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Abstract—A composite microbolometer has been constructed
for possible use as a broad band submillimeter radiation detec-
tor. Theory, fabrication, and measurement of these devices are

discussed, and a finite element thermal model is introduced.

Our devices utilize nichrome load elements which can be
impedance-matched to a planar antenna. The load elements are

thermally conpled to tellurium detectors. We achieved room

temperature responsivities of 120 V/W, and noise equivalent
powers (NEP) as low as 6.7 X 10-9 W/&. Performance ap-
pears to be limited by 1 /~noise in the Te detector.

I. BACKGROUND

oNE TYPE of detector that has been used extensively

in the far-infrared (FIR) portion of the spectrum

(wavelengths between 100 pm and 1 mm, also known as

the submillimeter band) is the bolometer, which operates

by changing resistance in response to a change in temper-

ature. This temperature change results from radiation ab-

sorption. In order to efficiently absorb incident radiation

the detector must be comparable in size to the wavelength

A of the radiation, and be impedance-matched to free

space. Conventional bolometers are typically several

wavelengths square, which may be up to several square

millimeters for longer FIR radiation. One such conven-

tional bolometer is a millimeter and submillimeter power

meter developed by Rebeiz et al. [1]. For this 1 cm2, 1000

~ thick bismuth bolometer biased at 1 V, a responsivity

of 1 mV / W was obtained for a 100 Hz modulation fre-

quency.

A drawback of these conventional-type bolometers is

their large thermal mass, which reduces the speed at which

they can respond to temperature changes. Also, the noise

equivalent power (NEP), which should be as small as pos-

sible for sensitive operation, increases approximately as

the square root of the bolometer area. To improve per-

formance for FIR applications, the thermal detector must

therefore be as small as possible, and have a resistance

strongly dependent on temperature. One approach sepa-

rates the radiation absorber from the temperature sensor.
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The absorbing material is chosen to efficiently capture the

incoming radiation (and so must have an area of about A2

and a sheet resistance equal to the free-space impedance),

but can be relatively thin to give a low thermal mass. The

temperature sensor material is chosen to produce very

large changes in resistance with changing temperature,

and must be in intimate themal contact with the absorber,

but may otherwise be very small and highly resistive. This

composite structure can have an overall thermal mass

which is much less than the conventional bolometer. A

typical composite bolometer consists of Bi as the radiation

absorber and gallium-doped germanium as the tempera-

ture sensor [2, 3]. This type of device has been used in

astronomical applications [4].

The above treatment views the radiation in an optical

framework, as a source of energy that is passively ab-

sorbed by a surface. Another view is to treat the radiation

as an electromagnetic wave which is captured and guided

by an antenna, Like the conventional bolometer, an an-

tenna is comparable in size to the wavelength, but unlike

the conventional bolometer, it dissipates no power. In-

stead, the antenna couples the power into a very small

load resistor, which is then practically the only part of the

system to change temperature. A small device like this

also has a large thermal impedance which results in a rel-

atively large change in temperature for a given amount of

dissipated power. If the load resistor is the bolometer it-

self, extremely fast and sensitive performance can result.

Such a detector is called a microbolometer [5], [6]. An-

tenna-coupled microbolometers have been shown to have

higher responsivity, better sensitivity, and much faster re-

sponse than conventional bolometers [7]. Since these are

thermal detectors, they work well throughout the FIR

spectral region without the capacitive roll-off associated

with Schottky detectors.

The general frequency dependent responsivity equation

for a bolometer is

(1)

where r(co) is the responsivity in V/W, lh is the current
bias through the bolometer, dR/dT is the slope of resis-

tance as a function of temperature, and Z,(OJ) is the ther-
mal impedance of the device, defined as the temperature

rise in the bolometer per unit absorbed power. A large
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Fig. 1. Top view and cross section of a composite microbolometer. The
load is impedance-matched to the bow-tie antenna, and is thermally cou-
pled to a detector.

magnitude Zf(ti) is achieved by making the device small,

as in a microbolometer. A small device can also change

temperatures fast, so Z[(ti) can be large at modulation fre-

quencies on the order of 20 kHz or more. Both the ge-

ometry and the material properties of the device will de-

termine R and dR/dT, and will set limits on lb.

