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?ber optic bundle is collimated into parallel beams and 
projected in free space across the tops of an array of 
microcantilever bimorph optical switches. When selected, a 
particular switch is activated, thereby causing a ?rst 

(22) Filed: Jam 13’ 2003 bimorph switch element to pop up, and intercept and re?ect 
the optical radiation at an angle approximately 90° to the 
original optical path direction. This re?ected radiation is 
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Fig. 3A 
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Fig. 3B 
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OPTICAL SWITCHING SYSTEM 

[0001] This application is a continuation-in-part of co 
pending patent application Ser. No. 09/628,536, ?led Jul. 31, 
2000, entitled OPTICAL SWITCHING SYSTEM. 

TECHNICAL FIELD 

[0002] The present invention relates generally to a ther 
mally-activated bimorph optical switching element. More 
particularly, the invention relates to an optical switching 
system for ?ber optic cross connect and add-drop multiplex 
ers in Wavelength division multiplexing systems. 

BACKGROUND OF THE INVENTION 

[0003] The groWth of the Internet and the World Wide 
Web has created a demand for large data bandWidths and 
high-speed channel sWitching Within the telecommunica 
tions industry. Traditionally, telecommunications and other 
data transfer signals have been exchanged electrically via 
electrically-conductive Wires and cables. Increased band 
Width requirements have led to the adoption of optical signal 
transfer via ?ber optic cables. Optical ?ber communications 
Were originally developed for large bandWidth applications, 
such as long distance trunk cables connecting local metro 
politan telephone exchanges. As the cost of these ?ber optic 
netWorks has decreased and the demand for signal band 
Width increased, ?ber optic communications netWorks are 
being installed in local metropolitan area netWorks, and as 
parts of local area netWorks (LANS) for data exchange 
betWeen computers in of?ces and other commercial and 
government environments. 

[0004] Crucial elements in these ?ber optic communica 
tions netWorks are the sWitches and routers that direct the 
optical signals from various sources to any one of a multi 
tude of destinations. Such sWitches can be used in a variety 
of applications, including N><N cross-connect sWitches for 
sWitching signals betWeen arrays of input and output optical 
?bers, add-drop multiplexers in Wavelength-division-multi 
plexing (WDM) and the more recent dense-Wavelength 
division-multiplexing (DWDM) systems, recon?gurable 
netWorks, and hot backups for vulnerable components and 
systems. These and other similar applications require 
sWitches With moderate sWitching speeds of one millisecond 
or less, loW insertion loss, loW noise, loW dispersion, and 
loW cross talk. Additional needs are for loW cost, small form 
factor, and easily manufacturable components to facilitate 
the rapid adoption of these technologies in Wider arrays of 
optical sWitching applications. 

[0005] Many sWitching techniques have been developed 
to facilitate the generation and transfer of these optical 
signals in ?ber optic netWorks. Initially, to sWitch signals 
betWeen various arrays of optical ?bers, the optical signals 
had to be converted to electrical signals, conditioned, ampli 
?ed, and routed to laser light sources and modulators before 
being retransmitted to the output optical ?ber. Electrical 
sWitching schemes are undesirable in these applications due 
to the reduced bandWidth, increased noise, and added cost 
and complexity of the resulting system designs. As a result, 
several all-optical sWitching schemes have been developed, 
or are under development, for use in telecommunications 
and data transfer netWorks, but all of these designs have 
limitations in these applications. 
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[0006] What is needed, therefore, is a reliable, loW-cost, 
high-bandWidth, loW-loss optical sWitching system. 

SUMMARY OF THE INVENTION 

[0007] The foregoing and other needs are met by a device 
for sWitching optical signals completely Within optical 
media, from an arbitrary number of N input optical ?bers to 
a different set of M output optical ?bers. The invention uses 
a thermally-activated bimorph optical sWitch to redirect 
optical radiation emitted by a laser light source, or from the 
end of an optical ?ber, to an input end of another optical 
?ber. The modulated optical radiation from the input ?ber 
optic bundle is collimated into parallel beams and projected 
in free space across the tops of an array of microcantilever 
bimorph optical sWitches. When selected, a particular sWitch 
is activated, thereby causing a ?rst bimorph sWitch element 
to pop up, and intercept and re?ect the optical radiation at an 
angle approximately 90° to the original optical path direc 
tion. This re?ected radiation is intercepted by another essen 
tially identical bimorph sWitch element, located above or 
beloW the ?rst sWitch element, that directs the radiation in a 
plane essentially parallel to that of the original beam plane, 
but above or beloW the original plane, and at approximately 
right angles to the original beam direction. The optical 
radiation is directed by the second sWitch element to output 
optical ?ber collimating optics. This radiation is then 
coupled into the selected output optical ?ber. 

