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Advantages

e much smaller probe size (mmto nm)
o better spatial resolution

e array of the sensors

* higher frequency response

* |ower cost

e performance/cost -



Fabrication Process ()

10mm lightly Si0,(0.5um)
doped epi layer —» Z
y Thermal oxidation of silicon substrate at

/ | : l 1100°C which has highly-boron doped

buried etch-stop layer

8mm heavily
boron doped

etch stop layer poly-Sj (0.5um)

Low-Pressure Chemical Vapor Deposition
‘ l (LPCVD) of polysilicon at about 560°C.

Patterning of polysilicon to form the

l l resistor (heater & sensor) as well as
interconnection lanes (supports)

boron ions (10%/cm?)  photoresist

High-dose boron implantation of
polysilicon for interconnection lanes only.
i ' Photoresist PR mask for resistor part.

boron ions (1014/cmg)

Low-dose boron implantation of
polysilicon including resistor part



Fabrication Process (1)

aluminum (1um)

LTO (3um)
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EDP etch

EDP etch

Aluminum metallization to contact
interconnection lanes

LPCVD of low temperature oxide
(LTO) to protect structures on
frontside of the silicon substrate

Patterning of: LTO and thermal oxide
on frontside, polysilicon and thermal
oxide on backside of the wafer

Anisotropic etching of the silicon
substrate releasing the sandwich
polysilicon cantilever

Isotropic etching of silicon to remove
the highly-boron doped etch-stop
layer



Micro Hot Wire




Operation Principle of Micro Hot Wire

- Hot wire anemometry use the convective heat transfer from from heated sensor to the
surrounding fluid to measure the velocity.

- The amount of heat transferred per unit time isinferred from an electric signal that is
related to the temperature of the sensor.

- The signal results from the unique relationship between the temperature and
resistance of the sensor.

R(T) = Ro [1+ a(T'To)]

where Ro and To are the resistance and temperature at a reference condition, and a :
Temperature coefficient of resistance (TCR)

a=(R-R)[R,(T-T))] =DR/(R,DT)
- Overheat ratio
ar = (T-TH/T,
- Resistive overheat ratio

ar=(R-R)/R=a DT=a T,a;



Basic heat transfer mechanisms
- Heat isintroduced into the sensing element by Joule heating and is lost by convection,
conduction and radiation.

qc = hS(7-s - Tf) h: convective heat transfer coefficient

S. area
convective heat-flow to the fluid
T4 temperature of sensor

T;: temperature of fluid environment
g.= KATT /x|, x

conduction to the support
\ //’:> heat flow by radiation

—_ 4 4
heat stored in the wire q, =S & 7; - Tf )
Q=mcT
) s: Stefan-Boltzmann constant (56.7

NWm2K4)
S: radiating area
T4 temperature of sensor

T;: temperature of fluid environment

, The radiation loss is much less than
total electrically produced heat the convection |osses.

P=i?R=i2R,[1+ a(T-T,)]



The energy equation

- The time rate change of energy within the sensing element must equal the difference
between the power input (P) and the heat leaving the device (F).

al —
T?ZP'F F‘Qs+qc+qr

The time rate change of energy within the sensing element Q = cmT,

dT,

cm—== P(i,T.)- F(U,T,
po (1,7)- F(U,T)

Thelinearized ener gy eguation:

T.=T,+DT, P=P+DP F=F+DF
cm(di+ dDTS):/_DJfDP' (F +DF) P=F
t
en®ls = pp. oF =12 i+ 12 b7 - A5 DU+ 12, DTy
ﬂ/ ﬂTs ﬂU ° ﬂrg
em Pl I8 32 o7 =18 b 12 by
dt TV AT, e e



The Constant Current Anemometer

——J\/\/\/\/-——M —o€,

{a)
Di = iDRI(R, +R,+R)
To reduce the current fluctuations to arelatively small value requires

DRI(R +R,+R) << 1

So R;+R, must be large. The fixed resistor R, snould be sufficiently large to
eliminate the possibility of accidentally burning out the wire when either the variable
resistor R, or the velocity is decreased.

The current through the sensor can be determined by measuring the voltage drop
across R,



Governing Equation

em®Ple  IE I or =P bl IE by
at 17, M7, 9 T
1P . YF
cm dDTS+DT:(ﬂI-|TS DI-ﬂUITS DU)
L L Y ALl . L
q7r."Y q71." 17, " q7."
Time M = cm 1 M
Constant (ﬂFl TP ) (ﬂFI TP 1) oM
7. Y 97" 17, ° 9q7."
dDTs —ﬂE '_E =
M t+DT—Cm(ﬂI_ |, Di ﬂU|TDU) f(0)

For constant current mode of operation, Di=0, the system is forced by the velocity
fluctuations alone.

