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Abstract

The use of uncooled infrared sensors in thermal imaging is a fast growing market in the fields
of security and health. The integration of uncooled or room temperature infrared sensors onto
a silicon CMOS chip will facilitate the manufacture of large imaging arrays. At the
University of Pretoria we are researching the integration of microbolometer infrared sensors
onto CMOS readout electronic circuits using post processing techniques. The microbolometer
utilises the change in resistance of a temperature sensitive resistive material, e.g. vanadium
oxide or a thin metal film, to measure the amount of infrared radiation falling onto the device
and heating the device. The microbolometer structure should be thermally isolated from the
bulk silicon to achieve the required sensitivity.

In this paper we will describe the device structures, as well as the techniques we used to
determine experimentally the electrical, thermal and electro-thermal properties of the devices.
Of interest to us are the following parameters: 1) temperature coefficient of the bolometer
resistive layer, 2) thermal conductivity of the device, 3) thermal capacitance of the total
sensor structure and 4) the thermal time constant. The microbolometer thermal characteristics
can also be modelled and simulated using CoventorWare software.

1. Introduction

The two principal types of infrared (IR) detectors are 1) photon detectors, and 2) thermal
detectors [1]. In photon detectors the absorbed photons produce free electrons and holes in
the semiconductor material, to generate a photon-induced current or voltage, either in a
photoconductive or photovoltaic mode. Photon detectors have high signal to noise ratios,
sensitivity and very fast response, but requires cryogenic cooling systems, which are bulky
and expensive In thermal detectors the absorbed photons produce a temperature change,
which can then indirectly be detected by measuring a temperature dependent property of the
detector material.

Uncooled thermal detectors provide much lower cost, are more compact and dissipate less
power. Uncooled IR sensors have been developed in recent years for both military and
civilian applications like night vision cameras for surveillance and digital infrared thermal
imaging for health applications. Recent advances in micromachining technology allow the
fabrication of sensitive thermal detectors that can operate at room temperature and be easily
integrated with CMOS readout electronics. This leads to a decrease in power consumption
and system cost, which makes hand-held infrared cameras possible.
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Thermal sensors can be used in two ways [2], namely as 1) direct sensors which convert
thermal signals (temperature or heat) into electrical signals, or 2) indirect sensors which are
based on thermal actuation effects, for example thermo-mechanical (thermal expansion,
bimorph) effects. In this paper we will only consider direct sensors, since it is the most
mature technology.

Direct thermal detectors are based on three common approaches [3], namely 1) bolometers,
2) pyroelectric effects, and 3) thermoelectric effects. A bolometer changes its resistance
according to the change of the temperature, and thus a high temperature coefficient of
resistance (TCR) is needed for high sensitivity. The pyroelectric effect is exhibited by
ferroelectric crystals that exhibit electric polarization. The thermoelectric effect takes place
when two junctions made of two different materials are at different temperatures, and the
magnitude of the voltage generated across the junction (thermopile) depends on the materials
and the temperature difference between the junctions. The bolometer type of detector exhibits
a much higher responsivity than that of thermopiles, and it is also easier to fabricate than
pyroelectric detectors.

The bolometer technology is commercially available in large imaging arrays. In figure 1 a
schematic of the bolometer principle is shown, as well as the conventional thermal model.
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Figure 1. (a) Principle of thermal bolometer sensor, and (b) equivalent thermal schematic.

Infrared radiation falls onto the bolometer device, as shown in figure 1. The radiation is
absorbed by the bolometer device, and if the bolometer is relatively well thermally isolated
from the ambient, the temperature of the bolometer will increase. If the bolometer material
has a high temperature coefficient of resistance (TCR), the read out circuit can measure the
change in resistance and the resistance change will be an indication of the amount of infrared
radiation falling onto the bolometer. It is obvious that to achieve a large sensitivity, the
bolometer should have a high IR absorption factor, a large TCR and low thermal conductance
to the ambient.

