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Abstract

In recent years the demand for a simple, robust and reliable integrated accelerometer has stimu-
lated research activities at numerous organizations. This thesis investigates the possibility of fab-
ricating a new class of accelerometers that work on the principle of air movement measured in a
differential fashion. This measurement technique is a patent pending idea of Dr. Albert Leung of

the School of Engineering Science, Simon Fraser University.

Device modeling, design, fabrication and characterization are presented. The device configuration
is based on the “hot air bubble” concept developed by Dr.Albert Leung . The device consists of a
central heater and temperature sensors placed symmetrically on its sides with surrounding air as

thermal coupling element.

The less dense “hot air bubble” generated by the heater will be shifted by an applied acceleration,
due to buoyancy force. The symmetrically placed sensors will sense the bubble movement in a
differential manner, providing an output that is proportional to the applied acceleration. The
advantages of this new device over those of existing accelerometers are its simplicity and robust-

ness. These advantages result from the device having no solid moving parts.

The heater and the sensors are thermally isolated resistors on suspended bridges lying in the same

plane. The devices were designed and fabricated using bulk micromachining technique.

Analytical models of the device functional blocks were developed to gain an insight into the
device behavior. The analytical model results were used to derive guidelines on device dimen-
sions. Based on analytical solutions, the temperature distribution, heat flow and response time

were calculated.
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The air temperature distribution is also determined using an ANSYS simulator. Streamlines and
isotherms for air flow within the system are presented. The air flow regimes that arise are deter-
mined as a function of device geometry and temperature. The numerical results are compared

with the analytical model results in order to check the validity of proposed analytical models.

The device was characterized by measuring the device parameters : linearity, dynamic range, fre-
quency response, sensitivity and resolution. Further research work is required for device optimi-

zation.
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Thesis Organization

In the past few years, research interest in techniques for fabricating silicon micromachined
devices has been high. Micromachined devices exhibit the advantages of reduced dimensions and

mass, batch fabrication and easy interfacing or even integration with electronic circuits.

Two major classes of micromachined devices can be identified: sensors and mechanical compo-

nents or systems, such as motors and graspers.

Thermal sensors measure physical quantities by transducing their signals into thermal quantities
first and then transducing the thermal quantities into electrical quantities. Thermal sensors can be
air flow, acceleration or infrared sensors, for example. For optimum operation of a thermal sensor,
a good thermal and electrical isolation of a sensor from its substrate is desirable. This isolation is

accomplished either by bulk or by surface micromachining.

In bulk micromachining, the sensors are shaped by anisotropic etching of a large single-crystal
substrate. Thin films are patterned on the surface to provide isolation and transducer functions.
The technique of using lithographic process and exposing monocrystalline silicon to anisotropic
etchants to produce concave, pyramidal or other faceted holes in Si is known as “bulk microma-
chining*. Suspended structures such as cantilever beams, platforms and bridges can be generated

using this technique.
Most of the published thermal sensor structures used to measure accelerations [ 1, 6, 12, 19, 20,

33, 36] consist of a cantilever beam whose displacement as a function of applied acceleration is

determined from a temperature difference registered by a temperature sensor placed on the beam.
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This thesis investigates the possibility of fabricating a new type of thermal accelerometer based
on differential measurement of air movement. The device configuration is based on Dr. Albert
Leung’s innovative “hot air bubble “concept [2]. The system consists of a central heater and two
temperature sensors placed symmetrically on the heater’s sides. The heater and the sensors are
thermally isolated resistors on suspended bridges fabricated using the bulk micromachining tech-
nique. The surrounding air is the thermal coupling element. The heater will generate a less dense
“hot air bubble*“. When accelerated, the “hot air bubble* will shift due to buoyancy force. The
symmetrically placed sensors will sense the bubble movement as a difference between their tem-
peratures, providing the device output. The advantages of this new device over those of existing
accelerometers are its simplicity, robustness and wide acceleration range. These advantages

derive from a lack of solid moving parts.

Device modeling, design, fabrication and characterization are presented in the following chapters.
The device’s working principle detailed description and a discussion on materials selection for
temperature sensors are in Chapter 1. Chapter 2 covers theoretical analysis of the proposed device
consisting of analytical models for steady-state and transient behavior. The analytical solutions
for simplified device’s representations are used to evaluate temperature distribution, heat flow and
device’s response time. The calculated values are compared with numerical simulation and mea-
surement results. The air temperature distribution is determined using an ANSYS simulator.
Streamlines and isotherms for air flow within the system are also presented. Air flow regimes that

arise are determined as a function of device geometry and temperature.

The device layout and process design are presented in Chapter 3. The device characterization was
accomplished by measuring the device parameters: linearity, dynamic range, frequency response,
resolution and sensitivity. The measurement set-up and results are presented in Chapter 4. Possi-

ble applications and several conclusions are drawn in Chapter 5.
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Chapter 1. Device Outline

1.1. Principle

The most popular Si based micromachined accelerometers to date are thermal and capacitive sen-
sors. All published approaches use the motion of a solid element, cantilever beam or a combdrive,

as primary detection means. The present accelerometer structure uses hot air movement.

The proposed accelerometer is a thermal sensor which consists of a central heater with two sym-
metrically placed temperature detectors besides it. With a constant voltage supply, Vy, the heater,
H, heats up the surrounding air, creating a “hot air bubble” [2]. The “hot air bubble” is a hot air
cylinder concentric with the heater, having its radius, r.. much larger than the heater radius, ry,.
Given no air flow or disturbance, the differential measurement at the two detectors is expected to
yield a zero output due to device symmetry. An applied acceleration would distort the symmetry,
as the air bubble moves. A differential temperature measurement of the two sensors, SNZ, pro-

vides the device output. The schematic representation of the device is given in Fig.1.

A A .
T2’ hot air
A:T1=T2 bubble
A: TY T2 T1
T2
—»

SNZ

Si <100>

Fig.1 Schematic representation of device’s working principle




A thermal sensor is a tandem transducer [1]. It operates in three steps. First, the non-thermal sig-
nal, acceleration a, is transduced into a heat flow, Q. At equilibrium, the central heater generates a
hot air bubble with symmetrical temperature distribution. An applied acceleration would cause
the hot air bubble to move in opposite direction so that extra heat is transferred to one of the sen-
sors. Second, the heat flow will be converted into a temperature difference, dT. The amount of

transferred extra heat is a measure of mechanical-to-thermal transduction efficiency

The temperature detectors for the proposed structure are equally separated, suspended bridges.
Each bridge is a line resistor with a temperature coefficient of resistance, TCR. Due to their tem-
perature coefficient, the detectors will register the extra heat as an imbalance, dT, between their

temperatures. Third, the temperature difference, dT, is transduced into an electrical signal, dV.

This is usually accomplished using a Wheatstone bridge configuration [1]. The relative resistance
change, dR/R,,, due to dT will be seen as a voltage difference, dV. The magnitude of dV corre-
sponds to thermal-to-electrical transduction efficiency. The air provides the thermal coupling

between the heater and the temperature sensors.

The resulting dV is thus a function of applied acceleration, device’s materials and geometry. For a
constant voltage operated Wheatstone bridge, the differential output voltage is given by the pro-
duct of resistance’s temperature coefficient, TCR, and bridge voltage supply, Vg, for a unit tem-
perature change at detectors. Hence the bridge response to a temperature change will increase for
increased TCR and Vg. The device’s speed of response to an applied acceleration is dependent on

resistor’s specific heat and size and rate of temperature change at detectors.

1.2. Materials

Temperature sensors rely on good thermal and electrical isolation of the sensor from its substrate.




An anisotropic Si etching process is used to create free standing structures which offer a very
good thermal isolation from the substrate. Two approaches have been used to fabricate resistors as
temperature detectors. For the first design, diffused resistors were made out of heavily boron-
doped diffused Si layers. For the second design, polySi resistors lying on suspended SiOj stripes
were fabricated. The later exhibit both good thermal and electrical insulation. The thermal con-
ductivity of silicon dioxide is 1.5W/m°C while its resistivity is 10'2 ohm. cm [1]. Si0, is a good
;hermal and electrical isolator. Thermal conductivity of resistor’s material will influence the lon-

gitudinal heat transfer between suspended bridges and substrate.

For a temperature sensor, the characteristics of interest are its temperature sensitivity and speed of
response. When resistors are used as temperature sensors, their temperature coefficient and spe-
cific heat are the material properties which dictate the sensor sensitivity and speed of response,

respectively.
Thermal conductivity, k, specific heat, Cps electrical resistivity,pe and temperature coefficient of
resistance, TCR, values for some common materials used in microelectronics processing are

given in Tablel.

Table 1: Some materials properties

observations
materials Pt, Pa, Au, W| Mo, Ag Ni, Cr Si, Al, Ti
specific heat, ¢ _ low c, desirable
[J / kg°K] 130-150 230-250 ~ 450 > 650 for fast device
response
materials Au, Al, Ag |Ni,Mo,Pt,W Cr,Pa,Ta Ti




Table 1: Some materials properties

observations
resistivity, higher values
[nohm.cm] 1-3 5-10 10-15 > 40 allow higher Vg,
bridge voltage
materials Ti Cr, Ni, Pt, Ta { Mo, Si, W Al, Au,Ag,
Cu
thermal con- lower k values
ductivity, k ~22 60 - 90 130 - 180 > 230 desirable for bet-
[W/m°K] ter accuracy
materials Mo, Ti, W, Cr| Al Pt, Ti Ni, Au
temp.coeff of re- - higher TCR va-
sistance, TCR, ~0.003 ~0.004 0.007 - lues allow
[°c! 0.008 higher sen-
sitivity
materials Ti Ni, Ag Mo, Au, -
density, [g/cm?]|| ~5 ~10 16-20 -

1.2.1. Resistivity

The resistor’s resistivity and size determine the final resistance value, thus the maximum allow-
able bridge voltage supply. Hence higher sensor’s resistivity is desirable as outlined in Section
1.1. Thin film resistors made out of refractory metals would exhibit relatively high electrical resis-
tivity. Thermometers made out of W, Ni resistors were reported {6,13]. Metal resistors have the
disadvantage of low electric resistance as compared with Si or polySi resistors. The resistivity of
doped polySi is always higher than that of single-crystal material for the same impurity concen-

tration level {37]. The highest resistance value can be thus obtained with polySi resistors.

As for heater materials, high resistivity, melting point and low thermal conductivity would be




desirable. Ti shows these features and has the advantage of compatibility with IC processing. Its
adhesion properties to SiO, and its compatibility with anisotropic etchants are also of great

importance.

Next to the resistivity, of particular importance for sensors which operate through a change in
their electrical characteristics are the temperature coefficient of resistance, TCR, the strain sensi-

tivity (gauge factor), G, and the long term stability of the resistor.

1.2.2. Temperature Coefficient of Resistance (TCR)

The metals generally have a negative TCR. Ni and Au have the highest TCR (0.007 - 0.008) ocl
as compared with Pt, Ti, Cr and Mo (0.003 - 0.004) oct,

Even gold has high TCR and low specific heat, hence it would be a fast and sensitive thermome-
ter, it has the disadvantage of high thermal conductivity and very low electrical resistivity. High
thermal conductivity would determine less accurate temperature measurement while low electri-

cal resistivity would determine low measurement resolution.

As compared with Au, Ni shows same TCR, higher resistivity and lower thermal conductivity.
Thus Ni exhibits the same sensitivity as Au and has the advantage of more precise temperature
reading. It might allow higher (about three times) Vg but it’'ll have slower (about three times)

speed response. Hence Ni would be as sensitive as Au, more accurate and slower than Au.

Pt has similar properties to Ni but lower TCR (about two times), lower cp(about the same as Au),
thus it would be as fast as Au but less sensitive temperature sensor. Pt is better than W because it

has a lower k, similar other properties, thus it could provide a more precise temperature reading.




Cr has a TCR similar to that of Pt or W and about a two times lower TCR value as compared with
Ni. Cr exhibits higher resistivity (about two times) than Ni, Pt and similar k, cp to Ni. Thus Cr
would be as sensitive as a Pt thermometer with two times higher Vg(measurement resolution) and

slower (about three times) response time.

It can be concluded that Ni is as sensitive as Au, while Pt is as fast as Au, without associated dis-
advantages to Au thermometers. Unlike refractory metals, Si has positive TCR values between [0

-0.002]°C™!, which are fairly constant over a wide temperature range.

The TCR of B-doped polySi layer over a specified temperature range is a function of doping con-
centration, grain size and trap state [6,14]. The external stress and non-ohmic contact resistance
are extrinsic factors which can also change the temperature dependence. The TCR for B-doped
polySi exhibits the following features:
i) the TCR can be selected + or - through selective doping; it is + for high doping levels
ii) the resistance change with temperature is not linear; there is a limited temperature range over
which TCR can be assumed constant
iii) the temperature dependence increases with decreasing doping concentration
iv) a decrease in grain size at same doping concentration will correspond to a shift to high doping
levels

The TCR values for B-doped polySi are between -0.025 °C™ and 0.002 °C"'[14].
1.2.3. Strain Sensitivity

A resistance change can be also caused by a mechanical deformation. There is a relative resis-
tance change of B-doped polySi resistors under stress conditions for longitudinal strain, €,
[17,37]. The resistance decreases with compression and increases under tension. The resistance

change with strain decreases with increasing doping concentration. This relationship is equivalent




in principle to that of single-crystal silicon. Hence possible bridge mechanical deformations

might induce unwanted resistance changes.

1.2.4. Compatibility with Anisotropic Etchants

It was reported that Au, Cr, Ag and Cu are resistant to EDP [1] while W is not etched in 44%KOH
at 70°C. It was also reported [13] that Cr, Au are resistant to KOH / water (1:2 by weight) at 75 o
C. I have determined experimentally that Ni is also resistant to EDP; no measurable thickness dif-
ference (alpha-step profilometer) could be observed after 12 hours in EDP at 95°C for starting Ni
thickness of 3500A. Because Cr, Ni, Pt have low thermal conductivity, relatively high TCR and
are compatible with anisotropic etchants, they are potentially good temperature readers.

3

Heavily B-doped silicon layers with doping concentration levels > 7 x 10'? cm™ are resistant to

3

EDP while layers with doping concentration levels > 1 x 10%% cm3 are resistant to hydrazine [1].

PolySi is not resistant to anisotropic etchants and it has to be protected by SiO,, Siz Ny or other

EDP / hydrazine resistant layers [21].




Chapter 2. Theoretical Analysis

2.1. Definition of Terms

The three heat transfer mechanisms are conduction, convection and radiation. In this analysis heat

transfer by radiation will be neglected.

The heat conduction is governed by Fourier’s Law [6-11]. The heat is conducted inside a simple
or composite body from a region with higher temperature towards a region with lower tempera-

ture. The heat flux, g, is proportional to the temperature gradient:
g =-kVT (1)

where: g =heat flux, [Kz}
m

k=thermal conductivity, [(ml—WK)}

T=temperature, [K]
The thermal conductivity varies with temperature for both gases and solids [8, 11].

The convection of heat is governed by Newton’s Law of Cooling [6-11]. The heat flux is propor-

tional to the temperature difference between a body and its surroundings:

q = —hAT (2)

where h =convective heat transfer coefficient, [

_w
(mz-K)}

For hot bodies immersed in fluids, a temperature distribution will exist in the fluid due to conduc-




tive heat transport [7-9,11]. Fluids with temperature-dependent densities will give rise to a density

field. If p_ is the fluid’s reference density, then there will be a local region of lower density, p

(Fig.2). The density difference can be expressed as a function of the coefficient of volume expan-

sion of the fluid, B,

1 ov 1 (v=vy) (P.—P)
B=3Gp =5 71— ° (3)
p Ve -T, p(T-T,)

where v=specific volume
For ideal gases:

pv = RT , R=universal gas constant
and thus:

1 3 T, R _ L

Such a fluid in a gravitational field of strength g will present a hydrostatic gradient:

- = —pg (instantaneous local values)

which is not the same at various locations because of density dependance on position, p (x) .

dp.,

dx

dp

If p >p,then:
PP dx

>

The difference in pressure gradient drives the fluid motion. A buoyancy force (B(x,y) in Fig.2) is

defined [8] as the difference between the two body forces:

dp, dp
B—g; _d—x—g(p""—p) (4)

This force is positive if the resulting flow is upwards.




