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Thermally actuated interferometric sensors based on the thermal
expansion of transparent elastomeric media
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In this article the fabrication and characterization of two thermally actuated optical devices for the
measurement of temperature and power are described. A transparent polymer having a high
coefficient of thermal expansion—pd@timethylsiloxang (PDMS—was used as the
temperature-sensitive medium. Changes in the dimensions of the polymer on heating caused the
observed optical responses of both devices. The temperature sensor based on the' Falugvife
measures temperature differences to a precision of 0.005 °C within the linear working ranges of the
device. The power sensor uses the architecture of a Mach—Zender interferometer; it is suitable for
measurements of powers in the mW/arange, delivered optically to the surface of the device in the
visible wavelength region. The devices are inexpensive, easy to fabricate, and mechanically rugged.
They offer alternatives to other sensors for measuring temperature and pow&@9®American
Institute of Physicg.S0034-67489)05004-2

I. INTRODUCTION and the curing procedure was repeated. The device was then
In this article the fabrication and characterization of two ¢!t 0Ut of the cured polymer in the form of a rectangle with

thermally actuated interferometric optical devices whose op@ azor blade. This object was used for temperature measure-
eration hinges on thermal expansion of an optically transparents.

ent elastomeric medium—pdlyimethylsiloxang (PDMS)— The power sensor based on the Mach—Zender interfer-
that encapsulates the reflective surfaces are described. Theneter used three mirrors embedded in a PDMS |@y&y.

first device is a temperature sensor based on a Fabrgt-Pe 1(b)]. First a 5 nmtitanium adhesion layer was evaporated
cavity embedded in PDMS. Although many types of devicesonto a Si/SiQ wafer. Onto this surface, 80 nm of gold was
based on Fabry—Pet interferometers have been eyvaporated. To promote adhesion between the gold and
produced, ™ that described here is new in its method of ppps, a self-assembled monolayé8AM) was formed

transducing temperature into separation of the reflective SUkom HS(CH,),,CH—CH, on the surface of the gdidby
faces of the interferometer. This temperature sensor Offerﬁnsing the surface wit a 1 mM solution of the thiol in

several attractive characteristics: it is easy to fabricate, me- . . .
. . o ... ethanol. PDMS was spin coated onto this reflective surface at
chanically durable, and has a resolution of 0.005 °C within . . o
its linear working ranges that matches that of good conven2200 rpm for 40 s to give a 2am th!ck_le_lyer. Titanium(s
tional temperature sensd&.The second system is a micro- "M followed by gold(20 nm, transmissivity] =50%) were
manufactured power sensor that uses the architecture of tyaporated onto the PDMS. Again, a SAM was formed from
Mach—Zender interferometer to measure power deliverediS(CH,);,CH=CH, on the surface of the gold, and another
optically (as visible ligh} to the surface of the device. The 25 um layer of PDMS was applied. Finally, titaniutd nm)
interplay between dimensional changes due to thermal exand silver (100 nm, R=100%) were evaporated onto the

pansion and to heat transfer renders this device suitable f@&#\DMS surfacesilver was used rather than gold because it is

power measurements in the mwW/crange. easier to pattern and efchA pattern of 50um lines sepa-
rated by 50um was printed onto the surface of the silver
Il. FABRICATION with a solution of H$CH,),sCHs in ethanol using a PDMS

The Fabry—Pet temperature sensor was fabricated us_stamp7'8 _Selective etching of the silyer not prqtected by the
ing a three-step procesa 5 mm thick layer of transparent alkanethiol  SAM  was accomplished using a ferri/
PDMS was cured in a Petri dish in a well-leveled oven. Aferrocyanide etchartThis procedure gave 5am wide sil-
10mmx 10mm glass slide supporting a mirrored surfét®  Vver lines separated by 50m [Figs. Xb) and 2. The com-
nm of titanium and 38 nm of gold; reflectivifg=75%) was  position of the etchant was J&,0; (0.1 M), KsFe(CN)g
placed on the PDM$Fig. 1(a)]. Another layer(4, 15, or 25 (0.01 M), and K;Fe(CN)g (0.001 M. Caution: Potassium
mm thick) of elastomer was cast and cured, and the secontkrricyanide is light sensitive. The photodecomposed prod-
mirror (1.5 nm of Ti, 38 nm of Au,R=75%) was placed ucts contain free cyanide. Potassium ferricyanide is also in-
above the first one. One more layer of PDMS was applie¢ompatible with acids and releases HCN. Conduct the pro-
cedures in a well ventilated hood and avoid prolonged
dElectronic mail: gwhitesides@gmwgroup.harvard.edu exposure of potassium ferricyanide to light.
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FIG. 1. (a) Fabry—Peot temperature sensor ar@) the Mach—Zender
power sensor.

