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This letter presents experimental results concerning a thin film bulk acoustic wave resonator realized
on a thin GaN membrane and covered with a thin film of double walled carbon nanotube mixture.
The quality factor was measured before and after the coating of the resonator with the nanotube thin
film. The quality factor has increased more than ten times when the resonator was coated with
nanotubes, due to their high elasticity modulus and low density, which confers a much higher
acoustic impedance of the resonator electrodes and thus confines much better the longitudinal

acoustic standing waves inside the resonator.
DOI: 10.1063/1.2358838

The film bulk acoustic wave resonator (FBAWR) con-
sists of a piezoelectric semiconductor thin film sandwiched
between two metallic electrodes and excited by a microwave
signal. The piezoelectric semiconductor transforms the mi-
crowave signal into a longitudinal acoustic standing wave
confined between the two electrodes when the microwave
signal frequency is equal with the resonator acoustic reso-
nant frequency fo=v,,/2t, where v, , is the acoustic velocity
of the piezoelectric semiconductor and ¢ is its thickness. As a
result of this resonance phenomenon the FBAWR behaves as
a Fabry-Pérot-like cavity. Tuning the microwave frequency
around f, the signature of the FBAWR displays a very nar-
row and deep return loss RL [where RL=20 log(r), where r
is the reflection coefficient] when the microwave frequency
attains the frequency f,,. The conversion of microwave sig-
nals into mechanical vibrations of the resonator can be
visualized' using laser interferometry with an impressive op-
tical resolution and a speed of 5 X 10° points/h.

Depending on the thickness of the piezoelectric semi-
conductor which does not exceed a few microns, the
FBAWR resonates in the 1-10 GHz range with a quality
factor in the range of 200-1000 or even higher and have a
very small area of a fraction of a mm?. Therefore, FBAWR
are miniaturized devices which are very attractive for many
applications ranging from wireless communications” up to
gas and biological sensors’ due to the high quality factor and
their additional mass sensitivity of less than 1 ng/cm?.

The piezoelectric semiconductors AIN and ZnO are used
frequently for FBAWRs nowadays due to their strong piezo-
electricity. However, we have used GalN as a piezoelectric
semiconductor, which also has a high piezoelectric coeffi-
cient, comparable with that of AIN, (Ref. 4) but can be easily
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integrated with Si (Ref. 5) or GaN-based transistors.

In this respect, we have fabricated a GaN thin membrane
supported by a Si (111) substrate having a surface of 500
X 500 um? and a thickness of 1.8 um. Further, we have pat-
terned on the membrane a top metallic electrode (Au) with
the dimension of 200X 200 um? defining the FBAWR rect-
angular shape. The backside of the membrane was also met-
allized with Al to create the FBAWR resonator. The entire
technological procedure based on the micromachining tech-
niques, the electromagnetic modeling, and the very first mea-
surements are described in Ref. 6. The GaN FBAWR is dis-
played in Fig. 1.

The FBAWR electrode material plays a crucial role in
the FBAWR performances,7 a fact that is not always recog-
nized, although the main role of electrodes is to confine and
preserve the longitudinal acoustic standing waves between
the facets of the resonator. Reference 7 demonstrates that
electrodes with a high acoustic impedance suppress the spu-
rious responses of the FBAWR and produce a significant
increase of the quality factor. The acoustic impedance of the
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FIG. 1. SEM images of GaN FBAWR. The points x; and x, are located at,
respectively, 400 and 30 um away from the resonator.
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FIG. 2. Setup for FBAWR microwave characterization.

electrodes is Z,=v, ¢p,= V’E, where v, is the sound ve-
locity in the electrodes, E,; is the Young modulus of the
electrodes, and p, is their density. Moreover, the prerequi-
sites of high-Q FBAWR require from electrodes a low den-
sity p,, a high acoustic impedance Z, (hence a high E,;), and
a low electrical resistivity.7 Usually the electrode materials
are Au, Ti, or Pt, which display typically a RL from
—12 to —14 dB and a quality factor of 80-300 in the case of
AIN (see Ref. 7) for the quality factor defined as Q
=fo/Afs qg- When these electrode materials are replaced
with Mo or Ru, a significative improvement of RL (around
—24 dB) and an increase of Q with a factor 3—4 are observed
due to a higher acoustic impedance of the electrodes.”

