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Abstract
This paper reports on design, fabrication and experimental testiagnefv class of two-port
stacked piezoelectric aluminum nitride contour-mode micromechargsahators that can be
used for RF filtering and timing applications. This novel designistnef two layers of thin
film AIN stacked on top of each other and excited in contour mode shepeg the ¢
piezoelectric coefficient. Main feature of this desigthis ability to reduce capacitive parasitic
feedthrough between input and output signals while maintaining straugroshechanical
coupling. For example, these piezoelectric contour-mode resonatmss as quality factor of
1,700 in air and a motional resistances as low as 1a6a frequency of 82.8 MHz. The input to
output capacitance has been limited to values below 80 fF, theeefoplifying signal detection
even at high frequencies.

Keywords: Piezoelectric resonators, two-port resonators, RF MEMS, contour-maodenam

nitride.

Introduction
Next-generation RF communications links will require integratadhiaturized and
microfabricated vibrating microstructures that will perfoime keeping and filtering functions,
consume little power and be able to span multiple frequencies carnie chip. Recent research

results have demonstrated high-Q, electrostatically actuatedatess [1-4]. Although very



promising, these devices suffer from a large motional resestamisich makes their interface
with 50 systems very difficult. Recent efforts trying to lower the motionasdtasce by acting
on geometrical parameters [5, 6] have not shown very significgrbiraments. The use of an
internal electrostatic transduction mechanism [7-9] (a high-Kecliet is used to produce
electrostatic forces) is very promising, but is limitedtbg intrinsically large capacitance that
make signal detection extremely complicated at high frequencies.

Piezoelectric resonators such as thin film bulk acoustic ressn&BARS) [10, 11] and
quartz shear resonators [12] have demonstrated high quality fastblsva motional resistance
(few s) even at GHz frequencies. Despite being proven technologies, F#&Rshear-mode
guartz resonators do not permit the manufacturing of a single-chipdglle, because multiple
frequency selective arrays of piezoelectric resonators canriabbeated on the same substrate,
since film thickness sets frequency.

AIN contour-mode resonators, recently introduced by the same autt®ib], have
instead demonstrated the ability to provide multiple frequency oatperon the same substrate
in combination with low motional resistance (50-70pand high quality factors (up to 4,300).
At high frequencies (GHz range), these piezoelectric microstegtseem to be primarily
limited by capacitive feedthrough. The resonator signal iskadady a parallel parasitic
capacitance due to the fabrication process and the use of one-payuicatidns. In this work, a
new class of contour-mode piezoelectric resonators that elegsitiaits feedthrough problem is
introduced. This novel design consists of two AIN contour-mode microresonatdesdstarctop
of each other and having a common ground electrode in the middle ofrdbtur®. Each
resonator can be employed either as an actuation or sensingneél By physically separating

the input from the output, true two-port micromechanical resonatorggonant transformers)



have been fabricated. The only feedthrough capacitance that cantelitiiait the high
frequency performance of these microdevices derives fromsubstrate or the AIN film itself.
These resonators, in the shape of either rectangular plat@swarcrings, have initially been
demonstrated at frequencies as high as 214.5 MHz with a quadiiyr fQ, of approximately
1,500 in ambient conditions and a motional resistaRgeas low as 150 . The feedthrough
capacitance was always limited to less than 80 fF. Theseedew#solve the feedthrough
problem encountered with one-port devices and have the potential to Inelesktesy GHz
frequencies.

In addition this novel topology can be employed to implement single-ended to different
microstructures that can reduce the number of components count lyaghigy for example,
baluns. It is also possible to envision the use of these two-pdredtaesonant microstructures
for the implementation of mixing functions by using the non-linetuadion principle typical of

“internal electrostatic” transduction that can be obtained from very thin ttiellyers [7-9].

Design of Two-Port Stacked Resonators

Figure 1 shows a possible embodiment of a two-port stacked contour-Albde
piezoelectric resonator. This rectangular plate is formawbyc-axis oriented aluminum nitride
layers, each sandwiched between two electrodes (platinum ornalmniand vibrates in a
contour mode shape. A similar stacked topology can also be realizedular ring structures.
A vertical electric field is applied to one of the two layarsl induces in plane dilation of the
plate through thels;; piezoelectric coefficient. The rectangular plate can be exkditto two
fundamental modes, either a length-extensional (Figure 1b) adth-extensional (Figure 1c)
mode, being the center frequency set either by the width or lefdgtie plate, respectively.