2. Conventional approach to device thermal properties
The analysis of all types of IR sensors begins with a heat flow equation that describes the
temperature rise in terms of absorbed radiant power. There are two potential mechanisms of

heat transfer [1], namely 1) thermal conduction, and 2) thermal radiation. Thermal
conduction occurs in two ways. Heat flows from the sensor along its mechanical support to
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the substrate, and heat also flows through the surrounding atmosphere. In practice, the
thermal radiation is so small that it can be ignored.

Referring to figure 1, the rise in temperature AT of the bolometer plate is given by [1]
by

Gyl1+4rx° f*7?

AT = °C

with

n = fraction of IR power absorbed

Py =incident infrared power on detector, W

G =total thermal conductance to substrate, W/K
f = frequency of modulation of radiation, Hz

7 = thermal time constant = H/G, sec

H = thermal capacitance, J/K

If the bolometer is biased with a constant bias current I, the voltage responsivity Ry of the
bolometer detector is given by
R, =I, XRy xaxAT VIW
with
Iz = bolometer bias current, A
Rp = bolometer resistance, Q

a=TCR=—Rs _dI0R,) =g /g
R, dT  dT

From the above it can be seen that the bolometer voltage signal responsivity Ry is directly
proportional to the infrared absorption coefficient 7 and the bolometer temperature
coefficient TCR, and inversely proportional to the thermal conductance G. It is therefore
important that the mechanical design of the bolometer support structure must be optimized to
minimize thermal conductance G.

Noise will also be generated within the bolometer imaging system. The noise equivalent
temperature difference (NETD in K) is the most important figure of merit used to describe a
complete IR imaging system, including the imaging optics. It is defined as the temperature
difference on a black object that produces a signal to noise ratio of one at the system output.
v,G

A,no

with v, the noise voltage and A, the detector area.

NETD o<

The above equation for NETD also shows the relationship between detector area A; and
thermal conductance G to achieve good performance (small NETD). By scaling down to
smaller pixel sizes to facilitate the manufacture of larger imaging arrays, the thermal
conductance should scale down with detector area. This is difficult, since the length of the
connecting legs connecting the thermally isolated microbolometer membrane to the bulk
material will determine the thermal conductance in vacuum, needing long legs to achieve a
small thermal conductance. The connecting legs can also not take up to much of the pixel
area, since the effective fill factor will be reduced.

Knowledge of the thermal properties of the microbolometer membrane is crucial for

obtaining optimal performance of the thermal IR detector. The thermal parameter estimations
using the conventional approach are discussed below, using figure 1(b) as reference,
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The thermal conductance G of a detector is dominated by the sum of two components [4]:
G= Ggas + Gyl

G,us 1s the conductance through the surrounding gas from plate to substrate and Gy, is the

conductance through the solid material of the legs supporting the plate.

A
Ggas = ﬂgm d_d
where
Ay = device area, m>
d; = plate to substrate separation, m

Aeas = gas thermal conductivity = 0.026 W/mK for nitrogen at 300K and 1 atm pressure
= 0 in vacuum

Gy = 2xGi, when two legs support the plate (see figure 3), with Gy, the thermal
conductance of one leg. The supporting legs may consist of several layers of different
materials. In this case the conductances can be added as a result of parallel conducting paths,
and the total leg conductance G, for one leg will be given by

G, = X4
where
W; = width of supporting leg
d; = thickness of supporting leg
length of supporting leg

thermal conductivity of supporting leg material

o
I

It has recently been proposed [5] that the multilayer supporting leg (and suspended plate) can
be expressed in terms of an equivalent solid thermal conductivity G,, with
Wd, _ Wd,
where
W, = width of supporting leg
d, = total thickness of supporting leg
L. = length of supporting leg
Ao = equivalent thermal conductivity of supporting leg
and
1

A= AW
The multilayer supporting leg structure of the bolometer can now be represented as a single
homogenous structure. The same can be done for the suspended plate region.

Under vacuum conditions, the leg conductance will be the dominant thermal conductance,
while under atmospheric pressure conditions the gaseous heat transfer will dominate.