[0008] Both the input and output optical ?bers and the 
bimorph sWitching elements can be operated in an inter 
changeable fashion. Consequently, the optical radiation can 
travel in either direction once a connection betWeen tWo 
optical ?bers has been established. Thus, the invention is a 
bi-directional optical sWitching system With complete sym 
metry betWeen the inputs and outputs of the sWitch. Since 
the input and output optical radiation traverses tWo different 
and parallel optical planes, the input and output optical 
beams do not cross or interact When traversing the sWitch. 

[0009] The microcantilever (or bimorph) optical sWitch 
elements are composed of tWo or more thin ?lm layers that 
possess large differences in their thermal expansion coef? 
cients. When heated, the difference in thermal expansion of 
the layers induces a surface stress on the cantilever structure, 
causing it to bend to relieve the resultant stress. The bending 
of the cantilever structures causes the free end of the 
cantilevers to move to intercept the optical radiation emitted 
by the input optical ?ber. 

[0010] The bottom layer of the bimorph sWitch elements is 
fabricated from a metal that is highly re?ective at the 
Wavelength of the optical radiation, and that possesses a 
large thermal expansion coef?cient. A thin electrically 
insulating middle layer is preferably included in the struc 
ture to electrically isolate the bottom layer from the upper 
layer. The upper layer is fabricated from a loW thermal 
expansion, doped semiconductor material, Which is pat 
terned and doped to create a resistive heater for uniformly 
heating the bimorph structure. 

[0011] When a sWitch is selected, a pulsed electrical 
current passes through the resistive heaters of the sWitch 
elements, thereby heating the bimorph structures. When the 
bimorph structures are heated, the free end of the cantilevers 
of both structures rise and intercept the optical beam. The 
bending angle of the bimorph sections of each of the sWitch 



US 2003/0223678 A1 

paddles is preferably about 45°. The optical radiation is 
re?ected by the upper metal surface of the loWer bimorph 
sWitch paddle, or the loWer metal surface of the upper sWitch 
paddle, in an intermediate direction at an angle approXi 
mately 90° to the original path of the optical beam. The 
optical radiation is then intercepted by the loWer surface of 
the upper sWitch element, or the upper surface of the loWer 
sWitch element, and is re?ected at an angle that is approXi 
mately 90° to both the original beam direction and the 
intermediate beam direction, and in a beam plane that is 
parallel to, but not coplanar With, the original beam direc 
tion. The re?ected optical radiation is directed to the colli 
mating optics of an adjacent output optical ?ber and is 
focused onto the core region of the output ?ber. 

[0012] The optical sWitching device of the present inven 
tion offers the folloWing bene?ts: (1) high speed sWitching 
With thermal time constants of less than one millisecond, (2) 
N><N sWitching operation, (3) scalability to large sWitch 
arrays Where N may be several hundred to several thousand 
sWitch array dimensions, (4) one-dimensional sWitch paddle 
controls With simple feedback control to precisely align the 
sWitch paddles to the input and output optical ?bers, (5) 
in-plane sWitch construction With resultant ease of fabrica 
tion and alignment, (6) loW insertion losses and cross talk, 
(7) loW sWitch activation poWer on the order of milliWatts 
per sWitch element, (8) small physical siZe, and (9) loW cost 
fabrication due to complete silicon integrated circuit com 
patibility. 