Although lower frequency flexural modes could be excited in thiscttre (bending can be



induced by the non-symmetric application of the input force), these siagpes are generally
characterized by larger motional resistance and very smaltygtadtor in air and therefore go
undetected (as proven by the experimental results). In a simalaner the circular ring can be
excited in a radial-extensional mode of vibration, whose fundameatpléncy is determined by
the width of the annulus (Figure 2). At resonance, the large stdhioed in the plate produces
a charge that can be piezoelectrically sensed by the ottegr Ehis vertical two port topology
permits the physical separation of the input electrode from the oetpatrode, therefore
reducing parasitic feedthrough. This two port implementationrdifiem the one reported by
the same authors in [16] (Figure 3), because the whole top soffdweplate is now covered by
one electrode and maximum electromechanical coupling is acHigveti8]. By moving from a
horizontal two-port configuration to a vertical two-port topology, thectlifeedthrough that is
experienced through the device in [16] and that would have been extneroklgmatic at very
high frequencies is eliminated (Figure 3). For the same gepmeported in [16] (200x50m)
the feedthrough level was reduced from -40 dB to — 58 dB at approximi&eWHz, therefore
obtaining approximately an 8 fold reduction in the feedthrough capacitance from @480FR

In Figure 4 is shown the equivalent electrical model of susbnant microstructure.
Each layer can be modeled using the standard Mason’s model [1die(Eg), for which the
conversion from electrical to mechanical eneiy, is represented by a transformer with a turn
ratio equivalent to the electromechanical coupling, As derived in [15] the equivalent
parameters of the resonator are expressed by the followingatpuéhese values are for the
length-extensional mode, but apply to the width-extensional mddesifsubstituted byV and

vice versa)
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where , and 33 are the dielectric permittivity of air and the relativerpittivity of AIN in the 3
direction (c-axis);W, L and T refers to the geometrical dimensions of the structure being
respectively the width, the length and the thickness of the jatand qare the equivalent in-
plane modulus of elasticity and mass density of AIN and the edfaelectrodes and, is the

natural frequency of the resonator. Similar equations apphh&citcular ring and are given

by:
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where the variables are the same that were defined fori@yaj, Rave is the average
radius of the ring and is the in-plane equivalent Poisson’s ratio for AIN.

The overall model describing the two-port stacked system can deedtoy combining
two Mason’s models together, using one for the actuation elemenbre for the sensing
element and assuming that the two are exchanging the sanm®mekxhanical energy. As
shown in Figure 4, the overall microsystem can be describedrapstormer, a single resonator
in the series branch and two physical parallel capacitors.ehiealent parameters of the two-

stacked system can be expressed as:
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where the subscript 1 and 2 refers to the actuation and sensinghslerespectively. This

description represents the most general case; in this partreoit 1 and , are designed to be
the same and N is equal to one. The feedthrough capagitotha® is included in the model
(Figure 4) takes into account parasitic capacitances througtulistrate, the AIN film and air.

This capacitor differs from the one in [16] because it is nottdulee device itself and therefore
takes on a much lower value. Similar equations can also be devivéee fequivalent electrical

parameters of the ring structure.

It is also important to note that in this configuration the curreowd in different
direction in the actuation and sensing elements, as indicated tgtthan the transformer. This
feature permits to avoi@ loading induced by the electrical resistance in the ground ediectr
The currents are flowing in and out of the ground electrode,irgeatvirtual ground at this
location (Figure 5). Ideally, a thin Pt electrode (< 50 rcah be chosen for the ground
electrode. Different thicknesses can be selected for the weiest layers. A symmetric
configuration, with the same thickness for both layers, can reducsitité-plane motion of the
structure and improve isolation between input and output. The use of ayimiight instead
enable new applications, such as mixing, induced by “internal elettodsactuation [7-9].
Fabrication issues also set limitations in the choice of ther [thickness. In the fabrication
section it will be shown that films deposited on a very thin segel lgenerally show larger

value of the full width half maximum (FWHM) angle that is ob& from rocking curve



measurements. FWHM values are a measure inversely proportidhal degree of crystallinity
of the film and consequently of its quality. Two main configurationge haeen analyzed
experimentally: a non-symmetric topology in which a 1.8bthick layer is deposited on top of
a 150 nm thick AIN film and a symmetric structure with two letalclayers having the same
thickness of 1 m. For the ring structure, just the second type of implementatamtested

experimentally.

