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Characterization of a Silicon-Micromachined
Thermal Shear-Stress Sensor
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Toshikazu Nishida,’ and Louis N. Cattafesta IT11
University of Florida, Gainesville, Florida 32611-6250

A detailed characterization is presented of a silicon-micromachined thermal shear-stress sensor employing a
thin-film platinum-sensing element on top of a silicon-nitride membrane that is stretched over a vacuum cavity.
The sensor was operated in a constant current mode and characterized using a four-point probe configuration
to isolate the sensor response from the effects of external compensation circuitry. The characterization results
consist of static sensitivity data at multiple overheat ratios (maximum of 11 mV/Pa at an overheat of 1.0), pressure
sensitivity spectra (<1 p V/Pa), noise floor spectra (100 nV/,/Hz), and direct dynamic calibration data (up to 7 kHz).
Noise floor measurements reveal a minimum detectable shear stress of 9 1Pa/Hz, thus resulting in a sensor dynamic

range of over 100 dB (9 pPa-1.7 Pa).

Introduction

CCURATE, time-resolved measurements of wall shear stress

are critical for a physical understanding of complex flow
phenomena.! At moderate Reynolds numbers, typical length scales
of interest are on the order of 100 um or less, and the typical
timescalesrequire a usable bandwidth of 10 kHz to capture the spec-
trum of turbulent fluctuations? Such stringent requirements point
toward micromachined sensors as a potential solution.

Much like their macroscopic counterparts, existing microma-
chined shear-stress sensors can be grouped into two distinctclasses:
direct techniques, such as floating-element devices,>~!'or indirect
techniques, such as hot wires or hot films.>!>=2! Lofdahl and
Gad-el-Hak presented a review of microelectromechanicd sys-
tems (MEMS) sensors for turbulent flows that included shear-stress
sensors.”? Naughton and Sheplak also reviewed existing MEMS
shear-stresssensors and discussed the advantagesand disadvantages
of using these devices to obtain quantitative shear-stress data.??

In this paper, we present a detailed characterizationof a silicon-
micromachined thermal shear-stress sensor. The sensor employs a
thin-film platinum-sensing element on a silicon-nitride membrane
stretched over a vacuum cavity. The next section contains a review
of the key operational characteristicsof the sensors, including low-
frequency substrate conductioneffects. Subsequentsections present
the experimental setup and results for static sensitivity data at mul-
tiple overheat ratios, pressure sensitivity, noise floor spectra, and
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direct, in situ dynamic calibrationdata. The paper is concluded with
a discussion of the results and suggestions for future work.

Background

The operatingprincipleof anindirect, thermal techniqueis simply
the transduction of temperature to voltage.2* During operation, the
sensing element is resistively heated to a temperature greater than
the gas temperaturedefined by the nondimensionalthermal overheat
ratio

ar = (T, — T,)/T, = AT/T, (1)

where 7, and 7, are the absolute sensor and gas temperatures, re-
spectively. As the temperature of the sensor varies with changes in
the flow environment, so does its resistance and, hence, the joulean
heating rate. The convection of heat from the sensor is related to
the wall shear stress by a theoretical or empirical correlation and
is measured by monitoring changes in the temperature-dependert
resistance of the sensing element:

Rs = Rr[l +C{(TS - Tr)] (2)

where R, is the sensor resistance at 7, R, is the sensor reference
resistance at an absolute reference temperature 7,, and « is the
thermal coefficient of resistance (TCR).

The thermal inertia of the sensor ultimately limits its dynamic
range, and an external compensation circuit is typically used to
extend the measurement bandwidth. The fluid dynamics commu-
nity has long used various compensation schemes to measure time-
resolved skin friction.?*? Constant current (CC) and constant volt-
age (CV) modes use CC and CV, respectively, to provide heating
power to the sensor. These modes do not regulate sensor tempera-
ture, and thus, the sensor resistance varies with changes in the fluid
temperature and shear stress. Consequently, when thermal overheat
ratio is specified for CC and CV, it corresponds to zero mean flow
and the nominal fluid temperature.In comparison, the constant tem-
perature mode provides heating power to the sensor via a feedback
to maintain a constant sensor temperature and, thus, resistance ¢
In any case, the design of an appropriate dynamic compensation
techniquerequires a thorough understanding of the uncompensated
sensor dynamics.

