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The electrical and thermal parameters of microbolometer infrared sensors play an 

important role in determining the ultimate sensitivity of detection. This paper describes in 
detail the effect of varying the operating temperature (80-300 K) on the thermal and 
electrical properties of microbolometer infrared detectors using Ti resistive sensor ele
ments. In the experiment, two microbolometers with different thermal conductances were 
employed. The parameters studied include the temperature coefficient of resistance 

(TCR), thermal conductance and thermal mass (heat capacitance). The measurements 

show that the heat capacitance increases linearly with operating temperature while the 

thermal conductance increases linearly at low temperatures ( < 250 K) and then rapidly 
increases. The rapid increase in thermal conductance at elevated temperatures is mainly 
due to the radiated heat loss which may limit the performance of micro bolometer sensors at 
high ambient temperatures. 

1. Introduction

This decade has witnessed the emergence of thermal detectors as a suitable choice for
the detection of infrared radiation0-5) owing to the advances in micromachining technol
ogy. In contrast to conventional photon detectors, thermal detectors can be operated at 

room temperature. Three of the most common thermal detectors are microbolometers,C1-3l 

thermopilesC4l and pyroelectric detectors_C5l In addition, high-sensitivity thermal detectors 
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based on microcantilevers have also been fabricated recently.<6l Microbolometers are the 
most commonly used sensors in thermal imaging arrays due to their high responsivity and 
ability to operate without mechanical chopping of the incident infrared radiation. The 
choice of sensor material, the design employed and the operating conditions determine the 
sensitivity of microbolometers. These requirements are often conflicting and thus careful 
balancing is required to optimize the relevant parameters. For example, the sensor should 
have low thermal conductance and low thermal mass (heat capacitance). It is also 
necessary to use a sensing element with a high temperature coefficient of resistance (TCR) 
for enhancing the responsivity. However, the low thermal conductance increases the 
thermal time constant, which limits the operating speed. In addition, these parameters 
depend on operating conditions such as ambient pressure and temperature. Thus, for 
example, the operation of an uncooled camera without a thermoelectric (TE) temperature 
stabilizer would be different depending on whether it is used in the Arctic or an Equatorial 
region. It is important to take these variations into account in the design of micro bolometers 
in order to optimize the performance under varying operating conditions. However, very 
little literature is available to date on the influence of ambient conditions on the device 
parameters. This paper presents the results of a study on the effect of substrate temperature 
on the electrical and thermal parameters of microbolometers with Ti sensing elements. 

The thermal parameters of a microbolometer can be extracted by measuring the 
increase of its resistance as a function of time in response to a DC bias.<1> This can be 
conveniently achieved by placing the microbolometer on one arm of a Wheatstone bridge 
as schematically shown in Fig. 1. Under a constant applied bias (V8) across the bridge, 
resistance of the microbolometer increases with time due to self-heating,(?) which in tum, 
offsets the bridge producing an output voltage. If the values of three reference resistors are 
adjusted to be the same as that of the ambient resistance of the micro bolometer (.80) then the 
self-beating power generated in the microbolometer, PsH, is approximately given byOl 
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Fig. 1. Experimental setup used for the measurement of electrical and thermal parameters .. The 
reference resistors are selected to have values nearly the same as the microbolometer resistance -(R

0
) 

at each temperature. 
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The above expression is valid only if al1T << 1, where a is the TCR of the resistive element 
and t:,.T is the temperature change of the microbolometer due to self-heating. The output 
voltage, V0ui, 

initially rises with a rate determined by the thermal time constant and then 
saturates as the heat loss balances the self-heating power.<7l The saturated value of the 
output voltage, V,.,, depends on the thermal conductance, G, which can be written asOl 

(2) 

where a is the TCR of the Ti sensing element, R0 is the ambient resistance of the 
microbolometer as well as the three reference resistors and V8 is the amplitude of the 
voltage pulse applied to the bridge. Note that eq. (2) is valid only when all the resistors in 
the bridge are nearly the same (symmetric bridge) at each temperature before applying the 
voltage pulse. The temperature dependence of TCR can be determined by measuring the 
microbolometer resistance as a function of temperature. The TCR is then extracted using 
the formula 