In general the heat capacity H is given by
H =Vpc JIK
with
V = volume of the detector plate, cm’
p = the density of the plate material, g/em’
¢ = the specific heat of the plate material, J/gK
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Also, the heat capacity H must be chosen to meet the thermal time constant 7 requirement,
with

Normally two dimensional staring arrays are used in bolometer imaging applications. A good
choice is to make the pixel time response (equal to the bolometer thermal time constant 7)
approximately a third of the frame time (= 1/frame rate). This usually means a thermal time
constant 7in the range of 10 ms is required.

3. Device structure

Thermal sensors based on CMOS technology became feasible when CMOS micromachining
was established. Micromachining makes it possible to remove thermally conducting material
for the thermal isolation of heated microstructures. While thermal effects are intuitively
considered to be slow, the small size of CMOS microsensors brings about time constants in
the millisecond range. Thermally based sensors can be made by combining the well-
established industrial CMOS technology with additional compatible processing steps. In our
case, the additional compatible processing steps (deposition, lithography and etching) was
performed as post-processing, where the additional steps are performed after the completion
of the regular IC process sequence.

A typical device we designed and manufactured using one of the CMOS aluminium layers as
sacrificial layer, is shown in figure 2. The bolometer thin film resistance layer was a 60 nm
thick and 5 um wide Ti layer sandwiched in an oxide-nitride membrane structure. The cavity
dimension was designed to be 2 micron. The two layout dimensions to be investigated are
shown in the photomicrograph of figure 3, just after the membrane definition
photolithographic step and before the aluminium sacrificial layer etching during manufacture.
Device FA1 has a larger membrane area, but also longer connecting legs than device FA2.
One would expect FA1 to have the higher thermal conductance at atmospheric pressure
because of the larger membrane area, but FA1 should at the same time have the lower
thermal conductance under vacuum conditions due to the longer connecting legs, compared
to device FA2.

600 nm Au

60 nm Ti

5 um
100 nm SiO,
Cavity

Membrane

1 um SiO, 2 pm Cavity

Si bulk

Figure 2. Microbolometer structure and layout
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Figure 3. Photomicrographs of two microbolometer membranes with dimensions in micron.
4. Modified device thermal modelling

In this paper we present a modified approach to the analytical description of metal thin film
bolometer thermal properties. The conventional approach described in section 2 and in figure
1(b) is widely used for all types of bolometers, although it is better suited for devices where
the power is dissipated only on the suspended plate, like in the case of high resistance
vanadium oxide bolometers, and not within the supporting legs as well. In metal film
bolometers power is being dissipated uniformly along the length of the resistor on both the
suspended plate and supporting legs.

Four modifications are proposed, namely 1) the effect of sidewall gaseous conduction, 2) a
characteristic thermal length constant L., 3) a distributed thermal resistance network in the
bolometer, and 4) a constriction thermal resistance R¢c where the supporting leg connects to
the suspended the plate.

The first modification is to include the sidewall heat conduction in the atmospheric analysis.
The gaseous thermal conduction is illustrated in figure 4. As the supporting leg and plate
dimensions are shrunk, the sidewall effect will become more pronounced. The sidewall
conduction will have the effect of increasing the effective area A, used in the calculation of
the gaseous thermal conductance.

We N
Leg cross section Ide
[T
Heat flow d,
L
| Substrate

Figure 4. Distributed thermal resistance model for atmospheric pressure condition.

In our model the effect of the sidewall conduction will be to add a conductance in parallel to
the conventional vertical heat flow. Assuming an effective conducting distance d,+d, from
the sidewall to the substrate, in case of the supporting legs the effective area A; = W,L, will
be increased by a factor Fj,;, with
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F d, 2d,
‘ W, d +d,
The above value of factor F;,; will be the same for both devices FA1 and FA2.

=1.18

In the case of the suspended plate with dimensions W, X L,, the effective area will be
increased by the factor Fj,,, with

d 2W +L —W)d
S p__p e/"e
wp Wpr d.+d,
The plate factor F,, =1.10 for device FA1 and factor Fj,, =1.13 for device FA2.

The effect of a characteristic thermal length constant is illustrated in figure 5. In this figure is
shown heat flow P entering one side of the supporting leg, and the resultant variation in
temperature 7(x) along the leg. The per unit length thermal resistance and conductance in the
distributed model are ry,; and ggq;.
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Figure 5. Distributed thermal resistance model for atmospheric pressure condition.