Because thermal shear-stress sensors are temperature-resistive
transducers that respond to heat transfer rate, a theoretical or em-
pirical correlation is needed to relate the measured Joulean heating
rate to the wall shear stress.! Classical hot-film theory states that
the relationship between the wall shear stress and heat transferred

to the fluid is given by?’
Nu = qL/k; AT = 0.807(PrL**)¥ = 0.807Pe¥ o3 (3)

where Nu is the Nusselt number, Pr is the Prandtl number ¢, u/k ,
Pe is the Peclet number PrL+2, k; is the thermal conductivity of the
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fluid, ¢, is the specific heat of the fluid, p is the dynamic viscosity,
q is the heat flow per unit area, L™ is L normalized by the viscous
length scale L™ =u.L/v, u, is the friction velocity +/(t/p), p
is the fluid density, and v=pu/p is the kinematic viscosity. The
assumptions for the analysis yielding this result are that the thermal
boundary thickness at the trailing edge of the heated film, &7, is
entirely contained within a linear velocity profile, the boundary-
layer assumption holds (§7 < L), and there is no conduction to the
substrate.

Haratonidis discusses the validity of these assumptionsin Ref. 1.
By comparing the models of Ling?® and Ackerberg et al.,’ he
showed that, for Pe < 100, the boundary-layerapproximationis not
valid, the heat transfer to the flow does not scale with '/3, and the
sensor becomes less sensitive with decreasing Peclet number. The
uniqueness of the correlation between heat transfer and wall shear
stress for laminar and turbulent boundary layers requires that the
thermal boundary be contained in the viscous sublayer, §7 < 5y™.
Using Ling’s solution for the thermal boundary-layer thickness,?
this constraint becomes L* < 4.1Pr. The fine spatial resolutionand
thermal isolation of micromachined thermal sensors usually results
in a low Peclet number flow when used in air, and thus the classical
one-third-powerlaw scaling is not expected to be valid at moderate
shear stress levels.>® When these scaling relations are evaluated, the
effects of substrate conduction must be accounted for because the
effective length L, of the sensor can be much larger than L due to
substrate heating.!

The dynamic response of thermal sensors is further compli-
cated by the frequency-dependert heat conduction into the sup-
porting structure, for example, the substrate for hot films?*23-3! and
prongs for hot wires.*? This unsteady heat conductioncreates a low-
frequency rolloff in the gain factor of the frequency-responsefunc-
tion, as well as a corresponding frequency-dependert phase lag.
If not compensated for, the frequency-dependent phase and gain
factors will produce errors in spectral and correlationdata. In addi-
tion, the unequaldynamic and static sensitivities preclude the use of
stochastic calibration techniques *>* The difficulties associated with
the modeling of a time-dependent conjugate heat transfer problem
inhibit the accurate prediction of the frequency-response function
for thermal shear-stresssensors 3* Therefore,a directin situ dynamic
calibration is required to determine the transfer function of the sen-
sor. Recently, Sheplak et al.*> and Chandrasekarar® developed a
novel, in situdynamic calibrationtechniquefor shear-stresssensors.
This techniqueprovidesknown sinusoidalshear-stressperturbations
generated via acoustic plane-wave excitation.

Recently, Breueretal.,'” Breuer,”’ and Cain etal.?! presentedsim-
ilar device designs that achieved thermal isolation using a vacuum
cavity obtained via a wafer-bond, thin-back process. The thermal
sensorusedin thisstudy consistsofa 1500 A x4 um x 200 um plat-
inum element on top of a 1500-A-thick silicon-nitride membrane,
which seals a 200-um-diam and 10-um-deep vacuum cavity.>! The
advantages of platinum-based sensors over polycrystallinesilicon-
based sensors include higher TCR, higher thermal operating range,
lower impedance, reduced 1 /f noise, and no piezoresistive-induced
pressure sensitivity?! Figure 1 is a cross-sectional schematic of the
sensor showing the membrane stretched over the vacuum cavity.
Two gold leads at each end of the sensing element permit four-point
probe characterization to isolate the sensor performance from the
effects of the biasing and compensation circuitry. The details of
the sensor design and fabrication process flow have been described
previously.!*-2137 The characterizationof this device is discussedin
the following sections.

Vacuum cavity Membrane
Au (3000 A) \_ : :
Ti/Pt (1600 A)

Si,N, (1500 A) \
200um x 10 um

Substrate n-Si

Fig.1 Cross-sectional schematic of the thermal shear-stress sensor.

Experimental Setup

The experiments were performed in the Interdisciplinary Mi-
crosystems Laboratory at the University of Florida. The character-
ization of the shear-stress sensor included resistance-temperature
measurements, static calibrations, and dynamic sensitivity exper-
iments. Noise floor and pressure sensitivity experiments are also
described.