Region of lower density

-
0a

~(dp,)/dx

-(dp)/dx

Quiescent medium

Fig.2 Density disturbance and the resulting transport in a quiescent medium for
which p = p(7T,p) .The quiescent ambient medium density in this figure is

By substituting eq.(3) in €q.(4), the buoyancy force becomes:

B = gpP (Ts-T..) (5)

for an object at a temperature T immersed into a fluid at a temperature T, Tg>T,..

Thus the buoyancy force can be expressed in terms of the variables B, g and AT. These three

variables, as well as a linear dimension characteristic of the system, L -, and fluid properties p, {,
Cp k must be considered in a dimensional analysis.These values will determine, in a first appro-

Ximation, the system’s behavior based on relative importance of viscous or buoyant effects.

2.1.1. Some Useful Quantities

According to Buckingham’s Pi theorem [6-11], for n independent variables in a problem with

these variables having m dimensions, there will be n-m dimensionless numbers, composed from

10




the available variables, to characterize the problem. The following dimensionless numbers are

sufficient to correlate data for heat transfer in natural convection:

L
I
I_Iz—cp-E—Pr

where:

N u L=Nusselt number
Pr=Prandtl number

G,L=Grashof number.

Their physical significance is as follows:

Prandtl number

_ molecular'diffusion’of momentum
" molecular'diffusion’of thermal'energy

Ri=

. _ _S% Y-, 1L _Y
with P——————(B)—y T T o (6)

For air P, = 0.7. For gases it depends weakly on temperature.

From Prandtl number definition it is apparent that it controls the relation between the velocity and

the temperature distributions.

The region where the thermal transport takes place is defined as thermal boundary layer, d,. The

11




region where the momentum transport takes place is defined as boundary layer, 8, or velocity

Jayer. The two quantities are related to Prandtl number by:

5=J’Tr

-~

)
For air, 5 = 0.8 [11]. Thus thermal boundary layer is larger than velocity layer. Buoyancy force
!

penetrates out of velocity layer as far as the temperature does and causes motion. It can be con-

cluded that 6, and d remain locked together as 8, increases. This does not occur in forced flows.

Grashof number

G = buoyancyforce'effects _ B-g-p(Ts—T.)L
T~ viscous'force'effects [H v:l

L

Since B-g-p(Tg—T,) is the buoyancy force per unit volume (eq.5), then

B-g-p(Tg—T,)L would be the buoyancy force per unit area. Thus the ratio of buoyancy to

. BepT-ToL . . - m
shear force per unit area 1s , where u is the fluid velocity, [?:l , a dependent

[+ 1)

variable proportional to pﬁL Hence, the ratio becomes:

B-g p*(Tg—T,)L
G,, = = (7)

In order to get an estimation of the small buoyancy induced velocities, it is useful to define the

unit Grashof number:




Grl = 5 (8)

From eq.(8) we have:

2 3
-B(AT)L A
G,=pg (anr>. 2 - EPEDL _ ming -2 .G
u? Y
and thus:
A
G, = ?p'G,l (9)

The unit Grashof number allows us to see the relative density change as units of buoyancy force.
Based on a rough estimation of buoyancy induced velocities, the qualitative influence of relative

density change is given in Fig.3.

It can be seen that for the same system’s characteristic dimension, L, the relative fluid density

change at a given temperature will determine the fluid velocity range.

The relative fluid density change is:

Ap PP, T-T,
p p.  T.

The characteristic dimension, L, for various geometries is:

CYlINdEr.....coiiiiiiiiiiecr e, D=diameter
horizontal concentric annuli................. d=gap=D .., — Dipper
wl _w

horizontal plate..........cccccererrinnennee. , I » w, where /=length, w=width.

2(w+1) 2
In the case of horizontal concentric annuli for D, » 2D;, free cylinder case may be considered [8].

Nusselt number

_ convection'effects _ hLc
¥ conduction'effects k

(10)




[m/s ]

Buoyancy Induced Velocy, v

1n4.‘ 't s i |||.|l.8 s i i llljll‘ J. i ' ljjlll.' A L nnnlln.e
10 10 '} 10 10
Characteristic Dimension, Lc [m]

Fig.3 The influence of relative density change on buoyancy induced velocities

h q

h =
where ASAT

. . w
= convective heat transfer coefficient, g =heat flow rate, [—2:1 ,
m

Ag=convective surface area and AT=temperature difference between body and ambient.

The Nusselt number is unity if the process is one of pure conduction across the fluid. It has been
found that for natural convection the average Nusselt number is related to the Grashof and Prandtl

numbers by an equation of the form [6-11]:




T\I—M—f= consi(Grf-Prf)" (11)

(T.+T,)
The subscript f indicates that all physical properties should be evaluated at T, = —5—2— . The

product G, - P, is known as the Rayleigh number, R,:

_Bgp(T=T)L Bg(Ts-TOL  Brg(Tg-T.) (L P)
a ™ oo - Yo - ,YZ

(12)

For 10 < R, < 109, the average Nusselt number for free convection to and from horizontal cyl-

inders is given by [8,11}:

- 1/672

R,
N,o.p = |06+0.387- - (13)

1679
1+ ( )
P

For a given body-fluid system, the convective heat transfer coefficient, h, can be evaluated using

eq.(10a) with N, being given by eq.(13).

2.1.2. Convective Heat Transfer Coefficient

In order to evaluate the convective transfer coefficient, the Nusselt number based on eq.(13)

should be calculated first.

For air, with g = g, - 8., and T, = T, .., Rayleigh number can be rewritten as:

15




98. 27 3
°7300

Ra = Y- “8level (14)

Here g,,,,; Tepresents a number of g, ., units. An applied acceleration, a, of 1m/s? will corres-

pondtoa g, ., equal with 0.102,sothata = g;,,,/ X 8,4, = 0.102 % 9.8ms™2.

Assuming that all fluid properties, «, 7, k, except for density, are constant in respect with temper-

ature, we get:

R, = 5.4253-10"- (AT) (L’ 81,000 (15)

The Rayleigh number values for several characteristic dimensions L¢, g,,,,.; and AT are given in

Table2.

Table 2: Rayleigh numbers for isothermal, horizontal, cylindrical bodies in air with
constant fluid properties, except for density

[LC] AT = 1K 10K 100K 200K 500K 1000K
m

glevel = 103

108 542107 | 542-107 | 542-107"%| 10.85-107"2 | 27.12 - 107'?| 5.42- 107"

105 | 542107 | 5.42.1071° | 542.107° | 10.85-107 | 27.12.107° | 5.42- 107

542-10°% |542-107 |542-10%|1085-107% | 27.12-107% | 542107

107

glevel = 102

10°%|542-10" | 542-107'2 | 5.42-107"" 1085-107" | 27.12- 107" 5.42.1071°

105 542-107° | 542.10° | 542-10%|1085-10° | 27.12-10% | 5.42. 1077

104 542-107 |542-10° |542-107° | 1085107 | 27.12.107° | 5.42-107*

glevel = 107!




Table 2: Rayleigh numbers for isothermal, horizontal, cylindrical bodies in air with
constant fluid properties, except for density

[I;HC] AT = 1K 10K 100K 200K 500K 1000K
10°|542-107"% | 542-107" | 542.107'° 1085-107'° | 27.12-107'°| 5.42. 107°
10° | 542-107° |542-10° |542.1077 | 1085-1077 | 27.12-107" | 5.42.107°
104 | 542-10° |542-10° | 542.107*| 108510 | 27.12-107* | 5.42- 107"
8 level = 1
108 [ 542-107" | 542.107'°| 542-107° | 1085-10° | 27.12-107° | 5.42-107°
10° | 54210 |542-107 [542-10°| 10.85-107° | 27.12-10° | 542107
10| 542-107 |[542-10* | 542-10° | 10.85-107 | 27.12-107 | 5.42. 1072
8 level =3
10| 27.12- 107" | 27.12- 1079 27.12. 107 542-107® | 135.63-107° 27.12- 1078
10° | 2712107 | 27121077 | 27.12-107% 5.42 . 107 | 135.63-107% 27.12-107°
1074 | 27.12-107 | 27.12-107% | 27.12- 107 542- 1072 | 135.63- 1073 27.12- 1072
8 level = 10
109 | 542-107"° | 542-10° | 542-10% | 1085-10° | 27.12-107% | 5.42- 107
10° | 542-107 |542-10° | 542.107°|1085-107 |27.12-107 | 5.42- 107"
10 | 542-10* | 542-107 | 542.1072 | 10.85-107% | 27.12-107% | 5.42- 10”"

For R, < 107 , the viscosity effects prevent buoyancy circulation. It can be seen that for device

characteristic dimension L~ = 1pum there is no acceleration sensing based on buoyancy effects,

for the g,,,,, range considered. For L - in the order of 10um and (AT) 2 100K, a minimum

acceleration of 1g will generate buoyancy effects. This will roughly correspond to an induced

velocity of Sum/ (ms) . These considerations neglect the fluid properties (k, p, Cp) dependence

on temperature.'ln Table3 only Rayleigh values 10%<Ra<100 are marked.

17




Table 3: R, < 10°% values ruled out. 10°%<R » < 100 marked.

L(m])| AT = 1K 10K 100K 200K 500K 1000K

B Blevel = 107

107 / / 542-107° | 10.85-10° | 27.12-107° | 5.42. 107
Blevel = 1072

107 / 542.10°° | 542.10° | 1085107 | 27.12. 105 | 5.42. 1074
Blevel = 107!

107 / / / / / 5.42.107°

10454210 |542.10° |542.10% |1085-10™|27.12-10 | 5421073
Blevel = 1

10 / / 542-10° |10.85-10° | 27.12- 107 | 542 107°

10542107 | 542107 | 542.10° | 1085107 | 27.12-107 | 5421072
Blevel =5

107 / / 27.12-107% | 542107 | 135.63- 1079 27.12 - 107°

1072712107 | 2712107 | 27.12-107% | 5.42- 1072 | 135.63- 107 27.12 - 1072
Blevel = 10

1073 / 542-10° | 542107 |1085-107°|27.12-107° | 542107

1074 | 542-10™* | 542107 |[542.-10% | 1085-107% | 27.12-1072 | 5.42. 107"

The fluid parameter values should be evaluated at a reference temperature, T, given by:

This relationship can be approximated by:

T =T.-038({T-T.]

(16)

(17)
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with an error €<2.5/100 in corresponding heat transfer parameters. The above results apply

to laminar flows only.

It has been shown that for horizontal, isothermal, cylindrical wires in air the following heat trans-

fer modes are established versus Rayleigh number values [8]:
R, <100 The heat is transferred by conduction only. Temperature distribution is not

affected by the buoyancy flow. Any further decrease in characteristic di-
mension will result in an increased convective heat transfer coefficient.

The flow is symmetrical about the horizontal axis.

10*<R 2<3: 10* The transition regime between conduction and boundary layer. The iso-

therms are ellipsis with heat still transferred essentially by conduction.

3.10*<R a< 10° Steady laminar boundary layer regime.

Hence, for devices in air with L. < 100um and AT in the range of hundreds of degrees, the heat

transfer takes predominantly place by conduction. The radiation effects were not considered in

this analysis.

Based on previous R, values, the Nusselt number can be now estimated. All fluid properties will

T, . +T
be evaluated at: T, = _b_‘mbz_amb

The Nusselt values calculated with the equation (from eq.13):

1/6+ 2
N, = [0.6+0320877 - RY] (18)



are listed in Tables 4 and 5 for L =10 m and Lc.=10'4 m, respectively.

It can be seen that for the same g, .., and AT, the convective heat transfer coefficient, h,

increases as characteristic dimension decreases. For the same L and AT, h increases as g,,, .,

increases. The amount of heat Q transferred per unit length by convection is Q = Ph(AT),

where P is the wetted perimeter.

Table 4: Nusselt, h numbers values for horizontal bodies in air with characteristic

dimension L = 10"°m and (AT) <£1000K . Here h is the convective heat transfer

coefficient [h] = W/ (mz.- K)

AT = 1K 10K 100X 200K 500K 1000K
g leve =107
0.37217 0.37754 0.384069 0.385006 0.384303 0.381388
972.84 986.88 1140.68 1272.44 1637.13 2170.09
Zlevel =107
0.37792 0.385876 0.3956 0.3970 0.39595 0.39161
987.9 1008.68 1174.95 1312.08 1486.77 2228.3
Blevel = 1
0.38645 0.3983 041284 0.414938 0.413366 0.40686
1010.18 1041.15 1226.14 1371.37 1760.93 2315.05
Blevel =9
0.39479 0.41047 0.42982 0.43262 0.43052 0.42185
1031.98 1072.98 1276.58 1429.82 1834.04 2400.36
Blevel = 10
0.39916 0.41688 0.4388 0.441977 0.43959 0.42976
1043 .4 1089.74 1303.23 1460.73 1872.67 2445.38
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Table 5: Nusselt, h numbers values for horizontal bodies in air with characteristic

dimension L. = 10"*m and (AT) < 1000K.Here the convective heat transfer

coefficient h = W / (m? K)

AT = 1K 10K 100K 200K 500K 1000K

Zlevel = 1072

0.39916 0.416886 0.4388 0.441977 0.43959 0.42977
104.34 108.974 130.323 146.073 187.267 244.538
Zlevel =107!

0418174 0.444929 0.478342 0.483211 0.479558 0.464527
109.3 116.3 142.07 159.7 204.3 264.31
8level = 1

0.446883 0.487744 0.539467 0.54706 0.541362 0.517993
116.81 127.5 160.22 180.8 308.034 294.74
Zlevel = 3

0.4755 0.530941 0.601865 0.6123615 0.604482 0.57228
124.3 138.8 198.91 222.5 257.51 325.63
Llevel = 10

0.490748 0.55415 0.6357326 0.647847 0.638552 0.60165
128.28 144.85 188.81 214.11 272.02 342.34
Since {8,11}:

o1
L. 4«/R_a
forR, e [ 1076 - 10721, we have:
R, 10" | 107 107 1074 107 107
8;/LC 1.78 3.16 5.62 10 17.78 31.62
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Thus, the thermal boundary layer thickness is larger than the characteristic dimension for the

ranges of L, g,,,,; and AT considered here.

It has been shown also that 8, > p. This means that the boundary layer assumptions usually used
in deriving the temperature distributions and heat transfer are no longer valid. The region around
the heat source should be divided in far region and near region and for each of them the starting
equations have to be energy conservation and continuity equations. For horizontal cylinders it has
been shown [8] that the main effects in natural convection are the angular temperature dependen-
ce and heat transfer mainly by conduction in the near field. In this case the effect of increasing
temperature is an increase in heat transfer, temperature distribution remaining about the same. My
device simulations show no temperature distribution change over 1000 degree range, but an

important increase in heat transfer (Fig.13).

2.1.3. Combined Conduction/Convection Mode of Heat Transfer.

At the contact area between bodies and their gaseous surroundings there will always be a convec-
tive heat transfer. Thus, usually the heat is conducted inside the solid bodies and convected at

their surfaces. The relative importance of the two heat transfer modes is given by the Biot number,

Bi [7-11]:

=

Lc

Bi = - (19)

Its significance is:

conductive resistance in the solid
convective resistance in the fluid

The physical limits on the Biot number are:

Bi—-)OWhenR —0ork— o

conductive
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and

Bi — o when R —0o0rh— oo

convective

For practical purposes, if Bi < 0.1 then the solid is considered isothermal. The transverse varia-

T

amb’

tion of the temperature inside the body, at any axial point, is much less than T The

surface

temperature variations take place mostly in the fluid. For Bi > 1, the fluid is nearly isothermal and

the temperature differences occur predominantly in the solid.

The Biot number values for g,,,., € [0.001 - 10] g, AT<1000K, L e [10_5 - 10_4] m are <
1.5x 1073 for silicon and most of the metals used in sensor or IC fabrication. For Si even at 1000°

C,theBiis 1.22 x 10-3 and for metals < 0.5 x 10'3, so the sensor will be always isothermal.

