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Abstract—Diamond is a superior membrane material for ca-
pacitive micromachined ultrasonic transducers (CMUTs). By 
using ultrananocrystalline diamond (UNCD) membrane and 
plasma-activated wafer bonding technology, a single diamond-
based circular CMUT is demonstrated and operated in im-
mersion for the first time. The diamond-based CMUT, biased 
at 100 V, is excited with a 10-cycle burst of 36 Vp-p sine sig-
nal at 3.5 MHz. Pressure generated on a 2-D plane coincident 
with the normal of the CMUT is measured using a broadband 
hydrophone. Peak-to-peak hydrophone voltage measurements 
along the scan area clearly indicate the main lobe and the side 
lobes, as theoretically predicted by our directivity function cal-
culations. The peak-to-peak hydrophone voltage on the axial 
direction of the CMUT is found to be in agreement with our 
theoretical calculations in the Fraunhofer region (−45 mm < 
y < −15 mm). The spectrum of the diamond-based CMUT is 
measured for a dc bias of 100 V, and ac excitation with 30-cy-
cle bursts of 9, 36, and 54 Vp-p sine signal. A peak response at 
5.6 MHz is measured for all ac amplitudes. Overall, diamond 
is shown to be an applicable membrane for CMUT devices and 
applications.

I. Introduction

capacitive micromachined ultrasonic transducers 
(cMUTs) used in immersion are generally composed 

of vacuum-sealed cavities formed by membrane material 
[1]. The vacuum-sealed cavities are conventionally realized 
by two techniques. The first tchnique is the sacrificial re-
lease process, in which sacrificial material deposited before 
the membrane material is etched through the etch holes, 
and the etch holes are filled by deposition under low pres-
sure to form the cavity [2]. The second technique is the 
direct wafer bonding method, in which two wafers (one 
having cavity patterning and the other having the mem-
brane material) are bonded under elevated temperatures 
under vacuum [2].

of these microfabrication methods, direct wafer bond-
ing technology is more economical, offering better process 
control, higher yield, and more novelties in cMUT designs 
than the sacrificial release process [3]. direct wafer bond-
ing technology enabled development of single-crystal sili-
con membrane cMUTs rather than silicon nitride mem-
brane cMUTs. because the membrane and the substrate 

material are both silicon, direct wafer bonding at high 
temperatures (1100°c) is achieved without introducing 
any residual stress in the membrane [3]. Furthermore, Ic-
compatible direct wafer bonding at lower temperatures 
(400°c) can also be utilized [4]. recently, successful flip-
chip bonding of Ic- and wafer-bonded 2-d cMUT arrays 
incorporating through-wafer trench-isolated interconnects 
has been demonstrated [5]. Therefore, recent develop-
ments allow the specifications of the cMUT design to be 
comfortably satisfied, facilitating the realization of indus-
trial-grade cMUT products using direct wafer bonding 
technology [2].

Energy conversion efficiency of cMUTs has been of 
primary importance for ultrasound applications, and im-
provement of this efficiency has been extensively studied 
for ultrasound transducers [6], [7]. conventionally, the 
cMUT is biased at a voltage below the collapse voltage, 
and an ac signal is applied to generate ultrasound [1]. The 
efficiency of the transducer is drastically improved as the 
bias voltage approaches the close vicinity of the collapse 
voltage [7]. However, this high efficiency comes with a risk 
of membrane collapse onto the substrate. additionally, 
the ac amplitude is limited to a small excitation voltage 
around a large bias voltage to prevent membrane collapse 
during operation. Therefore, the maximum output pres-
sure of a cMUT is inherently limited by the requirements 
of the conventional operation.