Fabrication Process

Figure 6 schematically represents the simple process floiwihais employed for the
fabrication of these microstructures. The steps are substatiti@lsame that were presented in
[14], except for the patterning of the intermediate Pt electr&de the intermediate Pt electrode,
a lift off process was performed with the attention to use affreendeveloper that would not
attack the AIN film. All the steps involved in the fabrication @®& occur at low temperature
(Tmax < 400 °C), therefore making these microdevices potentially @uKDS compatible. Also,
this two-layer structure requires two subsequent depositions of AlNs.f Highly
polycrystalline AIN piezoelectric films are sputter-deposisthg an AMS single module tool
and show very good rocking curve values of approximately 1.3°. lomhweporting that the
overall quality of the stack is slightly degraded when the selay®d is deposited on top of a
very thin (150 nm) AIN layer; for this case the rocking curveu®als approximately 2.6°.
Figure 7 shows a cross sectional view of the 1um/AIN stack for which columnar growth is
evident and a rocking curve value of 1.3° was obtained.

Scanning electron micrographs of the fabricated microstructueeshawn in Figure 8.

The rectangular plate has an aspect ratio of 4:1 (length of @08nd width of 50 m). Two



implementations were used for the stacked topology. In the firstaonery thin AIN layer
(approximately 150 nm thick) was used and on top of it a 1r@5thick AIN layer was
deposited. In the second one the structure was kept symmetric lkipgmaoth layers
approximately 1 m thick. The two AIN layers are stacked on top of each othesamdwiched
between two electrodes. In the first configuration the Pt eléetr are both 100 nm thick,
whereas the top Al electrode is 150 nm thick; in the second confguthe bottom electrode is
220 nm thick, whereas the ground is only 40 nm thick; the same thicknes=digor the top Al
electrode. A very thin electrode layer was used for the groutiteisecond configuration to
prove that electrical loading in the ground electrode is neglidiléhis two port configuration.
A 40 nm thick ground platinum electrode is in fact responsible for appea&ly 20-30 of
resistance in the rectangular plate configuration and would signilycload the resonator Q
when excited in the width extensional mode. The circular rin@ahas/erage radius of 100n,

a width of 20 m and is formed by two stacked AIN layers, each having a thislafes m. In
order to improve the structural symmetry of the ring, 220 nm thickdetrodes were used for
the top and bottom electrode, whereas a thin 40 nm Pt layer wasyethglor the ground
electrode. In order to minimize the anchors’ interference whin fundamental radial-
extensional mode shape, the ring structure (as shown in Figur@sBpmchored at a single
location requiring routing the output signal in close proximity ofitipat signal. Although in
this case the feedthrough capacitance was limited to 70 fRptltiag selection could ultimately

limit the effectiveness of the isolation induced by the two port solution.

Experimental Results
Two-port contour-mode resonators were tested in an RF probe statiambéent

pressure, using ground-signal-ground (GSG) probes. Standard Short Opeando@bdrough



(SOLT) calibration was performed on a ceramic substrate ficopfbe. The microfabricated
rectangular plate (Figure 8) can be excited in both length-eatehisand width-extensional
mode shapes. Both solutions with different layer thicknesses (feoendm the 150 nm/1.95n
stack is named solution 1 and therft/1 m stack is named solution 2) were analyzed.

The typical electrical response of a rectangular plate atsorexcited in a length
extensional mode and implementing solution 2 is shown in Figure 9. €Bo@ator shows
relatively high quality factor of 2,600 in air at 19.31 MHz and a motioealstance of
approximately 650 . An even lower motional resistance of 175is recorded for the same
resonator excited in the width extensional mode (Figure 10). Dehaiteower quality factor
(1,700), the resonator has a larger electromechanical coupling bédausaw effectively using
the length of the plate for actuation and therefore achieves a lower motiostmesi

Fundamental results for both implementations are summarized in [Tabtgh solutions
exhibited similar quality factor®, in both mode shapes, showing that @& probably limited
by the mechanical structure and electrodes material. , A&igouse of a thin electrode for the
ground electrode in configuration 2 proves that a virtual ground wddislstal and no electrical
loading is experienced in this two-port configuration.

