressure of the surrounding
by (2) gas,AT is the temperature difference along the direction of
heat dissipation andis the separation distance between the top
Qp=co (I* =T - A, (2) and bottom electrodesl, c,» is the conduction area of the sur-

rounding gas between the top and bottom electrodes. Thermal

e is the emissivity,s is Boltzmann’s constant/} is the sur- conduction of the top and sides of the top electrode through
rounding temperature andi, is the surface area. Thermal conihe surrounding gas to the micromirror package also dissipates
duction through gas gap to the silicon substrate depends on b#§rdy; however, the separation distance between the top and
the composition and pressure of the gas. Equation (3) calculd#@éom electrodes (2.0m for micromirror in Fig. 2) is much

the thermal power dissipated by the top electrode through t#§8S than the distance between the top electrode and the mi-

gas gap to the bottom electrodes and SUbSt@JQon cromirror package (typ|Ca”¢1 mm for miCI’O-Optica| device
packaging). Thermal conduction through the surrounding gas to

4 kyp AT 3 the micromirror package is more than two orders of magnitude
Qg.con = Ag.con - o d () |ess than the value predicted by (3), so it can be neglected with
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TABLE |

VARIABLES AND MATERIAL PROPERTIES FOR THESIMULATION

Boltzmann constant (), W/m?K* [10] 5.67E-8
Maximum allowable device temperature (Tg), K 523
Temperature of substrate and surrounding environment (T;), K 295
Measured reflectance of gold (Rg), % [5,6] 91.5
Estimated emissivity of polysilicon (g;), % [9] 20
Emissivity of gold (gg), % [10] 3
Thermal conductivity of phosphorous-doped polysilicon (K;), W/mK [11] 29
Thermal conductivity of air at 295K(K;), W/mK [12] 0.0252
Pressure in test chamber (p), Torr 0.001
Reference pressure (po), Torr (1 atm) 760

TABLE I

OPTICAL POWER RATING DISSIPATED THROUGH DIFFERENT THERMAL PATHS FORHIGH GAS PRESSURE(ABSORBEDPOWER: 85 MW, MAXIMUM SURFACE
TEMPERATUREFROM SIMULATION : 606 K, SIRROUNDING GAS PRESSURE 760 TORR)

. Gold Poly2 Poly1 Gas gap Flexure
Thermal Path Radiation radiation radiation conduction conduction
Power rating (mW) 0.00558 0.0141 0.0158 80.7645 4.2
Percentage 0.0047 0.0167 0.0186 95.02 4.94
TABLE Il

OPTICAL POWER RATING DISSIPATED THROUGH DIFFERENT THERMAL PATHS FORLOW GAS PRESSURE(ABSORBEDPOWER4.25MW, MAXIMUM SURFACE
TEMPERATURE FROM SIMULATION : 640 K, SIRROUNDING GAS PRESSURE 0.02 TORR)

Gold Poly2 Poly1 Gas gap Flexure
Thermal Path Radiation radiation radiation conduction conduction
Power rating (mW) 0.00765 0.0385 0.04 0.0289 4.135
Percentage 0.183 0.906 0.941 0.68 97.29
only a minimal impact on the model’s accuracy. Thermal cor - Laserspot  CCD camera
|

duction through flexures to the silicon substrate is depende
on the geometry of flexures. Equation (4) calculates the thern
power dissipated by flexures to the substréle .., -

wherek,, is the thermal conductivity of the polysilicoh,is the
length of the flexures and ¢ .., is the conduction areas of the

flexures.

When a micromirror is in thermal equilibrium, the therma
power absorbed is equal to the thermal power dissipated,

shown in (5)

Qf,con = Af,con . kp .

AT

L

P, = Q‘r + Qf,con + Qg,con-

In order to compute the temperature distribution of the m '
cromirror when it is under direct laser illumination, a 3-D finite
element model (FEM) with the use of ABAQUS is establishec

“4)

®)

Fig. 4 illustrates the model. In this model, it is assumed that
only the gold region of the micromirror is illuminated. The lasefFig. 5. Optical power testing set-up.

