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An innovative system was designed to optically measure the curvature of microelectromechanical
system at high temperatures. The system takes advantage of the limited numerical aperture of the
imaging system to detect the curvature of cantilever beams. Images of the beam are used to
determine beam curvature at high temperatures of up to 850 °C by analyzing the apparent change in
beam length as seen by the camera during an experimental trial. The system is designed to operate
at very high temperatures, which is difficult in conventional microscale curvature measurement
techniques such as scanning electron microscopy or stylus profilometry due to excess heating of
peripheral equipment. The system can measure curvatures as small as3@thioh corresponds

to tip deflections of 1.5um for a 100um beam. The resolution of the system is limited by the image
resolution of the charge-coupled device camera, and increases at large curvatures. The maximum
curvature that can be measured by the system is limited by the increase in system resolution, and is
estimated to be 4500 ™, corresponding to 2xm deflection for a 10Qum beam. The apparatus

was demonstrated to measure the thermally induced curvature of multilayered thin-film cantilever
beams. The beams bend at high temperatures due to mismatch in thermal expansion coefficients
between the layers. One innovative application of such curvature measurement is the determination
of thermophysical properties of thin films at elevated temperatures. This article presents the
experimental setup and operational theory of apparatus, as well as curvature measurements obtained
by the system. The thermal expansion coefficient of polycrystalline silicon, determined from the
curvature measurements, are also discussed20@0 American Institute of Physics.
[S0034-674800)04401-4

I. INTRODUCTION layered cantilever beanis.Techniques for determining
Young's modulus have been developed for room tempera-
Application of silicon-based thin-film materials, which ture, including deflection of cantilevefs, measurement of
were conventionally used as electrical components in intethe resonance frequencies of micromachined strucfares,
grated circuits, are extending to mechanical components dusulge testing of membrané&s, and direct tensile testing of
to development of microelectromechanical syst¢MEMS)  thin film specimernt®=? However, these methods generally
technology. As this transition is made, the need for determicannot be applied to high temperatures due to delicate instru-
nation of thermophysical properties of thin films is growing. mentation used. Study of thermal expansion coefficients of
Properties of interest include Young's modulus, depositiorthin films have been more challenging; experimentation at
or residual stress, thermal expansion coefficient, and Poisigh temperature is a necessity for the determinatior,of
son’s ratio. Furthermore, as MEMS applications extend tdeading to difficulties in experimental design and implemen-
high temperatures, properties at temperatures exceedingtion. Measurement of thermally induced curvature is a
800 °C are desired to address all practical temperature rangenique technique which allows the determination of material
Curvatures of multilayered structures, induced by theproperties at high temperatures.
differences in the mechanical properties and stress states of Measurement of stress-induced curvature on the wafer
the layers, can yield valuable information about the properfevel has been demonstrated for the determination of residual
ties that caused the curvature. A technique was developed tresses in thin film layerS.In these cases, the curvature is
determine the thermal expansion coefficients) and measured optically using lasers, or by interferometry, or me-
Young’s moduli(E) of thin film layers as functions of tem- chanically by stylus profilometef8. However, because re-
perature, based on the thermally induced curvature of multisidual stress is a combination of deposition and thermal
stress, thermally induced curvature is generally smaller in
“Author to whom correspondence should be addressed; electronic maiMagnitude than curvatures due to residual stress. Thermally
pwong@tufts.edu induced curvature of wafer due to thin film is typically very
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small due to the relatively large thickness of the wafer, and
cannot be readily measured. In order to induce large curva
tures, multilayered thin film cantilever beams were
designed?®

Optical curvature measurement techniques that are use
on the wafer-level cannot be adapted to microscale curvaturt
measurements. Curvatures of micromachined thin film struc-
tures are typically measured by a stylus profilometer or from
a scanning electron microscog$EM) micrographt® Both
of these instruments cannot be applied at extremely higlr
temperatures due to excessive heating of peripheral equip|
ment that are often in close proximity to the sample. Further-| s
more, SEM requires a clear side-view of the beams in orderl____
to determine curvature, and therefore is difficult to measure ) ) )