For potential applications such as high-intensity focused 
ultrasound (HIFU) in medical therapeutics, larger output 
pressures are essential. To offer unprecedented acoustic 
output pressure in transmit without the aforementioned 
limitations, novel cMUT operation modes of collapse [8] 
and collapse-snapback [9] were introduced. both opera-
tion modes require the membrane to contact the substrate 
surface, which poses a problem for the durability of the 
membrane in terms of its structural integrity and tribo-
logical property. large membrane deflection at collapse 
increases the stress within the membrane, and change of 
stress at ultrasound frequencies causes reduced lifetime 
and compromised reliability in these high-output-pressure 
operation modes.

collapse-snapback mode requires the collision of the 
contacting surfaces every cycle, and heat released must 
be dissipated quickly to maintain stable operation. based 
on the additional requirements of these modes to reach 
high output transmit pressure with a sustainable trans-
ducer operation, diamond is proposed as the ultimate 
solution for use as the membrane material. Mechanical 
(high young’s modulus, extreme hardness), thermal (large 
thermal conductivity, low thermal expansion coefficient), 
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and electrical properties (insulator, large electrical break-
down field) of diamond [10] are all in favor of its use in the 
microfabrication of cMUTs. chemical inertness and bio-
compatibility are further benefits of diamond for cMUTs 
to be utilized in corrosive environments and biological 
samples, respectively [10].

diamond is a perfect membrane material candidate 
based on its material properties. However, immature 
single-crystal diamond (scd) deposition technologies 
have prevented integration of diamond membranes into 
cMUTs. Thin-film scd-coated wafers are not commer-
cially available for batch MEMs processes. surface rough-
ness of scd is also high for use in cMUT microfabrication 
based on direct wafer bonding technology.

recently, with improvements in diamond material 
growth and technology, ultrananocrystalline diamond 
(Uncd) was made commercially available as a thin film. 
Uncd shares many of the benefits of scd with some 
compromised features, such as reduced resistivity result-
ing from graphitic forms enclosing polycrystalline diamond 
(scd is an insulator, Uncd is highly resistive). a remark-
able feature of Uncd as a membrane material is that it 
can be deposited as a thin film over a wafer surface with 
very low residual stress (i.e., <50 MPa). Uncd featuring 
smaller grain size and surface roughness has been recently 
explored for microelectromechanical systems (MEMs) ap-
plications such as rF MEMs resonators [11] and hybrid 
piezoelectric/Uncd cantilevers [12]. recently, Uncd has 
also been used in the microfabrication of cMUTs with 
diamond membranes [13].

Microfabrication of cMUTs with diamond membranes 
[13] (such as Uncd)—especially if based on the plasma-
activated wafer bonding technology [14], [15]—enables the 
utilization of key material properties of diamond, such as 
high young’s modulus, extreme hardness and large ther-
mal conductivity [10], to improve the performance, reli-
ability, and application range of cMUTs.

In this paper, a diamond-based cMUT is demonstrated 
and operated in immersion for the first time. Experimen-
tal characterization of the first-generation cMUT in im-
mersion is performed for the conventional mode of op-
eration using a broadband hydrophone in an ultrasound 
measurement system. based on the 2-d pressure map of 
the cMUT, the main lobe and side lobes are experimen-
tally identified and are verified with theoretical directiv-
ity calculations. The Fresnel and Fraunhofer regions of 

the single transducer are identified experimentally, and 
verified with theoretical diffraction calculations. The spec-
trum of the diamond-based cMUT is reported for differ-
ent ac amplitudes in the conventional mode of operation.

The organization of this paper is as follows: section 
II describes the single circular cMUT featuring diamond 
membranes used in this study. The details of the experi-
mental setup using a broadband hydrophone are given in 
section III. The results and analysis are presented in sec-
tion IV and discussed in section V.

II. device description

a single cMUT having a circular shape is designed 
with an inner radius of 2.6 mm. The mask design, pre-
pared using commercially available software (l-EdIT, 
Tanner Eda, Monrovia, ca), is shown in Fig. 1(a). a 
300-μm-wide ground disk encircles the inner structure. 
The transducer surface of the inner structure is composed 
of many circular cells [Fig. 1(b)]. Half metallization of the 
top electrode and cell-to-cell separation of 6 μm are used 
in the design. a cross-sectional drawing of the diamond-
based cMUT is shown in Fig. 1(c). The physical dimen-
sions of the cMUT are given in Table I. circular cells 
are preferred in the microfabrication of the first diamond-
based cMUTs in literature because of fast 2-d axisym-
metric finite element modeling of these cells, with a trade-
off in transducer fill factor and electromechanical coupling 
efficiency [7].