Optical power
meter

830nm laser
diode (150mW)

MEMS in vacuum
chamber
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(d)

Fig. 6. Surface change for different incident power: (a) original mirror surface (after release), (b) reaction begins (incident power: 58.5ead¥ipii@xpands
(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 outitrogen gas pressure is 0.02 Torr. It can be even worse that the
side. The input power is the “absorbed power,” as defined by (Burface reflectivity is reduced when the temperature increases.
Different thermal conductivity is assigned to the air gap for diffhe reflectivity effect was identified as a major factor to cause
ferent surrounding gas pressure, shown in (3). Actually, (3) is fre micro-mirror structural damage in a short period of time.
macroscopic gas conduction in air. It might not be true for high Gas pressure is another important factor. Tables Il and Ill
temperature and low surround gas pressure. These effectsshi@v the power dissipated through different thermal paths for
neglected in this paper. Since the contact area of support patifierent surrounding gap pressures. The gas gap conduction
is much larger than the cross section area of the flexures, thgigsipates more than 95% absorbed thermal energy when the
thermal resistance is much smaller than the thermal resistages pressure is equal to 760 Torr (Table II). Therefore, thermal
of the flexure. Therefore, the support posts are not includeddonduction through surrounding gas to the substrate is the dom-
the FEM model. Under direct illumination, the highest tempemant thermal energy mechanism for gas pressures at or above
ature in the micromirror is the temperature at the center of tiié0 Torr. But if the pressure of the surrounding gas is very
gold layer. When this temperature exceeds a threshold value, lihve (0.02 Torr), then the dominant thermal energy dissipation
micromirror will suffer a permanent damage. Variables and mazechanism is thermal conduction through flexures. Table Ill il-
terial properties for simulation are shown in Table I. Once tHastrates that flexure conduction dissipates more than 97% ab-
temperature distribution is obtained, thermal power dissipatisorbed thermal energy under this condition. Surface radiation
through different path can be calculated by integrating the heatn be neglected for both conditions if the maximum surface
flux at the specified area based on (2)—(4). 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.

IIl. SIMULATION RESULTS For high gas pressure, gas gap conduction is the critical thermal
path. Using gas with high thermal conductivity (for example:
In order to identify the thermal mechanism under differemelium) can reduce the surface temperature apparently. Mi-
conditions, several parameters are studied in this paper. Thessmirrors are usually hermetically sealed in chip carriers
parameters are the gold surface reflectivity, the gas pressurednprevent dust and moisture contamination. Low pressure
micro-mirrors package, and the device’s geometry. package is desirable in order to obtain high speed modulation.
Gold surface reflectivity is an important factor considered. IFhe dominant thermal energy dissipation mechanism is thermal
the reflectivity decreased from 91.5% to 61.5%, the maximuoonduction through flexures to the silicon substrate if the
temperature on the micro-mirror would increase fronf@3o0 pressure of the surrounding gas is very low. Flexure design is
303°C whentheincident poweris 9.347 mw and the surroundirige 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).

(b)

Fig. 9. Surface temperature distribution for different micromirrors. (Incident
power: 52.3 mW, the maximum surface temperature: (a)250(b) 178°C,
and (c) 210°C).
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Fig. 8. Improved design: gold on flexures (design 4).
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IV. OPTICAL POWER TESTING 0.2 1
Previousthermaltestingdemonstratesthatmicromirrors bake 0 .
at temperatures of 25@ or higher causes visible damage to the 0 2 4 6 8 10 12 14
gold reflective region [5], [6]. The thermal damage visually ap- Voltage (V)

pears as a discoloration and a loss of planarity (appearance of

small bumps) in the gold layer. Polysilicon and silicon nitrid&ig. 10. Electrical-mechanical test for different micromirrors.

layers suffer no visible damage. So 280is chosen as a device

failure threshold temperature. When the maximum surface tedid not fall on the polysilicon border. A microscope with CCD
perature reaches this value, the amount of incident optical poveamera is located above the chamber and used to grab pictures
is defined as the minimum optical power that willdamage the nof the device. These pictures can be shown on a color monitor
cromirror for the simulation. A power at 150 mW supplied by and used to check the size and location of the laser spot. The op-
power-adjustable continuous wave laser diode is used as the itical power is measured by an optical power meter. A new mi-
dentoptical power. Fig. 5isthe picture of the optical power testimgomirror is used for each test. Losses in the glass cover of the
set-up. The MEMS device is put in the vacuum chamber withvacuum chamber reduce the optical power incident on the mi-
glass cover. A molecular pump connects the chamber with a haramirror to 90% of the optical power exiting the focusing lens
plastic pipe. When the pumpis on, the air in the chamber is dravmrthe laser diode device. The test device is put on a large copper
away until the pump reaches its steady state (0.001 Torr). T$tage inthe chamberduringthe experiment. The vacuum chamber
laser’s output is focused by the focusing lens in the laser diodalso made of copper. Therefore, the heatfrom the mirror surface
device so thatthe laser’s spot filled the gold reflective surface hrén be dissipated very quickly through the stage and the chamber
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TABLE IV
MEASUREMENT RESULTS OFOPTICAL POWER RATING