[0013] In one aspect, the invention provides an optical 
sWitch for directing at least one optical beam from a ?rst 
propagation plane to a second propagation plane that is 
parallel With the ?rst propagation plane. The sWitch includes 
a ?rst sWitch portion having a substantially-planar ?rst 
re?ective surface portion. The ?rst re?ective surface portion 
is operable to move in a ?rst pitch plane betWeen a ?rst 
de?ection angle and a second de?ection angle. When at the 
?rst de?ection angle, the ?rst re?ective surface portion 
intercepts the optical beam propagating along a ?rst propa 
gation path in the ?rst propagation plane and re?ects the 
optical beam at a ?rst re?ection angle into an intermediate 
propagation path. When at the second de?ection angle, the 
?rst re?ective surface portion does not intercept the optical 
beam. The sWitch also includes a second sWitch portion 
having a substantially-planar second re?ective surface por 
tion. The second re?ective surface portion is operable to 
move in a second pitch plane betWeen at least the ?rst 
de?ection angle and the second de?ection angle, Where the 
second pitch plane is substantially perpendicular to the ?rst 
pitch plane. When at the ?rst de?ection angle, the second 
re?ective surface portion intercepts the optical beam propa 
gating along the intermediate propagation path, and re?ects 
the optical beam at a second re?ection angle into a second 
propagation path in the second propagation plane. When at 
the second de?ection angle, the second re?ective surface 
portion does not intercept the optical beam. 

[0014] In a preferred embodiment, the ?rst sWitch portion 
includes a ?rst paddle disposed adjacent the ?rst propagation 
path. The ?rst paddle has a ?Xed portion and a free end, With 
the ?rst re?ective surface portion adjacent the free end. The 
?rst paddle is operable to bend upon a change in tempera 
ture, thereby moving the ?rst re?ective surface portion 
betWeen the ?rst and second de?ection angles. The second 
sWitch portion includes a second paddle oriented substan 
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tially perpendicular to the ?rst paddle. The second paddle, 
Which is disposed adjacent the second propagation path, has 
a ?Xed portion and a free end, With the second re?ective 
surface portion adjacent the free end. The second paddle is 
operable to bend upon a change in temperature, thereby 
moving the second re?ective surface portion betWeen the 
?rst and second de?ection angles. 

[0015] Preferably, the ?rst and second paddles each 
include an upper layer having a ?rst coef?cient of thermal 
eXpansion, and a loWer layer mechanically coupled to the 
upper layer. The loWer layer has a second coef?cient of 
thermal eXpansion that is different from the ?rst coef?cient 
of thermal eXpansion. The change in temperature causes the 
upper and loWer layers to change in siZe at different rates due 
to the differences in coef?cients of thermal eXpansion, 
thereby creating stress in the paddle and causing the paddle 
to bend. 

[0016] In another aspect, the invention provides an optical 
sWitching device for selectively transferring at least one 
optical beam betWeen at least one ?rst optical channel and 
M number of second optical channels. The device comprises 
a ?rst optical structure for propagating the optical beam 
along a ?rst propagation path in a ?rst propagation plane. 
The device further comprises a 1><M-dimensional array of 
optical sWitches that includes M number of ?rst sWitch 
portions adjacent to and aligned in parallel With the ?rst 
propagation path. The ?rst sWitch portions have substan 
tially-planar ?rst re?ective surface portions that are operable 
to move in a ?rst pitch plane betWeen a ?rst de?ection angle 
and a second de?ection angle. When at the ?rst de?ection 
angle, one of the ?rst re?ective surface portions intercepts 
the optical beam propagating along the ?rst propagation path 
in the ?rst propagation plane and re?ects the optical beam at 
a ?rst re?ection angle into an intermediate propagation path. 
When at the second de?ection angle, the ?rst re?ective 
surface portions do not intercept the optical beam. The array 
of optical sWitches further includes M number of second 
sWitch portions adjacent the corresponding ?rst sWitch por 
tions. The second sWitch portions have substantially-planar 
second re?ective surface portions that are operable to move 
in second pitch planes betWeen the ?rst de?ection angle and 
the second de?ection angle. The second pitch planes are 
substantially perpendicular to the ?rst pitch plane. When at 
the ?rst de?ection angle, one of the second re?ective surface 
portions is operable to intercept the optical beam propagat 
ing along the intermediate propagation path and re?ect the 
optical beam at a second re?ection angle into one of M 
number of substantially parallel second propagation paths in 
a second propagation plane. The second propagation paths 
are substantially perpendicular to the ?rst propagation path, 
and the second propagation plane is substantially parallel 
With the ?rst propagation plane. When at the second de?ec 
tion angle, the second re?ective surface portions do not 
intercept the optical beam. The device also includes M 
number of second optical structures disposed in the second 
propagation plane. Each of the second optical structures is 
optically aligned With a corresponding one of the M number 
of second sWitch portions in a corresponding one of the M 
number of second propagation paths. Each of the second 
optical structures is operable to receive the optical beam 
from the corresponding one of the second re?ective surface 
portions and direct the optical beam to a corresponding one 
of the M number of second optical channels. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] Further advantages of the invention Will become 
apparent by reference to the detailed description of preferred 
embodiments When considered in conjunction With the 
drawings, Which are not to scale, Wherein like reference 
characters designate like or similar elements throughout the 
several draWings as folloWs: 

