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Abstract—Atomic Force Microscopy (AFM) measurement
results of the deflection shape and ISO 25178 roughness
parameters of the diaphragm of an adhesive wafer bonded
Silicon-on-Insulator (SOI) based Capacitive Micromachined
Ultrasonic Transducer (CMUT) has been presented. The AFM
measurements were carried out using the dynamic mode
operation of an atomic force microscope to achieve higher
resolution. The measurement results were used to construct the
3D deflection shape of the CMUT diaphragm with actual
height parameters. The measured deflection shape of the
CMUT diaphragm can be used to determine the stiffness,
residual stress, and other physical parameters in a CMUT
diaphragm to facilitate more accurate calibration and CMUT
sensitivity.
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l. INTRODUCTION

Capacitive Micromachined Ultrasonic  Transducers
(CMUT) are advantageous over the piezoelectric ultrasonic
transducers as they offer superior sensitivity, better temporal
and axial resolution, higher fractional bandwidth, and higher
energy transduction efficiency [1]. CMUTSs also offer lower
mechanical impedance, lower self-heating, lower dielectric
loss, lower internal loss, and better thermal dissipation than
their piezoelectric counterparts [1]-[4]. All of these positive
features of CMUTS translate into better image quality as has
been experimentally verified in [5]-[7]. Additionally, unlike
the piezoelectric transducers, the CMUTs can be batch
fabricated with sub-micrometer resolution using CMOS
compatible highly matured conventional microelectronic
fabrication techniques to reduce per unit production cost [7].

The CMUTs rely on electrostatic or acoustic vibration of
a thin diaphragm which is separated from a fixed backplate
by a thin airgap or vacuum space to generate ultrasound in a
surrounding medium (transmit mode) or to generate an
electrical signal corresponding to an incident ultrasound
wave on the diaphragm (receive mode) [1]-[3]. As the
CMUTs rely on the vibration of a diaphragm to transmit or
receive ultrasound, accurate measurement of the deflection
profile (shape) of the diagram and surface roughness is
crucial for proper characterization of transducer operation
[8].

The deflection profile of a diaphragm depends on the
stiffness of the diaphragm that in turn depends on the shape
of the diaphragm, support conditions, homogeneity of the
diaphragm material, residual stress, Poisson ratio, diaphragm
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thickness uniformity and the shape of the cavity. The CMUT
cavity is either a sealed vacuum entity or filled with
atmospheric air if the diaphragm has perforations.

A CMUT diaphragm experiences different types of
stresses, such as tensile or compressive residual stress due to
the fabrication process, stress due to atmospheric pressure
indentation (vacuum cavity), and stress due to the expansion
of the trapped residual gas in the sealed cavity during
fabrication [9]. Fabrication process induced imperfections
may also contribute to cavity shape alternations, diaphragm
thickness variation, and the quality of the diaphragm.
Consequently, such structural imperfections affect the
electrostatic pressure generation during transmit operation or
capacitive readout during ultrasound reception. A
measurement of the diaphragm deflection profile and surface
roughness can be used to determine proper balance of
laminate thickness of different materials used to fabricate the
diaphragm, improve thickness uniformity of the diaphragm,
material properties adjustments by modifying fabrication
process parameters and steps to achieve optimized residual
stress. All of these will contribute to superior yield, superior
array operation, and better imaging resolution.

Optical profilometry is one of the widely used techniques
for surface characterization in microfabrication applications.
White Light Interferometry (WLI), Confocal Laser Scanning
(CLS) microscopy, and Confocal Grid Structured
Illumination (CGSI) microscopy are commonly used
techniques to characterize thinfilm thickness, reflectivity,
and height measurement. Stylus based contact profilometry
techniques are also used but that needs additional fabrication
steps to prepare the sample and imposes risk of device
damage. Possible uses of different optical profilometry
techniques for CMUT characterization are available in [9].

In this context, this paper presents initial results of the
dynamic (tapping) mode AFM characterization of the
deflection profile of a CMUT diaphragm [10][11]. The
measurements were carried out using a FlexAFM™ with
C3000 controller from Nanosurf™ [10]. Relative advantages
and disadvantages of AFM as compared to optical systems
have also been discussed in the context of CMUT diaphragm
deflection profile characterization.

The rest of the paper has been organized in the following
way: In Section I, major specifications of the measured
CMUT sample are given. Section Ill provides a brief
theoretical description of the dynamic mode AFM, Section
IV provides AFM measurement set up and data processing
and finally Section V makes the concluding remarks.



SENSORDEVICES 2020 : The Eleventh International Conference on Sensor Device Technologies and Applications

Il. CMUT SPECIFICATIONS

A cross section of the measured CMUT sample is shown
in Figure 1 and the device specifications are provided in
Table I. The CMUT was fabricated using an adhesive wafer
bonding technique using BCB as the dielectric spacer and the
device layer of an SOI wafer was used to realize the CMUT
diaphragm [12].

Figure 2 shows a Scanning Electron Microscope (SEM)
image of one of the diced CMUT cell array. The array was
fabricated for an automotive collision avoidance application.
Detailed description of the fabrication process is available in
[12].

