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Thermally-actuated reflection mode asymmetric Fabry—Perot modulator
utilizing a thin transparent elastomeric film
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This letter describes a thermally-actuated reflection mode asymmetric Fabry—Perot modulator that
consists of a thin transparent elastomeric film bounded by partially and highly reflecting metallic
mirrors. The thickness of the transparent layer determines the intensity of light reflected from the
modulator; changes in its thickness modulate the reflectivity. Electrical current flowing through the
highly reflecting mirror provides a source of heat for controlling, by thermal expansion, the
thickness of the elastomeric film. Modulators with this design show contrast ratidsdB and
insertion losses<0.3dB. © 1998 American Institute of PhysidsS0003-695(98)02116-0

Modulators are important components of nearly all opti-accumulates upon passage through the film determines how
cal processing systems. The sensitivity of the optical propertight reflected from the rear of the cavity interferes with light
ties of bulk materials to electric or magnetic fields, or toreflected from the surface of it. When the wavefronts asso-
mechanical strains forms the basis of most conventionajated with these reflections are in phase, the reflectivity of
modulatorlé More recently, several varieties of high perfor- \he sirycture is high; when they are out of phase, the reflec-
mance micromechanical modulators—tilting micromirrors, tivity is low. Resistive heating induced by flowing current

deformable diffraction gratings using silicon microbedrmis through one of the mirrors causes expansion of the transpar-

trinoc:ded m?é?g;?lvr};sri’ émecg?]rgjlcalI){un?élljestablﬁ ati;tlrsfelfgt_ ent film, changes the path length for light passing through it,
' and modulates the reflectivity of the device.

microcavitie§ 2 —have been demonstrated. In this commu- D 3 o
nication we describe micromechanical devices based on ther- 1he depth of modulation is determined by the reflectivity
mal control of the interference that occurs from multiple re-Of the mirrors and by the loss in the cavity. It is straightfor-
flections in planar optical cavities that consist of thinward to show that when phase shifts induced by the partial
transparent elastomeric films bounded by thin partially andeflector are smalflthe reflectivity of the modulatorR,,) is
highly reflecting metallic mirrorgFig. 1). The phase that given by

(VR= V(1= A)R,)2+ 4 (1= A)R;R, SI? ¢+ Ag[ (1= A)Ry(A;—2)+2V(1— A)RR,(1— 2 sir? ¢)]
R =

" (1— V(1= A)R{Ry) 2+ 4V(1-A)RR, Sir ¢ ’
|
where typical of the devices described hefie;=65%, A;=5%,
2t R,=95%, andA=15%), R,, varies between-0.03 and
b= 7;\ + o. (1) ~0.93; the change in thicknesa{) required to switch from

states of maximum to minimum reflectivity is given by

The phaseg, due to passage through the cavity is deter-
mined by\, the wavelength of the light, the thickness of At L @)
the transparent layer, ang its index of refraction; it also ~4n°

depends onpg, the phase shift due to reflection from the

high reflector. The reflectivities of the partially and highly This change can be achieved through thermal expansion
reflecting mirrors ard?; andR;, respectivelyA; is the loss  induced by resistive heating in the high reflector. When loss
associated with passage through the partial reflectorAasd  of heat from the device is proportional to the difference in
the loss associated with passage through the transparent layemperature between a heat sink and the device itself, and
twice, and reflection from the high reflector once. For valuesyhen the change in phase is due entirely to a change in
thickness, then the change in phase induced by passage of

aElectronic mail: jarogers@physics.lucent.com currenti through the resistive heater/high reflector with re-
YElectronic mail: gwhitesides@gmwgroup.harvard.edu sistanceR and areaa is given by
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FIG. 2. Steps for fabricating thermally-actuated reflection mode asymmetric
Fabry—Perot optical modulators. Electrodeposition of Ag through a mesh
yields lines of Ag with thicknesses 1—2um in all regions except those
protected by the mesh. Spin coating and curing polydimethylsiloxane
(PDMS) onto the patterned slides yields a thin transparent elastomeric film
(~5.5um). Evaporation of Ag {100 A) onto the PDMS completes the
planar optical cavity; no additional alignment is requir€the thickness of
this film was optimized empirically to give the largest contpa§urrent
applied to the Ag lines causes significant heating only in the regions with
~1000 A thicknesdi.e., the active areas of the device

reflection mode asymmetric Fabry—Perot optical modulators. A partial re-
flector on the front surface and a high reflector on the back surface of a thiparent elastomers are near 1.5, many of them can be easily

transparent elastomeric film form a planar optical cavity. Changes in thedoped with dyes to increase this value. These characteristics,

thickness of the elastomer modulate the phases of multiple reflections . . - . . . . .
through the cavity. The thickness is controlled through thermal expansiorﬁ'ilong with their ab”'ty to be dep03|ted in thin uniform films

induced by resistive heating of the high reflectdy. Distorted finite element by sSpin casting, make elastomers well suited for the trans-
meshes and temperature contours for a slab of material heated on part of garent layer in the modulators described here.
lower surface. Displacements are exaggerated for illustration. The difference Figure 2 shows steps for fabricating devices like those

in temperature between adjacent contours is constant; for this particular A . .
system, the temperatures near the outer contours-@ré times the peak described above. Electron-beam evaporation and simple

temperature. The portions of the lower surface not connected to the heater
undergo heat loss to a sink held at constant temperature; the front surface is
thermally insulated. Equations presented in the main text assume that the

