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The composite resonator consists of a unif ihin layer etched in a small

well-defined region of a semiconducting wafer to form a diaphragm, upon &1*6h Is

deposited a thin piezoelectric film along with the electrodes to form a resonant

region directly on the wafer. Under this program the case of the a.uminum-nitride

film on gallium-arsenide is investigated.

The accuracy of the values of the material constants of alumainum nitride that

appear in the literatureI is open to some question. The reason for this is that

the published value of the elastic constant c33, which is the constant that deter-

mines the pure thickness-extensional resonant frequencies, yields thickness-

extensional resonant frequencies that differ by 24% from other measured thickness-

2
extensional resonant frequencies appearing in the literature . Nevertheless, the

publishedI values of the elastic constants have been used in all calculations

reported here.

Before proceeding with a discussion of our recent work, it is essential

for clarity that we briefly explain the meaning of the words "energy trapping."

Since the pure thickness-extensional resonant frequencies are cutoff frequencies,

there is usually a nearby frequency range in which the transverse mode shape is

evanescent. There is also a nearby frequency range in which the transverse mode

shape is trigonometric. Consequently, by the selection of the appropriate

thickness-extensional overtone (or fundamental) and/or the appropriate adjustment

of the geometry in the electroded and unelectroded regions, the transverse modal

behavior can be made to decay with distance away from the electrodes in the

unelectroded region. The resulting vibration is called a trapped energy mode,

which radiates a controllably small amount of energy into the adjacent thick

portion of the semiconducting wafer and, hence, results in the highest possible Q,

albeit with many nearby spurious modes with high Q. Alternatively, the overtone

and/or geometry can be selected so that the mode does not decay with distance away
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from the electrode in the unelectroded region and the resulting vibration is not a

trapped energy mode. In this case much more energy is radiated into the adjacent

thick portion of the semiconducting wafer and much lower Q's result. Although

there are still many nearby spurious modes, they are less troublesome because the

' Q's are lower. All experimental work on the composite resonator reported to date

has been for this latter case. On the other hand a detailed analytical treatment

of the composite resonator for the case when trapping is present appears in the

literature3 along with a detailed discussion of when trapping is and is not

present.

Using the aforementioned constants of aluminum-nitride, we have found that

the fundamental essentially thickness-extensional mode will not trap for an

aluminum-nitride film on a gallium-arsenide diaphragm in the flat plate configur-

ation. However, the fundamental mode will trap if the gallium-arsenide diaphragm

is appropriately notched a small amount in the eleqtroded region, as shown in Fig.

9 of Ref. 3. In addition, we have found that the second essentially thickness-

extensional mode will trap for the same film and substrate materials in the flat

plate configuration for any ratio of film-thickness to diaphragm-thickness.

An analysis of the vibrations of a composite resonator, which is driven by

the application of an a.c. voltage across strip electrodes on the major surfaces

of the film, has been performed. The analysis includes the pertinent waves in the

active region of the composite resonator, as well as all radiating waves in the

thick gallium-arsenide plate. The solution is obtained by satisfying the

differential equations for the piezoelectric film and semiconductor as well as all

boundary conditions on the major surfaces of the film and semiconductor exactly

and using the appropriate variational principle to satisfy the remaining condi-

tions along the minor interfaces approximately. The minor interfaces separate the

electroded from the unelectroded regions of the resonator and the thin region of

AP



the gallium-arsenide from the thick region. Past experience shows that this type

of approximation yields extremely accurate results if all the proper waves are

.included. Both the configuration in which the film ends at the edges of the

electrodes and in which it continues to the edges of the etched diaphragm have

been considered when trapping is not present, along with the latter configuration

when trapping is present. In each instance the Q at the resonance condition has

been calculated.