G. 1. SEM micrograph of multilayered cantilever beam. The beams

negative curvature as the beams bend into the Si SUbSIra@n‘own are approximately 50m long, and consist of poly-Si top layer and

Optical techniques for measuring curvatures of microstrucsio, hottom layer. The beams are suspended over Si substrate by 25
tures, such as laser profilometry, also have limited operatingap.

temperatures. In order to measure curvatures of microma-
chined structures at high temperatures, an innovative experizion or annealing effects in thin films using cantilever

men_lt_il technique was deveI0||oed. desianed , IIbeams. Generally, such studies are done througlxasitu
€ apparatus is a novel system designed to optically,e 55 rement of curvature after the sample has cooled to

measure curvature of the beams at temperatures as high a3, temperaturen situ measurement of beam curvature at

850 °C. The optical system consists of three primary COMPOpjgh, temperatures would provide more accurate understand-
nents. A fiber-optic light source illuminates the sample froming of effects of high temperature on thin film stresses.

above with collimated light, a charge-coupled devi@D) ™ This article presents the design of the experimental sys-
camera is used to visualize the beams for curvature analysig,m, as well as the theory of its curvature measurement.

and a tungsten-halogen lamp heats the sample from below {Qmtations of the system are also discussed. Experimental

temperatures as high as 850 °C. During heating and coolingegjts for the measurement of thermally induced curvature
temperature near the sample is recorded by a thermocouplg multilayered beams are also presented.

while the CCD camera takes images of the beams. Due to the
limited numerical aperture of the camera, only the nearly flat
portion of the sample is seen by the camera. This results if) expERIMENTAL SETUP
an apparent change in beam length on the image as the cur-
vature changes. Each image taken during an experiment is Figure 2 shows the schematic of the experimental setup.
postprocessed to determine the apparent beam length as séfére sample holder is shown in plan-view in FighR The
by the CCD camera at any given temperature. The curvaturdie containing the sample is cut to4 mmx4 mm, and is
is found by relating the geometry of the curved beam and itsupported  a 4 in. Si wafer resting on two parallel quartz
apparent length. rods. The silicon wafer that supports the wafer also serves to
The structures used for the material property determinablock the visible light from the heater in order to maintain
tion consist of multilayered cantilever beafp®lycrystalline  constant image brightness during heating. The quartz rods
silicon and silicon dioxide suspended over a silicon sub- must be supported in such way that it does not deflect by the
strate by a 25um gap. A SEM micrograph of the beams is weight of the Si wafer. Furthermore, it must be able to slide
shown in Fig. 1. The beams are between 100 anduB0 freely in axial direction in order to prevent deflection from
long, and consist offrom top): 0.19 um SiO,, 0.54 um  thermal strain at high temperatures.
poly-Si, and 1.03um SiO,. As seen in Fig. 1, these struc- The sample is illuminated from above by collimated
tures typically have an upward curvature at room temperalight source. The light source consists of a fiber optic bundle
ture due to residual stress from fabrication. Because the thewith an achromatic lens for collimation. Achieving good col-
mal expansion coefficient of SiJs less than that of poly-Si, limation is critical in the operation of the system, as will be
the beams bend down at high temperature. Thermophysicdiscussed in a later section. A cube beamsplitter is used to
properties of the thin film materials can be found at highdirect the light to normal incidence. Cube or pellicle beam-
temperatures by measuring the thermally induced curvatursplitter is necessary in this application; ghost images result-
and applying a numerical model developed by Townsendng from multiple reflections in a conventional beamsplitter
and Barnett/ which relates the curvature of a multilayered result in a poor image quality that cannot be used to deter-
beam to its geometry and thermophysical properties. mine curvature. A CCD camera equipped with a telescopic
In addition to application for determining(T) and lens is used for visualization of the sample. The lens system
a(T), curvature of cantilever beams are often used to detethas a minimum field-of-view of approximately 4@0n. The
mine residual stress gradients in thin filAi$8 Because this  pixel-to-length conversion for the optical system was found
system is designed for operation at very high temperaturejsing an image of a reticle; this conversion factor is used
possible future applications include the study of stress relaxduring image analysis.
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FIG. 3. Reflection of normally incident, collimated light from a curved

