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1. Introduction

A Complementary Metal-Oxide Semiconductor
(CMOS) microhotplate-based gas-sensor SoC (System
on a Chip) currently under development [2] requires
sub-micron integrated-circuit (IC) technology to pro-
vide the desired level of performance in a practical-size
IC die. A precursor for the microhotplate and the asso-
ciated signal-processing and control circuits will be
fabricated simultaneously in the same standard-CMOS
IC-foundry technology. The die will then be further
processed (post-processing) to convert the precursor
for the microhotplate into a functional microhotplate.
[3] This is accomplished by cutting open areas through
the CMOS dielectric to expose the silicon substrate,
which defines the edges of the microhotplate. Etching
the exposed silicon then undercuts and suspends the
microhotplate over an etch pit in the silicon substrate.
Suspension of the microhotplate over the etch pit pro-
vides the thermal isolation necessary to allow the
microhotplate to reach temperatures as high as 500 °C
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with practical power levels and without significant
heating of the die on which it is located.

Previous development work [4] on CMOS microhot-
plate-based gas sensors was carried out by using a
mixed-signal technology that allowed on-chip control
of heater voltages as large as 13 V. However, in order to
obtain sufficient functionality, it will be necessary to
produce the SoC in a submicron technology that can
provide no more than about 3 V to drive the microhot-
plate heater. Therefore, efficient use of the available
voltage to increase the temperature will become a much
more important consideration.

The purpose of this paper is to describe a simple ana-
lytic model of the electro-thermal performance of a
microhotplate that is suitable for first order design of
microhotplates to meet specific temperature, voltage,
current, and power requirements. General results are
then derived from the model and a first-order design
strategy based on these results is presented. This infor-
mation should not be needed by SoC designers who
wish to incorporate a microhotplate into an SoC, but is
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expected to be useful to intellectual-property (IP)
designers who wish to produce microhotplate-based
virtual components (VC), which will encapsulate the
microhotplate and associated control and signal-pro-
cessing circuits in a digital interface, for use in SoC
designs. It is expected that an empirically improved and
extended model will be incorporated into the simula-
tion capability included with the VC.

The remaining sections of this paper 1) outline the
derivation of expressions for the heater current, volt-
age, and power as a function of the microhotplate tem-
perature based on the assumption that the microhotplate
properties are independent of temperature, 2) describe
an approximation to correct for the dependence of the
heater resistance on temperature, 3) describe a micro-
hotplate-design strategy based on this model, 4) illus-
trate the use of this model to design a microhotplate to
reach 500 °C with a heater voltage of 3 V in a typical
0.5 um technology, 5) compare the predicted and meas-
ured performance of a microhotplate fabricated accord-
ing to the design developed from the model, and 6)
summarize general conclusions arising from this work.

2. Constant Thermal Properties

Consider a homogeneous, rectangular, polysilicon
heater leg (heater lead) defined for X; >2x >0, Y, >y >
0, Z, 2z 2 0 and a second homogeneous rectangular
polysilicon heater leg defined for 0 >2x > -X,, ¥, >y >
0, Z, 2z =2 0 as shown in Fig. 1. Assume that the tem-

perature gradients in the y and z directions are negligi-

ble, let 7(x) be the temperature at the point x in the

heater leg relative to a reference temperature 7, and let

p, and k, be the resistance per square of the polysilicon,

and the thermal conductivity of the polysilicon, respec-

tively.
Further assume that

* heat sinks at temperature 7 are located at the points
x=-X,and x = X,

* the leg heaters are connected in electrical series at the
plane x = 0 through a heater of resistance 2R, that
simulates the microhotplate platform' heater, and that
will be assumed to be isothermal in this paper,

* the thermal conductivity of the polysilicon heater £,
is replaced by an effective thermal conductivity £,
that includes the contributions of all of the other com-
ponents of the heaters legs that are thermally in par-
allel with the polysilicon heater.

This structure provides a simple model of the thermal

performance of a microhotplate with a platform heater.

