THE 10" INTERNATIONAL SYMPOSIUM OF MEASUREMENT TECHNOLOGY AND INTELLIGENT INSTRUMENTS

JUNE29-JULY22011 / 1

Characteristics of micro hot-film probes for
aeronautical purposes

Tobias Beutels, Christoph Boese, Christoph Luzemann, Ansgar Holle, Monika Leester-Schadel and

Stephanus Biittgenbach

Institute for Microtechnology (IMT), Technische Universitét Braunschweig, Alte Salzdahlumer StraBe 203, 38124 Braunschweig, Germany
# E-mail: T.Beutel @ TU-Braunschweig.de, TEL: +49-(0)531-391-9748, FAX: +49-(0)531-391-9751

KEYWORDS: flow measurement, hot-film, AeroMEMS, micro system technology, wall-shear stress.

In this work we present the design, fabrication ahdracterization of AeroMEMS hot-film probes. Tuwe-films
are structured on glass or silicon substrates ussilgon bulk-micromachining processes. For thdiahitests,
different metal layers e.g. gold, aluminum, titaniand nickel are magnetron sputtered onto wafeissates.
These hot-films have a variety of geometries arddmveloped for special measurements of wall-skgass in
fluid mechanics. This study discusses the failuresduced by geometry effects which occur duesatropic wet
etching of the metal layers. Also presented arentiredynamic and dynamic test procedures useddoacterize
the hot-film probes. It was discovered that by iragythe length and the material, varying electripabperties can
be obtained. The determined material constants framy those known from the bulk material. Dynareistg in
the desktop wind tunnel are also described andrtbasurement of the heat conduction from the hottfirough
the substrate and its influence on the maximumaipey frequency is discussed. In the long-term yiewt-films
in combination with a pressure sensor on the same €hould be able to detect the state of the {laminar or

turbulent).

NOMENCLATURE
a =temperature coefficient 1K]
b = width of the hot-film ig]
l  =length of the hot-film il
h = height of the hot-film ml
A = area of the hot-film M
P = electrical power WM
Q = heat transfer Wi
v =velocity m/q
p = elec. Resistivity or density Ojm| or [kg/mi
6 =temperature difference K]
Indices:

0 for ambientSfor operating temperaturkl; for hot-film;
corr for correctedF for fluid; | for Input; O for Output

1. Introduction

Due to the ever increasing costs of energy, as agelfispects of
environmental protection, ever more efficient pidumust be
developed. Therefore, in the aeronautical indugtig, necessary to
continually investigate new concepts to reduceftieé consumption
and noise emission of civil aircraft.

In a new approach to active high lift, the useaftoolled suction
and blow out of compressed air at defined locatalnsg the wing,
including a coanda flap, is expected to signifisareduce pressure

drag. This concept is based on the ability to meathe state of the
flow and to be able to control it in real time. Witew piezoceramic
actuators, which make small changes to their lengtter high
voltage excitation, it is possible to change theitaor of wing
sections. Specifically, the height of the blow-slat is expected to be
actuated at the needed frequency. In this way,nde wall flow
velocity on the coanda flap is accelerated in otdenaintain laminar
flow along as much of the wing chord as possibld #rereby
produce a high lift coefficientQ@,). The required mass flow of
pressurized air for the controlled system is exguetd be low. This
concept is expected to be comparable or more eféeittan common
high lift systems. To enable effective high-litaetcontrol frequency
of the complete closed-loop sensing and actuatistes) is expected
to be higher than 108z

These requirements lead to new sensors which grablea of
determining the state of the flow, without influemg it. Due to
economic and technological constraints it is adbles@o use carbon
fiber laminate for the wings skin. Micro-fabricatedensors
(AeroMEMS) can be implemented into the wing skialadimg space
resolved measurements [BEU10].
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An integral part of the presented sensing elengitieé hot-film
sensor. This sensor was designed and tested foappkcation
described above. In this article the sensor dewedop will be

described with consideration to the sensor degigiitlze initial tests.
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Fig. 1: Drawing of the test structures with dimensi

(all dimensions irmm except of the chip label, which isjimm)
Several layouts based on various materials wilinb@duced. The
influence of these parameters on the static andrdymbehavior will
be compared. In particular, the effect of variowgerials used for the
hot-film and the substrate will be discussed.

At the end of the manuscript a brief outlook isyided to give an
impression of future activities in this field.

2. Sensor Design and Fabrication

As these sensors are the very first hot-films tatted at the
Institute for Microtechnology (IMT), it was decidéaluse a universal
form. As shown in Figure 1, a wire pitch similarU&B A norm was
chosen. This enables the sensors to be pluggedUs® female
connectors, making changes simple.