Ill. PDMS: TEMPERATURE DEPENDENCE OF THE

INDEX OF REFRACTION
vapor deposition
In order to determine the temperature dependence of the 1 osa™
index of refraction of PDMS, a PDMS prism in the form of
an equilateral triangle was fabricatfieig. 3(@)]. Deflection
of a laser beam(HeNeA=632.5nm passing through the
prism was monitored as a function of temperature. The bearr
met the surface of the prism at an angle of 45° with respect!- hCP with HS(CH,), CH,
to the normal, so that &,=20°C it propagated in PDMS 2 Wetchemical etch l 50 pm
almost parallel to the base of the prismyE 29.6°) over the T Ag, 100 nm
distance of =55 mm. As the temperature was increased, the 25pum T N
beam was deflected by an angléT). This deflection re- 25 pm } ;2“ zg nm
u, 80 nm

sulted in a shift ofAy(T) in the position of the laser spot on
the screen, placed=4 m from the prism. Using Snell’s law
and simple trigonometryAy(T) could be related to the in- FIG. 2. Fabrication of the Mach—Zender interferometer.
dex of refraction of PDM3\(T) at temperaturd by Eq.(1).

Figure 3b) shows the values afi(T) as a function of tem- jven by Eq.(3). Notice that even whefu|~|| (i.e., when

. o i

perature and the finear regression fit to these data. The Slolgﬁe absolute value of the coefficient of thermal expansion is

of the regression lingg=—0.00010°C? and the value of i P
approximately equal to the absolute value of the rate of

Mo (To=207C)=1431, derived by change of the index of refractignthe increasing
V3Ay(T) - L
Yotarctan s o T Ay @

fitting the data, were used to obtain the functional depen-
dence of the index of refraction of PDMS on temperature:and

n(T)=n(To) ~ B(T—To). 21(Ng— BAT)(do+ doarAT)

2 —BAT)(dy+doaAT
s m(No— B :\( ot doaAT) @)

n(T)= {\/2 sin

IV. PRINCIPLE OF OPERATION
length of the cavity is not offset by the decreasing index of

refraction, and there is still a temperature-dependent buildup
When a light beam passes through a FabryeP@P)  of optical phase.

cavity in the direction perpendicular to the plane of the mir-

rors, interference occurs between beams as they reflect mul- Aqomzzwmdo(novL(noa—,B)AT— aB(AT)?);

tiple times. Let the initial length of the cavity k&) (mm), A

the reflectivity of a single mirroR, and the wavelength of nea— B>0. (4)

light used in the experimemt=632.5 nm. The length of the

cavity is a linear function of temperaturel(T)=d,  With the plane wave assumption, and for small absorption of

+doa(T—T,), wherea=0.0003°C ! is the coefficient of light by the elastomer, we can describe the intensity of trans-

thermal expansion of PDM%. Upon one pass through the mitted light emerging from the FP cavity by E&) (1, is the

cavity of lengthd(T), the phase angle increasesby, [Eq. intensity of the incident light Figure 4 shows the periodic

(2)], and, in general, the buildup of phase bnpasses is behavior of the

A. Fabry—Pe rot temperature sensor
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= o> mm trating the experimental configuration afig) drawing
B. giving the calculated values of the index of refraction
for temperatures ranging from 20 to 60 °C. The regres-
sion line fitted to these data is also shown. The error
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five separate measurements.
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A periodicity is negligible(<1%) over the working range of

intensity of transmitted light as a function of cavity tempera—the device(20-60°Q.

ture expected on the basis of E§). When the intensity of B. Mach—Zender power sensor
light is at a maximum, Eq. @) holds for all values oim.
Similarly, at the minima in light intensity, the relation be-
tween the phases is given by

The second device employs the architecture of a Mach—
Zender interferometer(Fig. 5.° The laser beam(x

1.0
A
Pm~ Pm+2=2m OF (no—,BAT)(d0+d0aAT)=§, (6a) .
0.
)\ 0.6
Pm~ Pmi2=7T OF (Ng—BAT)(do+doeAT)= 7 (6b) =
= 0.4
[Eq. (6b)]. Near the resting temperatuflg,, the change in
temperatureAT(T,) required for the light intensity to go 0.2
from minimum to maximurm(or vice versais given by
N M 0.2 0.4 0.6 0.8 1.0 1.2
AT(Ty) = I(nga—f)do (7) T-T, (°C)

; ; ; — FIG. 4. Calculated intensity of the transmitted light=632.5nm as a
[Eg. (7)]. In our device with cavity lengtrd,=4.0mm, function of temperature increase for the FabryrePéemperature sensor.