With the simplifications of this model, the resistance of

each heater leg is given by

Xl
R=p, Y
the total resistance of the microhotplate heater is given
by

(1)

R,=2R+2R, )

and the effective thermal conductivity is given by

. > A
I
1
Polysilicon heaterleg ; Polysilicon|heater leg
1
1 1 1
X = X x=0 > A xix
YA
A A

-

IeY1

Fig. 1. Top and cross-sectional views of a polysilicon heater used as the basis for a microhotplate model with

definitions of pertinent design variables.
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! Elsewhere, “platform” is also used to distinguish the microhotplate
structure from a more complex structure that includes the microhot-
plate structure as a component, such as a microhotplate-based gas-
Sensor.
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where k; is the thermal conductivity of the ith compo-
nent in the microhotplate leg, with the subscript 1
already assigned to the polysilicon heater and the sub-
script 0 assigned to the dielectric layers that encapsu-
late the microhotplate.

With these assumptions, the power dissipated in a
rectangular differential volume dxY,Z, centered on the
point x in one of the heater legs is given by

dx
2
P=1Ip, 7

1

4)

The equation describing the steady-state heat flow at
the point x is

P I’p,
&Yz ¥z
where p, and k, have been assumed to be independent

of temperature [1]. The boundary conditions are given
by

)

V- (kVT(x)) =k, i—iT(x) =-

T(=X) =T(X) =T, (6)
and
d _ IR,
ET(X) \x:o—ikeylzla (7

where the plus sign on the right hand side of Eq. (7)
applies for x < 0 and the minus sign for x > 0. Note that
the two boundary conditions represented by Eq. (7) state
that half of the power dissipated in the microhotplate
platform heater (of resistance 2R,) flows down each
heater leg, as required by the symmetry of the model.

It is readily verified that the solution to Eqgs. (5-7) for
x <0 is given by

I’X,
kY,Z

e 171

() =T+

(&,<l+§)+§(l—% ] ®)

and that the maximum microhotplate temperature for a
given heater current / occurs at x = 0 and is given by

I’X, R
+— |
2

Equations (8 and 9) show that if any power is dissi-
pated in the heater legs, which will always be the case
because R cannot be zero, it will contribute to heating
the microhotplate platform, but with only half the effi-
ciency of the power dissipated in the platform heater. It
is noteworthy in this connection that the conventional
trampoline geometry for microhotplates with low-

)
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resistance leg heaters in series with a higher-resistance
meander heater on a large platform maximizes platform
heating relative to leg heating. It is also noteworthy as
a consistency check that Eq. (5) above can be trans-
formed into the time independent version of Eq. (1) of
Sec. 4.10 (the equation of conduction of a thin wire
heated by an electric current) in [5], but the further
development is quite different because very different
applications are being considered.

3. Correction for Temperature-
Dependence of Heater Resistance

Typically, ab initio thermal models of microhotplates
are not very accurate even when the models are imple-
mented in sophisticated finite element solvers. The
cause of this problem is that the pertinent thermal prop-
erties and especially their temperature dependences are
poorly known, vary from one fabrication process to
another for nominally identical material, and even vary
from device to device when manufactured with the
nominally same fabrication process. However, it is pos-
sible to make a fairly accurate correction for at least
one significant source of error in Eq. (9). Specifically,
the electrical resistance at the point x in the leg heater
is well approximated by

R(T(x)) = R[1 + oT(x)], (10)
where « is the temperature coefficient of electrical
resistance of the polysilicon heater, which is approxi-
mately constant over a large temperature range.
Therefore, the accuracy of Eq. (9) can be improved by
the simple step of replacing the platform temperature
R, in Eq. (9) by

R(T(x)) = R,[1 + al(x)]. 11)

Similarly, a correction can be made for the effective
temperature coefficient B of the entire polysilicon leg
heater, which is defined by

R[1+ BaT(0)] —ijo [l+oT(x]dx (12)
X, J-n
Within the accuracy limitations imposed by other
sources of error, substitution into Eq. (12) of the
approximate expression for 7(x) given in Eq. (8) yields
an excellent approximation for 3, namely
3R, +2R {304—2}
6R, +3R ’

60 +3

(13)
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where
= i 14
o= 7. (14)
Therefore
I’X, R
T(0)= Wz {Rp[l +aT(0)] +E[l +BaT(0)] }+ T (15)

provides a more accurate approximation than Eq. (9).
Note that ¢ is always finite for a micohotplate because
there must always be some resistance associated with
the leg heaters.