We fabricated the diamond-based cMUT used in this 
study. Microfabrication of cMUT with diamond mem-
branes was made with 100-mm (4-in) wafers using plasma-

Fig. 1. a single cMUT design having a circular shape. (a) Top view of 
the single cMUT design. (b) Magnified, top view of a cMUT cell and its 
neighboring cells. (c) schematic cross section of a cMUT cell.

TablE I. Physical Parameters of the diamond-based cMUT. 

Inner radius of the cMUT, μm 2586
number of cells 2708
center-to-center cell spacing (ds), μm 94
Membrane diameter (dm), μm 88
Electrode diameter (dal), μm 44
Electrode thickness (tal), μm 0.4
diamond membrane thickness (tm), μm 1.0
High temperature oxide thickness (thto), μm 0.23
oxide and gap thickness (to), μm 1.57
silicon substrate thickness (ts), μm 525
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activated wafer bonding technology suitable for industrial 
grade mass production of cMUTs [13], [14]. The cavity 
was defined by lithography and reactive ion etching (rIE) 
of thermally grown oxide on n+-doped silicon wafer. The 
membrane was prepared on a separate Uncd-coated sili-
con wafer with low-pressure chemical vapor deposition 
(lPcVd) and chemical mechanical polishing (cMP) of 
the high-temperature oxide (HTo). both wafers were 
plasma-activated before wafer bonding [14]. To form the 
diamond membranes, the bulk silicon wafer of Uncd in 
the bonded pair was etched in tetramethylammonium hy-
droxide (TMaH), while the other side was protected by 
thermal oxide. The ohmic contact opening to n+-doped 
silicon wafer was formed by plasma enhanced chemical 
vapor deposition of sio2, patterning via lithography, and 
etching of the sio2-Uncd-sio2 multilayer [13]. alumi-
num (al) was sputtered, patterned via lithography, and 
wet etched to form the top electrode on the membrane 
and the ground electrode on the n+-doped silicon.

III. Experimental setup

The acoustic pressure produced by a diamond-based 
cMUT was measured using the experimental setup in Fig. 
2. The setup includes a dc supply (Ps310, stanford re-
search systems, sunnyvale, ca) and a function genera-
tor (33220a or 81150a, agilent Technologies Inc., santa 
clara, ca) connected to an rF power amplifier (a-075, 
Electronics & Innovation ltd., rochester, ny) for bias-
ing and driving the transducer, respectively. The dc and 
ac voltages are provided to a bias-T circuit connected 
to the cMUT. a broadband hydrophone (Hna-0400, 
onda corp., sunnyvale, ca) connected to an immers-
ible preamplifier (aH-2020–25, onda corp.) is placed in 
a motion-controlled stage in an ultrasound measurement 
system (aIMs, onda corp.). The output signal of the 
preamplifier is acquired by an oscilloscope (dso6034a, 
agilent Technologies Inc.), which is triggered by the func-
tion generator. all of these instruments are controlled and 

monitored by a Pc running our UlTrascan program, 
based on a commercial software package (labView, na-
tional Instruments corp., austin, TX). communication 
with the instruments is handled by a commonly used 
object-oriented I/o language, VIsa (Virtual Instrument 
software architecture).

The ultrasound measurement system features special 
hardware and software for positioning the hydrophone 
in 3 axes (x, y, z) with 11.1 μm resolution. UlTrascan 
communicates with aIMs through its software and func-
tions exported through the installed dynamic-link librar-
ies (dlls). The data acquired by the oscilloscope has 
1000 points for waveform snapshots in averaging mode. 
our software can acquire data having a higher number of 
points by changing the time base and offset parameters 
automatically to receive multiple waveforms, and merging 
them as a single waveform.

IV. results

Electrical impedance measurement of the cMUT is 
performed in air at a probe station using an impedance 
analyzer (4294a, agilent Technologies Inc.). The imped-
ance of the cMUT biased at 40 V is measured between 
2 and 4 MHz frequency range, and resonance frequency 
of 2.8 MHz is observed in the experiment [Fig. 3]. based 
on finite element modeling (FEM) using a commercially 
available software package (ansys, ansys Inc., canon-
sburg, Pa), resonance frequency of 3.3 MHz is calculated 
for the cMUT. a collapse voltage of 390 V is calculated 
using finite element analysis (FEa). The experimental 
and calculated collapse voltages are observed to be close, 
although a maximum dc voltage of 150 V is applied for 
this cMUT during the experiments. This is to protect the 
insufficiently thick and wide metallization of the top elec-
trode over the diamond membrane from electrical failure.

