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A Precision Capacitance Cell for Measurement
of Thin Film Out-of-Plane Expansion–Part III:

Conducting and Semiconducting Materials
Chad R. Snyder, Member, IEEE,and Frederick I. Mopsik

Abstract—This paper describes the construction, calibration,
and use of a precision capacitance-based metrology for the mea-
surement of the thermal and hygrothermal (swelling) expansion of
thin films. It is demonstrated that with this version of our capac-
itance cell, materials ranging in electrical properties from insula-
tors to conductors can be measured. The results of our measure-
ments on p-type 100 -oriented single crystal silicon are compared
to the recommended standard reference values from the literature
and are shown to be in excellent agreement.

Index Terms—Capacitance cell, coefficient of thermal expansion
(CTE), guarded electrode, high sensitivity displacement, inner
layer dielectrics, polymers, thin films.

I. INTRODUCTION

T HE coefficient of thermal expansion (CTE) is a key de-
sign parameter in many applications. It is used for esti-

mating dimensional tolerances and thermal stress mismatches.
The latter is of great importance to the electronics industry,
where thermal stresses can lead to device failure. For accurate
modeling of these systems, reliable values are needed for the
CTE.

Traditionally, displacement gauge techniques such as thermo-
mechanical analysis (TMA) have been utilized for determining
the CTE. However, standard test methods based on these tech-
niques are limited to dimensions greater than 100m [1], [2].
This is problematic for materials which can be formed only as
thin layers (such as coatings and certain inner layer dielectrics).
Additionally, there is some question as to whether values ob-
tained on larger samples (bulk material) are the same as those
obtained for thin films, even when the effects of lateral con-
straints are included in the calculations [3]–[5].

It has long been recognized that capacitance-based measure-
ments, in principle, can offer the necessary resolution for these
films [6]–[8]. For a pair of plane-parallel plate capacitors, if the
sample is used to set the spacing of the plateswhile being out-
side of the measurement path, then for a constant effective area
of the plates , the capacitance in a vacuum is given by
the well-known equation

(1)
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where is the permittivity of free space ( pF/m).
With the sample outside of the measurement path and only air
between the electrodes, the vacuum capacitance is obtained
from the measured capacitanceby

(2)

where is the dielectric constant of air.
In three previous papers, the design and data reduction tech-

niques were presented for our three-terminal capacitance-based
metrology for thin polymer film measurements. The first paper
(I) described the initial design based on gold-coated Zerodur
[9].1 2 However, several problems were encountered. It was dis-
covered that Zerodur displays ferroelectric behavior, with an ap-
parent Curie temperature of 206C as determined by fitting with
a Curie–Weiss law. The rapid change in the dielectric constant
of the Zerodur along with a coupling from the central contact
through the guard gap to the high electrode created an apparent
negative thermal expansion [10]. The second problem with the
initial design was with the gold coating. This coating had the
tendency to “snow plow” when scratches formed in the surface
creating raised areas which would result in shorts when mea-
surements were performed on thin samples. The second problem
with the gold was that it underwent mechanical creep under
loading.

To resolve these problems, a new electrode was designed
from fused quartz coated with nichrome. A groove filled with
conductive silver paint was added to the back side of the bottom
electrode around the central contact to intercept any field lines
between the central wire contact through the guard gap to the
high electrode. The new design was described in the second
paper (II) along with thermal expansion measurements on

-oriented single crystal sapphire (AlO ) and a 14- m
thick inner layer dielectric material [10]. It was recognized in II
that the data reduction was simple as long as the air filling the
gap between the capacitor plates was dry. However, to expand
the utility of the capacitance cell to hygrothermal expansion
(i.e., swelling in a humid environment), the third paper (III)
described the data reduction techniques necessary for use of
the capacitance cell under humid conditions [11].

1Schott material having a CTE of less than0:05� 10 K�1
2Certain commercial materials and equipment are identified in this paper in

order to specify adequately the experimental procedure. In no case does such
identification imply recommendation or endorsement by the National Institute
of Standards and Technology, nor does it imply that the items identified are
necessarily the best available for the purpose.
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Fig. 1. Schematic of the electrodes. Note that the shaded areas correspond to
the nichrome coating.

The resolution of the instrument was determined in II and III.
For dry, isothermal conditions, the capacitance cell can measure
relative changes in thickness on the order of 10, for a 0.5-mm
thick sample; this corresponds to a resolution on the order of

m. Under dry conditions in which the temperature is
changed, the reproducibility of a relative thickness change (e.g.,
for CTE measurement) is on the order of 10. Finally, under
humid conditions, the ultimate resolution is primarily a function
of temperature—the actual values of which are given in III.

In II, a deficiency was recognized in the design. Neither semi-
conducting or conducting materials could be used as the mate-
rial for testing. This was especially the case for silicon, which
forms a Schottky barrier with nichrome and acts as a voltage
rectifier. Additionally, because of the nature of the interface, the
1 kHz measurement frequency generates ultrasound which re-
sults in the epoxy contacts being shaken loose. We mentioned
briefly in II that if the top electrode had a guard ring added, the
sample could be held at zero potential and this would no longer
be a problem. To demonstrate this, we constructed such a ca-
pacitance cell—the design and testing of which are described in
this paper.

