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A precision capacitance cell for measurement of thin film out-of-plane
expansion. |I. Thermal expansion
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A high sensitivity technique based on a three-terminal parallel plate capacitor for the measurement
of the out-of-plane expansion of thin films is presented. The necessary assembly protocols and data
reduction techniques for the proper use of this capacitance cell are presented. To demonstrate the
ability of the technique to produce correct results for the thermal expansion of materials, the results
on (0001 single crystal AJO; are shown and compared to the literature. Also, results for a thin
polymeric film designed for use as an interlayer dielectric are shown to display the utility of the
technigue to resolve the measurement of displacement in thin fi0€34-67488)03011-]

I. INTRODUCTION One method that, in principle, offers the necessary reso-
) ) ] _lution is the measurement of the capacitance between a pair
_ One of the key design parameters in the microelectronicg¢ piane-parallel plates. The capacitance of an ideal 5 cm
industry is the coefficient of thermal expansi@TE). CTE  jiam pair of electrodes with a spacing of 28 in vacuum
mismatch between different materials is a prime concern dugy 79 pF, a magnitude that can be measured to a relative
to the fact that thermal stresses can build up as a result ang;nqard l;ncertainty of better than f®F/pF with commer-
lead to device failure. It is therefore vitally important that .5 instrumentation. If the sample can be used to determine
reliable values for the CTE of the materials be known so thaj,o spacing between the plated) ( such that the sample is
modeling can be performed to assist design of the structurgy in the measuring circuit, for a constant effective area of

to minimize the chances of such failures. The materials useq]e plates, the capacitance in a vacuuBy,. is given by:
in these structures are often in the form of thin films. The ’ ac

CTE value for these materials is often obtained from mea- :fo_A @)
surements performed on lardénhick) samples. However, vac - d
many of these materials can be formed only as thin layers

. S . . wher i h rmittivi f fr
and there is some question in the literature regarding the ere ¢ IS the permitivity o ee space e

Iicess deperdence of e CTE The measurement of ¢ 545, The esolton 1 tikoccnen becomes
the thermal expansion of those thin materials in the thickness. P Y q P

_— : . : stlon in length can be achieved. Since capacitance can be
direction presents a special challenge since the displacemen

S . . ..
are so small. For a 2m thick film with a coefficient of measured over a very wide range of values to high precision
thermal expansiond):

with modern three-terminal bridges, the relative expanded
uncertainty of the measurement is independent of the sample
thickness for a wide range of separations.
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II. EARLY ATTEMPTS AND CLAIMS

of 10" *K™*, a change of 10 °C produces a displacement of Capacitance cell methods come in two general types:
25nm. In the above equatiori, is the sample length/ 1. terminal and three-terminal methods. Of the two, the
thickness andr is the temperature. Since the coefficient of i, o6 _terminal method has the least uncertainties. The capaci-
thermal expansion is expected to be temperature dependefince cell of Sao and Tiwatywas a two-terminal method
a relative expandeod uncertainty in the change in thickness qf,o¢ g ffered from the problem of alignment of the electrodes
+1% over the 10 °C interval requires resolution beyond thep|us expansion of the electrodes. The three-terminal method
capability of most displacement gauges. _ of Subrahmanyam and Subramanyasnffers from several
Thermomechanical analysisTMA), a displacement ., qpiems: electrode alignment, expansion, and contraction of
gauge based technique, is the current technique that is mde&e entire apparatus, and the thermal spring constant which
utilized by industry for determination of the CTE of solid yaotermines the loading conditions. The design of Tong and
materials. The limitation of TMA is readily seen by review- .\ orkerd required careful alignment as it was a two-
ing the American Society for Testing and Materi#STM)  torminal design and did not use a guard ring to help define
technique E831-93 which calls for sample dimensions beg,g area. This also made it susceptible to stray capacitances

tween 2 and 10 mrf. and other fluctuations. Ho and co-workers present results ob-
tained through the use of their capacitance cell and state a
3Electronic mail: fim@nist.gov resolution of 2 A3 However, no design information or error
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/conducﬁng POXY  fised quartz and had two holes drilled: one in the center and the other
: near the edge, as on the top electrode. Wires were inserted in
Side View E — both holes in the same manner as the top electrode. A
/EE nichrome coating was applied such that it covered all sur-

R faces except for a small area around the central wire on the

back side. The coating was then removedao3 cmradius

on the top surface to form a guard gap of minimal cross-
sectional area. This created a monolithic guarded electrode
assembly whose effective area was defined by the gap so that
the capacitance foa 1 mmseparation between the top and
bottom electrodes was 25 pF.