ATo’_““’ 0.12°C. At higher temperatgre&T(T) can be ap-  The reflectivity assumed for the mirrors was 75% and the initial length of
proximated by Eq(8). For PDMS this change in the cavity was 4.000 mm.
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FIG. 6. Temperature profiles along thexis (perpendicular to the plane of
the silicon wafey for the Mach—Zender interferometer. The curves describe
" the evolution of the temperature gradient inside the device for times ranging

from 0.1 to 1§ s. Near the PDMS/silicon wafer interface the temperature
profiles are qualitative. The thickness of two PDMS layers ig60 Zero of
the z axis corresponds to the PDMS/air interface. At titee0 the device is

at uniform temperaturd&,. The temperature inside the device during heat-
ing is described byl (z,t) and is a function of both positionand timet.
The values of thermodynamic quantities used in the calculations Ware
=1.0, P=0.01, andqL/K=50.0 (see the Appendix for the definitions of

constructive interference

these quantities
\ A¢ =2r /
(see the Appendix and Fig.) 6o investigate the temporal

evolution of temperature profiles. At small times, the upper
layer of PDMS(that between the silver lines and the semi-
= X = = transparent gold mirrgtheats and expands first. This differ-
ential expansion creates a difference in the optical paths,
traveled by the split beams: the upper optical path is now
longer. As the result of this change in optical paths, the in-
FIG. 5. Principle of operation of the Mach—Zender power sensor. In thetensity of the laser beam reflected from the deviaéter
resting statetop picture, the top and bottom beams travel approximately . . .
equal optical paths and interfere constructively on the surface of the middlémerference between the beam prop_aga_tlng only in the upper
gold mirror. When heat is delivered to the top of the device, the upper layetayer of PDMS and that propagating in the lower layer
of the PDMS expands more rapidly than the loWmiddle picture, and the changegFig. 7(a)]. WhenA ¢=msw (m=1,3,5,...,), destruc-

optical paths traveled by the top and bottom beams are different. If the[ive interference occurs and the intensity is at a minimum
difference in optical paths\¢, is equal tor (or its odd multiplg, destruc- Yy !

tive interference occureniddle picture, and the intensity of the laser beam and whenAe=2mz (m=1,2,3,...,), the split beams inter-
reflected from the device drops.Af¢=2nm, n=0,1,2,..., the beams inter- fere constructively and maximal intensity is observed. If the
fgre constructively and the intensity of the laser beam is maxitmattom power is delivered continuously, heat diffusion equalizes the
picture. temperature differences in the PDMS lay&rghe period of
oscillation of the intensity of the reflected laser beam in-
=632.5 nm,~1 mW/mn?f) meets the surface of the device at creases and, when the device comes to thermal equilibrium
an angle of~80° with respect to the normal, and propagatesat large times, no changes in the intensity are obselivied
in the PDMS at an angle of 45° with respect to the normal.7(b)].
At the middle, semitransparent layer of gol@~50%) it If the intensity of the laser beam is logx1 mw/cn?),
splits into two beams, a top and a bottom, that subsequentlgo that it delivers a negligible amount of heat to the device, it
reflect from the silver surface mirror and the gold bottomcan be used as a probing beam while heat is delivered by
mirror (both withR=100%). When the device is in the rest- some other light source. With intense sources of radiation
ing state, the top and the bottom beams travel optical pathe~100 mWi/cn?), the intensity of the probing laser beam
of approximately equal lengths, so when they later combin@scillates as described before. When, however, the delivered
at the surface of the middle gold layer, they are in phase andower is low (<10 mWi/cn?f), heat diffusion quickly
interfere constructively. smoothes the temperature profiles across the device, and only
Uniform illumination of the top surface of the device one period of oscillation in the intensity of the probing beam
with the laser beanth =632.5 nn) creates a temperature gra- is observed before thermal equilibrium across the device is
dient in the direction perpendicular to the silicon wafer. established. The intensity initially decays, reaches the mini-
Heating occurs by adsorption of light by the silver grating onmum, and then slowly increases to its original valEa. 9).
the surface: this structure adsorbs light and transfers the re- The depth of the minimum in the intensity of the re-
sulting heat to the PDMS by diffusion. The increase in tem-flected laser beam is proportional to the power delivered to
perature increases the thicknesses of the PDMS layers. Wke device. For very small powefs:1 mW/cnf), the change
performed qualitative heat flow calculations for the systemn the temperature of the surfa¢sglver lineg is very small;
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FIG. 8. Intensity of the transmitted lighihn=632.5nm as a function of
temperature for the Fabry—R thermal sensor. The length of the cavity
250 was 4.0 mm and the reflectivity of the mirrors was 75%.