However, the best electrode material of a FBAWR could
be a thin film of metallic carbon nanotubes (CNTSs) since the
CNT displays a low density (1.3 g/cm?), a huge Young
modulus (1.2 TPa), which is 15 times greater than that of
gold (78 GPa), and a moderate electrical resistivity of
10~* QO cm. Thus, the main aim of this letter is to coat an
existing GaN FBAWR, reported in Ref. 6, with CNTs and to
measure the changes in the RL and Q in order to prove that
the FBAWR quality factor is significantly enhanced. It
should be mentioned that recently8 the carbon nanotubes
have been used to increase the quality factor of an AT-cut
micromachined quartz resonator to about 100% working at
29.4 MHz and it was conjectured that this could be valid for
thin film bulk acoustic wave devices such as FBAWR. In this
respect, our FBAWR resonator is working at resonance fre-
quencies which are 80 times greater than those reported in
Ref. 8.

The GaN FBAWR was characterized using the setup in-
dicated in Fig. 2. A sharp probe tip was attached to a high
performance vector network analyzer (VNA) and the entire
measurement system was carefully calibrated. Then, the
FBAWR was interconnected to the measurement system, as
indicated in Fig. 2, and the reflection parameter |S;| was
measured at the point x=x, (see Fig. 1), i.e., near the begin-
ning of the microstrip line located at about 400 um away
from the resonator. After the FBAWR was measured without
any coating, a double wall carbon nanotube (DWCNT) mix-
ture containing about 80% metallic nanotubes was deposited
over the FBAWR GaN membrane on both facets. The
DWCNTs have an average diameter of 2 nm and an average
length of 10 wm. The debundled DWCNT mixture is im-
mersed in an ethanol solution and mixed via an ultrasonic
spinner and deposited over the GaN surfaces with a pipette.
After the ethanol evaporation, a uniform deposition of ran-
domly oriented DWCNTs is thus obtained over both facets of
the GaN membrane. The technological procedures and the
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FIG. 3. |S},| parameter of FBAWR (vertical axis in dB) dependence on
frequency (horizontal axis in GHz) when the measurement is performed at
the beginning of the microstrip line (corresponding point x=x, i.e., at a
length of about 400 wm away from the resonator in Fig. 1). The dotted line
is assigned for the case of the uncovered resonator, while the solid line
corresponds to the case when the resonator was covered with carbon
nanotubes.

thorough characterization of DWCNTs used in this experi-
ment are found in Refs. 9-15 demonstrating that we have
disposed of very pure DWCNT and with known and verifi-
able physical properties. Again, the |S,,| parameter was mea-
sured at the beginning of the microstrip line, which excites
the rectangular FBAWR, in almost the same place as in the
case when no CNT was deposited on the FBAWR mem-
brane, i.e., at the point x=x, (see Fig. 1).

The results are displayed in Fig. 3 for both cases, i.e.,
when the FBAWR membrane (including the electrodes) was
initially not covered and then covered with CNTs. A slight
lack of calibration is observed in the frequency region out of
resonance for the uncovered FBAWR, giving |S,;|/> 1, but
this has no influence on the results. This +4 dB originates
from the fact that the ground of the device was connected to
the ground of the VNA via a simple cable since no common
ground exists due to the configuration of the FBAWR device.
However, the performances of the FBAWR (resonance fre-
quency and return loss) were identical with those previously
reported in Ref. 6, measured in different conditions, and
therefore we have not further subtracted the cable effect. In
Fig. 3 we can see that the microwave response of uncovered
and CNT covered resonator are quite modest, i.e., at the reso-
nant frequency of f,=2.318 GHz we get a RL around
—14 dB and Q=75. Moreover, a lot of ripples are observed
in both cases indicating a lack of matching. However, as it is
pointed out in Ref. 3, it is not necessary to have a high-Q
FBAWR to implement a sensitive mass sensor. This can be
seen from Fig. 3, where the |S;;| curve in the case of the
FBAWR covered with CNT is left shifted with about
43 MHz around f,, indicating that an additional mass Am
(i.e., CNTs over the top and bottom membrane layers) was
added. Based on formulas from Ref. 3 it was determined that
the added mass/unit area is Am=20.5 ug/cm>.