Thus for L < 10'3m and AT < 1000K, the bodies can be considered isothermal when Si, Al, Au,
Cr, Ni, Pt, Ti, Ta, W or Mo are the body materials. For a given solid body surface temperature and
a fluid at the ambient temperature, the temperature differences will occur predominantly in the

fluid.
2.1.4. Conclusions

Considering all the above results, it can be concluded that:

I forL~10"%m, g, € [0.001 —10] g, AT < 1000K there are no buoyancy effects.

The heat is transferred by conduction only. R, < 107°.

. forLe [10°-10"m, g,,,, € [0.001-10]g, AT< 1000K, the heat is transferred
mainly by conduction; the buoyancy effects generate a symmetrical flow about the axis.
R, «1.

III. the thermal boundary layer is thicker than the velocity layer, the two being locked together.
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IV. the thermal boundary layer is thicker than the device characteristic dimension.
Thus the boundary layer solutions for heat transport, the ones usually available, may not be
sufficiently accurate. The region around the body might be divided into far and near regions,
with conduction being the main heat transfer mechanism in the near region. In the far region,

the heat transfer takes place mainly by convection.

V. the Rayleigh number values are greater than 107 for

L[m] AT[K] glevel
107> AT 2100 g 2lg
10 AT2100 | g,20.001g

VI. for Si, Al, Au, Ni, Cr, Pt, Ti, Ta, W or Mo as constituent materials, the horizontal solid bodies

T ., <1000K, can be considered isother-

suspended in air, with L. < 103%mand T b S

surface

mal if g, € [0.001 -10] g.

It has been shown that for Lc<=10'4 m the Rayleigh number is Ra < 100, thus the boundary layer

assumption is no longer valid and the near and far fields should be considered.
For horizontal cylinders in an unsteady natural convection, Ra < 100, during initial transition

period, curvature effects lead to an increase in skin friction as well as heat transfer rate.

2.2 Mathematical Model

The device’s schematic representation is given in Fig.6. The resistors dimensions are length, L,
width, w, and thickness, t. The bridges’ separation is s and the cavity’s depth is d. The suspended
structures are surrounded by air at atmospheric pressure. The packaged chip is sealed in a

5cm x 4cm X 1cm plastic box. Electric power, P, is supplied to the central bridge, the heater.
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The volumetric power density, q[W/ m3] ,is q = P,/V where V is the suspended bridge
resistor’s volume. All bridges are structurally identical in the processing limits. The remaining
symmetrically placed bridges, besides the heater, are the sensing elements. A very low current is
passed

through the sensing elements in order to measure their electrical resistance. Thus, the Joule effect
can be neglected for the sensing elements, while it will warm up the heater in respect with the

ambient medium.
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Fig.4 Schematic representation of the device.

The current density, J, through the heater creates a steady-state temperature distribution with the

earth gravity as the only applied acceleration. The temperature distribution in the instrument
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before an external acceleration is imposed is the steady-state distribution. The temperature distri-
bution during an applied acceleration is the disturbed distribution. The surrounding air provides

thermal coupling between the heater and the sensing elements.

In the steady-state, whether or not the detectors act as heat sinks depends on the conduction
between the sensor and the Si substrate, the walls of the enclosure. If the resistance of the conduc
tion path from the sensors to the walls (substrate) is much higher than the resistance of the gas-
eous boundary layer surrounding the sensors, i.e. Bi; < 1, the sensor will reach a steady-state tem-
perature close to that of the surroundings, irrespective of its thermal mass. Given no disturbance
or air flow, a differential measurement of a symmetrical pair of detector resistances will yield zero

output voltage.

Under an external applied acceleration, the steady-state temperature distribution symmetry will be
distorted. The resulted asymmetry will create a temperature difference between two symmetri-
cally placed detectors. Due to temperature coefficient of the resistance, this temperature differ-
ence will create an imbalance between the two sensor resistances, which in turn will give an

output voltage proportional to that temperature difference.

Thus the two functional blocks we have are the heater and the sensing elements. The heater will
be represented as an electric suspended wire with radius r, = (w-1)/(2(w+1)) ,length L,

internal heat generation g, having both ends clamped at walls kept at room temperature. The sens-

ing elements are represented as electric suspended wires without internal heat generation.

Hence, the encountered heat transfer problems are:

- steady-state

i )temperature distribution around an electric heated wire with constant surface temperature and

its ends clamped at walls kept at room temperature.
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ii )steady-state temperature at the detector.
-transient
iii)warm-up time of the device.

iv)the sensor’s speed of response to a change in the air temperature at its surface.
To solve these problems, the following assumptions are made:

1. the surrounding fluid is an ideal gas, thus its coefficient of thermal expansion is

1 dv 1
B——'(B—T _7:’ pv = RT

<

. the heater temperature is constant for a given electric power.
. the temperature along the heater is uniform.

. the temperature along the detectors is uniform.

W A~ W

. conduction along the sensing elements is not important so that the ambient temperature is
detected.

. heat losses due to radiation are negligible.

. all solid bodies are isotropic.

. convective heat transfer coefficient is assumed constant all along the convective surface.

O e =N

. the region outside the cavity is regarded as a free space region; the region inside the cavity is a
“at rest” space, i.e. there is no significant movement.

10. heater thermal conductivity nearly independent of temperature; its electrical resistivity

increases almost linearly with temperature

11. the actual geometry of the wire, a parallelepiped, is assumed to be a cylinder of radius L.

Based on heat transfer parameters h, k, AT, Lo = rp, 1, and ¢, the conditions for which the

above assumptions take place are estimated.
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2.2.1 Heater

The heater may be treated as a long fin with internal heat generation. Its schematic representation

is given in Fig.5. The heater total length is 2L.

Inside the heater, the heat is transferred by conduction and, at its surface, is released to the sur-

rounding air by convection. The heater’s surface temperature is assumed to be constant in time.

The energy balance equation for the heat transfer is:

convective heat flow

symmetry plane

Q N : conductive
{/‘ NI W 1 ;= . heat
; flow
T wall
; > X
x=0 T ambient x=L

Fig.5 Heater as a long fin with internal heat generation

d s 9T, _ _ — .44
E(kA dx) hP(T-T,) +qA = c, p A(dt)

(20)

Since we ask for constant heater temperature, the term on the right side of the equation is set to

zero. The heater is in steady-state. The temperature varies with x only. The walls are at ambient

temperature. The problem’s boundary conditions are:
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T(x) =T, at x=0 (21a)

and
T(x)>T, as x—>L (21b)
By defining the following parameters:
T(x)—-T
hP oo T _
m = EZ s @(.x)——T—..OTT:— ’@O_TO T‘m
€q.(20) can be written as:
fi_z_?_(mz-@)+%=0 (22)
dx
The corresponding boundary conditions are:
® = 90 at x=20 (22a)
®—->0a x—L (22b)
The solution of this problem is:
C) (x) = @omogen + Gparricular
O (x) = O, exp(-mx) + izk [1-exp(-mx)] (23)
m

Forx =

3| -

—+
e mok

oty =2y g [1-1]-2

thus the interaction by longitudinal conduction with x = O support is sensed over the long-fin
length scale 1/m. Fig.6 shows the qualitative fin’s temperature dependence on distance from the

fin support.
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1/m X

Fig.6 Fin temperature vs. distance from its support. Qualitative representation

The (mL)2 parameter gives a hybrid Bi number. It represents the ratio between internal resis-
tance to heat conduction along the structure and gross external resistance to convective heat

removal:

2 hP 2 L/ (kA) internal‘resistance‘to‘conduction
(mL)" = —-L" = =

= = 4
kA 1/ (hPL) external ‘resistance ‘to‘convection (24)

The 1/m parameter ‘s values for different h values are given in Table 6. Here:

2R

, p/A_—___2=3
TR Tn

_2(W+L)

P/A WL

2
w

It can be seen from Table 6 that the heater length scale, x,= 1/m, over which longitudinal conduc-

tion with x = O support is sensed is:

L.[um] 1 10 100

x, [um] <125 <1200 ~10000

for g,,,,; = 1.0;10.0 and AT < 1000K
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and is:

Lo [um] ~1

X (Wm]

<1240

<12000

for g,,,.; = 0.001 and AT < 1000K.

Thus, for a given temperature range and device’s characteristic dimension, the temperature profile

along the heater is almost the same regardless the applied acceleration to the system. The esti-

mated heater’s temperature profile for heater length L » 2x,, is given in Fig.7.

Table 6: % parameter’s values vs. h at different P/A ratios. AT = T, - T,.
LC
AT = 10K 100K 200K 500K 1000K 8lev
[m]
h/k -6
ol 6213 116.68 174.09 487.91 1273.17 || 10 1
m 4 4 4 4 4
) 0.8-10 1.12-10 132-10* | 2.21-10 3.54. 10
”[m | 125-10%| 09-10* | 076-10* | 0.45.10™* | 0.28-107*
m
h/k 6.94 12.38 17.05 41.72 100.6 B
10
m 3 3 3 3 3
0.833-10 1.11-10 1310 204-10° | 3.17-10
l/m 12-10°] 09-10° | 077-10° | 05-102 | 031-107°
h/k 0.85 1.62 2.25 73 12.81 1o~
m 09-10% | 127-10% | 1.5-1072 2.7-1072 | 3.58-1072
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1
Table 6: ps parameter’s values vs. h at different P/A ratios. AT = T, -T_.

L
AT = 10K 100K 200K 500K 1000K Al g
[m]
Um | 108-102| 078107 | 0.66-1072 | 037-1072 | 0.28 107
h/k 62.96 1433 178.3 501.6 1345.7 6
1076 || 10
m 793-10° | 11.97-10° | 1335-10° | 224.10° | 36.7-10°
Um 1 126-107 0083-1072 | 0075-1072 | 0.044- 1073 | 0.027 - 107>
h/k 7.26 13.18 18.17 4438 106.3 e
m 085-10° | 1.15-10° 1.35- 10° 2.1-10° | 3.26-10°
Um 1 47.1072 | 0871102 | 074107 | 0475102 | 03-107°
h/k 0.96 191 2.66 6.44 14.88 1o~
m 098-10° | 1.38-10° | 1.63-10° | 2.54-10* | 3.86-10°
Um (F102.102% | 072-102% | 061-10% | 04-10% | 026107
h/k 6.48 11.3 15.49 38.0 92.65 105 I 107
m 08-10° 3 3 3 3
: 1.06-10° | 1.24-10 195-10° | 3.04-10
Vm 124107 -3 -3 -3 E
: 0.94 - 10 0810 0.51-10" | 033-10
h/k 0.69 1.24 1.7 4.17 10.06 1o~
m 0.8 - 10 1.11 - 10 13- 10° 204-10° | 3.17-10
Um |l 12,102 | 09-102 | 0.76-1072 | 049-107%| 0.31-107°

For L » 2x,,, the temperature along the heater is constant and proportional to heater’s volumetric

heat generation rate.
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x T(x)
k.q
Too, h
TA
\
& Tw N
-X 0 X >

Fig.7 Estimated heater temperature profile for L » 2x,,.

Beyond x = 1/m length away from the substrate (wall), the heater temperature becomes fairly
independent of x, namely:

0 =q/ (mk) . [q] = w/m® (25)
Since we have asked for heater temperature to be constant in time, it is assumed that the internal

generated heat, ¢ = (UI) /V , is released by convection, g = hAT.Thus h = q/ (AT).

If AT is the average temperature over the length of the heater, then:

—_— 1

AT X X 5
pr {z Cap -3

Hence, AT is within 1/6 of AT at the middle of the heater. Thus I can consider AT as being the

difference between the midpoint value of heater temperature and the surroundings’ temperature.

The total heat transfer rate through the root of the heater is:

g, = —kA - (dQ (Fourier‘s Law) (26)
, =0

The heat flow will be from heater to the substrate if g, <0, i.e.:
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qA
hPQ,

>1 (27)

For g,,,,; = 1.0, AT = 300K, L. = 10 and g = 1.5-10'2(W/m’), P = 2mW:

qA

RPQ, =166>1

Thus a heat flow from heater to the substrate exist.

From the above analysis it can be concluded that for a heater length L, = L— 2x,;

I. the heater temperature can be taken as that at the middle of it within (1/6) AT error

II.. the heater temperature is independent of the position along its axis, all along L,

IIL. x,, is in the order of 125um for L. = 1um, 1200um for L = 10um and 10mm for
L. = 100um with g, ., <10g, AT < 1000K.

IV aheat flow from heater to the substrate exist. The support’s temperature is (from eq.27):

_ emiddle
wall — const

r
, where const = % = %

2.2.2. Sensing Elements

The sensing elements are regarded as suspended electric wires with no heat generation. The ends
of the wire are clamped at two widely separated walls (substrate). The walls are at room tempera-
ture, T,,. The wires are in steady-state, at a constant temperature, T, T > T,,. The heat transfer
takes place by conduction along the wire’s axis and by convection at wire’s surface. At equilib-
rium, the wires exchange heat with surroundings by convection. The length of the wires is heated
by a heat transfer coefficient, A. The sensing elements may be treated as long fins without internal

heat generation.
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The length of the sensing elements is 2L, their cross-section area is A, circumferential perimeter
P and thermal conductivity k. The fin length is L. The sensor’s schematic representation is given

in Fig.8. The characteristic dimension of the fin in the transverse direction is A/ P.

A Bi| number for the conduction in the transverse direction is defined as:

Bi, = ﬂ%@ (28)

If Bi « 1 then the transverse variation of the temperature at any axial point is negligible. Thus
T = T(x) only and the heat flow can be considered one-dimensional. This condition is met for

the parameters’ range specified in this analysis (L~ < 100um, AT < 1000K, g < 10).

convective surface symmetry plane -~ !

/ hTg / T
: E——
C) k, =0 & N

Tya | : ' L
wall : 2 I.{: § -“":..
/ .- E e
X= X= d

T ambient

Fig.8 Representation of sensing elements as long fins without internal heat generation

The energy balance equation for the fin repfesented in Fig.8 is:

kA (511) - kA (g) +i_l(P5x) AT -T) =0 (29)
dx x+dx dx x x

Since:
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drT. dT
(E;)x+dx—(a;)x dzT
._)

which can be written:

the following equation results from eqn.29:

(29a)

P { Tm—T} hP (T, -T)

2\ T.-T1,| = kA(T.-T,)

The boundary conditions for this problem are:

i) T.,-T =T,_-T, atx = 0 i.e. the temperature at the fin’s base is the wall temperature

ii) %(T‘,° —T) =0 atx = L ie. the fin’s tip is insulated as it represents a symmetry point.

By multiplying eq.(29a) with Lz, I get:

L d*q _p = rpr? (To—T)
1 ;E( > T kA (T_.-T,)
()
L
and identifying parameters:
T . -T 2
x _ e 2 _ hPL
=1 5 ©®=7t 1. ° (mD)" = =&
results
d®
dg
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Using the dimensionless parameters, the boundary conditions are:

L TL.-T X ,

ll) T—“:'T—w =1 at Z =0ie. ©® = latC =0

. L d _ _ X _ .. o _
ll) TW—T IX(T‘” T) -—Oatz—ll.e.az —OaIC— 1

The general solution of eq.(30) is:

©(x) = Ciexp(mLg) + C,exp (—mLc)
The constants C,, C, are determined using eqns.(31):
i) C+C, =1

i1) C,exp (mL) — Cyexp(—-mL) =0

From eq.(33a) and eq.(33b):

Ciexp(mL) = (1-C|)exp(-mL) =0

C, lexp(mL) +exp(-mL)] —exp(-mL) =0

C, (2coshmL) = exp (-mlL)

Hence

exp (—mL) exp (-mL)
2coshmlL

C, = C,=1-C/=1-

2coshmL °

Thus the solution is;

_ coshmL (1-0)
coshmL

The dimensionless temperature at the tip is:

(31a)

(31b)

(32)

(33a)

(33b)

(34)
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1

@ . = = - —_
tp = Soshmi . {=1,0=T7-T (35)
For T”p =T,
T.-T,
llp = T“_Tw = O
So that from eq.(35):
——L—— -0 (35a)
coshmL
If mL = 5 then:
0. = L = 0.014
tip — coshS ~
and _ T_- T“.p = 0.014(T_-T,)

Hence, the fin is 0.014 (T, —T,)°K below T at its end. Thus, if the fin is intended to function
as a “thermometer” to read T, , the reading will be in error of 1.4% for mL = 5. The sensing

elements have to register the ambient temperature. Hence their minimum length, 1, should be:

= 10x,, , where m = J(hP)/ (kA) (36)

I
N
Jlw
I
3|3

The results of this section can be summarized as follows:

1) the Biot number characteristic to the wires is <0.1, so that the wires approach an uniform tem-
perature. The heat flow by conduction through the wire may have no resistance so that the
entire length of the wire would become isothermal

2) the wire’s interaction by longitudinal conduction to the walls is sensed over the length scale
x, = 1/m, m= J(hP)/ (kA)

3) the wire’s temperature is uniform over its effective length, L eff = L=2x,
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4) in order to read the ambient temperature within an error of 1.4%, the sensor’s minimum length

should be:

L=10x, , m= J(hP)/(kA) y X, = 1/m

where: k=sensor thermal conductivity
A=sensor cross section area
h=convective heat transfer coefficient between the sensor and its surroundings

P=sensor wetted perimeter.