II. CAPACITANCE CELL DESIGN

A. Electrode Design

Because the construction of the electrodes was thoroughly
described in II, a less detailed description will be given with
emphasis on the changes in the design. The electrodes were
constructed, as before, in the following manner (see Fig. 1).

cm cm cylindrical blanks of fused quartz were ground
and polished to optical flatness. Small holes were drilled
through the center of each blank so that 16 gauge wire could be
inserted into them. The wires were then cemented with a con-
ducting epoxy (resistivity of cm at 25 C). A second
hole and wire were then added to each blank approximately
0.75 cm from the edge of the blanks. A coating of nichrome
was then added such that it covered all surfaces except for a
small area around the back of the blanks. A guard gap was
scribed on both the top and bottom electrodes such that no

Fig. 2. Schematic of the assembled capacitance cell.

material was raised which could cause a short. On the bottom
electrode, the guard gap was scribed on a 3 cm diameter, and
on the top electrode it was scribed on a 6 cm diameter. In the
bottom electrode, a 1 cm diameter well was cut into the back of
the blank which extended to within 5 mm of the front surface.
This well was then filled with a thin conductive silver paint.
The paint connected the outer guard ring’s metallization to the
edge of the well.

B. Cell Assembly and Capacitance Measurements

The holder described in II was employed for the modified
cell. In this version of the capacitance cell, both conductors
of the semirigid coaxial line were connected to the top elec-
trode. The center connector and braid were connected to the
center area and outer guard ring, respectively, by fine 30 gauge
wire coils. The coils were terminated with center female con-
tacts from 50 BNC connectors, which could be easily con-
nected/disconnected to the 16 gauge tinned copper wire that was
epoxied into the electrodes. A schematic of the assembled cell is
shown in Fig. 2. The female BNC connector on the brass holder
(bottom electrode) was connected to the low terminal, and the
female BNC connector on the semirigid coaxial line was con-
nected to the high terminal. All connections from the capaci-
tance cell to the bridge were performed using Teflon insulated
low noise cables.

The capacitance measurements were obtained using a com-
mercial automated three-terminal capacitance bridge which
uses an oven-stabilized quartz capacitor and has a cited guar-
anteed relative resolution of better than pF/pF for the
range of capacitances used with this cell (Andeen–Hagerling
2500 A 1 kHz Ultra-Precision Capacitance Bridge with Option
E). (Note that the “useful” relative resolution is suggested by
the manufacturer to be typically a factor of 10 or more better
that the cited relative resolution.) The capacitance bridge’s
calibration was verified against a National Institute of Stan-
dards and Technology (NIST) calibrated standard reference
capacitor—the difference between the two was within the
capacitor’s uncertainty.

All measurements were performed in a temperature/humidity
chamber equipped with a90 C dew point air purge. The cell
was equilibrated at each temperature until the relative fluctua-
tions in the vacuum corrected capacitance were no more than
10 pF/pF. Barometric pressure was monitored using a dig-
ital pressure sensor with a manufacturer’s stated uncertainty of
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0.1 mm (13 Pa). As stated previously in II, the tempera-
ture of the cell was calibrated in terms of the chamber temper-
ature with a resistance temperature device (RTD) mounted to
the cell with thermally conducting paste. The RTD was cali-
brated against a NIST certified ITS-90 standard reference ther-
mometer. As in II, because we are using a dry air purge, we can
use the ideal gas law correction to determine the molar volume
of the air to calculate

(3)

where
absolute temperature;
pressure;
gas constant ( L kPa mol K ) [12].

From this and the value of the molar polarization of dry air ob-
tained from the literature, L/mol [13], the
dielectric constant of the air separating the electrodes is

(4)

III. M EASUREMENTS

A. Cell Calibration

To use (1) to calculate the thickness of the sample, the ef-
fective area must be known. To determine this value as a func-
tion of temperature, as in II, we calibrated the area and area
expansion through the use of Zerodur spacers with thicknesses
of approximately 2.0 mm. As in II, the actual dimensions of
the Zerodur spacers were measured in a ball to plane configu-
ration with a specially designed caliper equipped with a linear
voltage displacement transducer (LVDT) that had a resolution
of mm. The cell was assembled with the Zerodur
spacers using the sample preparation described in II. Measure-
ments were performed at 0C, 25 C, 50 C, 75 C, 100 C,
125 C, and 150 C. The cell was cycled through this range
of temperature three times, and the values for were de-
termined for each run after averaging all the properties over
approximately 1 h using 10 s increments (a total of 360 data
points) after equilibrium was achieved. The areawas calcu-
lated using the room temperature thickness measurements and
the 25 C value for . All subsequent determinations of,
at higher and lower temperatures, were corrected for the slight
expansion and contraction of the Zerodur as a function of tem-
perature ( K ). The results of the
effective radius of the electrode as a function of temperature are
plotted in Fig. 3.