beam. Due to the curvature of the beam, rays near the tip of the beam are

reflected at a greater angle than the rays near the base of the beam. This

thermocouple results in an apparent length of the beam, which is generally smaller than the
wafer T-MEMS sample actual beam length.

reduce the temperature gradient which causes refraction.
Natural convection current is reduced considerably by limit-
ing the vertical space above the sample, and this is accom-

heater flament plished by placing a quartz plate approximately 5 cm above

area illuminated by Sl the sample. The small space greatly limits the amount of
collimated source quartz rods natural convection directly above the sample. The quartz
() plate is supported by an aluminum plate with a 10 cm win-

_ _ o dow in the center. The quartz plate is covered with aluminum
FIG. 2. Schematic of the experimental set(g. Side-view, andb) plan- il with th . " di ind in th
view of the sample holder. The sample is heated from below by W-halogeriOI ’ \_N” t e ?XCEpuon of a 4-cm-diam W'n ow in the Ceme.r
lamp and is illuminated from above by collimated light source. Images offor visualization of the sample. The aluminum plate and foil
beam are captured by a CCD camera for image processing. enhances heating by reflecting radiation from lamp and the
heated sample back onto the wafer. In addition, they help

keep the camera and other system components cool by pre-

The sample is heated from below by a tungsten-haloge(jening radiation from reaching them. To further improve
lamp to temperatures exceeding 850°C. The heater hasjaaqe quality, a fan is mounted in the system with airflow
parabolic reflector in the housing, which concentrates thgjirected to pass over the sample, both below and above the
radiation into a line. The nonuniform heating from the 1ampqart; plate. Forced air from the fan eliminates temperature
results in a large thermal gradient in the Si support wafer. T‘pradients in the convection currents passing over the sample.
prevent wafer deformation, and thus change in position of  Apny isible light from the heater that is captured by the
the sample, during heating, the wafer was cut into thrégcp camera introduces error in the data by changing the
pleces,.the center. one being? cm W'de',pf” three pieces brightness of the image during an experiment. To eliminate
must still be used in order to shield the visible light from the s error it is crucial that the three pieces of Si wafer are
CCD camera. Temperature during heating is monitored by gjigned with no spaces between the individual pieces. The

typeR thermocouple embedded in a small Si wafBensar- 5 minum plate, mentioned above, also contributes to reduc-

ray), which is cut to resemble the sample die. The thermoy,q his error. The window in the aluminum plate may be no

couple die lies near the sample during heating in order @, qer than the diameter of the Si support wafer; this further

accurately represent the temperature reached by the samplg,g res that no visible light from the filament leaks into the
The thermally induced curvature of a beam is calculated.; ara during heating.

from the apparent change in the beam length as received by

the CCD camera. Because data analysis is directly associated

with image quality, any distortion or change in image during,, THeoRY

an experiment affects the accuracy of the data. Specifically

of concern are image distortion due to natural convection Figure 3 illustrates the reflection of collimated light from

currents at high temperature and change in image brightnesscurved cantilever beam. The beam is curved in such way

due to visible light emitted by the heater. Peripheral compothat it forms an arc of a complete circle with radiBsThis

nents were incorporated into the experimental design t@assumption implies that the curvatukg,along the length of

minimize these effects. the beam is constant. The light reflects by obeying the law of
Image distortion from natural convection current is duereflection locally; therefore, at each point on the beam, the

