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Abstract—This paper reports the development of micromachined thermal shear-stress sensors for underwater applications.
The thermal shear-stress sensor is a polysilicon resistor sitting
atop a vacuum-insulated nitride diaphragm. Special challenges
for underwater measurements, such as the waterproof coating
and minimization of pressure crosstalk, have been addressed.
More rigid diaphragms than the aerial sensors are implemented
to increase the operating range and reduce pressure crosstalk,
with the cost of larger power consumption and lower sensitivity.
Sensors with different diaphragm dimensions and resistor lengths
have been fabricated and tested. Nearly zero pressure sensitivity
has been achieved by either reducing the diaphragm width or
adjusting the sensing element length. The effects of overheat ratio
and operating mode on the sensor’s pressure crosstalk have been
discussed. Parylene C is chosen as the waterproof material for
the underwater shear-stress sensors. The primary failure mode is
identified as the corrosion of the soldering pads.
[1385]
Index Terms—Microsensor, thermal flow sensor, underwater
sensor.

depositing thin metal film (mostly platinum or nickel) resistors
on flat substrates, MEMS sensors offer higher spatial resolution,
faster dynamic response, and smaller power consumption.
As we noticed, almost all the MEMS shear-stress sensors developed so far target applications in air, rather than in liquid (e.g.,
water). Nevertheless, there are some applications that require underwater shear-stress sensors. Examples include the flow pattern
measurement of radio controlled submarines, the study of safety
and arming mechanisms of torpedoes, to name a few.
This paper reports the development of vacuum-cavity insulated thermal shear-stress sensors for underwater applications.
The cross sectional and top views of the underwater shear-stress
sensor are illustrated in Fig. 1. The sensing element is a polysilicon resistor embedded in a nitride diaphragm with a vacuum
cavity underneath. During operation, the polysilicon resistor is
heated electrically. The power loss of the resistor is a function of
the wall shear stress of the ambient fluid, which is defined by
(1)

I. INTRODUCTION

W

ALL shear-stress measurement is of crucial importance
for many fluid dynamic monitoring and diagnostics
applications [1]. For example, we have developed shear-stress
sensors for active drag reduction [2], [3] and for flow separation
detection of unmanned aerial vehicles [4]–[6]. The wall shear
stress can be determined directly using floating element method
[7]–[12]. Alternatively, it can be measured indirectly using the
Stanton tube, Preston tube, sublayer fence, or techniques that
are based on electrochemical or thermal principles [13]. Among
these approaches, the thermal method is most frequently used.
This is mainly because the thermal method can be used in a wide
variety of flows, it almost does not interfere with the flow, and
it offers the possibility of measuring time-varying flows. With
the MEMS technology, novel thermal shear-stress sensors have
been successfully developed [5], [14]–[19]. Compared with conventional thermal shear-stress sensors that are typically made by
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where is the fluid viscosity, is the streamwise velocity and
axis is normal to and originates at the sensor surface. With
the vacuum cavity, heat loss to the substrate is significantly reduced and the hot surface is confined to a small area, leading to
a much better spatial resolution. Although the sensor structure
is very similar to aerial shear-stress sensors previously developed [14], [16], there are several challenges the underwater sensors need to address. The first challenge is the development of
a compatible waterproof coating to enable the underwater operation for a certain amount of time, e.g., one month. The second
challenge is the minimization of the pressure crosstalk of the
sensor. For aerial applications, the pressure crosstalk is not a
serious problem since the air pressure variation is negligible in
most cases. However, the water pressure exerted on the sensor
can change significantly, e.g., during a submarine dive. In addition, the pressure range of underwater shear-stress sensors needs
to be large enough to allow deep-water operations.
II. DESIGN
A. Waterproof Coating
For waterproof coating, low-temperature oxide (LTO) was
originally investigated, but then abandoned because eventually
the sensors will be integrated onto flexible skins to enable themeasurement of shear stress on nonplanar surfaces. The flexible
skin technology has been described elsewhere [4]–[6]. It has been
demonstrated that LTO cracks easily and breaks metal interconnect wires underneath when the skin is subject to bending. In this

1057-7157/$20.00 © 2005 IEEE

1024

Fig. 1.

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 14, NO. 5, OCTOBER 2005

Cross sectional and top views of the underwater shear-stress sensor.

Fig. 3.

Fig. 2. Simulated relative resistance change as a function of polysilicon
resistor length on a 210 m 210 m 4 m nitride diaphragm.