The main precautions in the electrode fabrication were
the maintenance of flathess and the minimization of the
guard gap. The leads were recessed slightly so that the epoxy
o ) ) ) ) __did not interfere with the polishing operation and minimized
analysis is included in their article, and the article which ISany effects from thermal expansion in the holes. The gap was
referenced in their work for such informatida Semicon-  g¢rined in such a way as to minimize any raising of material
ductor Research Corporation conference procegdsgn- i, i fabrication. This was to allow thinner films to be mea-
available to the general public. _ sured, since any contact between the electrodes will prevent

If a three-terminal guarded electrode is properly cOn-3 measurement from being carried out. The limit as to how
structed, the electrode area to be used in(Bjis indepen-  yhin 5 sample can be used is set mainly by any asperities in
dent of position of the opposite electrode since the area igye glectrode as a nichrome film has almost no contact resis-

defined solely by the inner, guarded electrode, as long as thg,e and any interelectrode contact will act as a direct short
opposing electrode is much larger than the diameter defined . it

by the guard gafi Furthermore, for any easily realized guard ™ "¢ original publication describing the results of the
gap, the effective area of the electrode varies only V€Ntell, the electrodes were made from Zerodur due to its low
gradually with a change in plate separation. For the changeéOeﬁcicient of thermal expansidf:! In that design, any ca-

in length observed in the measurement of thermal expansio acitive coupling through the Zerodur was minimized not
using realizable gaps, the area is nearly an ideal constant ly by the narrow guard gap but also a continuation of the
within the limits set by the thermal expansion of the guarde uard electrode around the back so that it was close to the

electrode. . - .__center contact.

Our technique el|m|n_a.te.s the problem of elelctrode align- Despite these precautions, there was still a small residual
ment and uses the sensitivity of the three-terminal measur%-Oupling from the central contact through the guard gap to
ment. Previous measurements were reported onlan earli e high electrode that appeared as a temperature dependent
desigrf of our cell made from gold-coated Zergo“ﬁﬁ The . thickness error. This can be understood by noting that this
current design gddresses the w gaknesses d|scove_red n &&pling is in parallel with the direct high-to-low capaci-
use o.f the previous cell and eliminates all systematic €M ance and depends directly on variations in the dielectric con-
resulting from the use of the electrodes. stant of the blank. Also, careful attempts to model the intro-

duced error showed that it was too complex to be
IIl. EXPERIMENT compensated. This problem is made more difficult in Zero-
dur since the material displayed an apparent ferroelectric be-
havior as shown in Fig. 2, where the measured dielectric

The electrodes, fabricated from 10 cm blanks of fusedconstant €) using a spare blank was fitted to a Curie—Weiss
quartz, were ground and polished to optical flathess. The tofaw with T equal to 206 °C. This rapid variation with tem-
electrode was 1 cm thick and had a small hole drilled in itperature, if included in the measurement, would create an
near the edge so that a 16 gauge wire could be inserted in dpparent negative thermal expansion as was revealed in the
and held in place by a conductive epoxy resin that was ratedarlier design. For the samples of interest, it was determined
for use up to 350 °C. This hole was positioned so that it waghat fused quartz would function as well as the Zerodur, as
well outsick a 6 cmdiameter on the blank. The entire flat long as the expansion of the fused quartz electrode was de-
surface was then coated with a nichrome conductive layetermined. Therefore, it was chosen over the Zerodur to mini-
Since the area of the capacitance is completely determinemiize any temperature dependent coupling term.
by the region enclosed by the guard gap on the bottom elec- In addition, this source of error was minimized by im-
trode, the top has no positioning requirements other than proved shielding in the guarded electrode assembly. A thin
completely overlap the guard gap. Also, while fused quartzircular groove about 1 cm in diameter was cut into the back
was used, any material that can maintain flatness over thef the bottom electrode surrounding the central contact. This
temperature range can be used for the top electrode since gsoove extended to within 5 mm of the front surface. The
area does not affect the measurement. guard metallization was continued to the groove which was