DT, - M TF

M —=+DT,=——(=—|, DU) = f(t
p” s cm(‘ﬂU|T5 )= (1)




Time Constant

aDT, M 1P, . IF
s = f(t)=—(——|, Di- —1, D
&+ TPT= 10 (9) Cm(ﬂl. | Di Ty ; DU)

M

Solution: 1 ot
DT, =— ) exp(- ——) f(t)dt
;= 0,&p(- — ) £()

To determine time constant M, an instantaneous change in current or velocity

(a) (1)

f 0 for 1< 0’
0 AT(r) = &0(1 _ etiM) for =0
t
(b) f;ﬁTm Time = cm
U i
T AR T




Time Constant of aMicro Hot Wire (I)

Support needles

4

Heat out by convection {including free conveclion)

ﬂ}—»

=
Heat in by conduction j Heat out by conduction

~» Heat out by radiation

() Unsteady heat balance over amicro hot wire:

@: P- F
at

Q=mcT,=rhwcTJ

P=i?ZR=i2R, [1+ a(T-T,)]

F=n.(T,- T,)dS=2h(w+ h)(T,- T,)!

sur

rhwc/%:izl?o[1+a(7's- T)]- 2h,(w+ h)(T,- T,)l

r hwel CZI:S +[2h (w+ h)l - i?Ra]T, = f(t)

S+ S

dt r hwel Soodt M M

at, , [2h(w+ h)l- PRal - _dT, , T, _ f()

f.(t) = /2/-_\’0(1- at;)+2h,(w+ h)(T,)l

a r hwel
[2h,(w+ h)I - PRl




Time Constant of aMicro Hot Wire (1)

(b) steady state heat balance over a micro hot wire;

P=F
thus:
PR[1+a(T,- T,)] =2h(w+ h)(T,- T,)l

FRIL+a(T,- T,)]
(Ts_ Tf)

2h.(w+ h)l =

(c) Estimation of the time constant, M

- r hwel _ r hwel _ r hwcl

[2h,(w+ h)l- PRal _I’R[l+a(T,- T,)] ., i’R,

c : - ’Ra 1+a(T,- T,)-a(T.- T
775 Ral (7. ylira(l-T)-a(T.- T)
rhwcl (T.- T T.-T
== .2( 210 Ty 2
I” R, R, /

ar=(TgTHT rhwel (T, - T

7= (Ts T/ Ty Y == _2(5 f):(rc)(hwl)(a__f

ar = (R-R)/R,=a T;a; "Ry Ria I

material  geometry  Operating

(TsT)=asTs=ag/a conditions




Time Constant of aMicro Hot Wire(l11)

rhwel (T - T
m= AT T (1) B
"R, Ra /
material  geometry  Operating
conditions

For polysilicon sensor:

r =2.3gm/ cm®
c=0.7Joule | gmK

R, = 20W

rthgn_7}):(rc)Umdxi§)»2nmx
I” R, a /

a=1%/K M =
h=0.5mm

w=1mm

[ =100 mm

a,=05

1 =10mA



The Constant Temperature Anemometer (CTA)

offset

(1) The basic elements of a constant temperature anemometer circuit are adifferential dc
amplifier, the sensing element and a reference voltage.

(2) The sensor is placed in one leg of a Wheatstone bridge. The current through the element
gives avoltage e,.

(3) A reference voltage is used by the feedback amplifier to determine how much the
resistance, and hence temperature, of the sensor has change. Thisis obtained by e,.

(4) These two voltages forms the inputs to the differential amplifier. The amplifier’s output
current isinversely proportional to the resistance change in the sensor.

(5) The current is feedback into the top of the bridge and restores the sensor’ s resistance and
temperature to their original values.



CTA Equations

The constant temperature mode of operation of a hot-
wire means that the temperature or resistance
fluctuations of the sensing element are negligible
compared to the current fluctuations.

° DR/ R<< Di /i
aT .
em=== P(i,T)- F(U.T)=0 & P(i,T,)= F(U,T,)

—o £

The dynamic response of the constant temperature anemometer are determined by three
basic equations that (1) the bridge, (2) the sensing element, and (3) the amplifier.

(1) bridge:
&) =[RO+RJi() = g +De =[R+DR+ R](,+Dj)
Neglect the nonlinear 2" order terms and % =[R+ RI]Z

De,(t) =[ R+ R]Di,(t) + i,DR(t)

& =hR=RI(R+R) De () = a(h)- e = RRO- RR

t
eZ:/2R3:eOR3/(R2+R3) (R, + R)(R + R(1)) %)



(@) Initially two sides of the bridge have equal voltage, the

differential input to the amplifier is zero, giving a zero
output.
Balanced bridge: RR, = RR,
N L
° R,R(f)- RR
€ e e(t)- e(t)=— 2RO RR .-

(F + Ry)(FR + R(D))

(b) Under balanced conditions, an offset voltage is added to the amplifier. This voltage establishes a
mean current through the sensor, which makes the bridge seem to have a dightly higher resistance in
oneleg. Thus one can consider the mean resistance in the sensor to be

R(t) = R(1L+d)
d is unbalanced parameter which determines the sensor operating temperature and overheat.