The lengthl of the hot-film depends on the distance between th

1. cleaning substrate

2. sputtering metal layer

3. spin-on of photo resist (PR)

4. exposure and development of PR

+++++++++++

5. wet etching of the metal layer
o I . . .|

6. removing PR and cutting
T

1 Si/glass =0 Metal @R PR
Fig. 2: Scheme of process steps during micro fatioic
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two beams leading from the wiring to the hot-filithe wiring is
designed symmetrically in order to be more flexifilee length has
been varied from 1000 to 80Q@n The width of the wiring was set to
800um while the widthb of the hot-film was varied in steps of
lum between 5 and 10m These values are valid for the
lithographic mask, which will be shown later.

20 of these test structures were distributed ohveafer made of
glass or (100)-silicon. Due to fabrication issute®, narrower films
are placed near the center.

The fabrication process has been developed sphifior this
design. The sensor has been fabricated in a badclkegs using state-
of-the-art microsystem technologies. The figure tioeed above
shows a simplified scheme of the most significaaeps during the
process.

After cleaning the substrate (1), the glass wadeesdehydrated.
The metal layer is then magnetron sputtered (2)cilijreonto the
substrate. No reverse sputtering (etching) wasechout, which is
normally is used to obtain improved ohmic contactuhderlying
layers, but for this case is not necessary.

The thickness of the sputtered metal layer detasnithe
resulting height of the filnh . This thickness depends on the duration
of magnetron sputtering and on the power appliedthErmore, the
sputtering rates strongly depend on the targetriaht@&he thickness
has to be evaluated for each material. Optimizgtimtesses can be
carried out in order to achieve a homogeneous riegk over the
entire wafer. For these tests we used the progliated in Table 1,
which lead to the given nominal metal layer thidses.

material nom. thicknesp
Gold (Au) 275nm
Aluminum (Al) 600nm
Titanium (Ti) 154nm
Nickel (Ni) 194nm

Table 1: Material and nominal thickness of the ilatgers
depending on the program for magnetron sputteriaghine

The given thicknesses in the second column are sbithe most
important values for these sensors, as they dirécfluence the
electrical behavior.

After sputtering, a photolithographic process (d)&has to be
carried out in order to cover the desired metaédgyositions with
positive photo resist (PR). A metal specific weheig process (5) is
then used to structure the hot-films. Finally, B is removed and
the wafers are diced in order to obtain the indigicthips.

Wet-etching of metal layers is an isotropic procd$ss means
that the etching rates in all spatial directions aequal. Due to the
small dimensions of the design the effective cotidgaross-section
of the metal is significantly reduced. Figure 3whahe geometry
parameters.

The corrected conducting ardg,,,- can be calculated as follows:

1
Acorr = bh — E?‘rh2

14 l) »l
/;I , A ! !h
|

Il Photo resist [ Metal [ Substrate
Fig. 3: Cross-section of a wet-etched hot-wire
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This underetching can reduce up to 20 % of the waimy area,
which impacts the sensor’s behavior. In practiée deviation is
further amplified, due to the fact that the etchimgcess is conducted
over the entire wafer. The etching process typicstéarts from the
wafer border moving to the center. This leads toadius higher
thanh when the etching time is exceeded, especiallyhen duter
regions.

Deviation in the length is not as significant, hessl is much
larger thanh. The corrected length,, can be calculated by
leorr = L+ 2h in the first approximation. Fig. 4 shows the pgeofif
a cut hot-film. The rounded etch edge expected tiwmrtheory is not
clearly identifiable. This leads to uncertaintytiie calculation of the
conducting ared .-

Fig. 4: REM picture of an hot-film (aluminum on edin)

3. Sensor Char acterization

The following formula is a fundamental equation fot-film
anemometers describing the relationship betweetethperature and
the resistance of the film:

Ry = Ry[1+ a(Ts — Ty)]l = Ry[1+ ab]

whereR is the electrical resistance afidis the temperature at
ambient (indexX) or at operating condition (indé&S}. o represents the
temperature coefficient whiled is the temperature difference
betweerTs andT,. This is needed to obtain a heat tran§fevia
forced convection from the metal film into the €@lubaving the
velocity v. The electrical powdP applied to the hot-film must be

Roover length of different hot-films

100.000 I

'O—} I
- 100
& ] @ Titani ickel
X
10 | Titanium Nicke
| Gold B Aluminu
1 T T T i
0 2000 4000 6000 8000

corrected hot-film lengtyor [Lm]

Fig. 5: Resistance at ambient temperatyewRr hot-film length
of different materialsi = 7 um, h according to Table 1)
equal to the heat transf@r This relationship was first described by
King [KIN14] and does not include any losses.

