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ABSTRACT

Thermal modeling techniques are demonstrated as
they apply to a generic integrated microsensor with a
heat source located on an anisotropically etched sili-
con diaphragm. One- and two-dimensional conduction
formulas, boundary layer convective heat transfer, a
method of images approach for chip-level conduction,
and the finite-element method are discussed, with exam-
ples, as they apply to the generic microsensor.

I. INTRODUCTION

Thermal management of digital and analog integrated
circuits has received considerable attention [1-4].
The additional thermal management challenge presented
by integrated microsensors has received considerably
less attention (5]. This paper demonstrates the devel-
opment of a thermal model for a heated chemically sen-
sitive microsensor and addresses issues relevant to
microsensor integration. The geometry of the generic
heated microsensor treated here is given in Sec. II.
Simple conduction and convection models are presented
in Secs. III and IV. A chip-level model of thermal
conduction which leads to an important conclusion about
integrability is introduced in Sec. V, and the result-
ing lumped electric-circuit analogue is discussed in
Sec. VI. Section VII demonstrates the use of the
finite-element method as a means of achieving increased
accuracy in calculations of conduction heat flow.

II. GEOMETRY OF A GENERIC HEATED MICROSENSOR

The generic microsensor considered here is shown in
Fig. 1. It consists of an 80 um x 120 um poly-Si
heater located in a buried layer on a 250 um square Si
membrane. The heater is connected by two 1 um-thick Al
leads and is used to heat a thin, chemically sensitive
element, which also has two leads. The membrane is
taken as a 2 um-thick BY¥-implanted Si diaphragm fabri-
cated on a 300 um thick x 3 mm square <100>-Si chip.
Two 1 um-thick layers of silicon dioxide are used as
dielectric insulators. Typical values for the tempera-
ture-dependent thermal conductivities of the various
materials are taken from the literature (6,7].
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Fig. 1 Schematic representation of heat flow paths
away from the heater.
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III. SIMPLE CONDUCTION MODELS

Because of the planar character of many device
geometries, simple one- and two-dimensional heat con-
duction formulas are often appropriate. This is
especially true if the thermal conductivities of adja-
cent materials are significantly different, as in the
case of boron-doped Si and SiO,, where the ratio of
conductivities can be 50:1. For example, in Fig. 1 the
downward-flowing heat currents from the poly-Si heater
will flow through the SiO, with little lateral devia-
tion. The thermal resistance of this region can then
be modeled adequately as the resistance of a rectan-
gular parallelepiped. Similarly, the heat currents
through the silicon membrane are essentially lateral
and simple formulas for the thermal resistance of rec-
tangular annuli can be applied to obtain an estimate
for this region. The more complex regions can be
treated with the lumped-element approach by partition-
ing the structure in some more or less reasonable way,
often using average, or equivalent, lengths and areas.
This is commonly done [7], although caution must be
exercised and accuracy cannot be expected.

IV. CONVECTION

For IC's, convection is generally not an important
issue at the chip level, but must be considered in
selecting an appropriate package [8]. For the sensing
element under consideration here, however, we allow
that convection could be important. The Rayleigh
number must exceed a geometry-dependent critical value
for natural convection to occur. If our microsensor is
mounted in a typical TO-style can (with holes for gas
flow), then the Rayleigh number turns out to be
approximately 6000, well above the usual range of
critical values, 1100-1700 [9]. Thus, natural convec-
tion is likely. The thermal resistance, R = AT/Q, of
the natural convection path is given by L/(A-Nu-«)
[10], where L is the length of the side and A is the
area of the square membrane region, Nu is the Nusselt
number for the geometry, « is the thermal conductivity
of air, AT is the difference in temperature between the
heated region and the can, and Q is the total heat flux
due to naturaﬁ convection. Using L = 250 um,

A =6.25 x 107 (um)<, AT = U400°C, the value of « at
200°C, and the range 5 to 8 of average values for the
Nusselt number [11], R is estimated to be in the range
13 000 to 21 000 K/W. This range of thermal resis-
tances is large compared to other thermal paths for
this sensor. In addition, natural convection is
unlikely underneath the diaphragm region because the
Rayleigh number there is well below 1000. Thus,
natural convection is not an important thermal conduc-
tion mechanism for this microsensor.