Lower motional resistance is recorded for the resonators in@oltand it is probably
due to a larger piezoelectric coefficient than the one exhibitedeo$50 nm thick element. It is
believed that the very thin layer does not have the same piezmetaefficient of the thicker
counterparts as it is also attested by the higher ovecking curve value reported for stacked
films in solution 1 (2.6° for solution 1 vs. 1.3° for solution 2).

Figure 10 compares the experimental results for a 200 xrbfectangular plate excited

in a width-extensional mode shape with the theoretical predictieedlzn the model shown in



the design section. The Q of the resonator was taken from theregptal results (a method to
theoretically derive the Q factor of the resonator has not yeh loevised) and a 20 fF
capacitance between the input and output stages was included in the tonadekove the
agreement between theory and practice. This capacitance niweléedthrough introduced by
the substrate, the AIN film and air. As shown by the two trac&sgure 10, there is a relatively
close agreement between the predicted resonator performantieeaexiperimental data. The
equivalent mechanical properties (Young’s modulus and density) ofemmator stack were
computed by taking into account the mass loading effect due to Pt as discussed in [15, 19].
The circular ring response (Figure 11) is not as clean asngh@f the rectangular plate
and spurious modes tend to overlap with the fundamental mode. The restilat@s an
unloaded Q of 1,500 and anyRof 150 at 214.5 MHz. In this case, the feedthrough
capacitance is in the order of 70 fF. This is due to the proximhityput and output electrodes
that are routed through the same anchor. Thel8ts for both the rectangular plate and circular
ring apparently show responses that can be generated by pure tGR ¢without a parallel or

feedthrough capacitance) or devices with large electromechaniggling coefficient, K (from

2 -
plot k? is larger than 8%) if the coupling is computed directly from pile as ’%%
S

(wherefp andfs correspond to the parallel and series resonant frequency, respgctiThis is
just an artifact of the measurement method in which the large ammitoutput capacitances
(approximately 1.6 pF for the rectangular plate) are shunted asicethhy the 50 termination
resistors of the network analyzer.  The overall model prasémtthe design section should
instead apply, and the input and output capacitances need to be takaocouat, especially
when the resonators are arranged in filter arrays or placedsgillator circuits. The

electromechanical coupling for these devices should be corrextiputed as the ratio of the

10
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motional capacitance to the static capacitance of the de\kﬁez%c—m) and it is
out

approximately 0.41%. Although the two port implementation does not impheveftective
electromechanical coupling, nonetheless it does offer the capabfliyeducing electrical
feedthrough between input and output ports.

The same resonator can be operated as a resonant transforsngnowk in Figure 12,
voltage gain of approximately 4 can be obtained with a regtanglate vibrating in the width-
extensional mode at approximately 83 MHz. The curve shown in Figueesimulated and it is
based on the S-parameter extracted from direct measurenfetite device. The resonant
transformer is driving a purely resistive load of 10Q kin general, most of the loads driven by
resonant transformers have a capacitive component in paralletheitfesistive element. This
particular transformer is limited to drive a max capacitaradae of 4 pF, beyond which the
voltage gain is reduced to less than 1. Although interesting froatademic point of view, the
use of this transformer for practical applications is limitgdHz power handling of the device

which cannot exceed few mW.

Conclusions
For the first time, two-port stacked contour-mode AIN piezoetechicromechanical
resonators have been presented. These resonators were designdte precise intent of
reducing parasitic feedthrough between the input and the output sithgbs device by
physically separating the two locations. As shown by the expetaineesults, the feedthrough
capacitance was reduced to few 10s fF, while high electromeaha&oupling was maintained.
At the same time, high Q factors and low motional resistaner | ambient conditions were

demonstrated, showing the possibility to use these microsystertimékeeping and filtering

11



functions. The reduction in feedthrough capacitance makes possiblmethgurement of

resonators at higher frequencies (GHz), previously impossiblei$ecd the large feedthrough

capacitance that masked the resonator response. Therefonathtbes delieve that this new

design will enable the contour-mode piezoelectric technology to reach GHz frisguenc
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List of Figures and Tables

Figure 1: (a) Schematic representation of a two-port contour-mode piezoelessonator; (b)
ANSYS simulation for the length-extensional mode of the same res@¢op®XSYS simulation
of the width-extensional mode shape for the same resonator.