The bottom electrode was maderfi@ 2 cmthick blank.  then coated with a thin conductive silver paint. This groove
It is shown in cross section in Fig. 1. It also was polished flatwill then intercept any field lines between the central wire

recessed well filled with 30 gauge copper wire sample

conducting paint

Top View
(bottom electrode)

guard ring

FIG. 1. Schematic of capacitance cell.

A. Electrode design



Rev. Sci. Instrum., Vol. 69, No. 11, November 1998 C. R. Snyder and F. |. Mopsik 3891

180 the cell to prevent the electrode from falling out of the
160 + holder. The coaxial bridge low lead was made from Teflon
140 insulated cable and attached at one end to a BNC receptacle
120 in the holder using high temperature solder with a melting
o 1001 point above 250 °C. The other end was clamped to a shield
80 plate placed between it and the bottom of the electrode was
60 held in place by clamp screws against the wall of the holder.
40 Fine 30 gauge wire coils were used to complete the contact
20 1 to the electrode to eliminate any thermally induced strains
0 . T . - T - - from the Teflon insulation of the cable. Actual connection
20 40 60 80 100 120 140 160 180 was made by a push-on connection using center female con-
Temperature (°C) tacts from 50() BNC connectors.

A miniature semirigid copper clad coaxial line clamped
FIG. 2. Ferroelectric behavior of Zerodu¢.vs temperature for Zerodur to the side of the _h0|der was used to make contact with the
measured at 1 kHz with the capacitance bridge used for the thickness mel@P €lectrode. This lead pverhung the . E|eCt.r0de_ ar!d also
surements. Note that the solid line is a fit to the data with the Curie-Weisgnade contact through a fine copper coil. This coil did not
law with a T, of 206 °C. The error bars correspond to the best estimate ofneed any shielding as the connection to the bottom electrode
two standard deviations in the experimental uncertainty. was completely shielded from it by the holder. In this way all
thermally induced strains from the connections could be

contact through the guard gap to the high electrode. It isninimized without compromising the necessary shielding.
probable that this modification would allow the use of a Ze-

rodur electrode, but we stayed with fused quartz as a cau-
tionary procedure.

B. Electrode holder C. Sample preparation

The electrodes are designed to be separated by three
ieces of sample placed between the bottom guard ring and
e top electroddsee Fig. 1. Since a three-terminal mea-

In order to realize the maximum accuracy with the elec-
trode, a sample holder was designed to both eliminate an

stray capacitative coupling in the bridge leads, when used ; :
a three-terminal device and also to minimize any thermallySurement is made such that capacitances to guard and ground

induced strains on the electrodes. The potential for interferar® eliminated, this removes the sample from the capacitance

ence by thermal strain is shown by the observation that thgneasur’lng_path "_’md’ hence, one does not need to know the
weight of a small tissue wiper placed on top of the top elecSaMPIe’s dielectric constant. _
However, since the electrodes are optically flat, care

trode created a noticeable change in the measured capaci- )
tance. does have to be used when placing the sample between the

The holder, shown in cross section in Fig. 3, had a |anoelectrodes. The sample must be carefully cleaned and the

machined in it so that the bottom electrode could simply resE/€crodes assembled in a dust-free environment. Also, any
on it without any applied force. The circumference of the€Sidual air layers must be removed. _
electrode had three small subdrills so that set screws in the ' herefore, the following protocol was followed prior to
holder could be inserted into them again without any applie@ch run- In a laminar flow hood equipped with a high effi-

force. These screws were provided as a safety when handlirﬁjency particle a_rrestin(HEPA) filt_er,_ the electrode sur_facesf
were cleaned with ethanol and distilled water and dried with

lens tissue. High pressure filtered air was used to remove any
remaining particles from the surface. All samples were

cleaned in the same way. As is shown in Fig. 1, the samples
were placed in the outside guard ring spaced2rad apart.