2.2.3 Permissible Heater’s Current Densities for Avoidance of

Thermal Runaway Instability
For a constant current source operated heater, there is no self-limiting mechanism for its tempera-
ture increase. This can result in heater’s thermal runaway instability if its current density is greater

than a certain value given by heater’s material properties and size.

Let g = (UI)/V be the heater volumetric heating rate. If p,, is its electrical resistivity, then:

L I?
g2 WA (L), (37)
where
I= electric current U = voltage across heating resistance
L= heater’s length V = heater’s volume

J= current density.

Due to volumetric heating, there will be a change with the temperature of the local resistivity, p,.
If the resistor’s thermal conductivity is nearly independent of temperature, then p, changes

almost lineaﬂy with 7, i.e.
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P, =P, o+P. (T-Ty) (38)

T, = T (rg) =heater temperature (assumed constant)

P, o =P, Ty (39a)
. dp,
Pe = (57 et (39b)

For p,=p,(T), g = q(T) ,theheater’s thermal conduction equation becomes:

1 dT
;-dii;(rz)+ClT+C2 =0 (40)

where C,, C, = empirical constants of the electrical conductor:

C, = (J2/k) (dpe) (41a)
= o (— a
1 daT T=T,

p p
C, = ‘;O—(fro)f (41b)

For known heater’s surface temperature, T, the solution of eq.(39) is [38]:

2(C,+C,Tp)

T(0)-T, = . (42)
(8/r3) - C,

where  rg=heater’s radius

It is apparent that the following restriction applies to eq.(42) as a condition for thermal stability:

C, < (8/r%) (43)

By combining eqs.(43) and (41a), the following condition must be met if a steady-state tempera-




ture distribution, T (r) is to exist for a constant current driven heater:

32 12
22 &k
J<— (=) (44)
rS pe
If the exact solution of eq.(39), the Bessel functions had been used, the factor 2 = 2.828

would have been replaced by 2.405. In order to use eq.(44), a relationship for p . 1 needed. From

_L . _L
R=2p, & R =3p,(D (45)
and
R(T) = Ry+Ry-o- AT , o =temp. coeff. of the resistor, TCR (46)
I get:
L7A LA L7 A
P DF]T = [Peoz]T+[Puoz] (G @D @7
p,(T) =p, o+p, ot AT) (48)

Hence, from eqs.(48) and (38):

P, =P, O (49)
and
3”2 12
<X (K (50)
rh pe‘ 0 -

For convective wire surface eq.(50) is corrected to [38]:

Iy Ppo O Bi+4

) (51)
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) R )
where Bi = — is the Biot number.

According to eq.(51), the maximum current density of a heater is  J < 602 (pA) / umz for

r, = lum. The condition given by eq.(51) is very restrictive. For the same conditions, the

maximum current densities as given by eq.(50) are:

Permissible heater current densities for r, = lum, a = 0.003 °C’!,
P, o = 0.007(Q-cm)

AT[OK] 100 200 300 500

J[ (mA) /u2] 8.23 9.239 9.703 10.976

The table above gives the maximum admissible current densities for

o = 0.003°C’!, AT = 100;200;300;500K, r, = 1um and P, o = 0007(Q-cm).

The corresponding maximum power densities are:

AT[K] 100 200 300 500

q [W/m3] % 102 1.925 2.2088 2.493 29191

,. |0.0019 100022 |0.0024 |0.0029
q[(mW)/ (um)~]

If the heater volume is V = 14 X 103um3, then the corresponding maximum electric power to the

heater is 26.6mW, 30.8mw, 33.6mW and 40.6mW, respectively.

Considering all the above, it can be concluded that:
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1) the maximum allowable current density through the heater decreases as the equivalent radius

of the heater wire increases (eq.44)

2) at r, = 1um, the following current densities should be considered:

J = 8.23;9.24;9.7,10.98 mA/],Lm2 for AT = 100;200;300;500°K, respectively.
3) by considering conduction/convection mode of heat transport at wire surface and its charac-

teristic Biot number, the maximum allowable current densities are severely reduced to

J = 517;546;572;602uA/ umz, for the same temperature differences. These values should

be considered if an energy balance equation is used to determine the heater’s temperature dis-

tribution.

2.3. Steady-State

A heat transfer problem is classified as a steady-state problem if the temperature distribution is

not a function of time. The system is at equilibrium.

2.3.1. Heater

The temperature field generated by the heater can be separated into internal temperature field and
external temperature field. The internal temperature field is the temperature distribution inside the
heater. The external temperature field is the temperature distribution outside the heater, into the
surrounding fluid. An expression for heater’s surface temperature will allow us to evaluate heater
temperature vs. its power supply. An expression for temperature distribution outside the heater

will allow us to estimate air temperature at sensor‘s location. The results of the previous sections:
- Bi<0.1

- T (x) =constant over L eff
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- the substrate influence is not sensed at a distance range x,, away from it

<

let us to consider the heater as an isothermal infinitely long cylinder of radius r = 4K =21,

with internal heat generation q and convective heat transfer coefficient h (Fig.9). Here:
T = constant surface temperature.
q = volumetric heat generation rate.
h = convective heat transport coefficient.
V = volume.
A = cross section area.
t, = thickness.

r¢ = heater equivalent radius, the cylinder characteristic dimension.

The conduction equation for radial temperature distribution inside the heater is [7-11]:

1 g.dT.  q _
with the boundary conditions
dr .
hlTs-T,] = -k(5) (convective surface) (53a)
dr'r=r,
dar . .
(=) =0 (axis = symmetry line) (53b)
dr r=0 .
The solution of this problem is [7-11]:
T(r)-T, r h-r P
S s G s ke (54)
T, h-T, 2k 2rg-k

Here it is assumed that air’s thermal conductivity is constant, i.e. equal to kyyerage- The effect of



Bi number value was not considered, so that eq.(54) represents the general solution for a sus-

pended electric wire.

The temperature inside the heater has a parabolic distribution (Fig.10). The temperature has a

maximum at the heater’s axis:

x-.:O

0

convective
surface

wall

Tyo=ambient temperature

Fig.9- Heater as an isothermal infinite cylinder with internal heat generation

[ T(r)'T 00 ]/T 00

[TS-TOO]/TOQ

Ig r

Fig.10- Temperature distribution inside the heater. T (r) ~ —15
’

-r h-r
TO) =T, =T+ 5(1+ T

s = Tt —3 ) (55)

:The heater’s surface temperature is:
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q-Trg

T(rg) =T+ 7

(56)

Eq.(56) can be used to evaluate q for a prescribed heater’s surface temperature. For a given rg and

prescribed T, h is calculated from:

h= Nuk (57)

s

The required volumetric heat generation rate is (from eq.(56)):

h(Ts-T,)

q = . [q] = W/m® (58)

2rg
The heater’s power densities at two different radii r¢ = 1um;10um are listed in Table 7 for vari-

ous AT . The convective heat transfer coefficients are taken from Table 4, which lists h values
for givenrg, T.

Table 7:  Volumetric heat generation

re{um] | AT = 100k | 300k 500k 800k | 1000k

_ 1 1.1 243 | 406 | 795 | 212
1073 x g [mW/ (um)>] :

10 0.121 0.266 0.544 | 0.861 224

Temperature distribution outside the heater is that of an infinitely long hollow cylinder, where

hollow inside the cylinder of radius rg is the heater and the cylinder itself is made of air [5]. Fora

steady-state heater’s surface temperature, the heat rate generated per unit length:

2 2

R i

l .
WU = amie Dy T Zmrg (59)

must be removed by convection at heater’s surface. A prescribed heat flux is flowing through the

inner surface. It can be assumed that the outer temperature is T, which is the ambient tempera-
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ture, if the enclosure is far away from the heater. A schematic representation of this configuration

is given in Fig. 11.

The boundary conditions for eq.(50) in this conduction problem are:

i) hT(r9 ~T1 = k(3D (60a)

r=rg

LT SU—C
2n(rg-L) ~ dr’r=r,

(ii) T(r) =Ty at r=r, (60b)
The solution is [7,9-11]:
T(r) = Cy-In(r) +C, (61)
2
T(r) = 2 » R, ln(——) (62)

It is assumed that K,yerage fOr air is constant with temperature and that the heater’s electrical resis-

tivity does not vary significant with temperature.

A T

I'S 1'0 r

Fig.11 Temperature distribution outside the heater. T (r) ~ In (%)

47



The temperature profile is logarithmic. The radial heat flux is:

2
q4=-kET(n = 5_R, . 4] = W/’ (63)

The radial heat flux falls off inversely with radius.The simulation results (Figl2) confirm this
model behavior. The same heat flow, Q, must pass each radial surface. The radial heat flow

through the cylinder is:

_ ar _ dT
= —kA(r) -5 = —k@rrl) 3 (64)

r

and

0= i? R# f(r) (energy conservation) (65)

The radial heat flow through a hollow cylinder is the same at any radius, r, r¢ <r<r,, model
behavior confirmed by numerical results (Fig.13). For a given electric power, the inner surface

temperature, T, depends on cylinder’s length, thermal conductivity and radii ratio,

r /r

outer’ Tinner - 1he heat flow across any cylindrical surface is constant for steady conditions.

The limitations of this analysis on the temperature distribution outside the heater are:

i) surrounding air considered an ideal fluid

i1) no convection. There is no fluid relative motion, i.e. buoyant heat transfer
iii) the air thermal conductivity is assumed constant and equal with its average value
iv) the enclosure is an infinitely conductive medium, far away, so that its temperature is

T,,., = const.

The second assumption limits the analysis if the buoyant heat transfer takes place. The natural
convection is negligible at (buoyant force ~ drag force):
- low gravity

- small heat source diameter / characteristic dimension
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- high fluid viscosity

when the heated fluid is no longer buoyed away by convection. The conduction only will serve to
remove the heat. This is the case for Nu — 0.36 as Ra — 0. Published experimental data for na-
tural convection from horizontal, isothermal cylinders in air are given in Ref.7 p.260. For a heater

with characteristic dimension L, = lum ( r,, = 1um), the corresponding Nu values at vari-

q

ous AT are listed in Table8 :

Table 8: Heater’s Nusselt number values for g, ., = 1

L.[um] | AT (k) 100 200 300 500 1000
1.0 03763 [0.3783 | 03796 |0.3813 | 0.3843
2.0 Nu 0.3834 | 03864 |0.3878 |0.3904 |0.3984
10.0 04128 | 04149 04149 |0.4133 | 0.4068

Thus the heating element loses heat mainly by conduction for dTy < 300° C. This is confirmed by

the simulation results which show no buoyant effects for dT <= 300° C (Figs.14). AtdTy = 500°

K the mixed conduction / convection heat transfer takes place.

The temperature distribution outside the heater is logarithmic. The calculated (eq.59b) air temper-

ature distribution is shown in Fig.15. The temperature gradient outside the heater is [cf. eq.(59b)]:

dT I

dr = 21trkR1 (66)

Thus the steepest temperature gradient is close to the heater. Also, the temperature gradient
increases as the power into the heater increases. These features are in good agreement with the

simulation results shown in Figl6.

The maximum power to the heater is limited by two factors:
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i) heater thermal runaway for constant current driven heater; heater melting

ii) radiative heat loses.

If the condition 1) and/or ii) apply, then the following consequences exist:

i) the sensing elements placed symmetrically besides the heater will mark a continuously increa-

(x10%x3)
2265
q

[W/m2]2042_:
1819”%

1595]
1372
1149
925.823] |
702, 608]

479.392

256.177] N\,

100°C

32.962

1.414 ‘ 5.828 ‘ 4.243 i

0.707 2.121 3.536 4.95 6.364

DIST [m]

Fig.12a Radial heat flux distribution for Imm enclosure and dTy = 100 °C
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[ W/m?]

(x10%%4)

1012 500°C
913.425)
314.337’%
715'34¢2
616.31"i
517.277]
418.234]
319.195

220.157]

2119 N .

Fig.12b Radial heat flux distribution for 1mm enclosure and dTy = 500 °C
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(W]

(x10xx-30)
1.435]

1.4217

1.407]

t.394]

100°C

1.366

1.339

1.329]

1.317]

. (x108%-4)

1.298

1.414 ‘ 2.828 | 4.243 5.657 7.071
0.707 2.121 3.536 4.95 6.364

DIST (m)

Fig.13a. Radial heat flow distribution at dTg = 100°k
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[W]

(x 10%%-30)
1.439]

1.421"

1.407]

500°C

1.366

1.353]

1.339]

1.325

1.312]

(x10%%-4)

1.298

el bas | g ! Ses |
1.414 2.828 4.243 5.657

0.707 2.121 3.536 4.95 6.364

DIST

[

7.071

m ]

Fig.13b. Radial heat flow distribution at dTy = 500°k
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400 377 355 344 333 322 311 300

Fig.14a. Temperature distribution for Imm enclosure and dTy = 100°k
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Fig.14 b. Temperature distribution for 1Imm enclosure and dTy = 500°k



Air temp., [°K]

800 ! ! ! !
200 [ PP Metserreinnrernnioe ' .................... : .................. -
..................................... P A A T T R A R T R .-..-..:............---...—

600 ; ; !

500 : : :

Ty = 100, 200, 500, 800, 1000 °C
100 i
B e s/ S T b v b i
200 , "
100 ! N

| : ——

Distance away from heater,

0.4

0.6 0.8

(m]x 1074

1.0

Fig.15. Calculated air temperature values vs. distance away from

heater, with dTy as parameter




gradT [ °K/m]

(x10%%3)
2265]

2042;
1819‘2
159&-7%
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1149
925.823]
702.608]
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256.177)
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(m]

Fig.16a. Temperature gradient radial distribution for Imm enclosure and dTy = 100 ° K.
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_____________ . (x108%-4)
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[m]

Fig.16b. Temperature gradient radial distribution for Imm enclosure and dTy = 500 °K.
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sing temperature. Thus the DC level of the device O/P (Wheatstone bridge) will constantly in-
crease.
ii) in radiative heat transfer, the temperature distribution is independent of position, The device

will not work.

2.3.2. Sensing Elements.

The sensing elements are placed symmetrically in the heater temperature field. A combined con-
vection/conduction heat transfer takes place at the sensor surface. They may or may not act as
heat sinks. It depends on the conduction path from the sensor to the walls. The sensor will reach a
steady-state temperature close to that of the surroundings if the conduction path’s thermal resis-
tance from sensor to walls is less than the convective resistance of the fluid surrounding the sen-
sor. The relative magnitude of the two heat transfer modes is given by the Biot number. Its values
for L = 1um;10um;100um, AT < 1000K, g,., < 10g were calculated in Section 2.1. The Biot
number is less than 0.1 in the specified conditions. Thus the sensor will reach a steady-state tem-
perature close to that of the surroundings. The time required for the sensor to reach steady-state

will depend on its thermal mass.

2.4. Transient.

A heat transfer problem is transient whenever the temperature within the system being considered

changes with respect to time.
2.4.1. Device Warm-Up Time.