The ultrasonic field generated by the diamond-based 
cMUT is measured in sunflower oil using a broadband 

Fig. 2. Experimental setup used for acoustic field scan of the cMUT.

Fig. 3. Electrical impedance measurement (capacitance and resistance) 
of the cMUT in air at a bias voltage of 40 V.
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hydrophone calibrated between 1 and 20 MHz. The hy-
drophone and the cMUT are aligned by making several 
initial hydrophone measurements [Fig. 4]. a minimum 
separation distance of 4.1 mm is selected to protect the 
hydrophone needle from mechanical damage. The cMUT, 
biased at 100 V, is excited with a 10-cycle burst of 36 Vp-p 
sine signal at 3.5 MHz. The hydrophone scans the 2-d area 
with step sizes of 0.25 mm and 0.2 mm in x and y coordi-
nates, respectively. The peak-to-peak hydrophone voltage 
is calculated using Matlab (The MathWorks Inc., natick, 
Ma) for the central zone of the received signal to remove 
the transient effects occurring in the initial and final parts 
of the 10-cycle burst [16]. The UlTrascan program ad-
justs the time base and offset of the oscilloscope to cap-
ture the received hydrophone signal automatically based 
on the time-of-flight calculations for the coordinates of the 
current scan location. because measurement is performed 
over a 2-d scan area, some positions at specific angular 
positions will have no actual acoustic signal at all, making 
noise the dominant signal gathered at those positions. To 
suppress the noise level as much as possible, 4096 averages 
are taken during the measurement. Measurements of the 
peak-to-peak hydrophone voltage are shown for the 2-d 
scan area in Fig. 5. assuming uniform particle velocity on 
the surface of a circular piston transducer mounted inside 
an infinite baffle, the pressure in the Fraunhofer region is 
given by [17]
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where ρ0 is the density of the medium, c0 is the velocity 
of sound in the medium, k is the wave number, a is the 
radius of the transducer, v0 is the amplitude of the surface 
velocity at an angular frequency of ω, r is the distance 
from the transducer center, θ is the angle with the trans-
ducer normal, and J1 is the first-order bessel function of 
the first kind. The directivity function, given in brackets 
of (1), specifies the pressure variation with direction [17]. 
The directions having zero pressure are calculated from 
the directivity function. Theoretical calculations of direc-
tions with null pressure response are superposed onto the 
pressure map of the cMUT in the experiments as straight 
lines on top of the measurement data [Fig. 5]. an excel-
lent agreement for positioning of the main lobe and side 
lobes is observed between the measurement results and 
the theoretical calculations.

The peak-to-peak hydrophone signal at the center line 
of the cMUT (x = 0 mm) is extracted from the 2-d scan 
data, and presented in Fig. 6. The diffraction correction 
factor (D) [16] is calculated for the axial pressure of a 
circular piston transducer using an exact theoretical ex-
pression by (2), see above [18], where a is the radius of 
the transducer, b is the radius of the hydrophone, γ is 
the ratio of b over a, and z is the axial distance from the 
transducer center. The diffraction correction factor and 
the attenuation of sunflower oil [19] [α (db/cm) = 0.0647 
× f (MHz)1.85] are both considered in the calculation of the 
pressure variation in the axial direction of the transducer. 
a theoretical calculation of the pressure at the center line 
[from (2)] is plotted on top of the experimental work for 
comparison [16] (Fig. 6). Hydrophone radius of 200 μm 
[16] and attenuation (0.657 db/cm at 3.5 MHz) of sun-
flower oil [19] are taken into account in the calculations. 
In the Fraunhofer region (−45 mm < y < −15 mm), an 
excellent match is observed between the measurement and 
the theory. In the Fresnel region (−15 mm < y < 0 mm), 
rapid interference maxima and minima is expected from 
the theory [17]. because of the minimum separation dis-
tance of hydrophone and the cMUT, the measurement 
data are limited in the Fresnel region (−15 mm < y < 
−4.1 mm). The experimental and theoretical minima co-
incide at x = −8 mm, although the normalized measured 
pressure (−6.3 db) is not as low as the theoretical one 
(−23.4 db). This is because the theoretical calculations 
are based on a circular piston transducer having uniform 