4. Solution of Eq. (15) for Current,
Voltage, and Power

In this section the microhotplate current, voltage, and
power are expressed as a function of the microhotplate-
platform temperature in forms useful for designing
microhotplates optimized for low-voltage operation. To
start, it is convenient to define AT as the microhotplate
temperature in air, which is approximated by

AT = C(T(0) - 1)) (16)
where C, is an empirical constant that accounts for the
radiation, air-conduction and air-convection heat losses
from the microhotplate because these are not account-
ed for in Eq. (15). Comparison of measurements of pre-
vious microhotplates in vacuum and air have shown
that C, is approximately constant over a large tempera-
ture range, which justifies the use of Eq. (16). The use
of AT emphasizes the fact that 7(0) is measured relative
to 7(X)).

Equations (15) and (16) can be combined to give

(X 2k,Z AT
X, \ p.{20[C, +ax AT1+[C, + Ba AT]}
Next, Ohm’s law can be used to replace / in Eq. (17) by

the voltage V/R,, where R, is the total heater resistance
defined in Eq. (2). The result is

v \/BkcpSZ,AT{(G[Ca +a AT)+[C, + Ba AT])
(18)

amn

C; 20[C, +a AT1+[C, + Ba AT]
and the product of Egs. (17) and (18) gives the power
dissipated in the microhotplate platform and legs as

o[C, +a AT]+[C, + Ba AT]
20[C, +aAT]+[C, + Ba AT]

(19)

p_[4hZY AT
CaXl
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Notice that both the microhotplate current / and
power P are inversely proportional to the length X, of
the microhotplate leg, but that the microhotplate volt-
age V is independent of X,. Therefore, it is easy to
reduce the current or power required to heat a micro-
hotplate to a given temperature by increasing X;, but
the required voltage will remain unchanged. This fact
suggests that a microhotplate should first be designed
to meet the maximum temperature and voltage require-
ment imposed by the application and fabrication tech-
nology without regard to current and power constraints,
and then separately optimized to meet these constraints.

Toward this end, it is very convenient to rewrite Eq.
(18) as

Ve, (20)
£T8V
where
- 8k,pZ, AT l+206AT ’ @1
C, 3C,
kIYIZl
E. = ’ 22
! ZkiYiZi ( )
e, =e,(0,aAT/C,) =L QRO = 3
[0+ f(0)]
and
1+ BaAT/C
O :—a. 24
/(@) 1+ AT/ C, 29

The parameter V;, in Eq. (20) is the characteristic
voltage as a function of platform temperature that is
available from a given IC fabrication process. This
voltage contains all of the parameters that cannot be
varied by the microhotplate designer once the fabrica-
tion process has been chosen. The product of &; and &,
in the first factor on the right-hand side of Eq. (20) is a
figure of merit that contains all of the parameters that
can be varied by the microhotplate designer. The
parameter &; is the thermal-efficiency of the cross-sec-
tion design of the microhotplate leg. A microhotplate
leg that consists only of a polysilicon heater has the
maximum thermal-efficiency, and any other compo-
nents that are added to the microhotplate leg, such as
dielectric encapsulation and temperature-sensor leads,
decrease &; from its maximum value of unity by adding
parallel conduction paths.

The parameter &, is a figure of merit that describes
the efficiency of voltage utilization of the partition of
the heater resistance between the microhotplate legs
and platform. The range of variation of &, with o is
plotted in Fig. 2 for 0.01 < ¢ < 10 with ox AT/C, = 0.01
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Fig. 2. Plot of e versus o for A: ¢ AT/C,=0.01, and for B:  AT/C, =
3.1623.

and a AT/C, = 3.1623. This figure illustrates two points
about &, . First, to obtain the highest temperature from
a given voltage, it is important to reduce o below about
0.25, but below this value, the exact value of ¢ makes
little practical difference. Second, &, varies little with
o AT/C, in the region where &, is near its maximum
value. This is the reason why in the design of low-volt-
age microhotplates, which implies small o, it is practi-
cal to treat &, as if it were a parameter set by the choice
of fabrication process independent of application (tem-
perature).