(3) 

where T, is the substrate temperature. 
In addition, the thermal mass, H, can be obtained from the slope of the output voltage 

vs. time in the linear region (t << -r), which is given by<7l 

(4) 

2. Experimental

In the experiment, two microbolometers with nearly the same thermal masses and 
different thermal conductances were employed to probe the heat loss via radiation in 
addition to the temperature dependence of thermal parameters. Figures 2(a) and 2(b) show 
the optical micrographs of the two microbolometers (MB 1 and MB2) having small and large 
thermal conductances, respectively. The thermal masses of the two microbolometers were 
designed to be nearly the same. The fabrication process started with the deposition and 
patterning of a polysilicon sacrificial layer on a 6" silicon wafer, followed by the plasma
enhanced chemical vapor deposition (PECVD) of a 500-nm-thick silicon nitride mem
brane. Subsequently, aluminum was sputtered and patterned for use as bond pads. A 60-
nm-thick Ti sensing meander line was sandwiched between two layers of 15-nm-thick TiN 
on the nitride membrane. The entire structure was passivated using a second layer of 
·PECVD silicon nitride. Plasma etching was then used to create openings for subsequent
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(a) 

(b) 

Fig. 2. Micro graphs of (a) MB 1 (low thermal conductance) and (b) MB2 (high thermal conductance). 

The total area of each microbolometer is approximately 200x200 µm2 with an active membrane area 

of approximately l 10xl60 µm2
• 

micromachining, which was accomplished using a solution of tetra methyl ammonium,-, 
hydroxide (TMAH) doped with silicon.<6l The active area of the membrane after 
micromachining is approximately 110x160 µm2 (see Fig. 2) and has a room temperature 
resistance of approximately 28 kQ. 

The electrical and the1mal parameters in the temperature range 80--294 K were mea
sured by placing the microbolometers in a closed-cycle refrigerator as schematically 
shown in Fig 1. The pressure inside the cryostat was maintained below 10- 5 Ton during the 
experiment in order to eliminate the convective heat loss which is usually the dominant 
heat-loss mechanism of microbolometers under ambient pressure.<8l The device was
covered with a cold shield to ensure that the ambient temperature closely followed that of 
the substrate. At each substratetemperature, the three external resistors in the bridge were 
adjusted to balance it against the change in microbolometer resistance with temperature. 
Table 1 summarizes the measured electrical and thermal parameters of the two 
microbolometers at room temperature (294 K). 
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Table I 
Comparison of parameters for MB 1 and MB2 measured at room temperature (294 K). 

Resistance 
TCR 
Thermal Conductance 
Thermal Mass 

27.9 kQ 
0.3 %/K 

3.5 X 10- 1 WIK

4.9 X 10-s J/K 

3. Electrical Properties

27.8 kQ 
0.3 %/K 

2.9 X 10- 6 WIK

4.6 X 10-8 J/K 
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The measured resistance of MB2 as expected shows a linear dependence with substrate 
temperature (solid triangles in Fig. 3) and estimated TCR using eq. (3) has a 1/R depen
dence since dR/dT is nearly independent of temperature as shown by the solid squares in 
Fig. 3. The bulk TCR of titanium(9l is about 0.38 % while that of the thin film is found to 
be about 0.3 % at 294 K. Th�CR of a thin metal film resistor depends on several factors 
such as the deposition technique used, the grain size, the annealing temperature and the 
composition. In addition, the large surface to volume ratio associated with thin film 
resistors results in higher surface scattering, which is relatively temperature independent. 
These factors contribute to the lower TCR observed for the thin film as compared with the 
publishedC9l TCR for bulk Ti. 

4. Thermal Properties

In order to determine the thermal parameters as a function of temperature, the output 
voltage of the bridge was measured at a set of temperatures by applying a voltage pulse 
longer than the thermal time constant of the microbolometers.(7) Figure 4 shows the 
measured output voltage of the bridge for MB2 at'a set of temperatures in the 80-294 K 

range. The voltage pulse amplitude (V8) applied to the bridge was reduced as the 
temperature was decreased to ensure that the membrane temperature did not rise apprecia
bly above that of the substrate (i.e., a!'!..T << 1). This condition is necessary to ensure the 
validity of eqs. (2) and (4) which is particularly important at low temperatures where the 
smaller microbolometer resistance can generate a large amount of Joule heatingOOJ and 
hence, a large temperature rise. 