2

2

work, parylene C is chosen as the waterproof material. Parylene
is the generic name for members of a unique family of thermoplastic polymers that are deposited by sublimating a dimer of
para-xylylene (di-para-xylylene, or DPXN). Parylene is flexible,
resistant to water transmittance, and vapor phase deposited at
room temperature [20]. The three commonly used members are
parylene N, C, and D. The measured moisture vapor transmission
rates (at 90% RH, 37 ) of parylene N, C, D are 1.5, 0.21, and
, respectively, which are much smaller
0.25
than those of epoxides, silicones, and urethanes [20].
B. Pressure Sensitivity Analysis
The vacuum-insulated diaphragm provides an excellent
thermal isolation. On the other hand, pressure crosstalk is
induced when the pressure of the ambient fluid varies. When
there is a deflection of the diaphragm, the relative resistance
change of the polysilicon resistor is given by
(2)
and
are longitudinal and transverse gauge factors
where
and
are the average longitudinal and
of polysilicon,
transverse strains.
If we assume the diaphragm is an ideal flat plate with clamped
edge boundary and zero initial stress, a first-order analytical soand
can be obtained [21]. Alternatively, filution of
nite element analysis has been carried out, considering the initial
stress and nonideal boundary condition (i.e., the step-up anchor
as shown in Fig. 4). Fig. 2 plots the simulation result of the relnitride
ative resistance change on a
diaphragm. The width of the polysilicon is assumed to be zero.

Measured resistance change of four identical shear-stress sensors (a =

b = 210 m, t = 1:6 m), revealing process variations.

TABLE I
DIFFERENT SENSOR DESIGNS IMPLEMENTED

It has been found out that the resistance change of the polysilicon is not sensitive to the width as along as the width is much
smaller than the diaphragm width. The longitudinal and transverse gauge factors of the heavily doped polysilicon (20 and 6)
used in the simulation were reported by [22]. It can be observed
approaches zero
that as the resistance length increases,
from negative values and finally becomes positive. There exists
an optimal length at which the pressure sensitivity is zero.
This conclusion is independent of the rigidity of the diaphragm.
Thus theoretically, zero pressure crosstalk can also be achieved
using the same thin diaphragm as the aerial sensor. However, the
practical situation is more complicated. Fig. 3 shows the measured pressure sensitivities of four identical aerial shear-stress
diaphragms. These four
sensors with
sensors, which have identical parameters such as diaphragm dimension and resistor length, were expected to have same behaviors. However, the pressure sensitivity variation can be clearly
observed in Fig. 3. This sensor-to-sensor pressure sensitivity
fluctuation stems from the nonideal process control and is amplified by the soft diaphragm.
Based on above observation, more rigid diaphragms are
chosen for the underwater shear-stress sensors to reduce the

XU et al.: MICROMACHINED THERMAL SHEAR-STRESS SENSOR FOR UNDERWATER APPLICATIONS

1025

Fig. 4. Simplified fabrication process of the shear-stress sensor.

uncompensated strain due to the model error and process
variations. Simultaneously, the touchdown pressure of the
diaphragm will be much higher so that the operating range of
the shear-stress sensor can be extended to enable deep-water
measurement. The disadvantages, however, are more conductive heat loss to substrate and lower shear-stress sensitivity due
to a smaller hot surface.
Table I lists various sensor designs implemented in this
study. They can be divided into two groups for the investigation
of two design parameters: diaphragm width and polysilicon
resistor length . The sensors in the first group (#1, #2, #3)
have same diaphragm dimensions but different resistor lengths
across the diaphragm. The sensors in the second group (#3
#7) have same polysilicon resistor lengths but different
to 210
. For all
diaphragm widths, ranging from 45
. For
the designs, the diaphragm thickness is chosen as 4
comparison, the dimension of the aerial sensor diaphragm
. A parametric study of the
is
effect of diaphragm dimensions will be presented in the testing
section. A temperature sensor is integrated for temperature
compensation while a pressure sensor is also included in case
pressure compensation is needed.
III. FABRICATION
As shown in Fig. 4, the fabrication process starts with the
deposition and patterning of a 0.2- -thick low-stress silicon
nitride layer on silicon wafers. The nitride layer is then patterned with fluorine-based plasma and 1- -deep cavities are
formed by further etching into silicon. After the cavities are refilled by local thermal oxidation, the wafer is planarized using
HF dip. A 0.4- -thick phosphosilicate glass (PSG) layer is
deposited, densified, and patterned to form the etch channels
for the cavities. Next, a 1.5- -thick low-stress nitride layer is
deposited, and patterned to open the etch holes. The PSG and
thermal oxide are etched away by 48% HF through etch holes

Fig. 5.