The entire cell apparatus was then placed in a vacuum oven
at 25 °C under 4.0 kPa of vacuum for 1(Evacuation of the

cell was found necessary to simulate wringing, i.e., the re-
moval of a trapped air layer caused by the contact of opti-

cally smooth surfaces. This phenomena has been noted
previously’) The cell was then transferred to a Tenney

\ ' humidity/temperature chamber. The cell was equilibrated

Drilled and Tapped Holes safety screws for bottom electrode

about 10 °C above the highest temperature of interest. It is
important to note that the humidity/temperature chamber was
Female equipped with a dry air purge with a manufacturer’s quoted
BNC dew point of—90 °C (this corresponds to a vapor pressure of
\ 9.3x10 2Pa). Therefore, all thermal expansion measure-
Cover Flate ments were performed effectively at a relative humidity of
FIG. 3. Schematic of the capacitance cell holder. 0%.

Drilled and Tapped Holes
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D. Capacitance measurement 3.04775

The capacitance between the plates was measured using  3-04770 1
a commercial automated three-terminal capacitance bridge _ 3.04765 -
which uses an oven-stabilized quartz capacitor and has a § 3.04760 -
stated stability and relative standard uncertainty of better g
than =10 8 pF/pF for the range of capacitances used with g 3-04755 1
this cell (Andeen—Hagerleen 2500A 1 kHz Ultra-Precision 3.04750 1
capacitance Bridge"! The major inaccuracy for length mea- 3.04745 1
surement purposes is the guard gap error, however, the best
theoretical evaluation of this error using the estimated gap
width and its variation with distance shows that this is not a
factor for the measurement of thermal expangidrhis is
because the variation in the gap correction varies quitg|g 4. Electrode radius as a function of temperature determined using
slowly with distance and even samples with large values 0b.0 mm Zerodur spacers. Note that the diamonds correspond to averages
thermal expansion do not change their length by more thagver at least two different experir_nents at each temperature _an_d tha_t the error
several percent over the measured range of temperatures. bar; correspond to the best estimate of two standard deviations in the ex-
. . perimental uncertainty.
During the course of the experiment, random tempera-
tures were sampled to eliminate any systematic errors in-
duced by heating and cooling. The cell was allowed tomental uncertainty. From the value of the polarization, the
equilibrate at any given temperature until the relative fluc-static dielectric constant is obtained with the following equa-
tuations in the vacuum corrected capacitance were no motgn:
than 10 ® pF/pF. The barometric pressure was monitored
. , . 2(Plv)+1
during the run. The temperature of the cell was calibrated in = —~— """ _— (5)
terms of the chamber temperature with a resistance tempera- 1-(P/v)
ture device(RTD) mounted to the cell with thermally con-
ducting paste. The RTD was calibrated against a Nationdf- Electrode area calibration
Institute of Standards and TechnologWIST) certified From Eq.(2), it is apparent that the area of the electrode
ITS-90 standard reference thermometer. must be calibrated as a function of temperature. To achieve
this goal, spacers were made from Zerddwith a thickness
of approximately 2.0 mm. The actual dimensions of the Ze-
E. Data reduction rodur spacers were measured in a ball to plane configuration
. . . with a specially designed caliper equipped with a linear volt-
Data reduction was performed in the following manner. e gisplacement transdudelDT) that had a resolution of
In this article, aII_ measur_ements were performe_d at_ apPProXiz- 1 5 104 mm. The spacers were treated in the same man-
mately 0% relative humidity(In the second article in this o 45 is described in the sample preparation section. The
series, we will demon_strate t_h_e necessary corrections Whep, .o qur was then run at25, 0, 25, 50, 100, and 150°C
operating under humid conditionsThe vacuum corrected \ith each temperature being sampled twice. From the aver-
capacitanceC,, is obtained from the measured capacitance,ye yajue of the spacer thickness and the vacuum corrected
C through the dielectric constant of the medium Separat'ng:apacitancé:\,ac at room temperature, the electrode araj (

the plate§. In thg experimepts performed in this article, the, -« qetermined. Subsequent measurements accounted for the
medium is dry air. To obtailC, . from C we use the rela- slight expansion/contractionageqg,=0.05< 10 6K~ 1) of