B. p-Type Doped Single Crystal Silicon

To demonstrate the ability of the cell to measure silicon and to
provide accurate values for thermal expansion, a 0.6-mm thick
wafer of single-side polished, back side stress relieved, p-type,

-oriented single crystal silicon with a resistivity of 15
cm was broken (by scribing) into three pieces. Each piece was
approximately 1 cm. The pieces were then cleaned with ultra
pure distilled water and ethanol. The cell was assembled in the
same fashion as was described in II and was placed in a vacuum

Fig. 3. Effective radius of the bottom electrode as a function of temperature
obtained by measurements using Zerodur and correcting for its slight expansion.
(The error bars correspond to the best estimate of two standard deviations in the
experimental uncertainty—type A errors only. Previous measurements with the
capacitance cell suggest that type B errors can be assumed to be zero.)

Fig. 4. Relative expansion of theh100i-oriented single crystal silicon as a
function of temperature. The line is a plot of the data from [14]. (The error bars
correspond to the best estimate of two standard deviations in the experimental
uncertainty—type A errors only. Previous measurements with the capacitance
cell suggest that type B errors can be assumed to be zero.)

oven at ambient temperatures for approximately 1 h to effec-
tively wring the sample.3 . Measurements were performed at 25
C, 50 C, 75 C, 100 C, 125 C, and 150 C, a minimum

of two times each. (Note: No point was taken at 0C due to
problems with the compressor in the environmental chamber.)
The wafer thickness was determined using the effective radius
versus temperature data shown in Fig. 3. The results of this anal-
ysis are shown in Fig. 4 along with the recommended expansion
data on silicon obtained from [14]. It should be noted that the
standard reference data was defined relative to 20C whereas
we have measured, for convenience, relative to 25C. There-
fore, the standard reference, relative expansion data was shifted
in Fig. 4 by an amount equal to

(5)

where is the CTE at temperature taken from [14].

3In this instance, “wring” refers to the process whereby gauge blocks are
twisted as their optically smooth surfaces are in contact so as to remove the
intervening air layers.
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It is apparent that the two sets of data agree within the exper-
imental uncertainty. (The error bar is smaller on the 25C data
point than on the higher temperatures due to the fact that more
repeat runs were performed, which reduced the uncertainty for
that data point.) This demonstrates several key conclusions re-
garding the capacitance cell. First, the limitations of the pre-
vious design have been eliminated; silicon and conducting sam-
ples can be measured. Second, the results show that the capaci-
tance cell produces data that agree with literature data. Finally,
we have further demonstrated the advantage of our technique
for measurement of thin samples over commercially available
TMAs. The validity of this statement can be shown by consid-
ering the results of a round robin study. This study was per-
formed among researchers at NIST, IBM Endicott, DEC, Micro-
electronics and Computer Technology Corporation, Naval Sur-
face Warfare Center—Crane Division, CALCE Electronic Prod-
ucts and Systems Center at the University of Maryland, Cor-
nell University, University of Texas at Austin, Purdue Univer-
sity, and the Semiconductor Research Corporation (SRC) on the
measurement of the CTE of single crystal silicon using
various commercial TMAs [15]. A 1.1765-mm thick sample of

single crystal silicon was used by all participants. All
reported values for the CTE of silicon were below the litera-
ture values for the corresponding temperature ranges by 15%
to 40%. Our sample was approximately half as thick as their
sample, yet our values are within the experimental error. (It
should be recalled that our total precision is independent of ac-
tual thickness and the main error is due to electrode/sample in-
terfacial effects. Therefore, had we used the thicker sample, as
was used in the round robin study, the error in our results would
have been reduced.)

In closing, it should be mentioned that since silicon was
the “worst case” scenario for the new capacitance cell, it
was deemed unnecessary to perform measurements on single
crystals of a metallic sample which have a much higher CTE.
However, a single measurement was taken on the silicon by
connecting the braids from the high and low terminals together
shorting the two guard rings as if it were done by a metallic
sample. The measured capacitance was unchanged; this there-
fore demonstrated that conducting materials can be measured.

IV. CONCLUSIONS

We have presented the designs and implementation of our ca-
pacitance cell for the measurement of conducting and semicon-
ducting materials (as well as dielectrics). The thermal expan-
sion data, obtained with the new version of our capacitance cell,
on p-type doped single crystal silicon have demonstrated
both the ability of the cell to measure silicon and conducting
samples and the ability of the cell to provide accurate CTE data
on these types of materials. As a result, it is apparent that this
metrology can also be applied to thin polymer films deposited
on silicon substrates. Furthermore, this cell can also be used to
study the hygrothermal expansion (swelling due to the presence
of moisture) by utilizing the data reduction techniques described
in III. Accordingly, this technique should be especially useful to
the microelectronics packaging industry for the characterization
of inner layer dielectrics as well as composite structures.
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