SEM picture of one shear-stress sensor (design #4 in Table I).

and the nitride diaphragms are released. Note that the step-up
anchors are formed at the boundary of the diaphragm. Another
nitride layer is then deposited to reach the desired diaphragm
thickness and seal the cavities as well. Next, a 0.5- -thick
polysilicon layer is deposited, doped (boron ion implantation
, resulting in a doping concentrawith a dose of
), annealed (1050 , 0.5 h), and patterned
tion of
to form the sensing resistors. The measured TCR (temperature
coefficient of resistance) of the heavily doped polysilicon is
nitride is deposited as the pasabout 0.081%/ . After 0.2
sivation layer, the contact holes are opened and a 1.5- -thick
aluminum layer is sputtered, patterned, and sintered to form
the interconnect lines. Fig. 5 shows the SEM picture of one
shear-stress sensor and Fig. 6 illustrates two rows of the seven
different sensors. Note that the sensors are placed normal to each
other in order to measure the direction as well as the shear stress
of the flow.
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Fig. 6.

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 14, NO. 5, OCTOBER 2005

Two rows of sensors with different parameters.

IV. TESTING AND DISCUSSION
A. Characterization at Zero Shear Stress
The temperature increase versus power relationship at zero
shear stress can be conveniently obtained by performing I–V
curve measurements, given the TCR of the sensing element.
This static characterization provides valuable information of the
shear-stress sensor performance.
The total heat loss of the sensor includes conduction loss to
substrate ( , , , and ) and convection loss to fluid
as shown in Fig. 1. Radiation loss is negligible at typical operating temperature. Note that
is a function of the wall shear
stress of the ambient fluid and is the signal of interest. A simple
way to estimate
at zero shear stress is to perform the temperature-power measurements in both vacuum and fluid (air or
water). Assuming in both cases the conduction loss ( , , ,
and ) remains unchanged,1
is approximately equal to the
difference of the power to achieve the same temperature increase. Fig. 7 plots the temperature increase versus power curves
of five sensors (sensor #3 #7) in vacuum and water, respectively. As expected, as the diaphragm gets smaller, more power
is required to achieve the same temperature increase and less
. However, even for the sensor
heat is transferred to water
with 45
wide diaphragm, there is still more than 15% of the
power transferred to water.

Fig. 7. Zero shear stress characteristics of five sensors with different
diaphragm widths in (a) vacuum and (b) water. The temperature is calculated
based on the TCR of polysilicon.

Fig. 8.

A simple setup for shear stress calibration.

B. Shear Stress Calibration
The shear stress calibration is conducted in a microwater
tunnel. As shown in Fig. 8, the sensor chip is first bonded to a
printed circuit board and then another channel chip (with a width
of 2.5 mm, a height of 0.3 mm and a length of 18 mm) is
flip-bonded on top of the sensor chip. The water flowrate is
measured by a commercial flowmeter. The distance between the
first sensor and the inlet is 6 mm, which is much larger than
the entrance length of 1.29 mm. This ensures that all the sensors
being tested are in the fully developed laminar flow region.
1The conduction loss to the substrate when the sensor is in fluid is actually
less than the one in vacuum. Therefore q calculated by this method will be
smaller than the actual value.

The shear stress can be calculated by the following equation
[23]:
(3)
where
is the hydraulic diameter, and
is a correction
. For our channel,
,
factor that is a function of
, and
.
The shear-stress sensor can be biased in either constant temperature (CT) mode or constant current (CC) mode. CT mode
has higher sensitivity but the circuit is more complicated. Fig. 9
is the shearshows the simplified CT biasing circuit, where
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Fig. 9. Simplified constant temperature (CT) biasing circuit. R represents the
shear-stress sensor.

(1

)

Fig. 11. Measured relative resistance changes
R=R versus pressure with
(a) different sensing element lengths and (b) different diaphragm widths.
Fig. 10. Calibration curves of four sensors operate at 3% overheat ratio
(sensors are 45 to the flow direction).

stress sensor and
is a variable resistor. An important parameter for the operation of the thermal shear-stress sensor is the
(resistive) overheat ratio, which is given by
(4)
is the resistance of the shear-stress sensor at a reference
is the resistance at the operating temtemperature , and
perature , which is given by

sensors are 45
to the flow direction during the calibration.
The maximum sensitivity, when the sensing element is normal
to the flow, will be higher than what we achieved now [24].
reflects the combined thermal and
It is worth noting that
electrical characteristics of the sensor as illustrated by (6). In
is normalized to the static
Fig. 10, the output voltage change
voltage
(10–12 V) to eliminate the effect of electrical resistance on the sensitivity [25]. After this normalization,
only reflects the sensor’s thermal characteristics. Alternatively,
the power loss to water can be plotted as a function of shear
stress to achieve the same goal.