200 50.4 °C. Above this limit, the amplitude of intensity of oscil-
lation decays, probably due to nonuniformities in the expan-

Period of Oscillation (sec)

150 sion of the polymer, and resultant misalignment of the mir-
100 4 rors. The device operated equally well in the forward
(heating and reversécooling modes.
so - As higher temperature sensitivity is expected for longer
cavities, we fabricated two more devices—one having a cav-
0 | : | : ity length of 15 mm, the other 25 mm. The performance of

both was much worse than that with the 4 mm cavity: when
the length of the cavity was extended, even a small misalign-
t-to (min) ment of the mirrors resulted in large angular deflection of the
multiple-reflection beams. Interference no longer took place
FIG. 7. (a) Modulation of the intensity of the laser beam reflected from the and the intensity of the monitored laser beam dropped
Mach—Zender interferometer. The be&=632.5 nm, 1 mW/mif) met the b il | dditi the | di . d if
surface at an angle of80° with respect to the normal; the surface was a rup y. In addi |on3 € .alrge Imensions made uniform
illuminated uniformly.(b) Dependence of the period of the modulation of heating of those devices difficult.
the intensity as a function of time. The period increases as the device Because this sensor is contained within an elastomeric
reaches thermal equilibrium. polymer matrix, it is extremely durable. It is resistant to most
chemicals(dipping in gold etchant for 5 min did not destroy
the temperature profiles across the device are flattened lifie device, as well as to mechanical stresgthe device was
heat diffusion, and no minimum is observed. dropped on the floor and thrown against the wall without
damage The response of the device was stable over many
heating—cooling cycleénore than 10§ and did not change
over the period of several months.

0 5 10 15 20 25

V. RESULTS AND DISCUSSION

A. Fabry—Pe rot temperature sensor

Figure 8 shows the measured dependence of the intensi%/ Mach—Zender power sensor

of the probing laser beam as a function of the temperdase With the laser beam used simultaneously for heating and
measured by an internal thermocoypéthe FP device with  probing, the intensity of the reflected beam oscillated peri-
a 4.0 mm cavity. The consecutive extrema occur in interval®dically as described in Sec. 1V B: the initial period was 28 s
of 0.115°C, in good agreement with the value of 0.12°Cand it increased with time as the thermal equilibrium across
estimated from the dimensions of the cavity and from thethe device was being establish@tg. 7). The measured con-
values of the coefficient of thermal expansion and the indexrast ratios were-25 dB. After ~45 min, no changes in the
of refraction. Near the intensity minima the temperatureintensity of the reflected beam were observed.

changes can be measured to an accuracy of 0.05°C, and in When a low power lasefA=632.5 nm,~0.5 mW/cnf)

the regions of linear intensity-temperature dependence thwas used for probing only and heat was delivered from an-
precision of temperature measurement improves markedly tother light sourcga fiber optic illuminatoy, powers of the
0.005°C. The measured contrast rafiistensity at a maxi- illuminating source below 10 mW/chwere measured. Fig-
mum to intensity at a minimujmis 10.5(10.2 dB. The de- ure 9 shows the response of the Mach—Zender sensor to
vice gave stable readings over a 30°C range from 20.4 tdlumination with white light of power of 7 mW/crh Within
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1.0 system suitable for measurements of higher power. Because
the spin-coating procedure by which PDMS layers were ap-

plied ensures excellent surface flatness, alignment of the mir-
rors is not an issue. The differences in the optical responses
of nominally identical devicegthree copies were fabricated

did not excede 10%; the devices gave stable readings over
more than 50 heating—cooling cycles, and over the period of

several months.