X X R L X . (a) . B heating
thermal expansion is uniform and does not misalign the optical cavity; ex- o ]
perimental data validate these assumptions. 0.8 L’ . ® cooling
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where\ is the wavelength of light evaluated in vacuum and o3 AN
AT is the change in temperature. The index of refraction of £, | o™ :
. . . 2 . ' contrast ratio ~ 15 dB
the thin transparent layer s, andt, v, p, andC, are its . .
thickness, Poisson ratio, density, and heat capacity, respec® | n*®
. . . . . 2
tively. The bulk linear coefficient of thermal expansion O‘”f
(CTE) is «, and ay is the out-of-plane CTE for a thin Ooﬁ "

film tightly bound to a rigid supporf J is a figure of merit
that characterizes the film; it determines, for a givem, t,

Power Density (mW/mm?)

and rate of loss of heat from the film. how much eIectricaIF'G' 3. Performance of a thermally-actuated reflection mode asymmetric
’ Fabry—Perot optical modulator that incorporates a thin transparent elasto-

power IS requwed to Change the phaSes Iarge wherw, n, meric film. (a) Reflectivity of the device measured at 633 nm with a HeNe
and e, are large and whep andC, are small. Elastomeric laser as a function of current passing through the resistive heater/high re-
materials have Poisson ratios near 0.5; they generally a|§t§:9tor. After data were coIIecteq during heating and coqling,the current was
have Iargea The products of their densities and heat Ca_adjusted to locate the extrema in the reflectivity. Intensity as a function

. L- . . .~ of power density applied to the heater. The data indicate an insertion loss of
pacities are relatively small for solid transparent materials._q 3 4B, and a contrast ratio of 15 dB. (In both frames, the dashed lines

Furthermore, although the indices of refraction of most transare guides for the eyge.
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"To (3), implies that the thickness of the elastomeric film in-
08 , N = creases by~150 nmt* when the device is switched. This
E | K value is reasonably close t0110 nm!* the change in thick-
g 067 - B - ness expected based on EB). The agreement of these two
? 0.4 B y displacements indicates that the phase is modulated primarily
E 02 " = .- by changes in thickness; the25% discrepancy is possibly
- L due to differences in the bulk and thin film properties of

T
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Temperature (°C)

PDMS or to the dependence of the index of refraction on the
temperature and density of the PDNS.

| The optical modulators described in this letter perform
05 ®)  AT-25°C——>m - well and are easy to build; their operation can be accounted
s S , for with a simple model. These devices represent examples
& 06 . ‘s N of microelectromechanical systerfldEMS) in which ther-
£ 0al - 3 ! mal actuatiof®"**and elastomeric materials both play critical
£ §---um® ' a roles. Thermal expansion provides a convenient means to
0.2 L N achieve the forces that are required to change the thickness
0 ‘ ‘ ‘ ‘ ‘ of the elastomer. The enhancement of the out-of-plane CTE
0 100 200 300 400 500 600 for thin elastomeric films tightly bound to rigid substrates
~ 1o Current (mA) and their generally large bulk linear CTEs enable optically
% 1 (© . significant out-of-plane displacements for small changes in
g 801 temperature. Although the good performance and simplicity
£ o current? — of these modulators are attractive, disadvantages of elas-
g . tomers and thermal actuation includ¢ sensitivity to fluc-
< 407 tuations in temperaturdii) potentially high consumption of
2 04 power, and(iii) switching times limited by the rate of ther-
§ Ol-' mal diffusiqn gnd the gfficiengy of a sink to remove heat
0 00 200 300 400 500 600 (e.g., unoptimized devices, with active areas-el mnt?,

Current {mA) have switching times-1 9). In spite of these drawbacks, we
FIG. 4. (3 Intensity of 633 nm light from a HeNe laser reflected from a believe that for many applications, elastomers and thermal
thermally-actuated reflection mode asymmetric Fabry—Perot optical moduexpansion will provide attractive alternatives to materials

lator as a function of temperature of the device, &bdas a function of and actuators conventionally used in MEMS.
current passing through the resistive heater/high refleCibe dashed lines

are guides for the eye(c) Change in temperature as a function of current ;

passing through the heater; these data were derived faprand (b). The . This research_ was supported by ON.R and DARPA, and
solid line in (c) shows that the increase in temperature is proportional to thd Part by the National Science F_O_L%ndat'm'w'9312572-
square of the currentThe device used to collect the data shown here waslt also used MRSEC Shared Facilities supported by the NSF

not optimized to achieve large modulation depths. under Award No. DMR-9400396.
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