Forced convection, however, may also be present,
especially if the sensor is not protected from flows
being directed across the heated sensing element. A
complete analysis of the heat transport under forced
flow conditions is complex. An estimate can be
obtained for specific cases, however, and this is done
here assuming a flow speed of 100 mm/s over the chip.
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Following the standard integral method used in boundary
layer theory [12], the heat flux per unit area from an
infinitely long heated strip of arbitrary, continuous
wall temperature in the presence of a steady parallel
flow of gas (see Fig. 2) is given by
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where T (x*) is the wall temperature a distance x¥
downstream from the leading edge of the chip; x_ is the
unheated length of the chip upstream from the heated
strip; p and n are the density and dynamic viscosity,
respectively; U is the free-stream flow speed of the
gas; Pr = nC_/«x is the Prandtl number for the system,
which includgs the specific heat of the flowing gas;
and it is assumed that the temperature of the leading
edge of the chip is at the ambient temperature. For
the case at hand Pr = 0.73. Applying this formulation
to a diaphragm assumed to be at U400°C, except at its
leading and trailing edges, where surface temperature
gradients of *20°C/um are assumed to connect the mem-
brane to the rest of the chip at 0°C, gives

q,(x) = 0.323 n[%ﬂ]1’2 (% pr)'/3 (20 k/um) v ()
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Fig. 2 Geometry considered in the estimate of heat
lost to forced convection. The origin of the
coordinate system is at the leading edge of the

chip, as shown.

The function rw(x) is shown plotted in Fig. 3 and
demonstrates the relative rates of surface heat flux
from the membrane as a function of downwind position.
The negative values of r (x) on the extreme downwind
side indicate a net influx of heat in that region of
the diaphragm. This procedure gives an estimate of the
upper bound on the forced-convection heat flux likely
for this heated membrane region, 1.1 mW. This is a
minor heat loss path for this sensor. Extension of this
procedure to the entire chip surface, assumed for the
purposes of the estimate to be at 100°C and cooled by a
flow at 0°C, gives 22 mW, which is significant. Turbu-
lent convection, if present, would be expected to
increase the heat flux appreciably.
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Fig. 3 The convection integral rw(x) plotted versus
position along the 250 um long membrane region,
which is centered on th?/z mm square chip. The

integral has units (um)

V. CHIP-LEVEL CONDUCTION

The surface temperature field of a chip is of
importance for integration of a microsensor with cir-
cuitry. Bilotti's work discusses some of the physical
concepts of importance [13], and a number of other
authors have made analyses [14]. A simple physical
picture that has proven useful conceptually and compu-
tationally is presented. Essentially, an alternating
series of image sources, Fig. 4, leads to the Green's
function for surface heat sources in an infinite slab
model with an isothermal lower surface [15]. The tem-
perature anywhere in the slab is found by summing up
the contributions from the source and image sources.
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Fig. 4 Placement of real and image sources in the
method of images approach. In (a) the filled
circles represent the real source and image
sources with the same sign and magnitude as the
real source, and unfilled circles represent
image sources with the opposite sign. In (b)
all the sources have magnitude twice that of

the real source.



The sum is over the infinite string of charges, R
is the distance from charge i to the field point in tée
chip, and T, is the temperature of the lower surface.
The resulting top-surface temperature is shown in

Fig. 5, which demonstrates the exponential falloff in
surface temqerature [13] and the near-field dependence,

which is R™' for R < t, where t is the thickness of the
chip. Vertical temperature profiles are given in
Fig. 6.

There is only one length scale in the steady-state
problem, t, and therefore finite-chip size effects are
only of importance within about one thickness unit of
the chip edge. Thus, Figs. 5 and 6 give an accurate
picture of the temperature everywhere of interest.
Extended sources of arbitrary shape can be treated by
superposition. Sources not on the surface can be
treated in a similar fashion. The essential point is
that there is a fast, 13.6 dB/thickness unit, falloff
of temperature in the far field, and that any desired
surface temperature (T > Thea er) can be obtained by
moving away from sources in steps of size t. Also,
because of the single-length-scale character of the
problem, defects in the isothermal boundary assumption
will be annealed out in a distance ~t away from the
defect, and the essential result is unchanged in the
presence of bonding defects that cover a small fraction
of the area of the lower surface [16].
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Fig. 5 Surface chip temperature as a function of