TABLE I. CMUT CELL SPECIFICATIONS

Parameter Value Unit
Diaphragm laminate thickness 800 nm
Gold layer thickness 100 nm
Silicon device layer thickness 700 nm
Cavity thickness 1 pm
Cavity width 28 pm
Sidewall width 10 pm
Bottom wafer thickness 500 pm

Figure 1. Cross-section of the measured CMUT cell.

The array has 40 x 40 CMUT cells with specifications as
listed in Table I in a footprint area of 1870 x 1870 um®.

RTINS .

Figure 2. SEM image of a singulated CMUT die.
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11l. AFM DYNAMIC MODE OPERATION

An AFM technique creates a 3D topography of the
sample's surface using a cantilever probe with a sharp tip as
the probe or the sample is scanned in x-y plane [10][11]. As
an AFM provides the vertical height data directly from
measurements, the technique is very different from an optical
imaging microscope, which measures a two-dimensional
projection of a sample's surface [13].

Despite the advantages of the optical systems as
summarized in [13], as a two-dimensional image from an
optical system does not have any height information in it,
such images must infer the height information from the
image or rotate the sample to see feature heights [13]. The
AFM also provides various types of surface measurements
and can generate images at atomic resolution with angstrom
scale resolution height information for both conducting and
insulating surfaces with minimum sample preparation [14].
In [15], it has been mentioned that the spatial and "Z"
resolution of the AFM is much better than that could be
obtained by an optical profilometer whatever optical system
is used. In [15], it has also been mentioned that the AFM
images are more faithful to nanoscale surface topographic
variations compared to optical profilometers. Furthermore,
an AFM measuring system is free of any errors related to
optical focusing, depth of field adjustment, or sample
illumination angles. Consequently, an AFM allows one to
measure surface topography with unprecedented resolution
and accuracy [16]. As the capacitance change during the
CMUT diaphragm vibration is very small (attofarad to
femtofarad range) corresponding to picometer range
deflection of the CMUT diaphragm, precision measurement
of the diaphragm deflection profile is crucial for proper
characterization of CMUT operation to improve imaging
resolution.

For the current research work, the AFM measurements
were done using a FlexAFM™ from Nanosurf™ operating
in dynamic mode. The dynamic mode was chosen over the
static mode due to the fact that the static mode AFM does
not achieve atomic resolution due to the mesoscopic
properties of the tip, which induces a contact zone dispersed
over many atoms as opposed to a single atom [11].
Additionally, the dynamic mode offers the following
advantages: (1) gentle interaction of the probe tip with the
surface during tapping to preserve the sharpness of the tip to
improve accuracy, (2) minimized torsional forces between
the probe and the sample, and (3) by using the cantilever’s
oscillation amplitude as the feedback parameter, the user is
able to fine-tune the interaction between probe and sample
between different regimes- such as attractive and repulsive
ones- to control the tip—surface distance on an atomic scale
[10].

The dynamic mode operation of an AFM is illustrated
conceptually in Figure 3. During operation, the cantilever is
forced to vibrate at its resonance frequency using a piezo
element. As the oscillating cantilever is brought closer to the
sample surface, it experiences a repulsive force that increases
the resonance frequency of the cantilever.and its vibration
amplitude decreases [10]. The vibration amplitude of the
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Figure 3. AFM dynamic mode operation.

cantilever is detected using a laser and photodiode based
detection system as shown in Figure 3.

Figure 4. FlexAFM Spect-0067 data processing steps.
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The measured laser beam deflection or cantilever
vibration amplitude is then used as an input for a feedback
loop that keeps the tip—sample interaction constant by
changing the tip height. The output of this feedback loop
thus corresponds to the local sample height. This amplitude
reduction is a direct measure of the feature height on the
sample surface that is mapped in a 2-D x-y plane [10][11].

IV. THE AFM MEASUREMENT SET UP FOR CMUT

The AFM measurements of the CMUT sample were
done using FlexAFM™ with C3000 controller from
Nanosurf™ operating in dynamic mode with active vibration
isolation and acoustic isolation.

An ACLA™ cantilever with nominal spring constant of
58 N/m was used to collect the data. The ACLA™ probes
are silicon probes with long cantilevers used for tapping
mode and other applications that allow for larger laser
clearance, and have aluminum coating on the reflex side to
increase laser signal quality. Detailed measurement setup
instructions are available in [17].

Once the AFM measurement was done, the height data
was processed following standard AFM data processing
steps as shown in Figure 4. The generated pseudo-color view
of the surface is shown in Figure 5. The Gwyddion™ [18]
AFM data processing software has been used next to
generate a 3-D height image of the surface as shown in
Figure 6. The statistical roughness parameters following 1S0
25178 have been extracted using Gwyddion™ and provided
in Table II.

As the AFM data are usually collected as line scans along
the x axis that are concatenated together to form a two-
dimensional image, the scanning speed in the x direction is
considerably higher than the scanning speed in the y
direction. As a result, the x profiles are less affected by low
frequency noise and thermal drift of the sample as compared
to the y profile [18].