P(I,Ry) = Q(pF,v,6)

In the application described here, the densityheffluid pr and its
temperatureTr are constant. Depending on the measuring methods
used, eitherRy, 6 or I are kept constant. The most frequently used
measuring concepts are described in section 3.2.

Several tests have been carried out to measuehéracteristics
of the hot-film sensors and its components. Thst fiests were
non-dynamic, where no fluids or fast changing ctioi were used.
Subsequent dynamic tests were performed, usingusmlectrical
circuits for anemometry.

3.1 Static Characteristics of the prototypes

The resistance of the hot-film at ambient tempeeaRyr is
simple to measure. In order to make sure @haan be calculated
correctly, the ambient temperature must be measinedtaneously.
Figure 5 shows the resistarRg depending on the material, its
thickness and its length. The linear relationsteépveen the length
and the resistandg, can be expressed by= mx + ¢, where the
offsetc represents the zero sequence resistance between tw
measurement points at a theoretical hot-film lemgtrero.

The following equation shows the relationship betwehe
geometric parameters and the electrical resisiityhich is a

material constant normally defined at°Z0
l

Pa

From this equation it is possible to calculatédrom the
conducting area.,» and the length of the hot-fill,,,.. The
results of these measurements are shown in Ta#étugh the
corrected values are used for calculation, sométiew may occur
due to practical etching procedures. For this nreasgQ,- can not be

R0=

precisely calculated in practice.
Material Resistivity p,o [2m] Resistivity p,o [2m]
from experiments from literature
Gold 6,46-10° 2,20-1¢ | [HERO8]
Au 2,44-1¢ | [ASM90]
Aluminum 7,45.10¢ 2,70-1¢ | [HERO08]
Al 2,82.1¢ | [ASM90]
Titanium 1,97-16¢ 4,20-10 | [ASM90]
Ti 5,20-10

Nickel Ni 2,97-10 9,50-10 | [FAR6S|

Table 2: Determination of the electrical resisivi,,
in comparison with values from literature

Table 2 shows a large discrepancy between the sy@iven in
literature and the obtained results. Because thedees were
measured accurately and repeatedly, this dispasdpnot be
explained completely. In our calculations of thédgbot-films, the
underlying 10nm chrome layers which were used to increase
adhesion to the glass substrate, were not takercantsideration.

To measure the resistance at operating tempeituanother
set-up was used. The goal was to identify the teatpe
coefficiento, therefore an infrared camera was installed intfod the
hot-film probes. A constant voltage supply moduleswsed to
feasibly regulate the hot-film's temperature. Tloefim had to be
sealed so that no air movement was able to digherlmeasurement.
For every applied voltagé, the temperaturg and the currert
was measured. Because of the limitation of the tameo
temperature above 24C could be measured. The resistaRgeat
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operating temperature can be calculate@py- U/I.

Hot-film temperature over eectrical power

250 /
200 //-);//: / St
-gu 150 //r)(/'/
o 4 =
100 Z —— 8000 um —%— 4000 um
50 - i 7000 um —@— 3000 um
6000 pm —+— 2000 um
0 5000 um —=—1000um

0 1

) 0,5
electrical power PW]
Fig. 6: Temperature over electrical power at difer

lengths p = 10 um; Au)

Figure 6 shows the resulting temperatures for tbefilms
(b = 10 um; Gold) depending on their length. One can seettieat
difference between the resistafgeand the resistand®; at higher
temperatures increases for longer hot-films. Thpesbf these results
is important because it describe how the outputasidepends on the
change of resistance. The influence Rf on the measurement
accuracy of increasing lengths with constant ceesgions can be
determined from the following equation:

l
Rs = Ro[1 + af] =pZ[1+a6]

From this equation we are able to determine ttaeased length
as well as even thinner hot-films lead to improsedsor sensitivity.

3.2 Test system set-up for dynamic tests

This section describes the preliminary dynamicste$tthe hot-
films. These tests were the first to be conducied, the set-up was
improved frequently to obtain even more precise eaidble test
results.

The test set-up consists of a fan which can belatgl by
increasing the supply voltage from 0 to 228C. The voltage can be
seen as an index for the air speed. Within the eurn flow
straightener was used to refine the flow profileeTentire set-up is
roughly 1 m long, so that it may easily fit on aktep, which should
be located in an air-conditioned laboratory to ddemperature drift.