Fig. 4. Photo of aligned diamond-based cMUT and needle hydrophone 
in immersion. 2-d scan area in x and y coordinates are shown visually. 
The origin corresponds to the center of the cMUT.
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displacement over the whole area, whereas the experimen-
tal results are taken with a cMUT having thousands of 
cells having nonuniform displacement (higher in the cen-
ter, gradually decreasing to zero on the periphery of the 
cells) over the transducer surface. nonuniform displace-
ment profiles of each cell and rigid support regions be-
tween the neighboring cells cause pressure variation on the 
cMUT surface, which results in the observed near-field 
pressure characteristics in the Fresnel region.

Using the 2-d scan data and the calibration values of 
the hydrophone and the preamplifier, the acoustic output 
pressure is presented in Fig. 7 along the x-axis parallel to 
the cMUT surface at y = 15 mm [Fresnel distance (S = 
1)], y = 30 mm (S = 2), and y = 8.2 mm (S = 0.5). a 
maximum pressure of 8.2 kPa is measured at the Fresnel 
distance at x = 0. a symmetrically spaced double peak 
at S = 0.5 and a single peak with a reduced pressure 

magnitude at S = 2 are measured, as expected by the 
theory [17].

The hydrophone is positioned at y = −54.1 mm along 
the normal of the cMUT. The cMUT, biased at 100 V, 
is excited with 30-cycle bursts of 9, 36, and 54 Vp-p sine 
signal while the frequency of the signal is swept from 1 to 
8 MHz with a step of 100 kHz (Fig. 8). a peak response 
at 5.6 MHz is measured for all ac amplitudes. a broad-
band response of the cMUT is observed except the dip 
observed at 4.2 MHz. This dip is caused by the electri-
cal mismatch in the input port of the cMUT resulting 
from comparable series resistance and capacitance of the 
transducer. although a higher acoustic output response 
is observed at 5.6 MHz, 3.5 MHz is used in the 2-d scan 
measurement to observe the pressure in the Fresnel and 
the Fraunhofer regions in our limited scan area. as the ac 
amplitude is increased from 9 Vp-p to 54 Vp-p, an almost 
linear increase in pressure is observed, in agreement with 
the operation of the cMUT.

V. discussion

The total capacitance of the diamond-based cMUT is 
calculated via FEM to be 89.4 pF for membranes, assum-
ing the voltage of the top electrode extending over the 
full membrane. Highly resistive Uncd causes the actual 
half metallization to extend over a larger area electrically 
similar to other highly resistive membrane materials [6].

because the peak membrane deflection is 8% of the 
gap height under only atmospheric pressure, and mem-
brane capacitance is measured at approximately 10% of 
the collapse voltage, theoretical capacitance calculation 
should be a good estimation of the membrane capacitance. 
comparison with the measured total capacitance (Fig. 3) 
reveals a parasitic capacitance as large as the membrane 
capacitance. Even more interesting is the increase of the 

Fig. 6. Experimental and theoretical results of the normalized peak-to-
peak pressure on the normal of the cMUT surface.

Fig. 7. Experimental acoustic output pressure along the x-axis parallel to 
the cMUT surface at y = 15 mm [Fresnel distance (S = 1)], y = 30 mm 
(S = 2), and y = 8.2 mm (S = 0.5).

Fig. 5. Measurement results of the normalized peak-to-peak pressure 
(legend is in decibels) for the 2-d scan area. Theoretically calculated 
lines separating the main lobe and the side lobes are also shown on top 
of the measurement data.
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capacitance from 160 pF at 2 MHz to 225 pF at 4 MHz, 
whereas the series resistance increases from 50 Ω at 2 MHz 
to 150 Ω at 4 MHz. The silicon substrate and the undoped 
diamond are resistive enough to cause series resistance 
comparable to the capacitance of the cMUT. although 
half metallization is used to reduce parasitics, assuming 
the undoped diamond to act like an insulator, the slightly 
graphitic nature of the Uncd makes it electrically resis-
tive rather than an insulator, and the electrical behavior 
of the membrane becomes quite complex at the frequency 
of interest. This electrical problem causes the electrical 
mismatch of the transducer in transmit, reducing the sig-
nal coupling to the capacitance of the cMUT at 4.2 MHz. 
This mismatch suggests that higher quality deposition of 
diamond promises to improve device performance.