Rad

3.04740 T T T
240 290 340 390 440

Temperature (K)

tionship: the Zerodur. The results of the radius of the electrad s
C a function of temperatureT() are shown in Fig. 4. It was
Ciac——, 3 determined that this data set was well described by a qua-

€ dratic equation of the form

where € is the static dielectric constant of the material be- _ -9 2\ 2
r{=(3.3432<10° cm/K)T
tween the two plates. The molar polarizatid®) (of air ob- =( )
tained from the literature i®=4.31602< 10" 3 L/mol.*? To —(7.6071x 10" 7 cm/K)T+3.047441 cm. (6)
calculatee, P must be divided by the molar volumegiven

by the ideal gas law to be If Eqg. (6) is converted to units oAr/r,s5, wherer ys is the

electrode radius at 25°C ankk is (rt—r,s), and differen-

RT tiated with respect td@, the coefficient of thermal expansion
V= (4)  of the fused quartz electrodex,) is obtained:
ag=(2.2<10 °K"3)T-2.5x10 "KL 7

whereT is the temperature is the pressure, aridis the gas
constant R=8.314507 LkPamol*K~1).2®* A comparison  This value can be compared to the values obtained by Kiku-
was made between the molar volume obtained with the ideathi and co-workerS on vitreous silica. However, it must be
gas law and with that of equation of state da@nd it was recalled that vitreous silicéor fused quartgis produced by
determined that the error ia was far less than the experi- several different methods and the CTE depends upon which
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10 - Since these are isothermal measurementspthén Eq. (8)
8 ig})‘gf;" Wachtman's Data can be replaced by the appropridtd/d. Following Wacht-
sapphire || to c-axis _
man and co-worker¥ 1.34x 10"* was subtracted from the

< ®1 values for the parallel value dfd/d to convert the data to a

%4 reference temperature of 25°C. These data are the curve

= 5 shown in Fig. 5.

2 Our data agree rather well with the previous data set,
07 o Capacitance Cell with the exception of the deviations at25 and 150 °C.
21 — Wachtman's Data However, the deviation at-25°C should be considered in
4 : : . . light of the fact that Wachtman and co-workers used two

50 0 50 100 150 200 different experimental setups and their data were then

matched at 25°C. Examination of the spline to Wachtman
and co-worker’s data shows that the curvature in our data is
FIG. 5. Single EWSI%OPOD_ A'zoﬁ,(sappf;:redexpa”SiO” as a fU”C“OF‘hOf hmuch smoother than that of Wachtman and co-workers indi-
e T e e oot Mating that our data are more self-consistent. One other fact
at each temperature and that the error bars correspond to two standard d&¢hich makes our data set superior to that of Wachtman and
viations in the experimental uncertainty. co-workers is the temperature expanded uncertainty of
+1.4 K associated with their data, compared to our tempera-
method was utilized. As we are uncertain as to how our fuseture expanded uncertainty of 0.2 K. (Throughout this ar-
quartz was produced, we will compare our results to thdicle, quoted uncertainties represent the best estimate of two
results of Kikuchi and co-workers at 400 K where all of the standard deviations in the experimental uncertajttywe
different types of vitreous silica have the same CTE of ap-have been unable to determine the cause for the deviation at
proximately 0.65 10 8K, The solution of Eq(7) with 150 °C, although it is possible that there was a small amount
T=400K vyields a value foray, of 0.63x10 °K™'. Our  of moisture in the chamber. Calculations indicate that a rela-
value is within the experimental error of Kikuchi and co- tive humidity of approximately 0.3% is sufficient to cause
workers, and therefore we feel confident that our calibratiorthe deviation at 150°C. Since calibration of the humidity
curve is valid. sensor was performed only to 100 °C, this remains a possi-
bility. This issue will be examined further in a forthcoming
article. However, this deviation is small enough that it would
Two different samples were measured to demonstratggt affect the measurement of polymer films.
the capabilities of the capacitance cell. The first sample, |t should be recalled that excluding problems associated
0.5 mm single crystat0003) oriented AbO;, was measured \yith asperities in the films, our technique gives the same
to demonstrate the ability of the technique to produce thee|ative resolution in thickness regardless of the absolute
expansion curve of a known material. The second samplgniciness. It is important to realize that we have resolved the