Resistance-Temperature Setup

The resistance-temperature behavior, specifically the TCR, of
the thin-film platinum sensor is necessary to calculate the sensor
overheatratio for a given resistance. Whereas the TCR of bulk plat-
inum is well documented, its thin-film equivalent may be vastly
different® Because this value varies with the thickness and de-
position conditions, it must be experimentally determined. A high-
temperature measurementapparatus,similar to the one describedby
Firebaugh,* was constructedto permit a four-pointprobe resistance
measurement within a controlled variable thermal environment>’
For all experiments described here, the sensors were operated in an
uncompensated CC mode.

Static Calibration Setup

Static calibration of the sensor was performed in two different
environments. An 8.5 mm x 8.5 mm X 101.5 cm long duct, that
is, a plane-wave tube, provided a maximum mean shear stress of
0.08 Pa and the ability for dynamic-response characterization, as
will be described. A 100 x 1 mm laminar flow channel provided a
higher maximum shear stress of 1.7 Pa. The sensor was calibrated
in a fully developed incompressible laminar flow in both cases.
Incompressibleflow was verified by monitoring the pressuredrop in
the channel. Details of the two setups can be foundin Refs. 36 and 37.

Dynamic Calibration Setup

The dynamic calibration technique, based on Stokes layer excita-
tion, utilizes acoustic plane waves to generate a known oscillatory
wall shear stress.*>-*¢ The basic principle of this technique relies on
the fact that the particle velocity of the acoustic waves must equal
zero at the wall due to the no-slip boundary condition. This leads to
the generation of a frequency-dependentboundary layer and wall
shear stress.

The dynamic calibration was carried out in a plane-wave tube
(PWT) capable of supporting variable mean flows.’® The low-
frequency cutoff for the PWT is 20 kHz. Compliant tubing was
used at the duct exit to minimize acousticreflections.

A microphone (B&K 4138) is mounted at the same axial location
as the thermal shear-stress sensor to compute the shear stress gen-
erated by the acoustic wave. A Stanford Research Systems SR785
spectrum analyzer serves as the signal source and the data acqui-
sition unit. The speakers are driven by the source signal amplified
by a Techron 7540 two-channel amplifier. It can be shown that the
theoretical fluctuating shear stress 7’ is proportional to the ampli-
tude of the pressure perturbation p’ and the square root of excitation
frequency**:

(@, 1) = (=p'[)e"/ (jou/p)[tanh(ay/ jo /)] @)

where c is the isentropic speed of sound and o is the angular fre-
quency. For a sinusoidal shear perturbation much less than the es-
tablished mean, that is, " < 7, the normalized frequency-response
function (FRF), H () is given by*

Viw)/t' ()

Hw) = =2
@ =—5 %

®)

where V() is the fluctuating output voltage of the sensor and
aV /97 is the static sensitivity.

Results and Discussion
Temperature-Resistance Results
The nominal unheated resistance of the sensor was on the or-
der of 90 Q. Thermal-electric measurements indicated a TCR of
0.0029°C~' possessing a maximum nonlinearity of 2.7% over a
temperaturerange of 20-400°C (Fig. 2). This represents a reduction
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Fig. 2 Resistance vs temperature relationship for the thin-film
platinum-sensing element.
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Fig. 3 Thermal overheat ratio vs input power for sensors with and
without cavities.

in sensor resistance and an improvement in TCR over polysilicon-
based thermal sensors (2 k€2 and 0.0013°C~!, respectively).!?

The thermal isolationeffectivenessof the vacuumcavity is shown
in Fig. 3, which shows the sensor overheat as a function of input
power for sensors fabricated with and without a cavity. The sen-
sors possessing cavities exhibited much greater overheat than those
without cavities. The sensors without cavities could only achieve a
maximum overheat of 0.01 before exceeding a destructive current
density limit of 1 x 107 A/cm?. As shown in Fig. 3, the present sen-
sor achieves an overheatratio of ~0.7 with 6-mW input power. This
representsa 50% reductionin power consumptionvs similarly sized
polysilicon-basedsensors at identical operating conditions.'?

Static Calibration

Static sensitivity experiments were performed in the CC mode of
excitation for thermal overheats of 0.2-1.0 and wall shear stresses
from 0 to 1.7 Pa. Figures 4 and 5 show the nonlinear static response
of the sensor for varying mean shear stress with respect to zero
flow condition for the laminar flow channel and PWT, respectively.
In both cases, the sensor output voltage increases with overheat
ratio a7. When it is assumed that a hot-film sensor behaves in a
manner similar to that of a hot wire, then operating at high oy
has the advantage that the sensor is much more sensitive to shear-
stress fluctuations than flow temperature fluctuations* In Fig. 5, an
overlapbetween oy 0f 0.9 and 1.0 is observed. The likely reason for
this overlap is that the convective heat transfer from the sensor to
the flow may be a combination of buoyant and forced convection.