distance from a point source of surface heat
flux. The exponential falloff of 13.6 dB per
thickness unit is evident for distances greater
than one thickness unit.
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Fig. 6 Temperature profiles, from thermally anchored
heat sink to chip surface, parameterized by the
lateral distance from a point source of surface
heat flux. Taken together, Figs. 5 and 6 give
the temperature everywhere in a semi-infinite
chip model.
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The sensor being considered contains a membrane
region which can be considered as a heat source con-
nected by a small area A to 3 chip with a hole in it,
as in Fig. 7a. For A << 2wt the heat flow is in the
T~R™' regime. What matters, then, is the surface area
through which the heat in the membrane pours out into
the chip proper. The picture in Fig. Ta can thus be
replaced by the one in Fig. 7b, for which the thermal

resistance is simply R = (2wnr)‘1. For the generic

microsensor, this gives Rchip ~60 K/W.
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Fig. 7 The thermal resistance of the chip is defined

as AT/Q, where AT is the temperature difference
between the isothermal lower boundary and the
edge of the diaphragm regicn, as shown sche-
matically in (a). To estimate the thermal
resistance a hemisphere of radius r is intro-
duced that has the same contact area between
source region and chip region.

VI. LUMPED MODEL

The above calculations can be used to construct a
lumped model, as in Fig. 8. For this sensor, the ther-
mal resistance of greatest importance in reducing power
consumption is that of the membrane, and the thermal
resistance of the package is of greatest importance to
keeping the chip circuitry near ambient temperature.
Use of such lumped-element models is common, but cannot
be expected to give accurate results, due to obvious
limitations.
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Fig. 8 Lumped thermal model of the generic micro-
sensor. Approximate thermal resistances of
heat flow paths are given in kelvins per watt.
The most important resistances are those in the
left-most resistance channel. Forced convec-
tion can be important when flow is present.

VII. FINITE-ELEMENT METHOD

Off-the-shelf finite-element codes are capable of
readily providing <5% error in a solution of the heat
conduction equation with complex boundary and forcing
conditions, even with temperature-dependent thermal
conductivity. We have demonstrated this with
MSC-NASTRAN [17] as the code using simple right
parallelepipeds to model the relatively complex mem-
brane region. The pre- and post-processing software is
available that can reduce the model building and
analysis time considerably. An example of the output
is shown in the left-hand side of Fig. 9, which shows
isothermal lines on the chip surface for one quadrant



of our model. Design changes can be tested quickly.
For example, the effect of introducing a micromachined
hole in order to increase the thermal isolation of the
sensing element can be explored by simply removing
appropriate elements and rerunning the code. The
right-hand side of Fig. 9 shows isothermal lines for a
quadrant of the membrane with such a hole, and the
effect of the hole is apparent. Other design changes,
or changes in assumptions about boundary conditions,
forcing functions, or material properties (including
temperature-dependence) can be explored in a similar
manner. Also, transient analysis is available in some
codes, as are boundary conditions that take into
account convective and radiative heat flow.
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Fig. 9 Finite-element-method generated isotherms for a

three-dimensional model of a generic micro-
sensor fabricated on a micromachined silicon
membrane. In the left figure is shown one
quarter of the model, which includes a buried
heater located in the lower right-hand

corner. In the figure on the right are plotted
isotherms for a mirror image of the model after
a micromachined hole has been introduced. The
finite-element method allows for efficient
investigation of sensor design modification.

In the membrane model without the hole the thermal
resistance is 1020 K/W (#5%) which is ~30% higher than
the value obtained from the lumped model of Sec. VI.
About one-half of this difference is due to explicit
inclusion of temperature-dependent material properties
in the finite-element calculation. The other half is
due to the ability of the finite-element method to deal
with thermal conduction in a quasi-continuous, as
opposed to lumped-element, manner. Continued improve-
ment in pre- and post-processing capabilities will
allow increased accessibility to the finite-element
method to sensor designers and modelers, and increased
computational speed and storage capabilities will allow
increased accuracy of computations.

VIII. SUMMARY

The heat currents in a generic heated microsensor
have been analyzed using one-dimensional conduction
models, an integral technique for forced convective
heat transport, a method-of-images approach for deter-
mining the temperature field of a chip, and the finite-
element method for increased accuracy of conduction
calculations. It is expected that the finite-element
method will be used increasingly in the areas of micro-
sensor design and modeling.