After the power supply to the heater is turned on, a time will elapse until it and its surroundings

reach a steady-state temperature. This is the device warm-up time. In the gaseous boundary layer
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surrounding the heater, temperature rises at any point until it approaches the steady-state value

given by eq.(62). The temperature rise in the gaseous layer surrounding the heater is (5, 10]:

2
T 2.24 s
T(r, 1) = qzl: -ln[ r26at]+Q(£‘_’), (r>r,) (67)

where o = air thermal diffusibility, r = distance away from heater, t = time.

Here, the gaseous layer surrounding the heater is modeled as a hollow cylinder made of air with
inner radius r¢ and outer radius r, — 0. It is assumed that the air thermal diffusivity is constant
in respect with temperature. The temperature as given by eq.(67) will increase at any point without
limit. This is because the model contains a heat source, the prescribed heat flux q through the
inner surface, but does not contain a heat sink. This is corrected by allowing the temperature as
given by eq.(67) to rise at any point until it approaches the steady-state value given by eq.(62).

The time required for this to happen is the device warm-up time.

First, the air steady-state temperature at various locations is estimated using eq.(62). Then, the
transient temperature distribution, T(r,t) as given by eq.(67), is rewritten as a function of time
only, T(t). The temperature evolution in time is then plotted for every heater surface temperature

T, with r, the distance away from the heater, as parameters. Thus for
AT, = 100,200,300,500,1000K five sets of plots will exist. For each set the intersection points

between the steady-state temperature at different locations and T(t) will generate a curve. The

extrapolation of this curve to T ambient will give the warm-up time of the device for the specified

heater temperature.For a heater with L = 2000um, rg = 1yum the required electric power for

different AT as given by:
Q[W] = i* R = q[W/m’] x2n(rg-L) (68)

is listed in Table 9.
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Table 9: Heater electric power, Py, vs. dTy

dTy [°C)

100

200

300

500

PH [mW]

26.6

30.8

33.6

40.6

The steady-state air temperatures at various locations vs. heater surface temperature are listed in

Table 10. for r, = 1mm. The temperature values are calculated using eq.(62).

Table 10: Air temp. vs. distance. Heater - enclosure separation is Imm.

ATH[k:| (T)r=2 (T)r=10 (T)r=20 (T)r=40 (T)r=80 (T)r=l60 (T)r=200L
100 7825 |63.15 |56.7 50.2 43.7 37.16 | 354
200 13743 | 10698 |9397 | 809 67.76 | 54.6 50.45
500 3159 2392 [2064 | 17343 |14036 |107.2 | 967
1000 61672 | 46201 [3959  [32941 (26272 |19584 |174.7

The calculated values are in relatively good agreement with the simulated results. A comparison

of simulated and calculated results is given in Table 11. The differences are due to the air proper-

ties’ dependence with temperature

Table 11: Comparison of simulated and calculated air temp. values for L = 2000um,
r¢ = lum, s = lmm.

AT, [K] T(r)
obs. r = 20um | 40um 100pm 150um 200pum

100 sim. 78.5 55.5 40 35 30
calc. || 56.7 50.2 43.7 37.16 354

200 sim. 142 110 89 78 62
calec. | 93.97 80.9 67.76 54.6 50.45
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Table 11: Comparison of simulated and calculated air temp. values for L = 2000um,
r¢ = lum,s = lmm.

AT, [K] T(r)

500 sim. - - - - -
calc. 206.4 173.43 140.36 107.2 96.7

From the intersection points between the steady-state temperature at different locations and T (¢)

for a given AT, a time history curve is generated. Its extrapolation to T, gives the device

warm-up time. The time history curves are given in Figs.17 to 19. From these curves it can be

seen that the device warm-up time is in the range of half of millisecond.

The above estimations do not include the heater’s warm-up time. All estimations are made for
a given constant heat flux released at heater surface. This corresponds to a steady-state heater

temperature distribution.
2.4.2. Sensors’ Speed of Response

The desired operation of the sensor requires that upon an applied acceleration a shift in tempera-
ture distribution should occur. This change in temperature distribution is caused by the buoyant
force. The air temperature at each sensor will therefore change. The sensor reading will change
correspondingly. Sensor reading’s changing rate is a function of temperature’s change rate at sen-
sors and of their response time. The temperature change rate at the sensor is a function of the

air motion rate. The sensor response to a temperature change at its location is a function of its

thermal mass. Hence, if ¢, is the time needed for the sensor reading to change, then:

tns = L+ (69)

sn
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where:
t=time needed for the air movement to induce a temp. change at sensor.

t,=sensor response time to a temp. change at its surface.

In this scenario the following assumptions are made:
i) the fluid is moved along “en mass” by the walls’ pressure. This means that there is no
compression/expansion of the fluid due to the applied acceleration. The fluid is incompres-
sible. Thus, it is considered that the external acceleration is uniformly applied throughout the
fluid. Correspondingly, the only force tending to move any part of the air relative to the appa-

ratus is the buoyancy force, B. If a is the acceleration acting on the apparatus, then:

B = (a+3)Ap (70)

is the buoyancy force per unit volume of heated air.

ii) the time needed for the shift in temperature distribution to occur is less than the time needed
for the temperature distribution to get re-established, which is the device warm-up time.

iii) there might be also some air mixing which is neglected. The mixing effect would be to make

the temperature distribution smooth, thus lowering the temperature gradient.
2.4.2a. Evaluation of t;.

To estimate how fast the air moves, the hot air surrounding the heater is modeled as a solid cylin-
der with radius r,, where r, is the separation between heater and sensor. This cylinder is consid-
ered to be at a temperature T (r,;) above ambient, where T (r,) is the steady-state temperature at

the sensor location. In steady-state, the sensor temperature equals that of its surroundings. The

forces experienced by the cylinder are the buoyancy force, B and the drag force Fy. These forces

are given by the following equations:
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Air temp., T(t,r)
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Fig.17. Time response curves, T(t,r), for

- 4
AT, =100°C
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Fig.18. Time response curves, T(t,r), for

AT

= 200°C
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Air temp., T(t,r)
[°c]

Time, t
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Fig.19. Time response curves, T(t,r), for

AT

H

= 500°C
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aVAp

= Ap = p— 71
D P=P-P, (71)
F, = 025pu’Lr,C,(69) (72)
where:
V' =volume of the hot air cylinder.
a =imposed acceleration (to be detected).
p., =cold air density.
p =hot air density.
u  =velocity of the cylinder relative to the surrounding fluid.

L  =cylinder length.

C, =drag coefficient.

The drag coefficient is a function of the Reynold’s number. The free-stream Reynold’s number is

given by the equation:

2rdu u
Re = = — 73
e Y Y > (73)

where:
vy =fluid kinematic viscosity, [m2/ 5]

u  =fluid absolute viscosity, [N - s/m’]

Thus Reynold’s number and hence C,, is a function of u. C, may be determined from an empiri-
cal correlation with the Reynold’s number. For very small Reynold’s numbers, R, <4,

C, = 0.89.

The cylinder reaches a terminal velocity «, when:
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B=F, (74)
By substituting eqns.(71) and (72) into (74), I get: |

anrzL -Ap 1

> -Z-puf(L-rd-cd)

so that:

d4amnr,

‘TP, 7

Since C, = C,(UP) ,eq.(75) might be solved by iteration.
For:
g = 10(m/s),r = 10um,(Ap)/p = 1/100
I estimate:
u~10"(m/s) = 1(um)/ (ms)
Thus u is in the order of microns per milliseconds. In this region, the relationship between veloc-

ity and drag effect can be approximated to:

F, = 3Lyu (76)

The resulting force experienced by the cylinder is:

F = B-F, (77)

By substituting eq.(71) and (76) into (77), I get:

aVAp
F = 5 -3Lpu (78)

Hence the motion equation for the cylinder is:

du aVAp 3Lpu

dt p-Vp Vp (79
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Eq.(79) is solved for the time-varying velocity of the cylinder as:

du _ ldu €
d—t—Cl—(CZ'u),aa—@-—u (80)
where:
3L 12
c, = L (81a)
pLw (d2/4) p11:d2
alAp
C, = — (81b)
op
In order to integrate eq.(80) I define:
so that:
P
B ¢, G
du = —(—1— -dv)
= c;
Eq.(80) becomes:
1 dv
- = 82
C,dt " (82)
By integrating this I get:
Iny = (-C,)t
and:
Y = exp (=Cy0)
Hence:
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C,-Chu = exp (—Cyt)

and:

Cl
2

By substituting C,,C, constants as given by eqns.(81a), (81b), I get the cylinder’s motion equa-

tion:

u(t) = u{l —exp(—l—zﬂﬂ (84)
prd’

The cylinder reaches its terminal velocity in about 0.04ms. Thus ¢~ 0.04ms. Hence tr«1,
since t,~0.4ms . Therefore, I can assume that the air temperature distribution remains fixed as

it moves along upon an applied acceleration to the apparatus.

Once the air’s motion equation is known, the travel distance required to reach terminal velocity,

srcan be estimated as:

Sp~u, - tr , sT=J.u(t)dt

Since  u,~1(um)/(ms) and t;~0.04ms , the travel distance is in the order of half of

micron for 1g applied acceleration. Based on this distance and on eq.(62) (steady-state air temp.
distribution), the rate at which the temperature changes at each detector can be estimated. It

depends on the temperature gradient at the sensor location:

d 1
LT (r) ~ == (85)
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From eq.(62), the air temperature above the ambient at the sensor location, r, is:

=@ .0
Tra) = 5™,
where r,=separation heater-enclosure and
Q "o Q
T A = = —_
(ry+Ar) 27tkLlnrd+Ar kL (Inr,—In(ry+Ar)] (86a)
Using the Taylor series I get:
0 r, 0 (Ar)
T = = n—-—-_=__ -
(ra*An = oLy " Imkl v, (86b)
Q (Ar) (Ar)
T Ar) - = 7 =
where Q, = Q/L =heating power per unit length.
For Ar = lum, r; = 200um and 2—3{—14 = 20°K, the temperature change at the detector is:

AT (Ar) = 0.1°K

In order to see how fast the sensor responds to a change in the air temperature at its surface, the

resistance of the layer of stagnant air must first be determined. The free-stream Reynold’s number

for air flowing at u, past a cylinder of diameter D = 2rg is

2rsu,
Vv

Re =

Forrg = lum, u, = 10~ m/s and Y = 1072 mz/s,Iget Re = 0.0002.

(87)

The average Nusselt number, AL/, can be related to the free-stream Reynolds number,
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M

(uD) /vy, and the Prandtl number, (¢, W) 7k , by an empirical correlation equation:

Nuy, = ”k_D = const (Re,)"Pr'” (88)

where const = 0.989 (empirical correction factor), n = 0.33 for Re <4 [7).

Eq.88 is similar to that for flow through a duct:

0.14
U 0.33 0.33
Nuy = 1.86 (E?) (Re,Pr) °~33(§) = const(RePr)O'”(%) (89)

S

where the length dimension in Re and Nu numbers must be the appropriate outside dimension of
the object, which for flow over cylinders is the diameter:

0.33

) = 10.33

=~

(

0.14
[ .. )
b is introduced to account for the distortions of the

Hg
velocity parabolic profile that appear at the solid-fluid interface due to the temperature variations

The empirical correction factor 1.86{

effect on the fluid viscosity. This correction factor’s values, C, are empirical related to the Re

number values [7].

Table 12: C, n constants correlation to Re
for use in eq.(88)

Re C n

<4 0.989 0.33
4-40 0.911 0.385
40 - 4000 0.683 0.466
4000 - 40000 | 0.193 0.618
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For Re = 0.0002,Pr = 0.7 the corresponding Nu number is Nu = 0.053 and hence:

h = Nu- = = 530w/ (m2K) (90)
2r5

The relative importance of the air thermal resistance and the silicon thermal resistance is given by

the Biot number:

hrs
Bi = -+ = 0.0006 9n

When the Biot number approaches zero, the solid is practically isothermal and the temperature
varies mostly in the fluid. Thus the isothermal resistance of the sensor can be neglected. Hence it

can be considered that, as a result of an acceleration, the air close to the detector suddenly goes

from the detector temperature T, to a new temperature T, In other words, the sensing body at T,
is suddenly immersed in a bath of fluid at a different temperature, Tf, at the time t=0. If:

T ;= body temp. just before immersing it into the fluid;

T ;= body surface temp. after immersing (it is dependent'on time elapsed after immerging);

then:

T, = T,- T = temperature variation across the body at t = 0.

It is negligible relative to T, — T, because Bi < 0.1.

The time after which body surface temper5ature, T, equals core body temperature, T, is the

time of thermal penetration, . It is given by the equation [38]:

~— (92)

where:

r = characteristic dimension of conducting body
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o = thermal diffusivity of conducting body.

After the time of thermal penetration, the temperature all throughout the body is the same and as
time elapses it tends towards the fluid temperature.

For r = lum and o = 934 10’4(m2/s) , the transition time scale is

sensor silicon

te—~ 10785 Thus it can be concluded that the instantaneous temperature, T (x, t) , has practically
the same value throughout the body, T (¢) only, for the specified conditions (Bi < 0.1, t>¢.).
Hence the lumped capacitance model alone is a good description for time-dependent conduction.
(For t <t~ a proper sequence of conduction regimes can adequately represent the transient con-

duction phenomenon, Fig.20).

A tl A 2> tl A (3>12>tl

| ] ]
- t L t
-r 1) r -r 0 r -r 0 r

a) early regime, t < tc b) transition regime, t ~ tc c) late regime, t > tc

Fig.20 Time dependent conduction regimes. Here: T;=initial body temperature;

T,=surface body temp. after immersing; 5=skin layer, &~ (o) 172

The governing equation is obtained by applying an energy balance to the solid. It indicates that
the increase in stored energy in the solid must equal the heat transfer rate into the surface in con-

vective mode:

pv T(t) = hAS[Tf-—T(t)] (93)

.d
“» 4t
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To solve €q.(93) an initial condition must be specified:

T(1) =T, at t=0 (94).

The solution of eq.(93) will specify the temperature 7 () for all points within the solid, including

the surface. It is [11,38]:

T—Tf = exp|—( hA )t assuming h=constant (95)
T,~1, ”[ pVe, ] ’ g = ‘

The constant convective heat transfer coefficient is a good assumption if temperature changes at
the detector are small. It has been shown that the temperature change at the detector is 0.1K for a

detector with radius of 1 um located 200um away from the heater.

The factor in the exponent can be expressed as:

hASt hrS

e = () (9‘;) = (Bi) (Fo) (96)
14

rs
where Fo is the Fourier number. It expresses the rate of heat transfer by conduction to the rate of

energy stored in a material. Eq.(95) can now be written as:

T-T,= (T, Tpexp (- (Bi) (F,)] 97)

The sensor temperature varies exponentially in time. A time constant T can be defined as:

- pCV
= 98
v = Thag %)
Using this notation, the solution of the transient conduction equation, eq.(995), is:
t
T-T,= (T,~Tp exp[—,—t} (99)
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The time constant values for two detector radius at different temperatures are given in Table 13

The corresponding convective heat-transfer coefficients are listed in Table 14.

Table 13: Transient conduction time constants vs. detector radius.

rg[um] T [ms]

T, = 20°C| 40°C 80°C 100°C | 160°C | 200°C | 300°C | 400°C

lum 1.23 1.166 1.05 1.00 0.89 0.83 0.72 0.64

10um | 39.96 378 34.2 32.67 29.07 27.1 23.38 20.68

The transition’s time scale is ¢~ = rg/a =0.1us for rg = 1um and ¢ = 10us for rg = 10um

at Tf = 20°C above ambient.

Table 14: Convective heat transfer coefficients for transient conduction. Applied
acceleration a = 1g.

Lc h
[nm) [W/m? K]

T, = 20°C 40°C | 80°C"| 100°C 160°C | 200°C | 300°C | 400°C

lum || 661.97 698.89 | 772.74 809.66 909.88 | 975.82 | 1131.4 | 1279.1

203.9 215.33 | 238.08 249.46 280.34 | 300.65 | 348.6 394.1
10um

From Tables 13 and 14 it can be seen that:

1) if the radius of the detector is increased one order of magnitude then the detector’s speed of

response drops at least one order of magnitude. For an increase in rg by n times, h would get

smaller [eq.(90)] by n times too. Also, the ratio h/rg in the T expression [eq.(94)]:
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PCYV _PCys _ PG, 7

hAg 2h 2 ' h

would decrease as 1/ n2:

1l h
ry nnr n® I

So if the response time is to be short, then the detectors must be thin.