to the temperature-dependent index of refraction of air. Natuincident angle is equal to the angle of reflection. Conse-

ral convection sends pockets of warm air rising into coolerquently, the incident light near the tip of the beam reflect at

air, which cause light to refract as index of refraction a greater angle from vertical than the light that strikes at the

changes. The effect can be reduced by minimizing the curbase. Because the numerical aperture of the optical system is

rent, and by enhancing the mixing of warm and cool air tolimited, only the rays reflecting at a small angle from the
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FIG. 5. Geometry of beam for a misaligned system (®rpositive curva-
ture, and(b) negative curvature. The angle between beam and horizontal at
L is equal tofy, which may be smaller or larger thai/2.

The geometric relation between the beam tip deflection,
andR can be described using.

h=R(1—cos¢). 3)

Combining Eqgs(2) and(3) results in the following relation:

L
(b) h= R( 1- cos%rc) . (4)

FIG. 4. Geometry of beam for normally incident ligk) side-view, andb) o . o ) .
top-view seen by the CCD camera. For an optical system with cone angle of he significance of this equation is that it relates the radius

6., a beam having radius of curvatuReappears to have an apparent length of curvature to two, readily available quantities. At room

of L. In such case, the angle between the beam and horizoritakaqual temperatureh can be measured using an ordinary optical

to 6./2. . .
microscope to an accuracy df0.5 um. The arc length is
equal to the total length of the beam, which can also be

vertical is detected by the CCD camera. The result of thigneasured by a microscope. From the two quantities, the ra-

effect is an apparent length of the bedmthat is seen by the dius of curvature of a beam at room temperature can be

camera. solved iteratively from Eq(4).

Figure 4 illustrates the geometrical relation between in-  Rearranging Eq(1) results in the following expression

cident light and the beam. For a beam having an apparerr 6 :

beam length equal to the distan&8, incident light at point

B reflects at an anglé. from the vertical. This angle defines 0.=2 sin” 1&_ (5)

the “cone angle” of the system, which is a measure of the R

numerical aperture of the optical system. The arfijlés the An analysis of room temperature image taken by the CCD

largest angle at which light can be detected by the camera,, o results in the apparent beam lengttSince the ra-

and is a constant in the experimental setup, regardless of trzﬁus of curvature at room temperature was found above, the
curvature of the beam. By geometry, the angle from the ver- ’

: o cone angle of the system can be found from &). Recall
tical to the_normal of the beam at poiBtis 0?/2' Re_call th‘?‘t that the cone angle is a constant for an experimental trial,
the beam is assumed to be an arc of a circle with raRius

By geometry. the anale between the svstem horizontal anié]dependent of beam curvature and temperature. Therefore,
Y9 y, the ang Y using theé, found at room temperature, all beam curvatures
the beam at poinB is also 6./2.

. : in the trial are determined from Eql) by applying image
Vatu:gigzog;\?éﬂcg;relatlon betweety and the beam cur- analysis to beam'image.s at different temperatures tolfind
Y The geometric relations found above assume that the
0, 1 sin(6./2) light, sample, and camera are perpendicular with respect to
L=Rsiny= K=g=—"7"" (1) each other. However, due to imperfections in the system
alignment, there is a small misalignment anghe between
whereL is the apparent length of the beam. Based on thighe components. This is illustrated for positive and negative
equation, curvature can be found for any beam by charactegurvatures in Fig. 5. The effect gfis nonsymmetrical about
izing 6., which is the property of the optical system, dnd the zero curvature, and must be considered separately for

the apparent length of the beam. positive and negative curvatures. Note that the misalignment
The beam forms an arc angle, of a complete circle, shown in Fig. 5 is greatly exaggerated; in practiges typi-
given by cally less than 0.1°.