IX. REFERENCES

1. M. Mahalingham, "Thermal Management in Semicon-
ductor Device Packaging," Proc. IEEE 73, 1396
(1985).

2. A. D. Kraus and A. Bar-Cohen, Thermal Analysis and
Control of Electronic Equipment (Hemisphere;
Washington, D.C.; 1983).

12.

13.

E. A. Herr, A. Poe, and A. Fox, "Reliability
Evaluation and Prediction for Discrete Semicon-
ductors," IEEE Trans. Reliab. R-29, 208 (1980).

R. W. Keyes, "A Figure of Merit for IC Packaging,
IEEE J. of Solid-State Circuits, SC-13, 265
(1978).

U. Steger and H. Reichl, "Thermal Simulation of
Integrated Digital Transducers," Sensors and
Actuators 4, 621 (1983); R. B. Luning and

L. A. Gaudreau, "Computer-Aided Infrared Sensor
Thermal Design," Proc. SPIE Int. Soc. Opt. Eng.,
327, 105 (1982).

F. P. Incropera and D. P. DeWitt, Fundamentals of
Heat Transfer (Wiley, New York, 1981),

pp. 763-768; C. Y. Ho, R. W. Powell, and

P. E. Liley, "Thermal Conductivity of the
Elements: A Comprehensive Review," J. Phys. Chem.
Ref. Data, 3, Suppl. 1 (1974), pp. 587-590; and

W. R. Runyan, Silicon Semiconductor Technology
(McGraw-Hill, New York, 1965), Chapters 6 and 10.

G. R. Lahiji and K. D. Wise, "A Batch Fabricated
Si Thermopile Infrared Detector," IEEE Trans.
Electron Devices, ED-29, 14-22, 1982.

Reference 2, Chapt. 23.

L. D. Landau and E. M. Lifshitz, Fluid Mechanics
(Addison-Wesley, Reading, 1968), p. 214.

L. C. Burmeister, Convective Heat Transfer (Wiley,
New York, 1983).

W. J. King, Mech. Eng. 54, 347, (1932), and
Ref. 10, pp. 552-3.

A. Bejan, Convection Heat Transfer (Wiley,
New York, 1984), pp. 52-57.

A. A. Bilotti, "Static Temperature in IC Chips
with Isothermal Heat Sources," IEEE Trans. Elec-
tron Devices ED-21, 217 (1974).

W. T. Matzen, R. A. Meadows, J. D. Merryman,

S. D. Emmons, "Thermal Techniques as Applied to
Functional Electronics Blocks," Proc. IEEE 52,
1496 (1964); V. L. Hein, "Convection and
Conduction Cooling of Substrates Containing
Multiple Heat Sources," Bell Syst. Tech. J., 46,
1659 (1967); P. R. Gray and D. J. Hamilton,"
Analysis of Electrothermal Integrated Circuits,"
IEEE J. of Solid-State Circuits, SC-6, 8 (1971);
J. Ebrahimi, "Analysis of Thermal Impedance for
Conventional and Beam Lead IC Chips," IEEE Trans.
on Electron Devices, ED-18, 1139 (1971);

R. D. Lindsted and R. J. Surty, "Steady-State
Junction Temperatures of Semiconductor Chips,"
IEEE Trans. on Electron Devices, ED-19, 41 (1972);
A. G. Kokkas, "Thermal Analysis of Multiple-Layer
Structures," IEEE Trans. on Electron Devices,
ED-21, 674 (1974); R. Castello and P. Antognetti,
"Integrated-Circuit Thermal Modeling," IEEE J. of
Solid-State Circuits, SC-13, 363 (1978).

P. M. Morse and H. Feshbach, Methods of
Theoretical Physics (McGraw-Hill, New York, 1953).

M. Mahalingham, M. Nagarkar, L. Lofgran,

J. Andrews, D. R. Olsen, H. M. Berg, "Thermal
Effects of Die Bond Voids in Metal, Ceramic, and
Plastic Packages," Proc. 34th Electronic
Components Conf., May 1984, pp. U469-477.

MSC-NASTRAN is a tradename of the McNeal-
Schwendler Corporation, Los Angeles, CA 90041.




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move right by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Right
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

 HistoryList_V1
 qi2base