(5)
where
is the TCR of the polysilicon resistor. The relationship
between shear stress and the input power to the sensor is
typically described by the following empirical equation [13]:
(6)
where is the voltage across the shear-stress sensor,
is the
average temperature difference between the sensor and ambient,
is the density of the fluid, ,
and are usually determined
experimentally.
Shown in Fig. 10 are the shear-stress calibration results of four
sensors (#3, #4, #5, and #6) that have different diaphragm widths
). All the sensors operate at CT mode
(75, 100, 150, and 210
with a 3.0% overheat ratio, equivalent to a working temperature
above ambient water. As expected, the sensor with a larger
37
diaphragm offers higher shear-stress sensitivity. Note that the

C. Pressure Sensitivity
Fig. 11(a) shows the relative resistance change of three sensors
(#1, #2, and #3) with same diaphragm dimensions
but different resistor lengths (180, 196, and
210
, respectively). It is very interesting to note that the resistance change is almost zero when the resistor length is equal to
). On the other hand, the finite
the length of diaphragm (210
element simulation predicts that the pressure sensitivity should
be positive with this length (see Fig. 2). It is worth pointing out
is zero is not very sensitive to
that the length at which
Young’s modulus, diaphragm thickness, the initial stress, and the
boundary condition of the nitride diaphragm. Instead, it is very
sensitive to the gauge factors of polysilicon. Because the average
longitudinal strain is zero (the linear analytical model) or almost
,
zero (finite element method) when the resistor length is 210
a possible interpretation is that the magnitude of the transverse
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gauge factor of the polysilicon we fabricated is smaller than the
value ( 6) reported by [22].
Fig. 11(b) shows the measurement results of pressure sensitivity of sensors in the second group (#3 #7), which have
same resistor length (180
) but different diaphragm widths.
It is observed that the relative resistance change of the sensor
with 210- -wide diaphragm is negative and as the diaphragm
width decreases, the slope approaches zero. The sensor with
75- -wide diaphragm exhibits nearly zero pressure sensitivity. The 45- -wide sensor shows positive resistance
change, which is due to the dominance of the transverse strain
when is much smaller than .
The pressure sensitivities shown in Fig. 11 are expressed in
terms of relative resistance change. But during the real operation, the pressure sensitivity exhibits in the form of voltage
change. Analogous to the TCR, we can also define pressure coefficient of resistance (PCR). Therefore, we have the following
expression for the resistance of the sensing element:

obtain lower pressure sensitivity and higher shear-stress sensitivity. However, the operating temperature cannot be too high in
order to avoid the bubble generation in the water. This is another
reason that the pressure crosstalk for aerial applications is not as
serious as underwater ones because the overheat ratio in air can
be much higher, e.g., 20%.
wide diaphragm, 180
We measured one sensor (#3, 210
long sensing element) with a resistance change rate of
0.00074%/kPa. When operated at an overheat ratio of 3% in
CT mode with an output voltage (across the sensing element)
of 5.2 V, the sensor should exhibit a pressure sensitivity of 0.64
mV/kPa according to (13). The actual value measured is 0.74
mV/kPa, which is very close to the theoretical one. Note that
the pressure sensitivity is measured at zero shear stress.
In the case of CC mode, the voltage change due to resistance
variation is simply
(14)

(7)
where
is the PCR. When operating in CT mode, the negative feedback circuit actually keeps the resistance of sensing
element constant. In this sense, the CT mode is more appropriately named as constant resistance (CR) mode. When there is
caused by a pressure variation
, the temperature must
change in opposite direction to compensate this change. From
(7), this temperature change is given by

. Therefore at CC
where is approximately proportional to
mode, higher overheat ratio results in a larger pressure crosstalk.
It is worth noting that at CC mode, the operating temperature of
sensor is not a constant at different shear stresses. Here the overheat ratio of CC mode is defined at zero shear stress.
The ratio of the pressure crosstalks at CT mode and CC mode
is

(8)

(15)

to denote this temperature change to distinguish it
We use
from the temperature difference between the sensor and ambient
fluid. The input power of the sensor can be expressed as