[0018] FIG. 1 depicts an optical sWitching device accord 
ing to a preferred embodiment of the invention; 

[0019] FIG. 2 is an isometric vieW of a portion of the 
optical sWitching device containing four sWitches according 
to a preferred embodiment of the invention; 

[0020] FIG. 3A is an isometric vieW of one non-activated 
bimorph sWitch element according to a preferred embodi 
ment of the invention; 

[0021] FIG. 3B is an isometric vieW of one activated 
bimorph sWitch element according to a preferred embodi 
ment of the invention; 

[0022] FIG. 4A is an elevation vieW of one non-activated 
bimorph sWitch element according to a preferred embodi 
ment of the invention; 

[0023] FIG. 4B is an elevation vieW of one activated 
bimorph sWitch element according to a preferred embodi 
ment of the invention; 

[0024] FIG. 5A is a top vieW of one non-activated 
bimorph sWitch element according to a preferred embodi 
ment of the invention; 

[0025] FIG. 5B is a top vieW of one activated bimorph 
sWitch element according to a preferred embodiment of the 
invention; 

[0026] FIG. 6 is schematic diagram of a circuit for selec 
tively activating individual sWitches of the optical sWitching 
device according to a preferred embodiment of the inven 
tion; 

[0027] FIG. 7 is an isometric vieW of an active feedback 
circuit used for alignment of the re?ecting surfaces of the 
bimorph sWitch to optimiZe signal transmission through the 
sWitch according to a preferred embodiment of the inven 
tion; 

[0028] FIGS. 8A-E depict eXpected locations of the opti 
cal beam on a four-quadrant optical detector under various 
alignment conditions according to a preferred embodiment 
of the invention; 

[0029] FIG. 9 is a schematic diagram of an equivalent 
thermal circuit of a bimorph optical sWitch according to a 
preferred embodiment of the invention; 

[0030] FIG. 10 is a graph depicting modeled response 
time of a bimorph sWitch element as a function of the length 
of a thermal isolation gap for several sWitch paddle lengths; 

[0031] FIG. 11 is a graph depicting modeled sWitch posi 
tional responsivity in microns/C as a function of the thick 
ness of the polysilicon resistive ?lm layer for several dif 
ferent bi-material ?lm thicknesses; 

[0032] FIG. 12 is a graph depicting the maXimum tem 
perature required to fully activate a bimorph sWitch as a 
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function of the polysilicon ?lm thickness for several bi 
material ?lm thicknesses; and 

[0033] FIGS. 13A-C shoW three graphs depicting modeled 
sWitch paddle tip position as a function of time after appli 
cation of a sWitch heating pulse. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0034] FIG. 1 depicts a cross-connect optical sWitching 
device 10 for sWitching optical signals betWeen a ?rst 
optical structure, comprising N number of ?rst optical ?bers 
FlN, to a second optical structure, comprising M number of 
second optical ?bers FZM. The optical signals, such as 
telephone or data signals in a telecommunication netWork, 
generally consist of modulated optical radiation. In the 
eXample depicted in FIG. 1, there are ?ve ?rst ?bers FM-F15 
(N=5) and ?ve second ?bers F21-F25 (M=5). HoWever, it 
should be appreciated that the invention is not limited to any 
particular number of ?rst or second channels. 

[0035] In the preferred embodiment of the invention, the 
sWitching device 10 is a completely reciprocal device, such 
that optical ?bers F1N and F2M can act as input ?bers or 
output ?bers, depending on the direction of propagation of 
the optical signals. Thus, it should be appreciated that the 
operation of the invention is not limited to the direction of 
propagation of the optical signals. Further, at any particular 
instant in time, any one or more of the ?bers F1N could be 
input ?bers, While other of the ?bers F1N are output ?bers. 
Similarly, at any particular instant in time, any one or more 
of the ?bers F2M could be input ?bers, While other of the 
?bers F2M are output ?bers. 