The calculated detector response time for T, = 20°C above ambient and applied acceleration 1g

is 1.2ms for a detector radius r¢ = 1um and 37.8ms for a detector radius rg = 10pum.

2) the detector’s time constant is decreasing with increasing fluid temperature. This behavior is
due to the convective heat transfer coefficient’s change with temperature. From eqns.(87) and

(75):

a_ _da

Re~ i "1

where: a = applied acceleration
i (T) = absolute viscosity
T = air temperature.

So that from eqns.(88) and (90) for a given rg:

h~Nu(Re) - k(T) -~ (k(T)) 7 (JT)

The convective heat transfer coefficient is increasing with temperature as the air thermal conduc-
tivity does. It can be concluded that the detector constant time would be shorter if:
- the detector is made smaller;

- the air temperature at detector is larger;
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- the detector material property values p,C » are smaller;

- the applied acceleration is larger.

For t = 7 the detector temperature is 63% of that of the air temperature:
T-T, = O.63Tf (from eq.(95))
Thus a detector with r¢ = Ium will reach 63 per cent of the (suddenly changed) air temperature

in 1.2ms, if the air temperature is 20°C above ambient and the applied acceleration is 1g. It will

take longer if the air temperature above ambient is lower.

In all the above calculations it was assumed that the convective heat transfer coefficient is con-
stant for a given air temperature at detector location. Thus it is assumed that the temperature
change at detectors is small, which is the case. The time needed for the sensor reading to change is

in the order of a few milliseconds for rg = 1um.
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Chapter 3. Device Design.

3.1. Structural Design.

The intended device structure consists of suspended bridges, each bridge being an electrical resis-
tance supported on an oxide substrate. The bridge mechanical robustness and its natural resonant

frequency will be discussed.
3.1.1. Natural Resonant Frequency.

The bridge dimensions are length L, width W and thickness t. It is a solid beam clamped at both
ends. Its natural resonant frequency is given by its mass and structure. By structure is meant
geometry and material properties. It is important to evaluate the beam resonant frequency because

the normal operation of the device assumes that the device experiences a constant acceleration.

If the applied acceleration is given by a harmonic disturbing force:

F = Fysinot (100)
where ® = 27f and f the frequency of forced vibration, then the beam acts as a forced elastic
vibrator. When a body is vibrating in air or in liquid with small velocities, then there will exist a
resisting force proportional to the body’s velocity:

R =const-x=c-x (101)

If the forced elastic vibrator is modeled as a spring-mass system, the resulting vibration due to F

and R will be described by the differential equation (for free damped vibration):

m‘x+c-x+ke-x=0 (102)
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where: x = displacement; k = equivalent spring constant.

The motion equation for forced vibration is:
m-X+c-x+k, - x = Fysinwt (103)

The free vibration component will be damped out in a short time, after which only the forced
vibration will exist. The displacement in forced vibration is:
x = X () sin (0t —¢) (104)

where X () = displacement amplitude. The displacement amplitude is given by:

FO
X(w) = -
J(mi—mz) + (cw)?
_ Fy 1
X = X - (105)

2
+4 ()

T

If ¢ is the phase of displacement (the amount by which the phase lags behind the disturbing

force), then:

20()
o = atan—-—T" (106)
1-(5)

: : F
where: ©_ = undamped natural frequency of spring mass system; { = damping factor and TO =

zero frequency deflection. The zero frequency deflection is the statical deflection which would

result if a steady force of magnitude F, is applied to the spring with stiffness k,. The damping

factor is given by:
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c
= c (107)
keW .
where: c.=2 z = critical damping (108)
R
d = =
an c 3 (109)
The undamped natural frequency of the spring is given by:
e _ 2 11

When { #0, the natural frequency ®, is:
21
[ 2

where T, = period of viscous undamped vibration.

For { = 0, we have:

)
=1, = w - /_5'
T =1, 2nJ; 2n 2 (112)

where 55 =S tatical deflection of spring under the action of the weight w.

The vibration’s amplitude and phase undergoes a sharp change at /@ . A magnification factor

Xk
is defined, M = —F——e . There are two distinct regions [39]:

1) when the disturbing force F has a very low frequency, ® « ® , the ratio ®/®,_ is small and

the magnification factor is maximum with the phase approaching zero:
M->1, $-0.

2) the disturbing force frequency is high compared to the natural frequency of the system so that
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the ratio W/, is large and the magnification factor approaches zero:

M—-0, ¢ — 180°.

The effect of damping is small in either of these extreme cases. It is important in the resonance

neighborhood (frequencies on each side of resonance for which the amplitude is ﬁ of the ampli-
tude at resonance). The magnification factor value at resonance increases as the damping factor

decreases.

The structural damping is usually encountered as proportional to displacement, but out of phase

with the velocity of the harmonic oscillation. The governing equation (103) becomes:
mi+ (1+iY)k,x = Fsinwt (113)

where: 7y = structural damping coefficient; its values range from 0 to 0.5. The magnification factor

and its resonance value are:

M= 1 (114)
2 2
[i- 2+
M, = % . M e [20,] (115)

Thus in the neighborhood of resonance the structural damping behaves like viscous damping of

value 2.

From a structural point of view, the device’s suspended bridges are single-span beams clamped at

both ends. The fundamental frequency for a single-span beam clamped at both ends is:
k 1921 E
f= = e (116)
M,  2m\037m,L
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where:
m,, = beam mass;
L = beam length;
E = modulus of elasticity;

I = moment of inertia of cross-sectional area about neutral axis;

a = dimensionless coefficient depending on fixing.

For silicon made bridges E = 160 - 10° (N/ mz) . The moment of inertia about the neutral

axis (Fig.21) is:

Wl‘3

I = = (117).

3
I, =% = 116- 107%n*

The beam massis ( w = 14um,t = lum,L = 2000um):

m, = pV = 2330 (Kg) /m> x 14 x 1 x 2000 x 10”8’ = 65.24 x 10"’k g

F Il Oy

e
ndlik
P E— L

Fig.21. Moment of inertia about the neutral axis for a single-span
beam clamped at both ends.
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By substituting £,/,L,a and m, values into eq.(116), I get:

f, = 2.16kHz
The natural resonant frequency of a silicon bridge with L = 2mm,w = 14um,t = lum is
f, = 1.3kHz. In the resonance neighborhood the bridge itself will have a displacement approach-
ing its maximum. This displacement may cause the temperature reading of the sensors not to cor-
respond to the hot air displacement as intended. If the operating frequency is ® « w_then M — |
and ¢ — 0, so that the bridge displacement’s amplitude is constant in respect to the operating fre-

quency . If the operating frequency is @ » ®, then M — 0 and ¢ — 180°, so that the bridge
displacement is zero and the phase angle is maximum. The natural frequency of the single-span

beam clamped at both ends is proportional to ¢/ L? for a given material (E.p).
P P g v Y

3.1.2. Mechanical Robustness.

The published working principles for various accelerometers are based on the movement of a
solid suspended part of the device. This makes them susceptible to fracture and thus very fragile.
The proposed device structure is based on air movement. The solid parts of the device are

clamped suspended bridges. Thus the proposed structure is more robust than the published ones.

The mechanical strength of the suspended bridges depend on the bridge structure. For bridges

made out of silicon, the <110> crystallographic orientation would be the best since the Si mecha-
nical strength is maximum along <110> direction. However, it is not possible to get a straight,
suspended bridge along <110> direction because of the Si anisotropic etching properties. Any
deviation of the bridge direction from the <110> orientation would determine the bridge under-

cutting.
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Diffused etch-stop layers usually have substantial tensile stress. The tensile stress tends to shrink
the bridge and this can lead to the fracture of the bridge at its ends. Hence, it might be useful to
have the bridge along the <110> direction and the bridge body misaligned in respect to it.

(Fig.22).

T

450

W/

—_—
<110>

Fig.22. Si bridge alignment.

For bridges made out of SiO,, the thermal stress adds to the residual stresses. Thermal stresses

are a result of the mismatch between thermal expansion coefficients of bridge’s materials. The li-

near coefficients of thermal expansion, (AL)/ (LAT), for Si and SiO, are 4.2 - 10° and

32.10°°, respectively (thin films). Thus residual compressive stresses would exist. The Si0,
bridges will bend. While a high temperature annealing, T>700°C, of the deposited film would
release the residual stresses, the SiO, thermal stresses are released only by using stress relaxation

structures.

A compressive residual stress in excess of:

nztzE

5 (118)
12L

g =

will beﬁd the structure. For long and thin bridges ¢ values are small, in the mP, range. Thin, long

bridges will bend easier.
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Stray stresses’ influence mostly affect the structural integrity of the micromechanical sensors.
Unlike them, stain stresses influence the sensor behavior if the structural material of the electric
resistance is a piezoresistive material. Mechanical stresses applied to the material change its bulk
resistivity if volume changes exist (bending or torsion). Monocrystalline silicon has a high

piezoresistivity. The semiconductor’s gage factor:

G = 7—— (119)

where € = applied strain and (AR) /R = fractional change in resistance, is more than an order of

magnitude higher than that of metals.

The two sources of stray stresses, thermal and residual stresses, and their effects on microma-
chined sensors were considered. The influence of the applied strain stresses on device behavior
was also outlined. It can be concluded that it is desirable to control/reduce the stray stresses by
using an adequate processing scheme and also that possible induced vibrations of the suspended

bridges may influence the sensor output.

3.2. Process Design.

The suspended bridges were made of silicon and polysilicon, respectively. The main frame for
device fabrication was:

- use a minimum number of masks;

- get a good electrical and thermal isolation;

- use of anisotropic etching for bridge release;

- use of local facilities;

- use of SI/SiO,/polySi layered wafers for fabrication of polySi bridges with oxide substrate.
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3.2.1. Silicon Bridges

Heavily boron doped diffused layers in n-type <100> Si substrate were chosen to build tiny sus-
pended silicon bridges. The diffusion depth was set to approx. 2.5um so that a final bridge thick-

ness of approx. 2lLm was obtained. The diffused resistance values are given in Table 15.

Table 15: Diffused resistance values vs. geometry.

L[um] R [kQ]

w = 3um| Sum | pm9 | 16pum | 25um | 50pum | 100pm| 200um

300 2.7 - 1.5- |038- 05- |08 0.5 0.25 0.12-
3.5 1.8 1.1 0.65 0.13

The average boron concentration was C = 7 - 10%cm™. The diffused bridges were then
enclosed in rectangular openings to silicon (Fig.23a). The open areas were subsequently exposed
to anisotropic etching. An illustration of etching apparatus is given in Fig.24 for EDP and in

Fig.25 for hydrazine.

3

Heavily boron-doped layers act as an etch stop for C>7- 10%cm™ in EDP and

Cc>7-10%m™ in hydrazine, respectively. As a result, the undoped silicon is etched away leav-
ing suspended bridges made out of heavily boron doped layers (Fig.23b). Typical etch rates of Si
<100> in EDP with no pyrazine added are 0.8um /min at 95°C and 1um/min in hydrazine at
95°C. The etch rates are temperature dependent, following an Arrhenius law with the etching

activation energy, E,, as the exponential factor:

Ea
R = R exp (_ﬁ) (120)

The etch rate increases as temperature increases. In EDP at 115°C, the etch rate increases to
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Fig.23a. Si bridge device before anisotropic etching

1.25um/min. The anisotropy ratio changes with temperature too.

For hydrazine, the etch rate at 100°C is 1.5um/min. The hydrazine anisotropy ratio, Si(100)/
Si(111), is 10:1. An illustration of etching apparatus is given in Fig.24 for EDP and in Fig.25 for

hydrazine.

During the EDP etching the contact areas are covered with metals resistant to EDP. Among the
metals resistant to EDP there are Au, Cu, Ag and Cr. A sandwich of AI/Ni was deposited using
sputtering deposition. The metals were patterned by using lift-off technique. Ni proved to be

resistant to EDP attack. It seems that its resistance to EDP is due to the Ni surface oxidation.

Once the bridges are released, the chip is wire bonded, packaged and then is ready for character-

ization. A process flow chart for Si bridges fabrication is given in Fig.27. The process flow is:
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Fig.23b. Si bridge device after anisotropic etching
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Fig.24. Illustration of EDP etching apparatus.
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Fig.25 Illustration of hydrazine etching apparatus.

1. RCA cleaning.
2. thermal oxidation.
process: 1100°C, 10min Op+120min wet O+20min No;
ramping rate: 15°C/ (min); T, ., = 750°C.
3. mask 1 patterning: bridges definition.
a. PR spin-on: RPM=4000; t=40sec.
b. soft-bake: 30sec./100°C.
c. exposure: P=30mW; A=314nm; t=18sec.; UVv.
d. developing: 8-10sec.; MF319 developer.

e. hard-bake: 45min/110°C.
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f. SiO; etching: 6-7min., B.O.E. etchant at room temp.
g. PR removal: rinse in acetone.
4. RCA cleaning.
5. B deposition from BN source.
process: 1100°C: 40min/N,
ramping rate: Fig.Zf}
6. B drive in.

process: 1100°C: Smin. Oy+30min. wet;

ramping rate: 13°C/min.; T, = 750°C.
7. mask 2 patterning: open contact area.
process: same as in 2 except that the PR layer is not removed after SiO, etching;
SiO, etch time=4min.
8. With PR, wafer cleaning for metal sputtering deposition.
etchant: HF/Di (1:10) volumetric ratio; room temp.; time=10-15sec.

9. Al/Ni sputtering deposition.
10. AI/Ni patterning by lift-off technique.

AT

1100C

N2+02

700C

T 40 80 110 ™t[min]

Fig.26. Temperature profile during B deposition process.
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1) Oxidation

T=1100 C;
10min O,/ 120min wet Oy/ 20min Nj

2) Opening of windows for B deposition

3) B deposition and drive-in

Deposition:
T=1100 C; t=45min

Drive-in:
T=1100 C; Smin O,/ 25min wet O,

4) Contact windows opening

5) Al/ Ni deposition

Metal deposition by sputtering

R sk Si0,
N
Si
N N
N SiO,
Si

R

.B




. ) ) \ (i TG
6) Metal patterning by lift-off technique W AMMNNRNNS. NN

\‘mmumu T ‘
N N N MW

7) Window opening to Si

8) Si anisotropic etching in EOP

Fig.27. Process flow chart for Si bridge device

11. mask3 patterning: opening to Si substrate.
process: same as in 2
SiO, etch time = 7min.

12. Si anisotropic etching in EDP
temp.: 95°C

time: function of bridge geometry
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3.2.2. PolySi Bridges

The starting wafers are 100mm, n-type Si(100) having a thermally grown SiO, layer of 0.8um

thickness and a LPCVD undoped polySi layer of 0.8um thickness on top. PolySi layer is uni-
formly doped using BN diffusion source. Thermal oxidation of the poly layer is carried out in
order to facilitate the polySi patterning by wet chemical etching. Thermally grown SiO, layer pro-

vides also a very good adhesion PR/polySi.

A second thermal oxidation is carried out in order to encapsulate the polySi resistor in SiO,. The
second photolithographic step defines the contact windows to polySi resistors. An Al layer thicker
than 0.5um is sputtered onto the wafer if hydrazine is used in the last step. For EDP etching, after
contact areas opening, a seed layer Al(0.151)/Ni(0.3p) is deposited by sputtering all over the
wafer surface. The next step is to cover the wafer with a PR layer and to pattern it (again) with the
contact window mask of the device. The seed layer is now exposed only in the contact areas,

whereas in all the other regions is protected/covered with/by photoresist.

A gold layer of thickness 1.2um is built up in the contact area by electrochemical deposition.
Once the gold electroplating is done, the PR layer and the seed layer in the exposed areas are
removed. The structure at this point consists of a polySi resistor embedded in SiO,, having its
contact areas covered by a thick layer of gold. Then the openings to the Si substrate are patterned.
The final step toward getting suspended bridges is the substrate anisotropic etching in EDP or
hydrazine. The chips are packaged and wire bonded before EDP/hydrazine etching. This prevents
bridge fracture by reducing the handling of the chip. A picture of the final device is given in

Fig.29.