0.6

I/

VI. EXPERIMENT

0.2
timz (sec) A. Fabry—Pe rot temperature sensor
0.0 . . The PDMS prepolymer and curing agent were purchased
0.0 25.0 50.0 75.0 from Dow Corning. A 1:10 mixture of curing agent and pre-
time (sec) polymer was used to fabricate the device. The mixture was

FIG. 9. Dependence of the intensity of a probing laser b@es632.5 nm, cured therma"y at 60°C for 2 h. A HeNe _Ias(er=632 nm

0.5 mWi/cn?) reflected from the Mach—Zender interferometer as a functionWas used as a probe beam. The FP device was mounted so

of time. The device was illuminated uniformly with white light of power of that this laser beam propagated in the PDMS perpendicular

7 mW/cnf. The iqset shows the decrease in the intensity of the probingto the mirrors. A thermocoupl@®mega, DP 46Rwas placed

beam during the first 3 s. inside the PDMS to measure the temperature. Heat was de-
livered to the device by illuminating it uniformly with three

the first 3 s, the intensity of the reflected interference beanfiber optic illuminators(Dolan—Jenner, model 120The in-

dropped by a factor of 20. As the device was heated furthettensity of the outgoing laser beam was monitored with a

the initial intensity recovered withir-70 s. As the power of photodiode(Newport, 1830-¢ connected to an oscilloscope.

the illuminating light was varied, the depth of the intensity

minimum changedFig. 10: when the intensity was low-

ered, the depth of the minimum decreased. Beloew

mWi/cn?, a minimum in intensity was not observed at all,  The laser beamHeNe, A=632.5nm, ~1 mw/mnt)

since heat diffusion was faster than the rate at which energysed for heating and readout met the surface of the device at

is delivered to the system. By measuring the depth of the@n angle of 80° with respect to the normal to the plane.

intensity minimum, the power of an illuminating source Changes in the intensity of the beam were monitored using a

could be assessdéig. 10. silicon photodiode. When the laser beam was used only for

The Mach—Zender device described here can, in prinfeadout, its intensity was reducedtd.5 mWi/cnt by pass-
ciple, be used for power measurements at powers other thang it through a 0.5% neutral density filter. Heating was then
the mW/cnt range examined here. Choosing an elastomeachieved by illuminating the surface of the device uniformly
with a lower coefficient of thermal expansion will render the with visible light from a fiber optic illuminator(Dolan-
Jenner, model 190The power output of the fiber optic illu-
minator was calibrated using a power metd@hor Labs,

10 S20MM).

To measure the absorptivity of silver grating lines, a
HeNe laser(A=632.5nm was used as a light source. The
intensity of light reflected from the device was measured.
The reflected light was focused by a biconvex lens placed
0.6 close to the surface of the device to ensure that the decrease
in intensity is not due to scattering of light by the grating.
Next, the grating was removed by chemical etching and the
0.4 absorptivity of the remaining structutthe two PDMS layers
and the inner gold mirrojswas assessed in a similar way.
The difference in absorptivities from these two measure-
ments gave the value of the absorptivity of the grating.

B. Mach-Zender power sensor

Imin/IO

C. Measurement of the index of refraction of PDMS

To calculate the index of refraction of PDMS, an equi-
lateral PDMS prism was fabricated by casting PDMS against
FIG. 10. Response of the Mach—Zender power sensor to illumination withgn equ”a’[era] master built from three microscope slides. The
low-power V|S|_ble light. The depths of the minima in the |ntenS|_ty of_ the_ rism was mounted on a rotational sta(geecision of 1/60p
reflected probing laser beam decreased as the power of the illuminatin . -
radiation decreased. For powers less thah mWi/cn?, no minimum was nd oriented such that the laser beétieNe, A\=632.5 nm_
observed. met the surface of the prism at an angle of 45°. By monitor-

power (mW/cm?)
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ing the deflection of a laser beam upon passage through the qlL z 1 z
prism, the index of refraction was calculated for tempera-  T(zt)=To+ ?[1— L m—F(L P”
tures ranging from 20 to 60 °C.
whereNu is a modified Nusselt numb&tu=hL/K, P is a
ACKNOWLEDGMENTS dimensionless quantity equal ¥t/CL2p, andF[(z/L),P]
This work was supported by the Defense Advanced Re=2;
search Project Agenc{DARPA), and by the National Sci- o

ence FoundatiofNSF under Award No. ECS-9729405. The > B %A, cos( Z_B”) exp(— B2P),
authors thank Ned Bowden for helpful discussions. n=1 L