[0036] When the ?rst ?bers F1N act as input ?bers, the 
optical signals radiate from the ends of the ?rst ?bers F1N 
and are captured by beam-collimating optics, such as lenses 
LlN. The lenses L1N collimate the optical signals into N 
number of parallel beams of light, each of Which is projected 
in free space over M number of microcantilever optical 
sWitches SNM. When the second ?bers F2M act as input 
?bers, the optical signals radiate from the ends of the second 
?bers F2M and are captured by beam-collimating optics, 
such as lenses LZM. The lenses L2M collimate the optical 
signals into M number of parallel beams of light, each of 
Which is projected in free space over N number of the 
microcantilever optical sWitches SNM. 

[0037] In an alternative embodiment, the ?rst or second 
optical structures comprise modulated light sources, such 
laser sources or light-emitting diode (LED) sources, for 
generating modulated optical signals. In this embodiment, 
the ?rst optical ?bers F1N or the second optical ?bers F2M are 
replaced by the modulated light sources. 

[0038] As shoWn in FIG. 1, a preferred embodiment of the 
device 10 includes optical sWitches S11- S15 aligned in a 
column substantially parallel to the beam emitted from the 
lens L11, the sWitches S21- S25 aligned in a column substan 
tially parallel to the beam emitted from the lens L12, and so 
forth. As described in more detail hereinafter, When a 
particular one of the sWitches, such as S25, is selected, a ?rst 
portion S25a of the sWitch S25 pops up, intercepts the corre 
sponding optical beam, and re?ects the optical beam toWard 
a second portion S25b of the sWitch S25. The radiation is 
re?ected from the ?rst portion S25a in an intermediate 
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direction at an angle of about 90°, travels a short distance in 
the intermediate direction, and is re?ected from the second 
portion S25b that popped up When the sWitch S25 Was 
selected. Based on the angle of re?ection from the second 
portion Szsb, Which is also preferably about 90°, the radia 
tion is directed into a second lens L25. The second lens L25 
directs the optical radiation into the corresponding second 
?ber F25. Preferably, there are M number of second lenses 
L2M corresponding to the M number of second ?bers FZM. 

[0039] In the eXample of FIG. 1, sWitches S25, S31, S43, 
and S52 are selected to route optical signals betWeen the ?rst 
?ber F12 and second ?ber F25, betWeen ?rst ?ber F13 and 
second ?ber F21, betWeen ?rst ?ber F14 and second ?ber F23, 
and betWeen ?rst ?ber F15 and second ?ber F22, respectively. 

[0040] Thus, each column of sWitches, such as Sll-Sls, 
forms a 1><M-dimensional array Which is capable of routing 
optical signals betWeen any one of the N number of ?rst 
optical ?bers Pm and any one of the M number of second 
optical ?bers FZM, and betWeen any one of the M number of 
second optical ?bers FZM and any one of the N number of 
?rst optical ?bers FlN, completely in optical media. Since 
there is no need to convert the input signals from an optical 
format to an electrical format to accomplish the sWitching, 
there is little or no loss in bandWidth. Further, the sWitching 
system 10 introduces much less insertion loss than Would be 
introduced by a system that requires conversion from optical 
to electrical and back to optical formats. Other advantages of 
the invention Will be obvious as further details of the system 
10 are described beloW. 

[0041] With continued reference to FIG. 1, the preferred 
embodiment of the invention includes N number of output 
lenses LO]LN disposed on the opposite side of the array of 
sWitches from the ?rst lenses LlN, and M number of output 
lenses L02M disposed on the opposite side of the array of 
sWitches from the second lenses LZM. If no sWitch SNM is 
selected in a given column of the array, then the optical beam 
from a ?rst lens L1N corresponding to that column is incident 
upon the corresponding output lens LolN. For eXample, as 
shoWn in FIG. 1, the optical beam from the ?rst ?ber F11 and 
lens L11 is not intercepted by any of the sWitches S11-15, and 
is therefore incident upon the output lens L011. Also, the 
optical beam from the second ?ber F24 and lens L24 is not 
intercepted by any of the sWitches S14-S54, and is therefore 
incident upon the output lens L024. The lenses L0 11 and LO24 
focus the beams onto corresponding optical light detectors 
D11 and D24 Which convert the optical signals into electrical 
signals. The electrical signals from the detectors D11 and D24 
are provided to a sWitch control logic unit 19. 