Further, we have searched if better results could be ob-
tained by scanning the probe tip along the microstrip line.
We have tested several times if reproducible results are ob-
tained by positioning the probe tip with almost the same
pressure along the microstrip line at various points then mea-
suring and calibrating the system several times. The results
were reproductible but no improvement was observed until
we have arrived with the probe at a measurement point lo-
cated very near the FBAWR resonator, i.e., at the point x
=Xx, in Fig. 1, i.e., near the end of the microstrip line located
at about 30 wm away from the resonator. Here, suddenly the
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FIG. 4. |S},| parameter of FBAWR (vertical axis in dB) dependence on the
frequency (horizontal axis in GHz) when the measurement is performed
along the microstrip line near the rectangular resonator (corresponding point
X=X, i.e., at a length of about 30 um away from the resonator in Fig. 1).
The dotted line is assigned for the case of the uncovered resonator, while the
solid line corresponds to the case when the resonator, was covered with

carbon nanotubes.
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shape of |S;| was changed dramatically, as indicated in Fig.
4. (Previously, we have also applied the same procedure,
when the FBAWR was uncovered with CNTs but the shape
of |S;;| was unchanged along the microstrip line at any
point.)

We can see from Fig. 4 that the RL is now —48 dB,
which is an impressive value for a FBAWR indicating that
the reflection coefficient is nearly zero, so that an almost
perfect matching takes place at the resonant frequency of
2.431 GHz. Moreover, at this frequency the quality factor is
around 860, which is a very high value, ten times greater
than in the previous situations. The ripples are still observed
in the FBAWR response, but the difference between the main
sharp response and the second ripple is —28 dB indicating
that the resonator is working almost optimally. The question
that naturally arises after the examination of Figs. 3 and 4 is
why such an important improvement of the FBAWR occurs.
One reason is that we have found a matching point between
the resonator and the incoming microwave signal, i.e., an
optimal feeding point. However, there are many FBAWRSs
which are perfectly matched but displaying reduced perfor-
mances compared to that mentioned above. The response is
found in the combined action of the nanotubes on the
FBAWR membrane. First, the carbon nanotube has improved
the acoustical properties of the electrodes increasing their
acoustic impedance. This can be seen by calculating the ef-
fective elasticity modulus and density of the gold electrodes
coated with CNTs. The effective elasticity modulus is E ¢
=(t,E,+t.E.)/(t,+1.) and pe=(t,p.+1.p.)/(t,+1.), where the
subscripts e and c refer to the electrode and coat (CNT),
respectively, and ¢ is the corresponding thickness. Consider-
ing the typical values for gold density and Young modulus
(p,=19.3 g/cm* and E,=78 GPa) and considering .
=100 nm, we obtain p.z=18.6 g/cm® and E =180 GPa.
So, the density is slightly decreasing, while the elastic modu-
lus is increasing with a factor of 2.3. This will double the
value of the acoustic impedance of the electrodes. Moreover,
as shown in Ref. 1, on the surface of the FBAWR membrane
are observed not only useful acoustic standing waves but
also traveling waves, which produce energy losses and thus
decrease the Q factor. These outrunning waves are strongly
attenuated by the deposition of the carbon nanotubes due to
their huge stiffness as expressed by their elasticity modulus,
which has the highest value among all known materials. The
electric input impedance Z;,(f) according to its equation [see

Eq. (12) in Ref. 16] is strongly dependent on the acoustic
impedance of the electrodes. Basically, we have tuned these
acoustic impedances via a CNT film deposition matching it
in one point with that of the VNA generator. However, fur-
ther simple quantitative considerations cannot be extracted
easily based on a simple transmission line model.'® Here,
electromagnetic distributed effects such as standing waves
along electrode surfaces are experimentally observed (the
ripples around resonant frequency in Figs. 3 and 4), while
the electrical permittivity of GaN is quite low (£,=9.2 in the
range of 1-3 GHz). In these circumstances, a fully electro-
magnetic model'” is needed to provide quantitative values
and design data applicable to any FBAWR. Such a complex
model is presently under study. Simple considerations based
on the popular transmission line model of the FBAWR could
provide unreliable results. The FBAWR is commonly backed
by Bragg-like periodic dielectric structures with the thick-
ness of N, ,/4 (where \,, is the acoustic wavelength), thus
forming multilayer acoustic reflector with the role of confin-
ing the acoustic waves inside the resonator and realizing a
good match. Here, the relation between the input impedance,
wavelength, and multilayer thicknesses is straightforward.
Such a simple relation does not exist in the case of our de-
vice, which shows very good performance due to a simple
covering of the FBAWR with a thin layer of carbon nano-
tubes confining very well the acoustic waves inside the reso-
nator. In conclusion, a high-performance FBAWR based on
GaN membrane was demonstrated by covering its membrane
with a DWCNT mixture.
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