A process flow chart is given in Fig.28. The process flow is:
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. RCA cleaning.
. thermal oxidation: 1100°C.

process: 10min. O»+120min. wet+20min. Ny;

ramping rate: 13°C/min.; Tmmp = 750°C.
. mask | patterning: polySi bridges definition.
RPM=4000;

exposure time=30sesc.;

soft-bake: 100°C, 30sec.;

exposure time: 18sec.;

developing time: 8-10sec.;

hard-bake: 120°C, 45min.;

etching time: 6-7min.;

PR removal.

. polySi thermal oxidation: 1100°C.

process: 10min. O»+20min. wet;

ramping rate: 15°C/min.; Tmmp = 750°C;

. RCA cleaning.

. mask 2 patterning: contact windows opening.

same process as for step 3. except that there is no PR removal after SiO, etching from contact

area.

. Al sputtering deposition.

DC sputtering deposition

. Al patterning by lift-off technique.
. Si anisotropic etching in hydrazine
temp.: 110°C

time: function of bridge geometry.
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1) Starting wafer

2) PolySi uniform doping
and oxidation

3) PolySi patterning

4) PolySi oxidation

Si
Si0,

B PolySi
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5) Contact windows
opening

6) Al deposition

7) Al patterning

8) Opening windows to
Si and Si anisotropic
etching in hydrazine

Fig28.

Process flow chart for polySi bridges device

M PR
Si0,

PolySi

m Al



Fig.29 PolySi bridges device. Designl
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The underlying supporting SiO, layer has very good electrical and thermal insulator properties.
Its electrical resistivity is high, 102 (Q-cm), and the thermal conductivity is

1.4 10_2 W/ (m- "K) , thus it is one hundred times lower than that of polySi.

3.3. Layout Design

The characteristics and precision of the device are influenced not only by the building materials
but also by the device geometry/structure. Good mechanical properties of constituent materials
lead to good device yields and reproductive characteristics. The accuracy and reproducibility of
the sensors is also determined by the precision and uniformity of the machining process across the
sample. The ability to get the desired microminiature structure relies on the ability to use the
anisotropic etching rules. The layout design considerations regarding bridge release are first pre-
sented. Then the device physical dimensions are evaluated based on the modeling and structural

analysis results. The number of masking steps is determined by the fabrication scheme.
3.3.1. Machining Process Rules

Any rectangular opening windows to Si(100) substrate, with its edges oriented along <110> crys-
tallographic direction, will generate a pit, a square pyramidal downward grove, when exposed to
an anisotropic etchant. If a geometry other than a square is deﬁnéd, then the resulting cavity will
take the shape of the smallest rectangle which can enclose the vertices of the defined geometry

(Fig.29). This is the smallest enclosing rectangle rule.

For any deviation, misalignment of patterned opening windows to Si from horizontal or vertical

<110> direction, the resulting cavity will be the smallest rectangle with its edges along <110>
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Fig30. The smallest enclosing rectangle rule: a. arbitrary shape: b. misaligned rectangle.

direction, which can enclose the vertices of the defined geometry (Fig.30). The anisotropic

etchants property to undercut misaligned edges is used to create free-standing structures.

If two misaligned open areas are defined in close proximity in such a way that the individual

enclosing rectangles cavities intersect or touch, then the resulting cavity will be the merged rect-

angle (Fig.31).
D J
G
A |
Bl undercuting
I E F

Fig.31. Intersection of the enclosing rectangles rule.



After sufficient etching time, the resulting cavity will be in the shape of the rectangle which
encloses all the vertices of each individual intersecting rectangle. This is the intersection of

enclosing rectangles rule.

The above rules were used in the layout design of the device. The design consists of parallel,
equally separated bridge strips at 45 degrees with respect to the <110> crystallographic direction
(Fig.32). The misalignment of 45 degrees in respect with the flat corresponds to the fastest under-
cutting etch rate. The undercut etch rate is approximately equal to 1/3 of the <100> etch rate in the
opening sides. Both silicon and polySi bridges lying on SiO, were fabricated using this design
approach. The structures present the disadvantage of misalignment in respect with the applied

acceleration, if the acceleration is oriented along the device package sides (Fig.33).

A D
C
G
F
K
J
0
1
P
N

Fig.32. Oblique bridges. Design 1.

To correct for this, a platform like approach was used to generate bridges oriented in parallel with
the wafer flat (Fig.34). In this design, the misaligned edges AB, CD, EF, GH are used to create a

free-standing platform, AHIJ.

There are two layout techniques for creating free-standing platforms: Manhattan design and Poly-

gon design (Fig.35).
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Fig.33. Misalignment of applied acceleration in respect with oblique bridges.
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8 polySi bridges
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Fig.34. Parallel bridges. Design 2.

Manhattan layout uses small staggered steps arranged in a stair-case like manner. This technique
has the advantage of fast undercutting due to the stair-case convex corners. Even with this advan-
tage, it can’t be used in designing free-standing structures experiencing thermal cycles. The ther-
mal induced stress will be concentrated on all small sharp edges of the staggered steps, which

could lead to mechanical failure.
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a) Manhattan design b) Polygon design

Fig.35. Manhattan and Pol)'gon designs.

The polygon layout creates smooth misaligned edges with all the edges formed by the polygon
obtuse. It eliminates the concentration stress points. The disadvantage is a slower undercutting

rate.

Twelve successive, equally spaced, suspended polySi bridges were fabricated using this layout
technique. The drawbacks are a very long etching time, 12-14 hours in EDP at 95°C and the
resulting fragile sustaining arms. A limitation to only one symmetrical pair of sensors beside a
heater would reduce the platform size, thus the corresponding etch time. An enlargement of the

sustaining arms would also reduce the fracture risk. The total thickness of SiO»/polySi/SiO; sand-

wiched structure was ~1.5pm below the thumb rule limit of 2jum. The beams are stronger but

<

still fragile. Initial thermally grown oxide thickness was 0.5pm, thus it might be necessary to

increase it to 1 pm, for a starting deposited polySi layer of 0.8m on top of it.

3.3.2. Device Design

Thermal sensing elements for integrated devices with potential high thermal isolation from the
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substrate are the boron heavily-doped resistors, polySi resistors embedded in SiO,, metal/polySi

thermopiles and metal resistors. Among them, the thermopiles are the only self-generating sens-
ing elements. The other ones are modulated sensors, as they require power supply. A thermopile

based device was designed in BiMOS technology. After post-processing and packaging, the
device was fully characterized. It worked well as a very sensitive flow-meter, but 1g acceleration

could not be measured. The gain of the amplifier circuit was one thousand and the heater voltage
supply ranged from 1 to 5V. The heater electrical resistance was 1k€2. A Seeback coefficient for
Al/polySi thermopile of around 60 (LV) / (°C) was measured. This approach will not be pre-
sented here. Sensors made out of diffused resistors, polySi resistors and metal resistors were fully

characterized also.
3.3.2a. Layout Design of Device with Si Resistors

Theoretical analysis and simulations were carried out for Si/polySi resistors based devices. The
device elements, heater and sensors, might be regarded as long electrical wires at rest in air if the

following dimensional requirements are met:

1) minimum wire length, L, sothat mL = /Z—AD—LZ » 5 in order to neglect end effects.

Here mL = mL (T) where T=wire temperature.
For T > 100°C above ambient, L. = 1pm, the convective heat transfer coefficient h>10000,
so that the min. wjr;: length is 600pm. If this criterion is met then the temperature along the
wire can be considered constant.

2) sensor characteristic dimension, L < 10lm, so that for any applied acceleration in the range

(0.001-10)g and practical temp. values, the conduction path from the sensor to the substrate is
much higher than the thermal resistance of the surrounding air. Thus the sensor steady-state

temperature will be that of the surrounding air, irrespective of its thermal mass.
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3) small sensor thermal mass is also needed in order to get faster response time. the time constant

‘- pve,
hAg

is directly proportional to its characteristic dimension Lc =4 V/A, density p

and specific heat ¢, - This means small V/A for a given material. It is assumed that h is con-

stant for the temperature change range at detector surface, A.

4)low t/L values will determine low natural resonant frequencies of the beam.
wl‘3 t
f,= |— = Jj for a given material.
" wi’L L

Thus the bridge electrical resistance model of long, isothermal electrical wire at rest, suspended in
air, holds for:

i) bridge characteristic dimension < 10um.

ii) bridge length > 600um.

From transient analysis, the time for the detector to reach the surrounding air temperature is pro-

portional to the detector radius r,;. Hence, the smaller the radius, the faster the detector. The tech-

nological limit is 2 to 3um wire width. This corresponds to a maximum bridge length of 300um.

The corresponding aspect ratio is (100-150):1. For B heavily doped layers of Cp - 10®cm™ and
sheet resistance Rg = 5— 10/ (sq), the resulting electrical resistance value is ~1kQ. The
detectors are placed in a Wheatstone bridge configuration. Since R ~ 1k€2, the Wheatstone bridge
voltage supply can be in 1V range, which corresponds to an increased sensitivity and resolution of
the device. The higher the detector electrical resistance, the higher is the sensitivity. The voltages
across the detectors are limited by the pn junction breakdown voltage and by the self-heating

effect.
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In order to increase the device sensitivity, the temperature gradient at the detectors’ location

should be optimized, following the device stated principle. Since grad (T) ~1/r , r = heater-

detector separation, the closer is the detector to the heater, the higher is the temperature gradient.

Hence

4) the smallest heater-detector separation is set by the technological limit at 3pum for
L = 300um.

5) in order to have free space like conditions, the lateral extension of the device has to be as large
as possible.

6) from processing considerations the bridge direction is tilted 45 degrees

Based on the above considerations (1 to 6), a layout with two masking process for silicon sus-

pended bridges was generated as in Fig.35.

The first mask defines the open areas to Si for boron doping. The bridges and contact areas are
formed. The second mask opens windows to Si substrate underneath the bridges and also to con-

tact areas.

There are four different bridge width/separations: 3/5, 5/6, 8/9,and 16/6um, respectively. The
bridge length is 300pum. The cavity size is 0.4mm wide, 4mm length and 200um depth. The
space above the bridges is either the package high or open air. Bare, suspended Si bridges are cre-

ated.
The drawback of this design is that the pn junction is exposed to the environment after the aniso-

tropic Si etching. The structures usually suffer from high leakage currents, which might also be

due to the defects induced by heavily doping. The advantages are the lack of thermal stresses
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which are added for composite layers. The Si mechanical properties made the structures very
robust. The minimum dimensions are given by the photolithographic process only. There are no
minimum layout resolution / separation rules which for a composite structure would limit the
minimum distance heater-detector. For monocrystalline Si, the temperature coefficient of the

resistance is stable over a wide temperature range.
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Fig.36. Layout for Si bridges based device. Designl.
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3.3.2b. PolySi Resistor Layout Design.

PolySi resistor values can range from hundreds of ohms to megohms as a function of geometry

and doping concentration. There are no electrical isolation problems. Hence the voltage supply
value to a Wheatstone bridge incorporating the two detectors is limited only by the Joule effect.
The temperature resolution of the device depends on detector’s temperature coefficient of resis-
tance. The temperature coefficient of polySi resistors increases as polySi doping concentration

decreases [37]. It is constant over a limited temperature range, usually T < 300°C above ambient.

It has been shown [4] that there is a threshold power density for the polySi resistor,
Py =5 104(W/m2), which corresponds to maximum electric power through the resistor
before permanent changes in Ry, and TCR occur.

For cross section area 14um x0.5um = Tum®, P,, = 35mW. The cross-section area and the

doping level of polySi will determine the electrical resistance value. For a given characteristic

dimension L = area/perimeter, there will be a minimum resistance length so that the ends effects

can be neglected:

L,=L-2X, = L-—1200um,L, = 10um,T = 100°C above ambient.

eff
According to the desired device structure and the corresponding fabrication scheme, there are
minimum three masks needed. The first mask defines the polySi resistance. The width and the
length of the polySi resistances are 14um and 2000um, respectively. The second mask opens the
contact areas to polySi resistors. The contact openings are also used as pads. The third mask
opens windows to Si substrate underneath the polySi resistors. For the first design, Designl,the
bridges are tilted 45degrees in respect with <110> crystallographic direction. Heater-detector sep-

aration is 175um. This corresponds to a location close to the outer side of the thermal boundary
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layer for a heater enclosure characteristic ratio of 1000. The mask pattern is shown in Fig.37. In

Design2 approach, the bridge direction is parallel to <110> crystallographic direction. Design2

uses polygon design rule. Device layout is given in Fig.38.
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Fig.37.PolySi bridges layout. Designl
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Fig.38 PolySi bridges layout. Design2 (Polygon design).
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Chapter 4. Device Characterization.

Devices made out of silicon and polysilicon resistors were fabricated. The heater - sensor separa-
tion for devices with polySi resistor is 175um, There is a 80 wm cavity depth beneath the bridges

and about 1 cm high free space above them. The resistance values are 20 Kohm +/- 10%. The

measured temperature coefficient of resistance is 5 x 1074 /° C.

The Si bridges device has 5 and 8 um, respectively, heater - sensor separation, 100 - 130 um cav-
ity depth beneath the bridges and | mm free space above them. The resistance values are 2.7
Kohm for 5 um H - SNZ spacing and | Kohm for 8 um H - SNZ spacing. The pn junction break-
down voltage was 15V at 10 pA. The measured TCR is 1.5 x 103/°C +/- 3 x 10 /°C. The

devices were measured using similar approaches.

The device has an analog output. The two temperature sensing elements are connected in a

Wheatstone bridge configuration (Fig.39) operated at constant voltage, Vg. R1, R2 are external

resistors. The external resistors are well matched in order to minimize the bridge offset.

The Wheatstone bridge converts the sensor’s resistance change due to the differential heat transfer

directly to a differential voltage signal, V . The relationship between the differential output
voltage, V > of an ideally balanced bridge and the resistance change, dR, in response to an
applied acceleration, a, is given by

Vou=[dR/R]xVg (124)
For the configuration given in Fig.39, the differential output voltage is independent of the abso-
lute values of the resistors. It is determined by the relative resistance change, dR / R, and the

bridge voltage supply, Vp.
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Fig.39 Wheatstone bridge configuration

The bridge output voltage is fed as input to an external instrumentation amplifier. The circuit
schematic representation is given in Fig.40. The amplified signal is fed to an oscilloscope for

visualization and measurements.

In order to evaluate the device’s performances, the following device’s characteristics were eva-

luated: sensitivity, linearity, resolution, frequency response and dynamic range.
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4.1. Experimental Set-Up.

The principle of the testing method is to apply known accelerations to the device, which will be

referred as reference acceleration, and to measure the corresponding device’s response.

In order to apply known accelerations to the device under test, DUT, this and a reference acceler-
ometer are placed on a mini vibration table, MINI SHAKER 4810. The maximum bare table
acceleration peak is 71.4g. The performances of the vibration table are limited by the moving ele-
ment’s dynamic mass and by the mounting conditions. The vibration table will be referred to as

exciter.

The reference accelerometer is a general purpose, standard piezoelectric accelerometer, Bruel &

Kjer 4381, with a side mounted connector. Its voltage sensitivity is 0.994 mV / ms™2. The refer-
ence accelerometer’s frequency range is 0.1 Hz to 2 KHz for worst case mounting conditions. Its

dynamic range goes from 0.1g to 50g.

The signal from the reference accelerometer is read by using a charge amplifier, Bruel & Kjer
2635, which allows the user to set up a frequency range, signal gain, sensitivity and measurand
(i.e. displacement, speed or acceleration). The amplified signal from the reference accelerometer
is visualized on oscilloscope. It can represents either displacement, speed or acceleration depend-
ing on user set-up (because the Bruel & Kjer 2635 type charge amplifier can also integrate the sig-
nal once or twice). A reference acceleration range from 0.1g to 10g was used for measurements.

The experimental set-up is shown in Fig. 41.
A 50 MHz programmable waveform synthesizer generates a sine signal of known frequency and

amplitude. This signal is fed as input to a stereo amplifier, PA 7220. The amplified signal drives

the exciter. Thus the wave generator and the stereo amplifier make the exciter’s driver.
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Fig.40 Schematic representation of the amplifier circuit
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The amplitude of the sine driving signal will determine the physical displacement to either side of
the table’s rest position. Thus the form and period of the vibration remain the same whether it is

the side displacement, velocity or acceleration that is being measured using the reference acceler-
ometer. The main difference is a phase shift between the amplitude - time curves of x, v, a param-

eters [40].