_%ﬁ'ﬂ%

d s
R R

dR, R
(R+R(R+R)

Cortsr — G~ & =



(c) For completeness, atest signal isintroduced through a
resistor R.If R, islarge compared to the other resistorsin the
bridge, the voltage into the amplifier is given by ge(t), where
g (t) isthetest signal generator voltage, and g is the
attenuation due to R, and the bridge.

—e, _ RR(1)- RR, dR, R —
e ST R R)R RO O R RR AR DI
e(t) = e +De(t) R(t) = R+ DR({) & () = &+ De(1) e(t) = e + De (1)
— _ R(R+DR(1)- RR, dR, R — —
e +De(l) = (R, + R)[R + (R+ DR [g +De(1)] + R+ R)YR * R) (& +Dg(0) + g.le + De(1)]
— RR-RR, — dR, R — —
Neglect the nonlinear 2™ order teemsandsub & = (R, + R)[R + Rl &+ (R+ R)(R, + Rs) + 0.6
_ &RDR() dR, R
De(t) = — + = De, (f) + 9,De,(t
O R+ RIR+R  (RFRNR+ Ry 0T obal)
R _ R

Under balanced conditions: (R,+R) (R+R)

&RDR() , dRR
De ()= ¥ (Re )z PO+ 8D&(D)




(2) the sensing el ement:

em®Pls o I8, 32 o7, =18 s I by
at 17, 17, m T
P=i’PR=1?R,[1+a(T<T,)]
ﬂP —_ ;2 ﬂF
- _l .
07 Ry F om  obT 2iRDi- —— |, DU
’ — |y = = > - 10
0P 17, (-i’Ra) dt ° - i’Ra
— |, = 2IR
I~ ﬂ/:l
cn  dDR 2R qu '
_ = DR=2"pj- U "~ py
DT =DR/(a R,) (Ra) dt i i?
an DR, pr=22Rp; 21, by = M PR,pr=api+ DU
("R, ot I ic U '* t
M = EMag a=2aRR ap TF

b=-ZB_—
i*Ra i TR



(3) the amplifier:

/def" +Deg, = - AO\DE:-

Time constant Amplifier dc gain

The dynamic response of the constant temperature anemometer
De, (1) =[R+ R]Di,(t) + iDR(t) (1)
ey = 2RORWY ,_dRR
(R+R* (R+R)’

thR +DR= aDi,(f) + bDU  (3)

De (1) + g.De(t) (2

M

dDe, _
m—=+Dg =- ADe (4

Combine (1) and (3) to eliminate Di,(t), (2) to eliminate DR(t) and (4) becomes

+ 22w, P& 1y 2pe = w 4 5, DU (1) + S, M TP + (14 2F8x

De
att? ot ot R+ Rl) g



0

d’De, aDe, aDe, 2Ra
+ 2z S+ (14 )De,
dt? ° dt dt (d+ R+ ) el
w, = (2a K, mM)"'? : natural  frequency S AN
N
L=1 AN
1 i ™
= E(:|_.|. K,d)(M | 2K, ma .)"? : dampingcoe fficient o sep1 T ol i
B fe,z0  Du=|
+ o !
- R _’51 i |, : sensitivit y to the velocity \
2RI, TU Yo
+ ---.-‘\
(R Rl) g, : sensitivit y to the test signal N |
2R a N Hot-Wire Alone
N\
<
N
\\
- _ARR RR . system gain parameter \\
(R+R) AN
100 IK 10K I00K M

Frequency



For the following parameters:

M » 2”10 ° sec : micro hot wire time constant
m» 10°° sec : amplifier time constant

a,=05

A, =10°: amplifier gain

RR .,

K :/AO—_RQ- — > =
(R+R)

o= R+ R)’ =10°: system gain parameter

w,=(2-0.5-10°/(10°°- 2" 10°%)"?* =2.2" 10°sec™*
The characteristic frequency is:

£ =% =35 mpz
2p



Freguency Resolution

First order system:

aDT.

M Z="=+DT,= f(§)
ot

M — time constant (thermal lag)
f —forcing function

e.g. constant current hot-wire

Second order system:

W, — resonance frequency
z- damping coefficient

S - sengitivity

f —forcing function

e.g. constant temperature hot-wire
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