A plotof the static sensitivity d V /9t at varying mean shear stress
is given in Fig. 6 for the laminar flow channel. The static sensitivity
decreases with increasing mean shear stress for a fixed overheat
ratio at the same time that the sensitivity increases with increasing
ar. This behavior is similar to that of a hot wire.*

20

+ OH1.0

Sensor Voltage (|AmV]|)

‘Wall Shear Stress (Pa)

Fig.4 Static response of the sensor vs shear stress at different overheat
ratios, calibrated in the laminar flow channel (third-order polynomial
curve fits included).
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Fig. 5 Static response of the sensor vs shear stress at different over-
heat ratios, calibrated in the PWT (third-order polynomial curve fits
included).
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Fig. 6 Static sensitivity of the sensor vs mean shear stress in laminar
flow channel.

Note that the static sensitivity data reported here are for the un-
compensated sensor. As a result, these data cannot be directly com-
pared with static sensitivity data of compensated sensor systems.

Dynamic Calibration

The sensor was dynamically calibratedusing a constantamplitude
acoustic tone [105-dB sound pressure level (SPL) with regard to
20 uPa] at multiple overheatratios (0.6-1.0) and mean shear-stress
levels (0.03-0.05 Pa). The SPL of 105 dB and the frequencyrange of
0.2-7 kHz represent a theoretical fluctuating shear-stress envelope
of approximately 0.9 mPa at 200 Hz to 6.1 mPa at 7 kHz. The gain
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Fig.7 Gain factor of the sensor frequency response for a 105-dB SPL
sine sweep as a function of mean shear stress.
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Fig. 8 Plot of the gain factor of the sensor frequency response for a
105-dB SPL sine sweep as a function of overheat ratios.

factor of the FRF, given by Eq. (4), is shown in Fig. 7 for different
mean shear stress levels and in Fig. 8 for different overheat ratios.
The uncompensatedsensor response lies above the noise floor up to
7 kHz, with the —3-dB pointat approximately 600 Hz. The dynamic
responseapparentlyincreases with mean shearstress. This increased
dynamic sensitivityis in contrastto the decreased static sensitivity at
higher values of mean shear stress, as shown in Fig. 6. This behavior
also is similar to that of a hot wire.*> However, note the possibility
that this variation could also be due to mean temperature variations.
This issue warrants further study.

Ideally, the gain factor of the FRF would be 0 dB for all fre-
quencies, corresponding to equal static and dynamic sensitivities.
However, as already mentioned, the thermal inertia of the uncom-
pensated sensor will cause a rolloff in the FRF with increasing fre-
quency.In both Figs. 7 and 8, the monotonicrolloffin the gain factor
is approximately 40 dB/decade and is devoid of a resonance peak,
which is indicative of a highly damped second-order system.

Previously, a one-half-order system was used to model the re-
sponse of a shear-stress sensor on a semi-infinite substrate*! The
difference in the response of this sensor may be explained by the
presence of a 10-um-deep vacuum cavity that reduces the unsteady
heat conduction into the substrate. For this sensor, heat conduction
effectsare confined to the thin silicon-nitridemembrane (see Fig. 3).

To verify the linear relationshipbetween the output voltage fluctu-
ations and the shear stress perturbation, the sensor was excited using
acoustic waves of varying amplitude (90-120-dB SPL) at constant
frequencies. Figure 9 confirms this linear relationship.

The phase difference between the input pressure signal and the
sensor output voltage fluctuation was also estimated using the cross
spectrumandis shownin Fig. 10. Theoretically,the shearstressleads
the pressure signal by 45 deg (Ref. 42). This is consistent with the
interpretationthat the voltage fluctuations of the sensor are in phase
with the shear-stress perturbations at low frequencies. The dynamic
calibration was limited to frequencies greater than 200 Hz. From
Fig. 10, it does not appear that the phase has reached an asymptotic
limit of 0 deg at ~200 Hz. Further research is required to ascertain
the low-frequency behavior of the sensor.