As known from literature, three sorts of electricicuits are
common to operate hot-films:

constant and measurements can be performed. Ihahélm is
cooled due to a flow, the amplifier increases theent, leading to a
constant hot-film temperature The circuit is driiey the voltage
applied from the operational amplifier.

Uo

Fig. 7: Circuit used for CTA.

In the CCA method (Fig. 8) a constant voltafig,,.is applied to
produce a constant current to heat the hot-film. dBpnging the
resistanceR 5, the operation temperature can be set. After adgust
R.an the trimmerR,, has to be tuned until a constant current is aghplie
andUg is stable.

Because of the relatively high sensitivity of thést-up, all
resistors should be suitable for high loads in otdereduce the
disturbing effects of temperature drift. The hdffis cooled due to
the flow over the hot-film, leading to a resistvitecrease. Hence the

_&ource

var

Uo

Fig. 8: Circuit used for CCA
output voltagdJo increases, producing the signal to be measured.
In the CVA circuit the core components are neahlg same,

+ Constant Temperature Anemometry (CTA), where theeycept that the voltage drop along the hot-filthetdl constant instead

temperature of the hot-film is kept constant [TRD07

of the current. This makes the circuit more roltastlectromagnetic

+ Constant Current Anemometry (CCA), where the ctirreninfluences. The circuit is connected to a constaitage supply and

through the hot-film is kept constant while theis&sce of
the film is measured [TROOQ7].
* Constant Voltage Anemometry (CVA) where the voltdgep
along the hot-film is kept constant.
In this work CTA and CVA methods were used. Foséheests,
separate printed circuit boards (PCB) were designed

the amplifier is used as an inverting amplifier. &ika flow cools the
hot-film, the operational amplifier increases itsitput voltage.
Thereby the output current must also increase. falties are used to
calculate the electrical powédt = Uy l,.

In literature several discussions for and againtrécular circuit
can be found, and therefore all versions were tigated. In CTA

In both CirCUitSRH was used to represent the hot-film resistancemode the sensor cannot be overheated uninten&on—&iking the
The resistorsR, and Rg were applied to construct a quarter-bridge CTA preferable. Unfortunately, this method providektively small

including the hot-film and a potentiometRg,;.

In the CTA method (Fig. 7) the potentiometer isduge adjust the
hot-film's operation temperature before measuremént infrared
camera (IR sensitive) was used to measure thelhmwstemperature.
After a very short stabilization process the outpurent § becomes

changes in the output at high flow rates [ECK 97].

According to literature, CCA provides good resultsow fluid
velocities. On the other hand, fluctuations candlda sensor
inaccuracies. Hence, the minimum velocity and marmnpower, are
limited, leading to a narrow band of velocities Wwh€CA is optimal.
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3.3 Determination of the static heat allocation in the substrate

In this section different issues affecting the marg the heat
allocation are discussed. The heat generated blyahfim, spreads
into both the fluid and the substrate. It is impattto consider this
effect in the designing process of a hot-film senespecially if the
sensor is integrated in a module of several serd@gments where it
could interact with the other sensing modules. Thgamic
properties of the hot-film are also influenced leatallocation. These
effects have lead to an extensive thermal investigdo develop a
sensor with a well known and highly dynamic behavio

pressure -

sensing ’

module A
N

hot-film

10 mm
|

Fig. 9: Picture taken by infrared sensitive cankfs)
and sketch of the chip (right)

Keeping in mind that the manufactured hot-films tiwared
above are deposited and structured directly onbsteate, effective
heat conduction is present. Consequently, the theasfer from the
hot-film can not only be solved for the convectheat transfer. The
convective heat transfer can be indirectly usedetermine the flow
velocity. If the conductive heat transfer excedus ¢convective heat
transfer, the ratio of desired signal to the reapot signal will be
reduced [NITO6]. Therefore, either the conductieatttransfer has to
be reduced or the measurement frequency of théiltmohas to be
high enough to filter out the slow reacting sulistmafluences.

Temperatureover distanceto hot-film
110
100

@ ©
o O

|

a o
o
4

)

Temperature®C]

w b
o O

o

2 4 6 8
Hot-film distance ifnm

Fig. 10: Silicon substrate temperatlirdepending on
the distance to a hot-film

Because the hot-film is the only module in a maltipsensor
which generates heat in the substrate, it is irapbtb know the heat
allocation in order to optimize the placement o tither modules
and to avoid possible heat disturbances.

Infrared pictures of gold hot-films on silicon wexealyzed with a
special experimental setup, which included strastufor length
measurement. All pictures were taken at ambienpéeature. The
layout is shown in the IR image given in Fig. 9eTgold structures
seem to have a lower temperature than the siliomownding them.