In performing the aforementioned calculations we have found that it is

imperative that all radiating plate waves in the thick region of the gallium-

arsenide be included in order to achieve accuracy. Since at a given frequency the

number of radiating waves in a plate goes up significantly with thickness, we have

considered gallium-arsenide wafers no thicker than 8 mils at a frequency around

132 MHz, for which there are 30 radiating plate waves. Specifically, calculations

have been performed for thicknesses ranging from 1.5 to 8 mils. The 1.5 mil case

was considered at an early stage in the calculations to check the program with as

small a number of dispersion curves as possible. All the definitive calculations

were for a film thickness of 7 microns and a diaphragm thickness of 14 microns and

the lateral dimensions were adjusted slightly to maintain the same resonant

frequency for computational convenience. The major calculations were performed

for wafer thicknesses ranging from 4 mils to 8 mils because this is considered to

be within the practical range. The calculated Q is a very rapidly varying

function of the wafer thickness. Consequently, calculations had to be performed

for very small increments in thickness in order to get all the peaks and valleys

in the interval.

In the absence of trapping in the case in which the film ends at the edges of

the diaphragm, the highest Q obtained is about 4000 and the lowest is about 10 and

there are about 10 peaks for thicknesses between 4 mils and 8 mils. The highest
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valley has a Q of 700. The calculations were performed using an increment in

thickness of 1 micron. In the case in which the film ends at the edges of the

electrode, the highest Q calculated so far is about 14,000 and the lowest Q is

about 200. At present this calculation is not quite complete. Calculations were

performed when trapping was induced by notching the diaphragm under the electrode.

As expected, the Q due to radiation can be made as high as we wish simply by

extending the lateral dimensions of the film and diaphragm. We have calculated

Q's higher than 200,000 for quite reasonable dimensions. In interpreting the

foregoing information it should be remembered that the high Q's calculated should

be higher than the actual Q's because the material Q and the Q due to radiation

into the air are not included. The results discussed above mean that in order to

obtain reasonably high Q when trapping is not present for a given wafer thickness,

the thicknesses of the film and diaphragm must be very precisely selected.

.. V
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A talk entitled "On the Reduction in Quality Factor of the Piezoelectric Thin

Film on Semiconductor Composite Resonator Due to Radiation into the Bulk Semi-

conductor" by D. S. Stevens, H. F. Tiersten and D. V. Shick is to be presented at

the upcoming 1985 Ultrasonics Symposium in mid-October. A paper with the same

title is to be published in the 1985 Ultrasonics Symposium Proceedings. The

abstract of the talk is appended to this report.
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ON THE REDUCTION IN QUALITY FACTOR OF THE PIEZOELECTRIC
THIN FILM ON SEMICONDUCTOR COMPOSITE RESONATOR
DUE TO RADIATION INTO THE BULK SEMICONDUCTOR

D. S. Stevens, H. F. Tiersten and D. V. Shick, Rensselaer Polytechnic Institute,
, ,Troy, NY 12181.

The composite resonator consists of a uniform thin layer etched in a small well-
defined region of a semiconductor wafer to form a diaphragm, upon which is
deposited a thin piezoelectric film along with the electrodes to form a resonant
region directly on the wafer. Although the composite resonator, which operates in
an essentially thickness-extensional mode, can be constructed to employ energy
trapping, all existing experimental work in the literature is for the case when
trapping is not present. All previous analytical work expressly ignores radiation
into the bulk semiconductor except one treatment, which unrealistically ignores the

. Junction between the etched diaphragm and the bulk semiconductor. In this work an
analysis of the composite resonator driven into essentially thickness-extensional
vibrations by the application of a voltage to strip electrodes is performed. The
analysis includes all pertinent waves in the active region of the composite
resonator as well as all radiating plate waves in the thick portion of the semi-
conductor. The solution consists of a sum of terms satisfying all differentiai
equations and boundary conditions on major surfaces exactly and uses the appro-
priate variational principle of linear piezoelectricity to satisfy the remaining
conditions across minor interfaces approximately. For the case of the aluminum-
nitride film on gallium-arsenide the Q is calculated for both the configuration in
which the film ends at the edges of the electrodes and in which it continues to the
edges of the etched diaphragm when trapping is not present and for the latter
configuration when trapping is present.
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