The expressions for the microhotplate current and
power can also be partitioned into factors that do and
do not depend upon the parameters available to the
microhotplate designer. Specifically,

(X 2k Z, AT
X, N p,Q2o[C, +a AT+ Ca+ BaAT)

v\ [1
_(7]] 8TeII°’ (25)
and
po | Ao+fo) |2kZAT
NS RN e
Y, 1
{5 Jee ) =
where
p.[C. + 0 AT]
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e 9
g=20+f(0), (29)
_ 20+ f(0) (30)

" 20+ f(0)

and & is the thermal efficiency of the microhotplate
design with respect to the partition of heating between
the microhotplate legs and platform, and & is a figure of
merit with no obvious simple interpretation. Note that
when o << 1, which means that most of the heating
takes place in the microhotplate legs, & = 0.5, but when
o >> 1, which means that most of the heating takes
place in the platform, & = 1, which is the factor of two
difference in thermal efficiency between platform-only
and leg-only heating. Also, note that only the right-
most factor on the right-hand side of Egs. (20), (25),
and (26) is fixed by the IC fabrication process being
used and cannot be varied by the microhotplate design-
er. The other five factors are determined by the micro-
hotplate layout: X, and Y, are layout variables, &, and &,
depend upon the partition of heating between the
microhotplate legs and platform, and &; depends upon
the microhotplate-leg cross section.

5. Design Strategy Based on the
Microhotplate Model

Equations (20), (25), and (26) facilitate the design of

a microhotplate for low-voltage operation with the fol-

lowing steps:

1. Let AT, . be the specified maxi-
mum values of the temperature difference between
the microhotplate platform and the heat sink, the
microhotplate voltage, power, and current, respec-
tively.

2. Set V and AT in Eq. (20) to V., respec-
tively, and solve for & under the assumption that
o= 0, which implies that &, = 1.

» If & > 1 or is unrealistically close to 1, try a dif-
ferent fabrication process or choose a lower value
for AT,

3. Constrain the microhotplate-leg cross section by a
design function Y, = f(Y}, Y2, ...) as illustrated later
in this paper.

4. Simultaneously solve Eq. (22) and Y, =f(Y;, Y2, ...)
for Y, to complete the design of the microhotplate
cross section.

5. Set/and ATin Eq. (25) to [,
ly, and solve for X, .

|4

max>

P_.,and [

max» max

and AT

max>

and AT

max>

respective-

ax
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6. Set P and AT in Eq. (26) to P,,
tively, and solve for X|,.

7. Set X to the maximum of X;; and X|,.

8. Now that an approximate value of X, is available,
use other design constraints to choose an approxi-
mate value of o and repeat steps 2 through 7 to fine
tune the design by further changes to &, 0, X}, or Y.

and AT

max>

respec-

ax

As long as ¢ < 0.25, there will be little difference
between the results of the first and second iteration, and
further iterations will usually be unnecessary. In fact,
according to Fig. 2, the voltage performance will usu-
ally be somewhat improved, but at the cost of current or
power performance. The design process described
above is illustrated in the following section, which also
compares the measured and predicted performance of a
microhotplate designed as described above.

6. Example and Model Validation

Consider designing a bridge-type microhotplate in
the 0.6 um MOSIS-AMI C5N [6] CMOS-fabrication
process. Assume that the layer properties for this
process are those given in Table 1. These value are
based on adjusting literature values for the thermal
properties of the process layers to give a good fit to
results for higher-voltage microhotplates fabricated in
the MOSIS-AMI ABN [6] 1.6 um fabrication process.
Further assume that C, = 0.7 based on previous meas-
urements of the same microhotplates.

For simplicity, the glass encapsulation is treated as a
single layer in Table 1. If sufficient data are available
about the individual layers making up the encapsula-
tion, then they can be considered separately, but this
will not improve the accuracy of the model predictions
without detailed information about the thermal proper-
ties and thickness of each layer as a function of the
presence or absence of adjacent layers. The Minimum
Width w; and Minimum Separation s, for the
Polysilicon in Table 1 are design rules specified by the
MOSIS-AMI C5N process. Currently there is no design

rule for the Minimum Separation s, for the Glass
Encapsulation, which is the minimum distance between
a polysilicon structure and an open area [4] that is used
to expose bare silicon for releasing CMOS MEMS
structures, but design rules for this distance will be
needed. The choice of s, = 7.8 wm is based on past
experience, but is probably rather conservative.