14{“m t.hiCk Cyc'lotenél (a bis—benzocyglobutene based rna'expansion of single crystal alumina which has an expansion
terial) film obtained from Dow Chemical Company, was coefficient on the order of am m~ KL, If this is com-

chosen_to dirtr;](_)nstr?te th_e ?_?'“ty of the cell to measure thSared to polymer films which have expansion coefficients at
expansion ot thin polymeric Tims. least an order of magnitude larger, it is apparent that polymer

films will be far easier to resolve.

Temperature (°C)

G. Sample measurements

IV. RESULTS AND DISCUSSION

A. (0001) oriented aluminum oxide (alumina/
sapphire )

B. Cyclotene film

Due to the extreme sensitivity of our technique, we were
able to resolve creep of the sample at levels that ordinarily

In Fig. 5, we have plotted d/dys for our experimentally  would not be observable. Figure 6 shows the thickness ver-
determined data on single cryst@l001) oriented aluminum  gys time plot at 60 °C. There are several different “regimes”
oxidg. To compare our values to those in the literature, W, the plot. The rapid riséor fall if the temperature jump was
obtained the raw data of Wachtman and co-work&fEhese  performed in the opposite directipat short times is due to
data were then fit to a 10 knot cubic splittewvachtman and  therma| equilibration, the duration of which agrees well with
co-workers obtained their data at 10° and 90° todt®@ys-  he equilibration time followed by thermometry. This equili-
tallographic axis(principal axig. Therefore since our data pation time is followed by a steady decrease in film thick-
were obtained parallel to tfeaxis the following relationship || .cq [) until a plateau is reached in which the film thickness

given by Wachtman and co-workéfsas utilized: is not changing with timet). The plateau extends further

_ i beyond what is shown in Fig. 6lt should be noted that we
ay—a, Sinfy . ? .
aHZT ; 8 usel andd interchangeably sinderefers to sample thickness
cos i andd refers to capacitor plate separatijon.
wherea,, is the expansion coefficient at an anglew is the To remove the effects of creep, the following protocol

expansion coefficient parallel to the principal axis, andis  was followed. A derivative plot was madEig. 7) to find the
the expansion coefficient perpendicular to the principal axisinflection point where thermal conductivity equilibration
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14.8140 12
14.8135 A 10
g 14.8130 w 8
= 14.8125 =
= w61
g 14.8120 1 &
T 4
£ 14.8115 - 5
= < 2
£ 14.8110 1 1
14.8105 1 b 01
14.8100 T T T T 2 T T T
0 5000 10000 15000 20000 25000 20 40 60 80 100
Time (sec) Temperature (°C)

FIG. 6. Thicknessl( vs time for Cyclotene at 60 °C after equilibration at
25°C. (The best estimate of two standard deviations in the experimenta,
uncertainty is+0.02 nm)

IG. 8. Expansion curveXd/d,s vs T) for Cyclotene. Note that the error
ars correspond to two standard deviations in the experimental uncertainty
as were estimated from the two experiments performed at 25 °C.