APPENDIX in wr21ich Bn is defined by coB=pg/Nu, and Anz_(ﬁﬁ_
_ . . . +Nu“)/(B;+Nu(1+Nu)). The temperature profiles in Fig.
Radiation from Fhe |IIum|nr_:1t|ng source delivers heaF g were generated using these equations; within a very thin
the system. We verified experimentally that the absorptlvnyboundary layer théPDMS/silicon wafer interfadethey were

of the top silver layel(~45%) is much higher than that of = i sted to ensure the finitness of temperature gradftent.
the rest of the devicéhat is, PDMS layers and inner gold

mirrors which have total absorptivity of7%? On the basis

of this observation, we assumed that the heat transfer pro*J. Peerlings, A. Dehe, A. Vogt, M. Tilsch, C. Hebeler, and F. Langenhan,
ceeds from the top silver layer to the bulk of the device. Wez:EEECE\F/’;?t;’A”'gS JViChgog 'ﬁ‘tﬁ‘_ 1Ezn35(;:37é 1. Chana-Hasnain. Election
treated the device as a uniform slab of PDMS of thickness Lett, 2, 22’8('1953. P Eh L ENG, o g ‘ '
L=50um, subjected to a heat input at a constant caitgo 3A. T. Tran, Y. H. Lo, Z. H. Zhu, D. Haronian, and E. Mozdy, IEEE
one face(z=0; zero of thez axis corresponds to the PDMS/  Photonics Technol. Letg, 393 (1996. _ '

air interface, and the axis is perpendicular to surface of the :vé\'f:‘%egﬁrfd‘ll‘éet;t;'g'?l';;nja‘:ks"”' L. Zhang, and I. Bennion, J. Light-
device, while the other facéz=L; PDMS/silicon wafer in- SM. Born and E. \)Volf,Principies of OpticgPergamon, Oxford, 1980
terface is in contact with a semi-infinite mediufsilicon) at This SAM improves adhesion between the gold and PDMS layers through
constant temperatur€,. At time t=0 the system is at a reactiqn _of the terminal vinyl group with the liquid prepolymer during
uniform temperaturd,. The heat equation for this system 7§‘r°|_slswi'|‘g:ﬁ: A. Kumar, E. Kim. and G. M. Whitesides, Adv. Matdt
plate was solved® The pertinent equations and boundary 600 (1994

conditions are given belowK stands for thermal conductiv- ®For a general review on soft lithography and microcontact printing see, for
|ty of PDMS, Cisits heat Capacity’ armdenotes the density example, Y. Xia and G. M. Whitesides, Angew. Chem. Int. Ed. E&gl.

) 551 (1998.
of PDMS)' 9Y. Xia, X.-M. Zhao, E. Kim, and G. M. Whitesides, Chem. Mat&r2332

(a2 2 - (1995.
(1) 9T(z,)/t=K(5°T(z1)/9z°), general equation of heat 100, J. Schueller, D. C. Duffy, J. A. Rogers, S. T. Brittain, and G. M.

diffusion; ) Whitesides, Sens. Actuatof press; Dow Corning, Sylgarl 184 tech-
(2) q=—K(dT(0t)/9z), the rate of heat input across the nical specification sheet.
z=0 surface is equal tq; 1The high thermal conductivity of the thin gold interfacial layer allows heat

(3) h[T(L,t)—To]=—K(dT(L,t)/9zZ), the rate of heat flow 0 diffuse into the lower PDMS layer.

N ! . . 12pafter HF etching and subsequent exposure to air, the top silver layer is
across the PDMS/silicon interface is proportlonal to the corrugated and oxidized; both factors contribute to its high absorptivity.

temperature difference between tlze=L surface of 3a. B. Newman and L. Green, Trans. Electrochem. $6¢345(1934); H.
PDMS and the temperature of the silicon wafgy. S. Carslaw and J. C. Jaeg€@onduction of Heat in Solid€Oxford Uni-

L _ —t— [t _ _ versity Press, London, 195%. 125.
@ IO(T(Z'I) TO) dez qt foh(T(L’t) TO)dt’ the to 1The assumption of constant surface coefficient of heat trahsifeads to

tal ggin in heat content by PDMS at a_ny time is Equal to discontinuity in calculated temperature profileszatL. In reality, h is a
the difference between the total heat input and output Up function of many variables specific to the heat flow across the interface.

to that time. The determination of the functional form bfis beyond the scope of this
) ) ) ) article, however. For more thorough discussion see, for example, M. Ja-
The solution to this problem is given by kob, Heat Transfer(Wiley, New York, 1949, pp. 12-22.
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