To correct for the misalignment angle, the angle between
the beam and horizontgbreviously equal td@,) is redefined

g2 )
R as 0. Again, 6. is the cone angle of the system, a constant
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FIG. 6. Curvature resolution of the system, shown as a function of apparent (D

beam Iength.hTh_e resolution |ncr|egses raf_pldly ﬁt small bl_ea_m |fe(1hgm9 FIG. 7. Curvature resolution of the system, shown as a function of curva-
curvatures This increase in resolution defines the upper limit of the curva-y .o The resolution increases for increasing curvatures, limiting the curva-

ture range of the system. ture range that can be measured by the system.

through an experiment. Due to the misalignment, the angl
between the beam and horizontal is no longer equal.to
and is geometrically determined to be

‘f)ractical maximum detection limit of the system, an upper

limit for AK was defined to be 20% of the corresponding

curvature value. The maximum curvature limit based on the
0.+ B new criteria was found to be approximately 4500 mwith

T o (6)  aresolution of 900 m'. This value corresponds to an appar-

) ent beam length of approximately & and a tip deflection
For negative beam curvatures, the angles are related by 5 oo um for a 100um beam.

Ot

6.— B The minimum curvature measured by the system corre-
b= > (7 sponds to the curvature at which the beam tip is at an angle
0./2 with the horizontal. Beams having curvatures smaller
In a misaligned system, E¢5) becomes than this value will appear to have an apparent length equal
L to the actual length of the beam. For a 10t beam, mea-
0r=2 sin*1§ (8) sured atf.. of 0.06 radians, the minimum curvature that can

be detected is approximately 300 f corresponding to a
and this expression is used to determéqeat room tempera- beam tip deflection of 1.5um. Curvature for beams having
ture. For a beam that is initially bending up, which is typi- an apparent length equal to the actual length are assigned to
cally the case, Eq6) is then applied to findd., which is a  a value of zero curvature during data analysis.
constant for the system. For all subsequent images, curva-
tures are found from Ed8) by using the expression fdi,
for the curvature direction. Notice that the effect@®bn the V. EXPERIMENTAL PROCEDURE
curvature data depends upon the direction of the initial beam A typical optical microscope ak500 magnification is
curvature. If the beam has a positive initial curvature, therused to measure beam tip deflection at room temperature.
results for positive curvatures is unaffected by the argjle The vertical translation of the microscope is calibrated at 1
However, results with negative curvature must be correctegim resolution, and the uncertainty of the measurement is
to account for the change in sign between Eg.and (7). estimated att 0.5 um. Tip deflection at room temperature
The curvature resolutiolAK) of system, defined as the typically ranges between 7 and 1n, upward. This value is
smallest change in curvature that the system can detect, issed to calculat®, of the system at room temperature. After
determined by the spatial resolution of the CCD camera. Theneasuring the tip deflection, the sample is positioned on the
resolution corresponds to the change in curvature that resultenter of the supporting silicon wafer as shown in Figp) 2
from a change in the apparent beam length of one pixel. Du€igure 8 shows an image of the sample as seen by the CCD
to the nonlinear relation betwedn and K, the resolution camera, centered in the field of view with the base of the
varies nonlinearly withL as shown in Fig. 6. The corre- beam on the left. The beams in Fig. 8 have an upward de-
spondingAK as a function of curvature is shown in Fig. 7. flection of approximately 7um, and therefore a correspond-
The system resolution improves with decreasing curvaturéngly small apparent length. Because images are used di-
values as shown in Fig. 7. The system resolution shown imectly for the determination of curvature, it is necessary for
the figure is calculated for @. of 0.06 radians, which is the image to have a consistent focus throughout the experi-
typical of the optical system used in this setup. ment. During heating, the change in temperature of the
The theoretical limit for the maximum curvature mea- quartz plate, as well as of the air between sample and cam-
sured by the optical system corresponds to the curvature ara, results in a variation in the index of refraction. The
the beam at an apparent length of one pixel. However, ashange affects the focusing of the camera, particularly at
shown in Fig. 6, the resolution of the system increases rapsery high temperatures. In order to minimize error due to
idly at small apparent beam lengths. To approximate thénadequate focusing, the image must be refocused through-
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FIG. 10. Beam curvature and tip deflection at high temperatures for a 100
FIG. 8. Image of beams as seen by the CCD camera. The beams shown hayg, yeam. The data shown are for one heating-cooling cycle. The absence of
an upward curvature of approximatelym, resulting in a small apparent  yata near zero curvature indicates the region where the beam curvature was
beam lengthl.. less than system range.