Next, assume that the design goal is 7,,,, = 500 °C
above ambient with V,,, <3V, [, <10 mA, and P,,, <
20 mW. With this information as well as the informa-
tion in Table 1, it is possible to calculate V,, ,, P,, and
the minimum required value for the product &;&,. The
results are given in Table 2 along with other intermedi-
ate values. In Table 2, d = 2w, = 2s, is twice the mini-
mum design-rule width and separation between polysil-
icon lines for the chosen fabrication process, and D = s,
is the minimum distance between a polysilicon line and
the open area. The parameter d could have been set to
the minimum width and separation between polysilicon
lines for the chosen fabrication process for this exam-
ple, but maximum current density limitations at the
maximum platform temperature 7., which do not cur-
rently exist, will have to be satisfied in practice. These
may even have to be temperature dependent. Also, as
mentioned above, there are currently no design rules
for D in standard CMOS-IC fabrication processes, but
they will also be needed for each submicron process
that is qualified for embedded-sensor SoC fabrication,
and they may also have to be temperature dependent.

A top view of a proposed design for the bridge-type
microhotplate is shown in Fig. 3. Notice that the micro-
hotplate heater has a platform and two identical legs
having uniform cross section along the long axis of the
legs. There is no precise definition for the location of
the boundary between the microhotplate platform and
legs at the level of approximation employed in this
model. The basic idea is that the platform should be
approximately isothermal and that any deviations from
isothermality are not described by the model. The sym-
metry of the microhotplate minimizes the thermal gra-
dients around x = 0, so the platform should be centered
around this point. Any additional platform components

Table 1. Nominal microhotplate parameters for the MOSIS-AMI C5N 0.6 um CMOS process

Layer Polysilicon (i = 1) Glass encapsulation (i = 0)
Thickness, Z; 0.4 um 3.2 um

Thermal Conductivity, &; 0.65 W/em'K 0.014 W/em'K

Resistance per square, pg 25 Q/square oo

Temperature Coefficient of Resistance, o 0.0011 Not applicable

Minimum Width, w; 0.3 um Not applicable

Minimum Separation, s; 0.3 um 7.8 um
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Table 2. Design parameters fixed by the specific application and
fabrication technology given in Table 1

Parameter Value Unit
T 500 K
Vin 3.0 v
1, 10.0 mA
Py 20.0 mW
Vo 2.38 v

1 0.0289 mA
Py 0.0743 mW
Eréy 0.627

d 1.2 wm
D 7.8 nm

such as temperature sensors, sensing films (not shown),
and electrodes (not shown) for making electrical con-
nection to sensing films will contribute parallel thermal
conduction paths that will reduce the thermal gradients
in the platform.

The portions of the heater located in the microhot-
plate legs are the leg heaters, and the portions located
in the platform are the platform heaters. Notice that the
heater consists of two electrically parallel strips of
polysilicon, each of which constitutes half of the heater.
Figure 4, which shows a cross sectional view of one of
the microhotplate legs shown in Fig. 3, presents a con-
venient partition of the microhotplate leg into compo-
nents based on the data given in Table 1.

According to Fig. 4, Y| is constrained to satisfy the
design function

Yo=f(Y, Y, Y;)=2D+3d+ Y, +Y,+Y;. (31

Microhotplate leg

— A

Platform

To continue the design, let

Y,=Y,=d, (32)
as discussed above. Therefore,
& = kIY;ZI
U kY Zo+ (k= k)Y + Y, +Y)Z
_ k1Y1Z1
kYo Zy +k (Y, +Y, +Y,)Z, (33)

where the approximation on the right-hand side of Eq.
(33) provides a design margin.

Tables 3 and 4 present the results of two iterations of
the design process following the steps outlined above.
Based on the results of the first iteration, it was decid-
ed to use w, and s, to define the dimensions of the poly-
silicon meander in the platform temperature sensor
while maintaining the geometry shown in Fig. 3, and to
set X, = 85.5 um. These choices set X, = 5.4 um, which
made o= 0.05614.