The above equation is obtained based on the assumption that
the sensors operated at CC and CT modes have the same output
voltage at the specific operating points under consideration.
For underwater measurement, the overheat ratio is usually small
(e.g., 3%) to avoid boiling. Therefore the pressure sensitivity of
CT mode is larger than that of CC mode, although CT mode
offers higher shear-stress sensitivity. Based on above first-order
analysis, the authors conclude that the selection of operation
mode (CT or CC) should depend on the overheat ratio
. If
a relatively large
is allowed, CT mode is usually preferred.
On the other hand, if a specific application limits the
to a
very small value, then CC mode is probably a better choice.
There are many other possible ways to reduce the pressure
crosstalks besides using the on-chip pressure sensor to perform
pressure compensation. For example, as mentioned previously,
the operating temperature of the sensor can be increased reasonably in CT mode. In terms of fabrication, the sensing element
(polysilicon resistor) can be buried in the middle plane of the nitride diaphragm in the cost of making the contact-hole opening
process more complicated. Examining (2), it is clear that the
gauge factor of polysilicon contributes considerably to the pressure sensitivity. Therefore, it is of interest to use metal (e.g.,
platinum), whose gauge factor is much smaller, as the heating
element. The cost is a smaller output voltage due to the lower
electrical resistivity of metal.

(9)
where is a weak function of temperature and can be considered as a constant to a first order of approximation. When there
is a temperature change induced by pressure variation, we have
(10)
where
is the voltage change in response to the pressure
variation. Neglecting
term, we have
(11)
Note that
by

based on (9). Therefore

is given

(12)
The above expression can be further simplified since
is the resistance overheat ratio
and
is the relative
resistance change
caused by pressure variation
(13)
. Therefore,
Note that is proportional to
proportional to
. A larger overheat ratio

is inversely
is preferred to

D. Waterproof Testing
Preliminary underwater tests show that, when operated at
55
, sensors coated with 2
parylene N can survive in
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Micrographs of a parylene C-coated shear-stress sensor (a) before and (b) after 27 months saline soaking.

water at least for one month. Tests of sensors coated with
parylene C, which has even smaller moisture vapor transmission rate [20], have also been performed. After soaking
in saline solution for 27 months at room temperature, the
parylene C still function properly.
sensors coated with 2
As shown in Fig. 12, no severe degradation of parylene C is
observed. The integrity of the parylene C waterproof coating
has also been confirmed using electrical measurement. It is
worth pointing out that although sensors and aluminum wires
coated with parylene C are well-protected, severe corrosion
is observed on soldering pads where the lead wires connect
to the PCB. This is consistent with our previous observation
and we conclude that the primary failure mechanism is the
breakdown of the soldering pads. However, this is not a big
concern when eventually the rigid-chip sensors is made flexile
using a unique flexible skin technology described in [4], [5].
With the flexible skin structure, the bonding pads of the skin
can be bent to the back side of the package through a slit and all
the bonding/soldering will be performed on the back side where
is completely isolated from the water. Therefore, the flexible
underwater shear-stress sensor skins will not only enable the
measurement of shear stress on nonplanar surfaces, but also improve the reliability significantly. It is also worth noting that the
pressure variation underwater may cause delamination of the
parylene layer. To address this issue, the sensor is treated with
a dilute isopropyl alcohol-water solution of the organic silane
gamma-methacryloxypropyltrimethoxysilane (A-174) before
parylene deposition to significantly improve the adhesion [20].
V. SUMMARY
Micromachined thermal shear-stress sensors for underwater
applications have been successfully developed. Compared with
aerial shear-stress sensors, the underwater sensors employ
more rigid diaphragms, which lead to larger power loss to the
substrate. Shear-stress sensitivity of sensors with different diaphragm dimensions has been characterized in a fully developed
laminar flow inside a microchannel. It has been demonstrated
that the sensor with larger diaphragm exhibits higher sensitivity. Adjusting either the diaphragm width or the polysilicon
resistor length can minimize the pressure sensitivity. A more
rigid diaphragm is preferred to achieve a better controllability,
higher yield and wider operation range. The impact of overheat
ratio on the sensor’s pressure sensitivity has been analyzed.

For CT mode, large overheat ratio is preferred to achieve low
pressure sensitivity and high shear-stress sensitivity. For CC
mode, both shear-stress sensitivity and pressure sensitivity will
be higher as the overheat ratio increases. There are several
ways to further reduce the pressure sensitivity. For example, the
operating temperature can be increased, the sensing element
can be buried in the middle plane of the nitride diaphragm, or
platinum can be used due to its small gauge factor. Parylene
has proven to be a satisfactory waterproof material for our
applications. Soldering pads are identified as the weakest point
to fail. This failure mode can be eliminated by making flexible
underwater shear-stress sensor skins, which also enable the
measurement on nonplanar surfaces.
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