The temperature 7(x) at any position x is simply the temperature 7(0) times an exponential
factor.

T(x) =T(0) e%m

1 1,
Lt h = = 2’
r?ml 8 gas gas

The next case to be viewed is the situation in vacuum where heat is generated along the
length of a bolometer section. This is illustrated in figure 6.

with characteristic length
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Figure 6. Distributed thermal resistance model for vacuum condition.
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In figure 6 is shown the length L of the section, with heat flow p into each section of length
Ax. At the end of the section heat Pr flows into the section from an adjacent section. From
figure 6 the parabolic expression for temperature variation 47(x) can be derived.

1 x2 1 P,
AT (x)=——|(P,+ P, )x—P,— and AT(L)=——| P. +25
(x) GML{( s+ Py) SzL} (L) G( : 2)

where Gy, = total thermal conductance = 1/(Lxry,;), Pgs= total heat flow into section = Xp.

Since the microbolometer legs are much narrower than the plate, radial heat conduction is
constricted as the heat flows from a wider to narrower cross-section. The analytical model [6]
uses a constriction thermal resistance R¢, which accounts for the heat flowing from a wider to
a narrower cross-section. The constriction resistance R¢ is given by [6]
2
R, =L{(5+lj1nl+g romi=f }
md A ) l-¢ 4e

e e

with £ =Y and W, = width of plate.

WP
In our approximation the constriction resistance will be distributed over the characteristic
length L, into both the plate and the supporting leg.

5. Analytical modelling and CoventorWare simulation

The thermal properties of the two test devices were calculated from the device dimensions in
figures 2 and 3, analytical expressions of section 2 and 4, and the thermal parameters listed in
table 1.

Table 1. Thermal constants used in prototype calculations

Material Thermal conductivity Specific heat Density
A WmK c J/igK g/em’
CVD Silicon dioxide 0.76 1 2.22
CVD Silicon nitride 1.65 1.2 3.10
Titanium 16.3 0.5 4.51

The parameters used in the analytical model are given in table 2.

Table 2. Thermal parameters used in prototype calculations

Test | Width | Thickness | Conductivity | Length | Width | Resistance
device | W, um d, pm A W/mK Ly pm | W, ym | Re mK/W
FAl 9 1.36 1.71 13.4 73 469 x 10°
FA2 9 1.36 1.71 13.4 37 287 x 10°

Using the above values and analytical expressions, the temperature profiles in the test devices
could be estimated. The test devices were also simulated using CoventorWare software.

In figure 7(a) is shown the two dimensional CoventorWare temperature profile in the FA1
device, and in figure 7(b) is shown the one dimensional temperature profile along the
supporting leg from the substrate to the centre of the plate, under atmospheric pressure
conditions. The three temperature profiles are: 1) the conventional analysis, 2) the modified
analysis, and 3) the CoventorWare simulated results.
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Figure 7. (a) CoventorWare 3-D thermal profile, and (b) CoventorWare and analytical 2-D
thermal profiles at atmospheric pressure for device FA1.
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Figure 8. (a) CoventorWare 3-D thermal profile, and (b) CoventorWare and analytical 2-D
thermal profiles under vacuum conditions for device FAI.

The average temperature along the length of the metal film resistor can be determined from
figures 7 and 8, and with the known input thermal power, the theoretical thermal conductance
for each device can be determined at atmospheric pressure and under vacuum conditions.

From figure 7 it is evident that the inclusion of the sidewall effect Fi,, the characteristic
thermal length L, and the constriction resistance R¢, greatly improved the accuracy of the
analytical modelling of the device. The fact that the CoventorWare simulation result has a
slightly lower average temperature than the modified analytical model, indicates that the
sidewall effect may be slightly underestimated in our model. This lower average temperature
of the CoventorWare simulation may, however, also be due to the slow increase in
temperature with distance where the supporting leg connects with the substrate (x = 0) which
we do not model analytically. It is furthermore interesting to note that the sidewall effect of
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gaseous conduction can be observed in the atmospheric pressure case in figure 7(a) where the
edges of the plate are cooler than the rest of the plate.