The acceleration generated by the exciter (i.e. vibration table) is proportional to Aw? for a sine
drive signal. The generated acceleration has the same period with the drive signal. I determined
experimentally that the reference accelerometer and the device under test, DUT, have also the

same period with the drive signal.The measurement was done for frequencies up to 1KHz.

I have measured also the delay time of reference accelerometer in respect with the drive signal.
The measurement was done with the reference accelerometer mounted directly on the vibration

table. The delay time was less then 10 psec for drive signal frequencies up to 1 KHz.

4.2 Measurements

In order to characterize device performance, the experimental set-up from Fig.41 was used. The
device under test, DUT, and its instrumentation amplifier were connected to a DC voltage source

and hence, when the sensors’ resistance changes, a signal develops at amplifier’s output terminals.

This signal varies accordingly to the applied acceleration. It is visualized simultaneously with the
signal given by the reference accelerometér, on the oscilloscope screen. The device’s response
signal is synchronized in respect with the reference acceleration’s signal. An amplitude reading
resolution of 0.2 mV can be obtained on screen. This value is very low compared with the noise at

the device’s amplifier output terminals, which was 10 - 20 mV.
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4.2.1.Frequency Response

The device’s response versus frequency is measured at a given applied acceleration.The fre-

quency domain of the driving signal of the vibration table for which the reference acceleration is

constant is first determined.

The amplitude of the reference accelerometer is measured at different frequencies, f, of the drive

signal for a given drive signal amplitude, A. I have determined experimentally that the reference

acceleration is constant for 40 Hz < f < 160Hz, A = +/- 40 mV and for 36 Hz < f < 140 Hz, A = +/

- 100 mV.

Sine wave gen.

Osciloscope

Power
amp.

Ref.

Acc.

DUT

Conditioning
amplifier

L)

Dift. DUT O/P
measurement

JChl

%7777

ibration table

Fig.41 Experimental set-up
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Then, the frequency of the drive signal is changed in steps of 2Hz or 10Hz within the above fre-
quency ranges., keeping constant drive signal’s amplitude. For each step, the delay of device’s

response in respect with the reference acceleration is measured.

Using the measured device’s delay time value, the phase is calculated with the relationship:

0 =[d/T ef x 360 (121)

4.2.1a. PolySi Bridges

The heater and the sensors are polySi resistors of 14 um width and 2000 wm length with resis-
tance values of 20.8 Kohm for heater and 18 Kohm for sensors. Heater-sensor separation is 175
pm. The cavity depth below them is 80 pm. The high above the heater is around 1cm. The mea-
surements were done at +/- 40 mV and +/- 100 mV drive signal’s amplitude, respectively. The

heater power, Py, was a constant parameter during each set of measurements. I have been using
Py values of 45 mW, 20 mW, 11.5 mW and 5mW in my measurements. A constant acceleration of

3.55g +/- 0.1g was applied to the device. The device’s response versus frequency for A = +/-

100mV is shown in Figs 42 and 43. The frequency value, f 34g, is 45 Hz for Py= 5SmW (Fig.42)
and 70 Hz for Py= 45 mW (Fig.43). These values correspond to 3.54 and 2.3 msec device’s

response time, respectively.

The results are in good accord with the analytical model results. Based on the analytical model, a
device response time of 1.2 ms was calculated (Section 2.4.2). I have shown also that the model

predicts increase of the device response time as the temperature at the sensor location decreases.

The difference between measured and calculated values of response time could be due to the SiO,

layer around the polySi resistor which makes its actual characteristic dimension almost three

times larger.
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4.2.1b Silicon Resistors Device

The devices made out of Si show no response. The heater voltage varied from 1 to 5 V which cor-
responds to a heater power from 0.9 mW to 12 mW. The heater - sensor separation was 5 and 8
pwm, respectively. The cavity depth and the high above the heater were 100 - 130 pm and ~ Imm,
respectively. The device behaved as a very sensitive flow meter, instead. Based on this, it can be
concluded that the heater - sensor separation was too small for +/- 1g applied accelerations which
could not induce detectable air movement in the close vicinity to the heater. Hence all the mea-
surements were performed for the polySi devices due to the lack of response from Si resistor

based devices.

4.2.2 Device Calibration and Linearity

The measurements were done recording device output and corresponding reference acceleration
values, at constant drive signal amplitude and different frequencies. The frequency domain of a

drive signal for which the reference acceleration was not constant has been used.

The device calibration at drive signal amplitude +/- 40mV was done for heater power values of

45, 20, and 11,25 mW, respectively. The device’s calibration curve is shown in Fig.44 for Py=20
mW, A=+/-40mV and for Pp= 11.5 mW, A= +/-40mV in Fig.45. The straight lines represents first

degree polynomial fit. The device response exhibits deviation from linearity. There is mismatch

between the device’s response curve and a linear behavior. The error is less than 10%.

Considering the experimental results from device frequency response and device calibration, it

can be concluded that the drive signal amplitude does not influence the device output.

118




. Frequency Response. Amplitude

10 ---------------------------------- . .' ----- :---. : : . -.l---
—_ .......-.Rh.:.ﬁmw.-.. ....................... Lecoasa [ j..-.;..--t-..u-.j .......................
S . SO OUOOE SUNNS NONS SO -
: f =
: | - ot
%0 : L
k) Co
< S SO 4
& ] e
3 . perymeemieseeee
= : e
) ¥ et o -
2 : R - -
» : . : .
2 O P R S N R VR e RPN L
A ! B Uabel

10‘1 ; L . l!

10 10
Frequency, log [ f (Hz) ]

Fig.42 Device’s frequency response at Py = 5 mW. Drive signal’s amplitude = 100 mV

4.2.3. Device Sensitivity

The device sensitivity, S is defined as the relative change of the output voltage per unit of applied
acceleration, a or differential temperature, dT at the two sensors

14

e 1
oux

S=ar*v,
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Fig.43 Device’s frequency response at Py = 45 mW. Drive signal’s amplitude A =100 mV

By substituting Vp, the sensitivity can be expressed as:

~ dR _1
S=F X7 (122)

so that the device sensitivity is given mainly by the temperature coefficient of its resistances.
The sensitivity was evaluated from the device calibration curves (Figs. 44 to 47). The experiment
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Fig.44 Device Calibration: Py=20 mW, A = +/- 40 mV

tal curves can better be approximated with second degree polynomials (Figs.46 to 47), thus V=

c) a + ¢,. Hence the device sensitivity is S =2 ¢ | a and it is changing over the measurand range.

I have calculated the device average sensitivity as the mean approximate derivative of the device

calibration curve. The values are listed in Table 16.

Data from Table 16 correspond to a device with a cavity depth = 80 um, high above heater = lcm,

resistance value = 20K +/- 10% and measurement circuit gain, Ay = 1000.
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Fig.45 Device Calibration: Pg= 11.25 mW, A = +/- 40 mV

Table 16: Sensitivity vs. heater power

S[mV/m*sec?] | Py [mW] | Vyx[V})

0.50 45 +/- 15
0.22 20 +/- 10
0.17 12.5 +/- 1.5

It can be seen from Table 16 that the device’s sensitivity increases as heater’s electric power

increases. An increase in heater’s electric power corresponds to an increase in heater’s tempera-
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ture. This in turn will determine a temperature increase at sensor location. The temperature gradi-
ent increases. Thus the temperature difference induced by an applied acceleration is increased at

the same location if the heater’s power increases.
I have estimated the heater and air temperatures at equilibrium using the analytical model. The
values are given in Tablel7. A comparison of these values with those evaluated from measure-

ments is given in Table 19.

Table 17: Heater and air temp. at 175um away vs. Py

Py [mW] 45 20 12.5
dTy [°C] 300 200 100
T i [°C] 78 53 36

The sensor temperature was determined experimentally, indirect, by measuring the sensor’s
resistance versus heater’s electric power. The measurement circuit’s schematic diagram is shown

in Fig.48.

V out corresponds to sensor’s resistance change. The voltage change at sensor corresponds to a
bridge differential voltage. Thus
dVsnz=Vou/Ay=[dR/R] x Vg (123)
where:
Ay =circuit gain =21
Vg =bridge voltage=35V
dR / R = relative sensor’s resistance change.

Here
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Fig.46 Device linearity: PH= 20 mW, A = +/- 40 mV

dR/R=TCR x dT

with dT = sensor temperature variation

TCR = temperature coefficient of resistance =5 x 104cl.

By substituting eqn.124 into eqn.123, I get:
dVSNZ= VB x TCR x dar

dV snz/Vg=TCR x dT=0.05%/° C

Based on measured dV gyz values, the following sensor’s temperatures were estimated:

(124)

(125)

(126)
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Fig.47 Device linearity: Py= 11.25 mW, A = +/- 40 mV

Table 18: Sensor temperature evaluated from

measurements
P g [mW] 45 20 12.5
dT [°C] 78 35.2 19.4
TEC] 98 552 394
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Offset Adj.

V+

Fig.48. Schematic circuit diagram for sensor’s temperature measurements
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The calculated and measured temperature values are presented in the same table for comparison,

(Table19). The measured values are in good agreement with those given by the analytical model.

4.2.4. Device Resolution

The minimal change of the measurand value necessary to produce a detectable change at the out

Table 19: Calculated and measured sensor temperatures

Py [mW] 45 20 12.5
Trmodel [°C] 78 53 36

T measured 98 55 39

[°Cl

put represents, by definition, the resolution. The device resolution is determined by its sensitivity
and measurement noise. The experimental measurement noise is 10 - 20 mV (output noise). The
measurement resolution, Z, is calculated from experimental data as follows

Z=V,pice! S (127)

By substituting S values from Table16, I got the reading resolution versus bridge voltage. The val-

ues are listed in Table20.

Table 20: Reading resolution

VplV] 7.5 5 3.75

Z[g] 0.036 0.08 0.1

The reading resolution increases as Vg increases.

The reading resolution of sensor’s temperature is calculated as follows:

127




ForVg=75VanddV ,, =1V
dv ,./Vpg = 0013%
thus dV ¢ = 1V represents 0.013% in respect with Vg. From eqn.126,dT = 0.013 x 20°C =
0.26 ° C. or 0.1 V output voltage for 0.026 ° C temperature change at sensor’s location.
For this measurement conditions, Vg =7.5V, V gy = +/- 15V, A y = 1000 and the device sensitiv-

ity is S = 0.5 V/ g. Hence the output voltage change per unit g corresponds to a temperature

change per unit g of

dV/g=05x026/1=0.13°C/g.

This value is in very good accord with that given by the analytical model, 0.1 ° C (Section 2.3.2).
The calculated values are based on average sensitivity data. Device resolution and temperature

reading resolution at different bridge voltages are listed in Table21.

Table 21: Acceleration and temperature resolution

VelV] 7.5 5.0 3.75
Z[(g] 0.036 0.08 0.1
Z temp ec |013 0.09 0.096
4.3 Measurand Range

The measurand range is the measurand interval of values over which the sensor is intended to
measure. Since the moving component in the device structure is the air, the upper limit of applied
acceleration without damaging the device is that given by the mechanical resistance at shocks of
the suspended bridges. Due to device working principle, there should be no limitation for device

functioning at high accelerations. The maximum applied acceleration during device testing was
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+/-5g, value determined by the experimental set-up. No damaging of the device was observed.

The bridge oscillations at high acceleration, vibration levels might be possible. These would
induce resistance variations due to piezoresistive coefficient of silicon or polysilicon, respectively.
Metal resistors do not exhibit this susceptibility, thus it would be more appropriate for device

working at high acceleration levels.
The measured device sensitivity was 0.1 to 0.04 g. Thus a minimum of 0.04 g can be measured
with the present device configuration. Further optimization could lead to 0.001g level device sen-

sitivity.

The estimated device measurand range is 0.01 to 10 g.
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Chapter 5. Conclusions

A new type of thermal accelerometer fabricated by application of bulk micromachining technique

has been demonstrated in this thesis.
Layout and design criteria were presented.

Analytical models were developed to describe device behavior based on its simplified representa-
tions. The device response time and temperature values at sensors location predicted by the ana-

lytical models are in good agreement with the experimentally determined values.

Device simulations were performed to get insight into device behavior and to compare simulation
and analytical results. Simulation results show device behavior similar to that given by the analyt-
ical models. The main heat transfer mechanism is conduction with buoyancy effects taking place
in the far field region. For heater’s characteristic dimensions in the few microns range, the bound-
ary layer assumption is no longer valid. The temperature field around the heater is split into near
and far field, with conduction being the predominant heat transfer mechanism in the near field.
This behavior prevent devices made with narrow (within near field width) heater - sensor separa-

tion to work.

The sensor temperature’s values given by the simulation results are different within 20% from
those based on analytical calculation. The differences can be attributed to the fact that simulations
take into account all air properties changes with temperature, while analytical models consider

only air properties at Tyyerape = [ TH + Tambient 1/ 2-
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Two device’s type were fabricated using bulk micromachining technique. Micromachined SiO,
bridges sandwiching a polySi resistor were employed as temperature sensors to measure the
device’s acceleration. Resistors made out of heavily B-doped silicon bridges were also used as

temperature sensors. Both device types were characterized.

Silicon suspended resistors exhibit potential advantages of minimum width, high TCR, thus fast
response and high sensitivity. Also, the TCR of Si resistors is almost constant over a wide temper-
ature range. Fabricated devices based on Si bridge structures behaved as very sensitive flow
meters, showing no response to applied accelerations in +/- 1g range. The lack of response may be
due to close proximity (Spm and 8um, respectively) of sensors to the heater, which might pre-

vent sensing of air movement. Thus all measurement results are for polySi resistors device type.

The measurement set-up for device characterization was configured using a miniature vibration
table. Known accelerations were applied to the device under test. The two device’s temperature
sensors were placed into an Wheatstone bridge configuration operated at constant voltage. Electri-
cal signal output from the resistor bridge was amplified using a standard instrumentation amplifier
configuration. The amplified signal was visualized and measured on a two channel oscilloscope.
Applied accelerations ranging from +/- 0.1g to +/- 5g were measured with an accuracy of 0.04g.

A device response time of 3.18 msec was determined based on its -3dB frequency values. This

experimental value is in a fairly good accord with the value of 1.2 msec predicted by the analyti-

cal models. The difference between measured and calculated values of the response time is

mainly due to a difference in actual characteristic dimension of temperature sensor. The SiO,

layer around the polySi resistor makes its actual characteristic dimension about three times larger.

The device’s sensitivity was evaluated from device’s calibration curves. An average sensitivity of
0.2mV / g was experimentally determined. Experimental data have been shown that the device’s

sensitivity is a function of heater power. It increases as heater power increases, at a given TCR of
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temperature sensors. A sensitivity of 0.5 mV / g was measured for Py = 45 mW.

The device response is almost linear. The deviation from a linear behavior may be due to a change

in TCR with temperature change.

The new accelerometer’s structure presented in this work has two main advantages over the exist-
ing devices. One is that the device has no moving solid parts. That makes it robust and reliable.
The second is that the device’s sensing range and sensitivity can be adjusted, for the same physi-
cal device’s configuration, by changing the heater’s electric power. The heater’s temperature can
be maximized to measure the smallest acceleration which can be detected for a given accelerome-
ter size. The same accelerometer can be used to detect larger accelerations by reducing the hea-
ter’s temperature. Thus both high and low-g acceleration ranges are available with the same
device. This is a distinctive feature of the new proven structure compared with the existing ones,

which can be used only for either low or high-g levels. Another advantage of the new device is its

simplicity,. which makes it less costly and easy to fabricate.

Some of the demanding applications of acceleration sensors are in automated manufacture, auto-
motive and other vehicles, vibration and seismic monitoring and in scientific measurement. The
new device can be used as a durable and inexpensive sensor in car air-bag actuators as well as

other automotive sensors (suspension systems, locks). Another possible applications are tennis

balls impact acceleration detection and vibration monitoring.
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