Once preliminary values for Y, ¥,, X,, and o were
available, the second design iteration, the results of
which are listed in Table 4, was carried out. These
tables illustrate a number of important points. First, the
model developed in this paper predicts that it will be
possible to obtain useful temperatures with CMOS
microhotplates designed for low-voltage operation.
Second, the length of the heater leg decreased a little
during the second iteration, but not enough to make a
third iteration with a new value of o and X, seem

Micronhotplate leg

7 e

1]

] [
[ [

%%

%%

)

- -
n ] e

2Xp

Fig. 3. Top view of a bridge-type microhotplate that is modeled here including the assignment of the model

design variables.
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Fig. 4. Cross-sectional view of a bridge-type microhotplate that is modeled here including the assign-

ment of variables to the model developed here.

Table 3. Example of the first iteration of the design process
described in this paper based on the assumption that o= 0

Parameter Value Unit
o 0.0

&y 1.000

er 0.629

Y, 14.65 pm
Y, 36.25 wm
Xi1 86.5 wm
Xip 57.7 pm
X, 86.5 um
AT 500 °C
V(T) 3.00 \
(T 6.67 mV
P(T) 20.00 mW

Table 4. Example of the second iteration of the design process
described in this paper based on the assumption that o= 0.0514

Parameter Value Unit
c 0.05614

&y 1.005

er 0.626

Y, 144 pm
Y 36.0 um
Xy 53.6 pm
Xip 80.4 pm
X, 80.4 um
AT 500 °C
V(T) 3.00 A%
(1) 6.67 mV
P(T) 20.00 mW

worthwhile. Had it increased, which can occur with
larger values of o, more iterations may be required.
Third, the values chosen for X}, ¥,, ¥, after the first iter-

250

ation are all integer multiples of w;/2 = 0.3 um as
required when laying out the microhotplate design for
the MOSIS-AMI C5N process.

The final microhotplate dimensions were chosen to
be a little more conservative than those given in Tables
3 and 4, and a microhotplate with the dimensions given
in the caption to Table 5 was fabricated and tested. The
first test was to calibrate the temperature sensor as
described in Ref. [2]. The second test was to force dif-
ferent currents through the microhotplate heater and to
measure the resulting heater voltage and platform tem-
perature, the latter being calculated from the tempera-
ture-sensor calibration. The results are given in Table 5.
The ratios of the measured temperatures and voltages to
the predicted temperatures and voltages are also given
in the table. The ratios of the measured to predicted
powers are not included in the table because they are
identical to the voltage ratios to within rounding error
because the theoretical and experimental input currents
are identical.

The agreement between the predicted and measured
results are not particularly good, but they are good
enough to provide a practical design for the microhot-
plate. Specifically, the design goals, namely that 7, =
500 °C above ambient with V,,, <3V, [, < 10 mA,
and P,,, <20 W, were all met. On the other hand, it
may be desirable to have a model that can predict
microhotplate thermal performance much more accu-
rately than the results given in Table 5.

It is not known whether the differences between the
predicted and measured results shown in Table 5 are
caused by errors in the thermal properties given in
Table 1 or by the simplifying assumptions that were
used to derive the model, or both. In the first case, it
would be possible to obtain improved values of the
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Table 5. Comparison of the temperature difference, voltage, and power as a function of applied current as predicted (subscript p) with the model
described here and as measured (subscript m) for a microhotplate having the properties given in Table 1 with o= 0.06316, X; = 85.5 um, ¥, =

15.0 um, Yy =36.0 um, d = 1.2 um, and D = 7.8 um

I(mA) AT, (K) AT, Ratio Vy(V) V. (V) Ratio P, (mW) P, (mW)

1.000 8 6 0.75 0.306 0.292 0.954 0.306 0.292 (mW)
1.500 18 15 0.83 0.463 0.439 0.948 0.695 0.658 (mW)
2.000 32 28 0.88 0.627 0.590 0.940 1.253 1.181 (mW)
2.500 52 45 0.87 0.799 0.747 0.935 1.997 1.868 (mW)
3.000 76 67 0.88 0.982 0.910 0.927 2.946 2.730 (mW)
3.500 107 95 0.89 1.180 1.081 0.916 4.129 3.784 (mW)
4.000 145 128 0.88 1.396 1.264 0.905 5.586 5.054 (mW)
4.500 191 170 0.89 1.638 1.459 0.891 7.369 6.564 (mW)
5.000 248 220 0.89 1.910 1.671 0.875 9.550 8.354 (mW)
5.500 318 283 0.89 2.224 1.905 0.857 12.23 10.48 (mW)
6.000 405 359 0.89 2.592 2.165 0.835 15.55 12.99 (mW)
6.500 514 455 0.89 3.034 2.462 0.811 19.72 16.00 (mW)
7.000 655 564 0.86 3.581 2.803 0.783 25.07 19.61 (mW)