For very large frequencies, the sensor exhibits a 180-deg phase
shift characteristicof a second-order-system.However, at ~600 Hz
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Fig.9 Linear behavior of the sensor vs the fluctuating shear stress for
a constant overheat ratio of 0.81 and a mean shear stress of 0.03 Pa.
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Fig. 10 Phase difference with respect to applied shear stress of the
sensor FRF in response to a 105-dB SPL sine sweep.

(the —3-dB point), the phase shift is roughly 45 deg, which is in-
dicative of a first-order system. Thus, the sensor appears to tran-
sition from a first-order to a second-order system with increasing
frequency. Note that measurements obtained beyond 4 kHz display
considerable scatter. This is because both the coherence functions
(not shown) approach zero because the signal approaches the noise
floor, even after significant averaging.

The transition from a first-order to a second-order system may
be physically described in terms of two time constants. The phe-
nomenon of two distinct time constants has been discussed by
Haritonidis.! At low frequencies, the response of the sensor will
be dictated primarily by the substrate. At higher frequencies, the
response will likely be a function of the film size and its electrical
leads. If the two time constants associated with the diaphragm and
the film are close to each other, it may give rise to the transitional
behavior observed in the FRF. Clearly, this phenomenon warrants
further investigation.

Pressure Sensitivity and Noise Measurements

Two additional metrics of sensor performance are the sensitivity
to nonshear-stress inputs and the device noise floor. Experiments
were performed to quantify both the pressure sensitivity and the
noise floor. The dynamic pressure sensitivity spectrum was deter-
mined viaa PWT by orienting the sensor at normal incidence to the
acoustic waves under zero mean flow conditions. Frequency sweeps
at multiple SPL ranging from 120 to 155 dB at a constant overheat
ratio of 1.0 were used for the measurements. The results indicate
negligible pressure sensitivity (<1 ©V/Pa) up to 10 kHz.

The noise floor spectra at zero mean flow and multiple overheat
ratios were also measured and are shown in Fig. 11. Electromag-
netic interference appears to be the major contributor at low fre-
quencies with all harmonics decaying by 1 kHz. The noise floor
data (<100 nV/JHZ) combined with a nominal static sensitivity of
11 mV/Pa resultsin a minimum detectable shear stress of 9 uPa/Hz
or a dynamic range in excess of 100 dB.
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Fig. 11 Measured noise spectrum of the sensor at zero mean shear
stress and multiple overheats.

Conclusions

An extensive characterization of an uncompensated, platinum-
film, vacuum-cavity silicon-micromachined thermal shear-stress
sensor was performed. The sensor was operatedin a constantcurrent
mode and characterized using a four-point probe configuration to
isolate the sensor response from the effects of external compensa-
tion circuitry. Noise floor measurements in the operational range of
the sensor were obtained and indicate a minimum detectable shear
stress of 9 uPa/Hz. Therefore, the dynamic range of the uncom-
pensated sensor exceeds five orders of magnitude (9 uPa-1.7 Pa).
The static sensitivity increases with increasing overheat ratio and
decreases with increasing mean shear stress. The sensitivity to pres-
sure and its effect on the dynamic response was measured and is
negligible.

The sensor was also dynamically calibrated via a known, di-
rect sinusoidal shear-stress input over a frequency range of 0.2-
7 kHz. The uncompensated sensor displays characteristicsof a two
time-constant system with an initial corner frequency of ~600 Hz
and a 40 dB/decade rolloff at high frequencies. This behavior dif-
fers greatly from the classical one-half-order hot-film response.
The measurement and understanding of this uncompensated dy-
namic behavior is crucial for future sensor optimization and the
design of an appropriate feedback compensation circuit to extend
the measurement bandwidth.

Other important unresolved issues were also identified. Most of
these are concerned with details of the dynamic response character-
istics of the sensor. One issue is the inherent temperature sensitivity
that can manifestitself as apparent variationsin dynamic sensitivity
at low frequencies. Clearly, the sensor is sensitive to ambient tem-
perature variations,and a critical study of the suitability of potential
temperature correction strategies is warranted. In addition, the flow
disturbance due to the heat transfer from the sensor to the flow as a
function of overheat ratio needs to be quantified. Furthermore, the
dynamic characterization requires clarification in terms of phase
response of the sensor at low frequencies. Imperfect termination
of the PWT can result in reflected waves, which can affect the re-
sponse of the sensor. Such reflections should be accounted for in the
data reduction process. Finally, a two time-constanthypothesis was
postulated as a possible physical explanation of the apparent tran-
sition of the uncompensated sensor response from a first-order to a
second-ordersystem with increasing frequency. Further experimen-
tal, theoretical, and computational studies are required to validate
this hypothesis.
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