out the trial. If not properly focused, an error of up 10 2% the apparent length of the beam as seen on the CCD camera.
may be introduced into the curvature calculations. The number of pixels from poiné to point B of Fig. 9 is

- An image is taken at room temperature to establlish th%qual to the apparent beam lendthscaled by the pixel-to-
initial experimental conditions, used to calcul#e During  milimeter resolution of the camera. The apparent length at
heating, the temperature indicated by the thermocouple die is5qp, temperature is used to calcul#€T) from Eq. (1).
recorded by a LabVIEW program. The sample reaches Qotice that the apparent beam length for any given image is
maximum temperature o850 °C. Note that the maximum 5 fynction of the threshold value selected by the user. In fact,
temperature is a consequence of the limit of the heat sourcese value used for the threshold value may change to 10

the system can be used at even higher temperatures if 4y This variation does not introduce significant error to the
stronger heat source were used. After the sample has reachgghyature measurement since all images are processed using
the maximum temperature, the heat is turned down 10 allowhe same threshold and thus are affected by the same change.
the sample to cool down to room temperature. ThroughoUhe yser may therefore select any value that lies between the
the experimental trial, which typically consists of both the yight and dark portions of the beam as the threshold; how-
heating and cooling phases, grayscale images of the bearg§er, it should be noted that a higher threshold vatleser

are taken at regular intervals. The final picture is taken oncg, the bright portiopwill result in a smalleiL and 6., lead-

the sample has cooled to room temperature. ing to a smaller minimum curvature limit of the system.
In order to determine the apparent beam length of each

image, the grayscale values along a row in the image e RESULTS

obtained through image processing software. Figure 9 shows’

the grayscale along a row on a representative beam. A A graph of the beam curvature and deflection during one

“grayscale threshold value” is entered by the user, definingheating and cooling cycle is shown in Fig. 10. In the case
shown, the 10Qum beam has an initial tip deflection of 7

- - pum. At the maximum temperature, the beam deflection is

|_L_| L approximately—7 um. The beam returns to its original po-

sition upon cooling to room temperature. The points on the

diagram which have curvature values of zero are those points

; which fall below the minimum curvature limit of the system.
i The lack of data in this region can be accounted for by ana-
S lyzing a set of beams with different initial deflections but
K yzing

having the same film structure. Beams having different initial
deflections will pass through zero curvature at different tem-
peratures, and compilation of data from a set of such beams
will yield a full range of K(T) data. The initial curvature of

the beams was found to decrease with long exposure to tem-
peratures above 800 °C; therefore, high temperature anneal-
ing process can be used to generate beams with different
initial deflection.

Curvature measurements shown in Fig. 10 was used to
determine the thermal expansion of poly-Si thin films at tem-
peratures up to 300 °€. Thermally induced curvature of
FIG. 9. Grayscale analysis of an image. The apparent beam leigt. multilayered beams is a function of thermal expansion coef-

determined by comparing the threshold value to the grayscale values alorigci€Nt 'and Young's moduli of the layers, and can be found
the beam, shown by the dotted line on the image. numerically be method developed by Townsend and
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6 tively, curvature of thin films are often used to determine
, ./ residual stresses in thin film layers. Measurement of beam
5 L // . . . .
=~ curvatures at high temperatures allows ithaitu analysis of
5 4 /%/ — stress relaxation during annealing at high temperatures.
i —1 |
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