The thermal conductances of the microbolometers were determined using the measured 
values of the saturated voltages as given in eq. (2), and the results are shown in Fig. 5. It 
can be seen that for MB2 the thermal conductance increases linearly in the entire tempera
ture range, while for MB 1 it remains linear only in the low-temperature region(< 250 K)

and rapidly increases as the temperature nears ambient. The linear increase in thermal 
conductance can be attributed to the known increase in membrane phonon density with 
temperature which enhances the thermal conductivity through the legs. In addition to the 
thermal conductance through the legs, the increase of membrane temperature (during 
biasing or due to incident IR) relative to the substrate causes heat loss via radiation. This 
component of thermal conductance, Grad, is obviously a function of substrate temperature, 
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Fig. 3. Measured resistance (solid triangles) and TCR (solid squares) as a function of temperature. 
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Fig. 4. Output voltage of the bridge for the MB2 at various substrate temperatures. The measurement 
was carried out at 80 K, 100 K, 120 K, 150 K, 180 K, 205 K, 240 K, 270 Kand 294 Kand only a,
subset is shown for clarity. 

T,, and its magnitude can be estimatedC11l from the formula Gra/:'.-"4EAoT,3, where A is the 
surface area of the membrane, E is the emissivity of the membrane and CT is the Stephan
Boltzmann constant. For the l 10xl60 mm2 microbolometers used in the study, the 
radiation-limited thermal conductance at room temperature (294 K) is approximately 2 x 
10-7 W/K assuming 50% emissivity. This is of the same order of magnitude as the thermal 
conductivity via the legs ofMB1 at 250 K. The change of thermal conductance in the entire 
temperature range was found to be less than a factor of two due to conduction through the 
legs. However, with increasing temperature, the radiation component becomes the domi
nant heat-loss mechanism for MB1 . This was not the case for MB2 since it has thermal 
conductance nearly an order of magnitude higher through the legs. This observation 
suggests that the operating temperature plays an important role in determining the ultimate 
sensitivity of microbolometer-based infrared detectors. 
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Fig. 5. Variation of thermal conductance with substrate temperature for MB 1 and MB2 . The 
cd1;ttribution of the heat loss through radiation is clearly evident in MB 1 at higher substrate temperatures. 

In addition to the thermal conductance, the thermal masses of the two microbolometers 
were also estimated as a function of temperature using the measurements and eq. (4). 
Figure 6 shows that the thermal mass of the two microbolometers increases linearly with 
temperature. Since the material volume of the two membranes is nearly the same, the 

thermal masses of the microbolometers were found to be close to each other as expected. 

The linear dependence of the thermal mass with temperature is mainly due to the linear 

increase of the specific heat capacity of the PECVD silicon nitride membrane for tempera

tures below the Debye temperature02l (0D > 1000 K for silicon nitride). The thermal mass, 

increased by a factor of five over the temperature interval used, is significantly higher than 
the increase in thermal conductance through the legs (less than a factor of two). This 
implies that thermal time constant (H/G) increases with increasing temperature which can 

affect the operating speed of thermal imagers at elevated temperatures. 

5. Conclusions

The effect of varying the operating temperature (80-294 K) on the electrical and 

thermal parameters of microbolometer infrared detectors with Ti resistive sensor elements 
was studied. The parameters studied included the temperature coefficient of resistance 

(TCR), thermal conductance and thermal mass. Measurements showed that the thermal 

mass increases linearly with operating temperature while the thermal conductance has a 

linear dependence below 250 K and then rapidly increases depending on the thermal 

conductance through the legs. The rapid increase of thermal conductance is mainly due to 

the radiated heat loss, which may limit the performance of the microbolometer sensors at 
high ambient temperatures. The faster increase of thermal mass compared to thermal 
conductance implies that the thermal time constant of the bolometer increases with 

temperature. These variations are particularly important for the design of uncooled 

infrared cameras operating without a thermoelectric (TE) temperature stabilizer. 
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Fig. 6. Variation of thermal mass with substrate temperature for MB1 and MB2 . 
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