thermal properties with a least-squares fit of the model
predictions to experimental data measured on a number
of microhotplates fabricated in the same process but
having different values of X, Y|, and Y,. Furthermore,
once optimum values for the thermal properties are
available, the model could be used for simulating
microhotplate performance in SoC design projects. If,
on the other hand, the differences in Table 5 are caused
predominately by defects in the model, it should be
possible to improve the model by adding empirical cor-
rection factors whose parameters could also be opti-
mized by a least-squares fit to experimental data. In any
case, a model will be needed for SoC design simula-
tions, and least-squares fitting data from at least a small
number of designs that span a practical design space
will be necessary to improve and/or to validate the
model, as well as to characterize its uncertainty.

The model derived here can also be applied to tram-
poline-type microhotplates having two sets of identical
legs as illustrated in Figs. 5 and 6. Figure 6 shows
appropriate, but non-unique, assignments to the vari-
ables Y,, Y, etc. Note that the structure consisting of
two non-identical legs is treated as a single leg in the
model so that the width of the leg in the model is given
by Y, + Y,. It is beyond the scope of this paper to carry
out a comprehensive comparison of bridge-type and
trampoline-type microhotplates, but two general con-
clusions are apparent. First, if bridge-type and trampo-
line-type microhotplates are designed to be as similar
as possible, then the bridge-type will occupy less area
due to its intrinsically more compact geometry.
Secondly, if the design rules are such that D >> d, as
will probably be the case, then &; for the bridge-type
will be somewhat smaller than &; for the trampoline-
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type due to the presence of the two extra microhotplate
legs in the trampoline-type. For instance, compare Eq.
(31) with

Yo+ Y,=4D+2d+ Y, + Y, + Y, (34)

which increases the denominator in the equation defin-
ing & [Eq. (22)] by k(2D — d) provided that D > d/2.

7. Summary and Conclusion

A simple, approximate model of microhotplate ther-
mal performance has been derived to assist the design
of microhotplates to meet the requirements of low-volt-
age applications. The model shows that confining heat-
ing to the microhotplate platform is the most efficient
use of the available electrical power, but confining the
heating to the microhotplate legs is the most efficient
use of the available voltage. The model also shows that
the voltage required to obtain a given microhotplate-
platform temperature is approximately independent of
the length of the microhotplate heater legs, particularly
when the platform-heater resistance is small compared
to the leg-heater resistance. On the other hand, both the
microhotplate current and power are approximately
inversely proportional to the length of the microhot-
plate heater legs. The model further shows that bridge-
type microhotplates are more thermally efficient than
trampoline types, all other parameters being equal.
Finally, in low-voltage applications it is possible to first
design the cross section of the microhotplate legs to
meet the temperature versus voltage constraints on the
microhotplate and then to choose the leg length to meet
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Fig. 5. Top view of a trampoline-type microhotplate and the assignment of variables
for possible future application of the model developed here.
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Fig. 6. Cross-sectional view of a bridge-type microhotplate and the assignment of variables for possible future application of the

model developed here.

the temperature versus current and power constraints
simultaneously. But a few iterations may be required to
meet all of the constraints.

A number of metrology and standards issues became
apparent during the development of the model
described here. First, standard test structures from
which the pertinent thermal properties for microhot-
plate design can be extracted will be necessary if more
accurate predictions of all microhotplate properties are
desired, particularly when other structures like sensor-
film electrodes are to be incorporated in the microhot-
plate legs. Second, new design rules for the spacing
between structures made from different standard
CMOS layers such as polysilicon-polysilicon and poly-
silicon-open areas as a function of the maximum micro-
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hotplate platform temperature will be needed to support
the development of microhotplate-based virtual com-
ponents for SoC design. Finally, standards for the long-
term stability of the electro-thermal properties of the
different standard CMOS layers, which are also likely
to depend upon the platform temperature versus time
history, will also be needed.
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