In figure 8 are shown similar results for the FA1 test device under vacuum. In this case both
the modified model and conventional model are fairly close to the simulated CoventorWare
values.

6. Parameter extraction

A thin film metal resistor value as a result of a temperature increase can be modelled as
R,(AT)=R,(1+axAT)

with AT = the average temperature along the length of the resistor. In our devices the

temperature will not be constant along the length of the thin film resistor. The TCR of the Ti

metal layer was experimentally determined as « = 0.104 %/K, following the above linear

relationship closely.

By passing a bias current /z through the bolometer, and measuring the bolometer resistance
Rp as a function of bias current, the thermal conductance can be determined. Using the above
equation of resistance as a function of temperature change, as well as the fact that

- 2
AT = £ = —IB Ry °C
G G
it can be shown that
1 _ 1 a
RB RBO G

By plotting the inverse of the bolometer resistance as a function of the bolometer bias current
squared, the thermal conductance G can be determined from the slope of the graph. The
experimental results for FA1 and FA2 under atmospheric pressure are given in figure 9.
Unfortunately test devices packaged in a vacuum less than 0.1 mbar are not yet available.
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6.0 1 -10.3
R 'R
S 59+ L102 S
X X
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& 538 0.1 %
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IEQ I
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55 - - : 9.8
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12 A? (x107°)
Figure 9. Experimental determination of thermal conductance at atmospheric pressure,

With the known values of the TCR (o), the experimental thermal conductance under
atmospheric pressure can be determined from figure 9. The experimental values and the
simulated values using CoventorWare under atmospheric pressure conditions are listed in
table 3.
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Table 3. Simulated and experimental thermal conductances under atmospheric pressure

Atmospheric pressure Vacuum
Device CoventorWare Experimental CoventorWare
simulation extraction simulation
G pW/K G pW/K G pW/K
FAI 72.4 59.4 0.6
FA2 447 34.1 1.2

In general the simulated values are higher than the experimental values. Since the gaseous
thermal conductance at atmospheric pressure scales linearly with detector area and inversely
with the plate to substrate cavity spacing d;, the difference between the simulated and
experimental thermal conductance will be as a result of variations in cavity separation due to
stresses in the suspended plate and supporting legs. The simulated values were simulated with
theoretical value d; = 2 pm, and the experimental devices will have a different separation.

To experimentally determine the thermal capacitance H and thermal time constant 7, a
transient measurement was performed. In this measurement the bolometer bias current ip is
switched between two values, I; and Iy as shown in figure 10.

Bolometer current ip Bolometer voltage vy
A 4 Time
J & >
Bolometer H
% Vi==LR,
—e VB I —————— VT = - IH RL
. AV N\
ig I Iy Vi=—14Ry
1 f
¢ Time
- ¢ > AV =15 (Ry—R;) =15 AR

Figure 10. Transient switching behaviour of bolometer test circuit.

The bolometer steady state output voltage will change from V; to Vg with Ry > R, the two
steady state bolometer resistances. The transient behaviour between the two steady state
values will be determined by the thermal transient characteristics of the bolometer. A typical
result is shown in figure 11 for device FA1 under atmospheric pressure conditions. From the
transient, the thermal time constant can be determined. The experimental time constant 7
under atmospheric pressure for the test devices are shown in table 4, as well as the derived
thermal capacitance H for each device. The atmospheric pressure thermal conductance and
thermal capacity both scale linearly with the detector area and thus the two test devices will
have the same atmospheric pressure thermal time constant.

Table 4. Experimental atmospheric pressure thermal time constant and thermal capacity

Device Thermal time constant Thermal capacity
T ps H nJ/K
FAI 160 9.5
FA2 164 5.6
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Figure 11. Experimental switching transient and exponential time constant fit.

7. Conclusion

A modified theoretical model has been proposed for microbolometers. It was shown that this
model approximates the CoventorWare simulation quite well, especially for devices under
atmospheric pressure. Extracted experimental values of the thermal parameters were
compared to the theoretical values and differences explained.
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