Different designs Thre?g‘(’:lﬁr‘:“’;igmw) Thresl(f;?rlr?u?;\i/;ﬁ;(mW)
(poly 1, oneofllgfuer(sai,g \?/ithout gold) 58.5 52.3
(poly 2, oneofllgfuﬁzi,gvr\]/ithout gold) 45.6 40.8
(Poly 2T>?1§¥|i?<£§i%irt‘h gold) 72.5 66.2
(Poly 1, tIvTop;I(;\;(i‘:eZ?\sl‘;gEout gold) Sl 80.7
(Poly 2, tWop;lc;\:(?J(l"eg?:jgﬂout gold) 72.6 64.3
(Poly 2! nt\]AFl)t;of\lI:fulr)eess,i\%?th gold) 109.1 98.7

to hold the substrate at the surronding room temperaturd(22 58.5 mW obtained from optical power testing, which gets good
during the test. agreements with simulation results.

Fig. 6 shows the surface change for different incident power. Although 7-time increment of minimum optical power has
After release, the original micromirror surface is very flat andeen obtained for the micromirror of Design 2, its electrical-me-
the reflectivity is more than 90% (Fig. 6(a)) [11]. Surface changghanical performance is changed. Increasing the flexure width
could not be observed until the incident power is equal or largerthe number of flexures could decrease the surface temperature
than a threshold value 25@ [5]. At this threshold value, the but would increase the stiffness of flexures and then the applied
gold surface becomes rough and surface reflectivity falls to legsltage in order to get the same displacement. These methods
than 50% [Fig. 6(b)]. Bright surface becomes dark in a vegre not good. Good methods should lower the surface temper-
short time (less than half a minute). This threshold value is dature without affecting the electrical-mechanical performance
fined as the minimum optical power resulting in damage faf micromirrors. One method to lower the surface temperature
the micromirrors obtained by optical power testing. The thermial to use two flexures instead of one flexure along each side to
damage is likely due to a widening of the eutectic bond under treduce the thermal resistance of the micromirror. This new de-
gold layer, release of the phosphorous (which boils at’Z80n  sign is shown in Fig. 7 (Design 3). The length of flexures is the
the polysilicon under the gold, or a combination of these effectame as that of Design 2 and the width of flexures is half of that
[5]. As the power rises, the gold layer reacts with the polysilicoof Design 2. Thus the total stiffness of flexures is almost the
layer and partly becomes to another material [Fig. 6(c)]. If treame for both designs, and then the electrical-mechanical per-
incident power is large enough, the gold layer will completelfjormance will not be affected for this improved design. Coating
disappear [Fig. 6(d)]. The mechanism of this reaction needsgold on flexures (Fig. 8, Design 4) is another desirable method
be further investigated [12]. 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-
V. DISSCUSSION duced by the CTE difference between gold and polysilicon. The

Young's Modulus of gold (80 GPa) [13] is much smaller than the

Using a device failure threshold temperature of 260 the Young’s Modulus of polysilicon (169 GPa). The coating thick-
simulation results show that the amount of optical power reess of gold for MUMP’s (0.xm) is also much smaller than the
quired to damage the reflective layer is 52.3 mW for the mthickness of poly 2 (1..nm). Therefore, effects of gold layer on
cromirror of Design 2. Itis 7-time larger than the optical powestiffness of flexures can be neglected. The electrical-mechanical
causing damage to the micromirror of Design 1. One reason fmerformance of this design is almost the same as Design 2.
this difference is that there are 4 flexures for the micromirror Fig. 9 shows the simulation results of the surface tempera-
shown in Design 2 instead of 3 flexures for the micromirraiure distribution for different micromirrors when the incident
shown in Design 1. More flexures can reduce the thermal resigtical power is 52.3 mW. Different colors represent different
tance of micromirrors and then dissipate more thermal energgmperatures. The maximum surface temperature will fall from
Flexure width is another reason for better energy dissipatid®b0 °C to 210°C if there is a gold layer on flexures and will
The width of flexures is 2.@um in Design 1, whereas 12,an  fall from 250°C to 178°C if there are two flexures along each
in Design 2. Wide flexures also reduce the thermal resistargide instead of one flexure. The results indicate that these two
of micromirrors and cause the increment of minimum opticalpproaches are efficient ways to increase micromirror perfor-
power induced damage to micromirrors. The threshold powenmsance for high-energy applications.
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Fig. 10 presents the experiment results of electrical-me-[5] D. M. Burns and V. M. Bright, “Optical power induced damage to mi-
Chanlcal performance for d|ﬁ:erent mlcromlrrors These two croelectromechanical mirrorsSensorS ACtUatOJ'S/OI. A70, pp. 6-14,
. . . . 1998.
|mproved rT\ICFOI‘T]II’I‘OI’S almqst have the same pL.J||-I_n voltage [6] ——, “Investigation of the maximum optical power rating for a
with the micromirror of Design 2. These results indicate that ~ microelectromechanical device,” Dig. Tech. Papers, 1997 Int. Conf.