Consequently, standardized one dimensional roughness
parameters are considered more accurate [18]. Accordingly,
the one dimensional roughness parameters for a scan line
centered approximately at the middle of the CMUT
diaphragm along the y-axis direction as shown in Figure 7
was extracted using Gwyddion™ and are plotted in Figure 8.

Figure 5. Pseudo-color image of the sample.
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Figure 8. Roughness, texture, and waviness profile along an x-directional
scan line as shown in Figure 7.

Figure 6. 3D height image of the sample. TABLE IIl. ONE DIMENSIONLA ROUGHNESS PARAMETERS
Parameter Value | Unit
TABLE 1. STATISTICAL ROUGHNESS PARAMETERS Cutoff 769 um
Parameter Value Unit Roughness average (R, ) 3.09 nm
RMS roughness, S 10.50 nm
4 Root mean square roughness (R, ) 487 nm
Mean-sqaure roughness, S, 9.08 nm - -
Maximum height of the roughness (R, ) 34.58 nm
Skew (S,, ) 0.06925 Maxi hness valley depth (R, ) 10.67
_ aximum roughness valley de , . nm
Excess kurtosis -1.185 - 9 Y - P
Maximum peak height, S 19.24 nm Maximum roughness peak height (R ) 23.91 nm
TP
Maximum pit depth, S, 19.01 nm Average maximum height of the roughness (R,, ) 17.92 nm
Maximum height, S, 38.25 nm Average maximum roughness valley depth (R, ) 6.97 nm
Projected area: 2025 Hm? Average maximum roughness peak height (R, ) 10.95 nm
Surface area 2026 pm? Average third highest peak to third lowest valley 20.34
Volume 38.50 pm3 height (R,, ) : nm
Corresponding texture and waviness data are also shown. Average third highest peak to third lowest valley 1438
Detailed roughness parameters along this scan line are height ( R,, 1SO) : nm
provided in Table Ill. The waviness average along this Average maximum height of the profile (R, ) 2083 | nm

articular scanning line as determined from Gwyddion™ is
P g Wy Average maximum height of the roughness (R, ISO) 17.92 nm

8.77 nm with a cut-off wavelength of 7.69 um. The same

measurement was carried out along a y-axis scanning line as Maximum peak to valley roughness (R, =R, ) 3458 | nm

shown in Figure 9 and the corresponding texture, roughness, Skewness (R, ) 1.87

and waviness parameters are shown in Figurel0. Finally, the Kurtosis (R.) 1046

waviness parameters are plotted for an arbitrary diagonal " :

direction as shown in Figure 11 and the corresponding Waviness average (W, ) 877 | nm

waviness profile is shown in Figure 12. Root mean square waviness (W, ) 10.16 nm

Figure 7. Scan line to determine standardized roughness parameters along Figure 9. Scan line to determine standardized roughness parameters along
the x-axis direction. the y-axis direction.
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Waviness profile along an arbitrary diagnonal direction as
shown in Figure 11.

Pseudo-color image of the surface after applying a Gaussian
filter.
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Figure 14. Roughness, texture, and waviness profile along the x-directional
scan as shown in Figure 13 after applying a Gaussian filter.
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Figure 15. Waviness profile measurement over a length on filtered data.

Topview

Bottom view

Figure 16. 3D top and bottom views of the deflection profile after Gaussian
filtering.

Figures 7-12 show that using an AFM it is extremely
convenient to measure the CMUT diaphragm deflection
profile with a very high degree of precision along any
direction from which physical properties such as stiffness,
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residual stress, etc. of the diaphragm laminate can be
extracted using appropriate mathematical models.

Further processing of the AFM data using a Gaussian
filter removes the high frequency roughness artifacts further
and provides a smoothed out deflection shape of the CMUT
diaphragm along an x directional scan line as shown in
Figure 13. A 40 pixel magnitude Gaussian filter was used.

The smoothed texture, roughness, and waviness profiles
are provided in Figure 14 for comparison. Corresponding
waviness values over a length of 7.66 micrometers (two red
markers) are shown in Figure 15. The waviness average
height (W, ) for this scanned profile is 8.85 nm and

maximum height is 11.18 nm to 10.67 nm over this range
shows almost a flat surface. Corresponding top and bottom
view of the 3D deflection profile are shown in Figure 16.

V. CONCLUSIONS

The presented dynamic mode AFM measurement and
data analysis of a CMUT diaphragm appears to be a valuable
method to evaluate the deflection profile of a CMUT
diaphragm with a very high degree of precision. Main
advantage of the proposed method is that the height data is
measured directly with nanometer scale precision instead of
inferring from a 2D projection of an optical image. Such
deflection profiles can be used to determine the residual
stress and other physical parameters of a CMUT diaphragm
to aid in fine tuning of the process parameters to optimize
CMUT diaphragm vibrational characteristics to obtain high
quality images. Additionally, the dynamic mode enables to
measure the deflection shape of insulating materials, thus
enabling to measure the diaphragm shapes where the
diaphragm has an insulating top surface. Overall, the
dynamic mode AFM can provide high accuracy high
resolution nanometer scale measurements to characterize
CMUT surfaces.
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