[0042] Generally, the modulated optical signals carried by 
the optical beams include header information indicating the 
source and the intended ?nal destination of the information 
carried by the optical signals. Preferably, before any sWitch 
in a column of an array is activated, the sWitch control logic 
unit 19 receives and decodes the header information in the 
optical beam, and determines Which sWitch in the column 
should be activated to send the signal to the appropriate 
output ?ber to carry the signal to its ?nal destination. Based 
on the header information, the sWitch control logic unit 19 
generates a sWitching signal that is used in selecting the 
appropriate sWitch in the array. Preferably, after a particular 
packet of information has been routed through to the appro 
priate output ?ber by selection of one of the sWitches SNM, 
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the selected sWitch is deactivated, and the optical beam is 
again provided to the corresponding one of the detectors 
D or D2M so that the header information in the neXt 
. 1N . 

information packet may be processed. 

[0043] As shoWn in FIG. 1, the preferred embodiment of 
the sWitching device 10 includes a number of spare sWitches 
SSH-SS25 that may be used in the event that any of the 
sWitches SM-S55 fail. For eXample, if any of the sWitches 
Sn-S15 Were to fail, an input signal on ?ber F11 could be 
rerouted to the spare ?ber F51, and the spare sWitches 
Sn-SS15 Would be used in place of the sWitches S11-S15. 

[0044] In the preferred embodiment, the system 10 of 
FIG. 1 is operable in a number of sWitching modes. The 
optical beams can be redirected from N number of ?rst 
optical ?bers FlN to an equivalent number of second optical 
?bers F2N(M=N) in an arbitrary fashion to form an N><N 
sWitch. Alternatively, the signals from N number of ?rst 
optical ?bers FlN can all be directed into a single one of the 
second ?bers F2M(M=1) to form an N><1 sWitch. In yet 
another con?guration, the radiation from tWo or more ?rst 
optical ?bers FlN can be combined in an arbitrary fashion to 
produce an output array With up to N operational second 
optical ?bers F2N(an N><M sWitch). Thus, N and M may be 
any number, and are completely independent. 

[0045] FIGS. 2, 3A-B, 4A-B, and 5A-B depict portions of 
the sWitching system 10 in more detail. FIG. 2 is an 
isometric vieW of four of the sWitches, such as S11, S12, S21, 
and S22. SWitch S21, in a non-activated position, is depicted 
in even greater detail in FIGS. 3A, 4A, and 5A. SWitch S22, 
in an activated position, is depicted in FIGS. 3B, 4B, and 
5B. Preferably, each sWitch SNM includes a cantilevered 
paddle 20 having a ?Xed end attached to a paddle support 
post 35 and a free end extending over a cavity region 22. The 
paddle section 20 is preferably 50-500 microns in length, 
20-200 microns in Width, and composed of three primary 
layers: a loWer layer 24, a middle layer 26, and an upper 
layer 28. The loWer paddle layer 24 is preferably metal that 
is highly re?ective at the Wavelength of the optical radiation, 
and Which possesses a large coef?cient of thermal eXpan 
sion, such as Al, Au, Pb, or Zn. The middle paddle layer 26 
is a thin electrically-insulating dielectric layer for electri 
cally isolating the loWer layer 24 from the upper paddle layer 
28. Preferably, the middle layer 26 is composed of SiO2, 
SiC, Si3N4, SiXOyNZ or HXSiyCZ. In the preferred embodi 
ment, a very thin bonding layer 30, such as Cr, Ti, TiW, TiN, 
or nichrome, is used to bond the loWer metal layer 24 to the 
middle insulating layer 26. 

[0046] The paddle support post 35, Which mechanically 
connects the ?Xed end of the paddle 20 to the substrate 21, 
is preferably constructed from silicon carbide, silicon 
nitride, or hydrogenated/oxygenated versions of these mate 
rials. As Well as supporting the ?Xed end of the paddle 20, 
the paddle support post 35 provides electrical isolation 
betWeen the vias 34 and 36. The substrate 21 is preferably 
formed from a silicon semiconductor Wafer. 

[0047] The upper paddle layer 28 is preferably fabricated 
from a semiconductor material having a loW coef?cient of 
thermal eXpansion, such as doped polysilicon. The upper 
paddle layer 28 is patterned, preferably in a serpentine 
shape, and doped to someWhat increase its electrical con 
ductivity, thereby forming serpentine resistive heaters 32a 
and 32b. Preferably, the heaters 32a and 32b have a resis 


