Figure 2: ANSYS simulation of the radial-extensional mode of vibration for thalaircing
structure. The width of the ring sets the resonator center frequency.

Figure 3: Schematic representation of the reduction in parasitic feedthrough capacitance
obtained by moving from a horizontal to a vertical two-port topology. Theakstack suffers
solely from substrate parasitics, whereas the horizontal structurersuffom a direct
capacitance through the device.

Figure 4: Equivalent electrical model for the two-layer stacked resonator.nidael includes a
feedthrough capacitance due only to the substrate and possibly the AIN Wiondirect
feedthrough comes from the electrode layout itself. Please notdotsenotation for the
transformer. The current flows in different directions in the actuation and sensing edement
Figure 5: Simplified equivalent electrical representation of two stacked res@jasbowing
that the current is flowing in opposite direction through the ground resistor, therefore mgadizi
virtual ground node.

Figure 6: Schematic representation of the process flow used to fabricate thgotivoontour-
mode piezoelectric resonators. (a) Low-stress nitride (LSNgad for isolation purpose; on top
of it Pt is patterned by lift off; a thin layer of AIN is sputtiEposited; afterwards the second Pt
electrode is patterned by lift off and a thicker AIN layer is tepet deposit to form the second
structural layer. (b) The Al top electrode is sputter-deposited andrpat by dry etch in a &l
based RIE system. (c) Contacts to the bottom and intermediat®eéeare opened by wet etch
of AIN in hot HPO,. (d) AIN is masked by low-temperature oxide (LTO) and dry eiohe€hL-
based RIE system. LTO and LSN are then etched and removed byhdryleedinal structure is
dry released in Xef-

Figure 7: Cross sectional view of two layer process. TwarlAIN layers were deposited on
top of each other.

Figure 8: Scanning electron micrographs of: (a) two-port contour-mode piezoelectric
rectangular plate resonator and (b) two-port contour-mode piezoelectric ring resonators.
Figure 9: Electrical response of a two-port rectangular plate piezoelectriomasor excited in
the length-extensional mode shape. The stack is formed by twahick AIN layers.

Table I: Summary of the experimental results obtained for two different stackdigurations.
(150 nm/1.95 m is named solution 1; Im/1 m is named solution 2). Slight differences in the
feedthrough capacitance value of Sol.1 are limited by the dynamic range oédiserements
and accuracy of the calibration process.

Figure 10: $; parameters for a 200x50m rectangular plate excited in the width-extensional
mode shape. Experimental results (continuous line) are compared witletibabpredictions
(dashed line) based on the equivalent electrical model proposed in tlym desiion. Q value
was taken from the experimental results. A 80 fF feedthrough capacitatveeen the input and
output stages was included in the theoretical model to account for the tarasiroduced by
the substrate, the AIN film and air. The larger than expected valtleeoihput and output
capacitances is due to capacitive feedthrough between the routings of theoinputput
electrodes and the ground plane, which extend beyond the rectangular pldte lgalvalent

14



values of the Young's modulusqBnd density, o for the stacked resonator take into account
the loading due to the electrode materials as specified in [19].

Figure 11: $; response for a two-port stacked circular ring resonator having a width ofr20
and average radius of 100m. Despite the spurious modes, the response shows limited
capacitive feedthrough (70 fF) between input and output.

Figure 12: Experimental data for a 200 x 50m rectangular plate vibrating in the width-
extensional mode and operated as a transformer. The 106dd is simulated and the device
performance was derived from the scattering parameters of the deWichould be noted that
the maximum capacitive load that can be drive in parallel with thetnesisoad is 4 pF.
Capacitances beyond 4 pF can degrade the performance of the resonant transfiodmeduce
its gain below 1.
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Figure 1: (a) Schematic representation of a two-port contour-mode piezoelessonator; (b)
ANSYS simulation for the length-extensional mode of the same res@gopf®NSYS simulation
of the width-extensional mode shape for the same resonator.
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Figure 2: ANSYS simulation of the radial-extensional mode of vibration for thalaircing
structure. The width of the ring sets the resonator center frequency.
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Figure 3: Schematic representation of the reduction in parasitic feedthrough capacitance
obtained by moving from a horizontal to a vertical two-port topology. Theakstack suffers
solely from substrate parasitics, whereas the horizontal structureersuffom a direct