When the cMUT is biased at 100 V, a leakage current 
of 0.08 ma is supplied by the dc supply. High leakage 
current is an indication of the high parasitic capacitance 
formed by the silicon dioxide support regions of the circu-
lar membranes. However, the thickness and the width of 
the metal lines are initially selected for half metallization 
over an insulating diamond membrane. With the conduc-
tive nature of Uncd, the capacitance is larger than con-
sidered. Higher bias voltages are avoided to protect the 
metallization of the top electrode from electromigration 
under high current densities, particularly over the thin 
metal line connecting the pad electrode to the metal on 
circular cells. Higher voltages up to the collapse voltage 
could be applied without the membrane collapse and the 
electrical breakdown of the silicon dioxide if the metalliza-
tion were sufficiently thick and wide.

It should be noted that high parasitics and limited dc 
voltage observed in this device are not inherent problems 
of the diamond membrane. basically, a revised cMUT 
design taking the resistivity of Uncd into account should 
not suffer from any of these problems, and will be es-
sentially operable not only under high dc voltages in the 

conventional mode but will also be qualified for collapse 
and collpase-snapback modes of operation.

The experimental setup in [Fig. 2] is a strong platform 
for performing precise and reliable acoustic scanning mea-
surements. The most sensitive and vulnerable part of the 
system is the hydrophone. The hydrophone is broadband 
so it is able to receive signals from all angles, and it is 
calibrated from 1 to 20 MHz. The hydrophone is of the 
needle type, causing very low field disturbance. It is a 
commercially available hydrophone developed for high-in-
tensity ultrasound field measurements. The 2-d scan data 
presented in Fig. 5 was collected in 22 h because 4096 
waveforms were averaged for each scan location.

In all hydrophone measurements, sufficient delay of the 
received signal is provided for pressure mapping in the 
Fresnel region so that the actual acoustic signal will not 
be affected by the electromagnetic interference picked up 
by the hydrophone for high burst counts.

a broadband response of the cMUT is observed except 
the dip observed at 4.2 MHz. reduced pressure output 
at 4.2 MHz is an indication of the electrical impedance 
mismatch explained earlier. because of the comparable 
values of real and imaginary impedances around 4 MHz, 
the electrical impedance mismatch causes a 5 db loss in 
the transmit pressure. Employing full metallization and 
increasing the number of pad electrode connections to 
overcome electromigration are two solutions to overcome 
this mismatch problem.

This first cMUT biased at 25% of the collapse volt-
age provides an electromechanical coupling efficiency of 
0.02 [8]. a large gap separation of 1.57 μm, high parasitic 
capacitance, and inadequate metallization over resisitive 
Uncd were identified as the limiting factors of output 
acoustic pressure. This study is the first experimental 
demonstration and characterization of the very first gen-
eration diamond-based cMUT in immersion. We showed 
that diamond-based cMUTs can be realized, reported 
their operational characteristics, and identified the cur-
rent limitations. Improving the device performance will 
be the objective of future work involving further diamond 
deposition improvements and its characterization, and im-
proved cMUT designs based on first-generation cMUT 
results.

VI. conclusion

The diamond-based single cMUT fabricated with 
plasma-activated wafer bonding technology was operated 
in immersion for the first time. Fresnel and Fraunhofer 
regions of the cMUT were experimentally characterized 
in sunflower oil and are in agreement with theory. Theo-
retical calculations of directivity and diffraction of a cir-
cular piston transducer were used to verify the proper 
immersion operation of the first diamond-based single 
cMUT having thousands of cells. The experimental field 
pattern verified by the theoretical calculations showed the 
immersed operation and high yield for our cMUTs with 

Fig. 8. spectrum of the diamond-based cMUT in conventional opera-
tion. The cMUT is biased at 100 V. Peak-to-peak amplitudes of 9, 36, 
and 54 V are used for ac excitation.
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diamond membranes. We have reported the operational 
characteristics of the first diamond cMUT and identified 
the key challenges for improving these devices.
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