those two proposed methods for better heat transfer do not Solid-State Sensors Actuators Transducers, 1. 1, Chicago, IL,
June 16-19, 1997, pp. 335-338.

affect their elecmcal_'meChamcal perf(_)rmance._ ) [7] J. Zhang, V. M. Bright, and Y. C. Lee, “Thermal interaction between

The threshold optical power for all kinds of micromirrors ob- laser and micro-mirrors,” irSpatial Light Modulators and Integrated
tained from simulation and optical power testing is listed in ~ Optoelectronic Arrays (Optical Society of AmericajSnowmass, CO:

bl hel b d ical ltingin d Optical Society of America, 1999, pp. 111-113.
Ta elV.The qweSto serve .optlca. power FES.U tingin amag?[S] D. Koester, R. Majedevan, A. Shishkoff, and K. Marciéulti-User
is about 10% higher than the simulation results in all cases. Vari-  MEMS Processes (MUMP’s) Introduction and Design Rules,
ations between the simulated and observed values may be due Reév4 Research Triangle Park, NC: MCNC MEMS Technology

. L - . Applications Center, 1996.
to t_he_e_stlmate of the emissivity of the po!ysmcon. Published (9] s M. Sze,Semiconductor SensorsNew York: Wiley, 1994.
emissivity measurements of MUMP’s polysilicon are not found.[10] R. Siegel and J. R. HowellThermal Radiation Heat Transfe2nd
Variations may also result from an inaccurate estimate for th? ed. New York: McGraw-Hill, 1981.
h | ductivi fth Ivsili he th | d 11] F.Volklein and H. Baltes, “A microstructure for measurement of thermal
t_ (_erma con UCt'Y!ty of the p_o ysilicon. The t erm_a conauc- conductivity of polysilicon thin films,"J. Microelectromech. Syswol.
tivity of the polysilicon used in MUMP’s may be higher than 1, no. 4, 1992. .
the value listed in Table I. Spot size of the laser beam may bg?2] A Bejan Heat Transfer New York: John Wiley & Sons, Inc., 1993.
. P - Y .[13] IEEE Micro Electro Mechanical Systems Worksh@plando, FL, Feb

another factor, which causes the variations. The actual spot size~ 1993
of the laser beam may be larger than the gold layer. The actual
width of the support flexures varies slightly from design values,
dePendmg on fabrication etch rates and t[lm.es' The sides of 59691glong Zhangreceived the B.S. degree in engineering mechanics from Ts-
electrodes and the top of flexures also dissipate thermal powhua University, Beijing, China, in 1998 and the M.S. degree and Ph.D. degree
to the surrounding gas. in mechanical engineering from the University of Colorado, Boulder, in 2000

Table 1V also |_nfj|cates that the. two .approaCheS prev'ouﬁggggoazyh;gzgﬁﬁgv;yg.ineer at Reflectivity, Inc., Sunnyvale, CA. His research
proposed are efficient to make micromirrors tolerate more iferests include design and modeling of micro electro mechanical systems
cident optical power. The minimum optical power resulting ifMEMS) for optical applications such as display, fiber optic switch, free space
damage increased from 58.5 mW for the micromirtor in Fig, 42| Tercemecton, acve algrment, ang MEWS corrolable mirdens
to 72.5 mW if the segmented gold slices are coated on the flg¥ckaging.

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 directlyag
the top of Poly1l layer in MUMPs. The minimum optical powe
increased to 109.1 mW if these two methods are combined |
gether. Compared with the micromirror of Design 1, more the

10-time increment of minimum optical power is obtained.
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licati der the | di terPACK'01. He is the Associate Editor of tAe&SsME Journal of Electronic
applications under the low surrounding gas pressure. Packagingand a Guest Editor for the IEEERENSACTIONS ON ADVANCED

PACKAGING: SPECIAL ISSUE ONMEMS/NEMS FACKAGING.

VI. CONCLUSION
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