capacitance through the device.
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Figure 4: Equivalent electrical model for the two-layer stacked resonator.nidael includes a
feedthrough capacitance due only to the substrate and possibly the AIN Riondirect
feedthrough comes from the electrode layout itself. Please notdotsenotation for the
transformer. The current flows in different directions in the actuation and sensing edlement
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Figure 5: Simplified equivalent electrical representation of two stacked resajatbowing
that the current is flowing in opposite direction through the ground resistor, therefore mgadizi
virtual ground node.
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Figure 6: Schematic representation of the process flow used to fabricate thgotivoontour-
mode piezoelectric resonators. (a) Low-stress nitride (LSNgad for isolation purpose; on top
of it Pt is patterned by lift off; a thin layer of AIN is sputtiposited; afterwards, the second Pt
electrode is patterned by lift off and a thicker AIN layer is tepet deposit to form the second
structural layer. (b) The Al top electrode is sputter-deposited andrpat by dry etch in a &l
based RIE system. (c) Contacts to the bottom and intermediati®eéeare opened by wet etch
of AIN in hot HPO;. (d) AIN is masked by low-temperature oxide (LTO) and dry eiohe€hL-
based RIE system. LTO and LSN are then etched and removed byhdryleedinal structure is
dry released in Xef-
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Figure 7: Cross sectional view of two layer process. TwarlAIN layers were deposited on
top of each other.
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Figure 8: Scanning electron micrographs of: (a) two-port contour-mode piezoelectric
rectangular plate resonator and (b) two-port contour-mode piezoelectric ring resonators.
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200x50 m plate
length-ext. mode
fc=19.31 MHz

Q ~ 2,600

RM “'%O

Ci ~80 fF

Figure 9: Electrical response of a two-port rectangular plate piezoelectriomator excited in
the length-extensional mode shape. The stack is formed by twahick AIN layers.
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Table I: Summary of the experimental results obtained for two different stackdigurations.
(150 nm/1.95 m is named solution 1; Im/1 m is named solution 2). Slight differences in the

feedthrough capacitance value of Sol.1 are limited by the dynamic range oédiserements
and accuracy of the calibration process.

Stack Type Mode fo [MHZ] Q Rx[ ] | Cl[fF]
Sol. 1 Length-Ext. 20.24 2,300 2,90( 15
Width-Ext. 86.1 1,700 600 10

Sol. 2 Length-Ext. 19.31 2,600 650 80
Width-Ext. 82.8 1,700 175 80
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200x50 m plate
width-extensional
mode shape
f.=82.8 MHz
Q~1,700
Ruw ~175
Cy ~ 80 fF
Resonator Variable Width-Ext. Plate
THEORY | EXPERIM. Parameter | Value
E,[MHz] 82.82 82.82 Eeo 380 GPa
w [ H] 555.6 571.8 =
Cui [1F] 6.65 6.46 g 5,527 kg/
Ru [ ] 184 175 O3y 2 pC/N
Cin, Cout [DF] 0.88 1.6 33 10

Figure 10: $; parameters for a 200x50m rectangular plate excited in the width-extensional
mode shape. Experimental results (continuous line) are compared witletibabpredictions
(dashed line) based on the equivalent electrical model proposed in tlym desiion. Q value
was taken from the experimental results. A 80 fF feedthrough capacitatveeen the input and
output stages was included in the theoretical model to account for the tgarasiroduced by
the substrate, the AIN film and air. The larger than expected valtleeoihput and output
capacitances is due to capacitive feedthrough between the routings of theoinputput
electrodes and the ground plane, which extend beyond the rectangular plateEitgsifalent
values of the Young’'s modulusgBnd density, ¢, for the stacked resonator take into account
the loading due to the electrode materials as specified in [19].
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Figure 11: $; response for a two-port stacked circular ring resonator having a width ofr20
and average radius of 100m. Despite the spurious modes, the response shows limited
capacitive feedthrough (70 fF) between input and output.
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Figure 12: Experimental data for a 200 x 50m rectangular plate vibrating in the width-
extensional mode and operated as a transformer. The 106dd is simulated and the device
performance was derived from the scattering parameters of the deWichould be noted that
the maximum capacitive load that can be drive in parallel with thetnesisoad is 4 pF.
Capacitances beyond 4 pF can degrade the performance of the resonant transfiodmeduce
its gain below 1.
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