stops and creep begirise., a plot _OfAI/At vst, where the throughout the entire experiment. The difference in thickness
At corresponded to the 10 s spacing between measure)r.nentﬁe,wveen the two measurements at 25°C isH®2 nm
ghe_po_lnt atfwrk]nch this curve crossehs ﬁ?}’('i IS taker? as theb This difference could be reduced by performing the measure-
eginning of the creepy . Becayset e_t ICKNeSS Changes DY yants in a series of equally spaced temperature steps with
small amounts over large periods of time, the creep is 'nd'the same measurement and creep “removal” procedure as
tinguishable from noise in the derivative plot. The point aty. . rined above. Our random temperature sampling, al-
Wh'ﬁ_r;],th? plﬁteau 'S realcheg s taken k?s tlhe endf'of thﬁ “"®&Rough demonstrating the self-consistency of the measure-
ta. 'j IS t enf extrapo ateF_ 'D:60 with a linear fit to the ments, introduces uncertainties due to a varying thermal lag
entire data seth rony o t; (Fig. f)' h | time which results in a cumulative error problem. It should
To ve_r|fy the consistency of the sample measurementy, 416 however, that the results obtained for the expansion
the following temperature profile was utilized. Initially, the coefficient by our capacitance cell agree reasonably well
sample was equilibrated at 150 °C for 20 h. After the relative, i those obtained at Dow Chemical Company by a com-

vacuum corrected capacitance varied less thaflF, the  pinaiion of TMA and volumetric dilatometry measurements.
cell was again equilibrated with the same tolerance condition

at the following temperature@n the following ordey: 100,

25, 60, 40, 80, and 25 °C. The data at each temperature wee® Silicon

corrected for creep and the curve in Fig. 8 was obtained. The . . . .
- . . . We feel it germane to mention one inherent problem in

error bars in Fig. 8 are estimates of the uncertainty in thetthe

experimental data obtained from the two runs at 25°C. It is current design of.the capamtancg cell. Mea}s_;urements
cannot be made on silicon or on materials on a silicon sub-

apparent from Fig. 8 that the data are self-consistent as thegfrate The reason is that silicon and nichrome form a

fall on the same line, within the experimental uncertainty'Schottk barrier and act as a voltage rectifier. Because of the
Furthermore, it is apparent the data at 25°C agree well ir}lature ())/fthe interface, this takes tﬁe measur.in frequency of
light of the fact that the material’'s dimensions changed ' g 'req y

1 kHz and increases it to the ultrasonic level which in turn
causes the epoxy contacts to be shaken loose. The solution, if

6 . 7
needed, is quite simple. The top electrode can have a guard
9] ring added such that the inner electrode area is larger than
g 4 that of the lower electrode. If the samples are kept on the
mé 34 guard rings of both electrodes, the silicon is held at zero
e potential and no voltage rectifier will be formed. As the up-
x 21 per electrode area is larger, the bottom electrode will still be
§ 14 the defining area for Eq(2).
0
t
-1 ‘ ‘ ‘ ‘ D. Discussion of errors
0 5000 10000 15000 20000 25000
time (sec) 1. Electrode tilt
FIG. 7. Derivative plot @l/dt vst) for Cyclotene at 60 °C after equilibra- An advantage of this cell is that the design is such that

tion at 25 °C. The time at which the curve has reached a value of zero is thany uncertainties due to the small amount of tilt caused by
value fort,, the starting point for the linear extrapolation to zero. Recall sample variations will not significantly affect the results. By
that the change in t|rr_1ed¢) corresponds to a 10 s period so thgt changessimple symmetry arguments, it can be shown that any devia-
over long periods of time are not observéNote that the best estimate of .

the combined standard uncertainty with a coverage factor of 2 isions due to a lack of parallelism enter as the square of the

=0.04 nm/s) tilt angle. For thin films placed between 5 cm diam plates,
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the maximum possible angle is so sm@all um/5 cm that Finally, sample flatness becomes an increasing problem
any variation in this angle is well beyond any possible ex-with the anisotropic materials. For some liquid crystal poly-
perimental resolution. imides, the thermal expansion can be close to zero ixthe

plane while near 10810 ®K ™1 in the thickness direction.

For these materials, sample flatness will become the limit to

the estimation of the CTE perpendicular to theplane. For
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that are not of identical height arises if the sample piecegertainty becomes less important and in the limit of an iso-

move during the course of the measurement. If the samplegopic material, the orientation and shape of the sample do

are not in the exact same location and orientation, the meagot matter.
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