B3-1

The cause for this effect is the varying emissioefficients of silicon
and gold. Hence, the measured temperatures irorsikceas have
comparable values.

Because of the high thermal conductivity of silicon
(Asi = 156 W /(mK), [HUL99]) the entire area around the hot-film
is heated to temperatures near that of the hot-film

As shown in Fig. 10 the bulk temperature remaimselto the
hot-film’'s temperature, although the distancesralatively high. One
can see that the major temperature decrease tilcesqver the first
4mm On glass specimens the same effect can be ofhtdioein a
reduced dimensions, due to the low thermal condtictof Pyrex
glass 7740X;40 = 1,318 W /(mK), [ASS08]) compared to silicon.

This information leads to the fact that the surdbog modules
should be placed at leastnfrom the hot-film. They must also be
able to withstand large changes in temperaturtheithot-film is not
driven in CTA mode or if it is driven in a pulsedode. Another
(additional) solution could be to insulate the filot- from the
substrate in order to reduce the substrate heasféra and the
influence on other sensor modules. A disadvantafgésulation
would be the extended surface warping, which le¢ads disturbed
flow and consequently to a loss of detection aegura

4. Results

The following results were obtained from preliminéests on the
manufactured hot-films. The results of CTA and C@Ades have
been compared (Fig. 13).

During the first version of the tests, the outpurrent of the CTA
method for different airspeeds has been measurkd. diagram
below shows the results of these tests, whdraefers to is the
following equation:

Al = I(v) — I(v = 0). Therefore the offset is zero.

Al over fan voltage
3,5 A

/A/_‘/‘__‘/‘_“—‘/T
3
& |
2,5 e —A—106,6°C
<2 90,7°C
E A —4—68,5°C
S ’1 —B—47,9°C
0,5 .
0 T T T 1
0 50 100 150 200 250

fan voltage Y]~airspeedy [m/d
Fig. 11:Al over airspeedv indicated by supply voltage of the fan
measured by CTA method
Fig. 12 shows the results obtained from the CCAhotbt The

offset at maximum fan voltage is proportional te #ir speed which
can be determined from the following equation:

AU = U(w) — U(v = max).
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AU over fan voltage
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fan voltage Y]~airspeedv [m/g

Fig. 12:AU over airspeedy indicated by supply voltage of the fan
measured by CCA method
A further test was conducted in order to measwegithe constant
of the film heating. We can see that the time @ortsincreases with
an increase in hot-film length. Also the substtg/s an important
role. The measurements still have to be refined.

comparison between CTA and CVA

36 ‘\ 4,35
355 W g
< $
O 35 ——CTA 4,259
® \\A —A—CVA ®
< S
34,5 4{ \\‘_H—H 4,2
34 T T T T T 4,15
0 50 100 150 200 250

fan voltage Y]~airspeedy [m/g
Fig. 13: Comparison of the results from CTA and CCA

5. Conclusions & Outlook

After the completed development of various hot-fgeometries,
different layouts have been produced in the insfgclean room. A
set of hot-films with a wide range of geometriesl amaterials have
been created on two different substrates. Thesmtayhave eight
different lengths each having four different widtfiese films have
been manufactured using four different metals winiakie different
electrical behaviors. Additionally, very robust auiits had to be
developed in order to operate the hot-films, duthéolarge range of
Ry pertaining to the facts mentioned above.

A basis for an improved layout for the next gerierabf hot-
films has been created. In future work new masloutsy may be

easily produced, where tiiRg values may be held constant for various

materials. This will enable more precise circuity improved
measurements.

Until now, only one material has been used for dbeducting
wires and the hot-films. In the future a mix of evéls will be used.
A simultaneous reduction in the zero sequencetagsie and an
increase in hot-film resistance must be realizeohdDcting wires
made of gold, which lead to thin hot-flms made ritkel are
conceivable.

The variation of material thickness has, until thisnt not been
investigated. In the future the thickness of eaapel may be
individually set in order to obtain well proporteshsensors.

The determination of the heat allocation near titefim leads to

new issues in the design process of our multi neodsénsor.
Specifically, the offset of the various modules #mete compatibility
with changing ambient temperatures must be takém account.
Additionally, dynamic tests with changing or putgirhot-film
temperatures have to be conducted in order torobtare accurate
signals and to allow a further insight into ousffinot-film sensors.
The IR camera temperature measurements must baizgdi in
the future in order to reduce the influence of diféerent emission
and transmission coefficients for IR radiation bé thot-film and
substrate materials. For realistic dynamic calibratin fluids, a
measurement campaign in a calibrated water tusn@hinned. In the
far future the sensor will be integrated on variseissing modules.
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