A characteristic of a microbolometer detector is its lin-

ear relation between resistance and dissipated power. This

property assumes that dR/dT is constant over the tem-

perature range considered, and that the temperature

change in the device is proportional to changes in its dis-

sipated power. This leads to an expression for dc respon-

sivity [6], (the response of a detector to a step change in

dissipated power),

dR
rdc = Ih ‘.

dW
(2)

Uw!r
Fig. 2. A simple electrical circuit for the composite microbolometer.

II. THEORY

The composite microbolometer can be represented by

the simple electrical circuit shown in Fig. 2, where the

load and detector elements are shown physically close to-

gether. For a given amount of power Wd dissipated in the

detector, the dc responsivity rd for the detector element

by itself can be written:

dVd V~ dR~

‘d = dwd = ~ dW~
(3)

where V~, zd, and Rd are the voltage, current, and resis-

tance, respectively, associated with the detector. Equa-

tion (3) is the general equation for a conventional

microbolometer, This equation can be modified to deter-

mine the composite microbolometer responsivity rc& The

detector response to a change in power dissipated across

the load element is

dvd dwd = V~ dRd
rc~. —— _

dwd dWl < dWi
(4)

where rcB is the dc composite microbolometer responsiv-

ity, and the ‘‘1’” subscripts denote load properties. In (4)

there is an efficiency term relating how much heat is dis-

sipated in the detector for a given amount of heat dissi-

The dc curve of detector resistance R plotted as a function
pated in the load:

of dissipated power W therefore provides enough infor- dwd rcB
(5)

mation to determine r and I Z~ I for the device. ‘th = dW, = r~
Bismuth has been the material of choice for microbo-

Iometers in the past, primarily because its thin film resis-

tivity is conducive to impedance-matching with planar an-

tennas. Tellurium has been suggested as a bolometer

candidate since thin film Te has a high value of dR/dT

[8], and Te microbolometers have attained responsivities

100 times that of Bi microbolometers [9]. However, the

resistance for the Te detector is too high to simply match

with typical planar antenna impedances of 100-200 fl.

One solution to the mismatched load problem is to de-

sign an antenna with a high impedance, as has been pro-

posed by Rogers et al. using a twin slot antenna on a di-

electric stack [10]. Another solution, which is the subject

of this paper, is to separate the load from the detector in

a composite microbolometer structure, as shown in Fig.

1. The load, which in this figure is impedance-matched to

a bow-tie antenna, is in intimate thermal contact with, but

is electrically isolated from, the detector element.

Changes in load temperature will be quickly followed by

changes in detector temperature, and hence by changes in

detector resistance.

where q’h is the thermal coupling efficiency. This effi-

ciency term depends on alignment of the top layer over

the bottom layer, the separating insulator thickness, and

the thermal properties, of the separating layer. Since qth is

desired maximum, the separating insulator layer should

be as thin as possible.

III. FABRICATION

Composite miicrobolometers have been fabricated con-

sisting of nichrome as the load, Te as the detector, and

SiOX as the insulator. These devices were fabricated on a

glass slide substrate upon which gold contact pads had

been electroplated. Gold was also used for both the an-

tenna leads and the signal line. Both device layers were

produced using a photoresist bridge technique [6]. In this
procedure, applied to the load/antenna layer, the pho-

toresist is patterned in such a way that a narrow photore-

sist bridge is lelft hanging at’ the apex of the bow-tie an-

tenna. Metal for the antenna is then evaporated at normal

incidence to the substrate, and the photoresist bridge casts
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Fig. 3. SEM photograph of a photoresist bridge. The underlying NiCr load/

antenna layer is slightly visible.

a shadow in the load region. The load material is then

evaporated at an angle to the substrate such that deposi-

tion is accomplished under the photoresist bridge. A con-

sequence of this approach is that load material also lies

atop the antenna metal. This thin load layer is essentially

shorted by the antenna metal and apparently does not ef-

fect antenna performance [6].

Vacuum deposition was carried out at less than 10-6

torr, at deposition rates ranging from 2 A/s for NiCr to

10 ~/s for Te and gold. The 80% Ni-20 % Cr load was

approximately 1500 ~ thick, in contact with a 1500 i%

thick gold bow-tie antenna. Following deposition of an

1800 ~ thick SiOX layer (detailed below), the signal line/

detector layer was fabricated using a second photoresist

bridge process. An SEM photograph of a photoresist

bridge used in fabrication of this layer is shown in Fig.

3. The Ioadlantenna layer is barely visible. The Te detec-

tor was about 1200 ~ thick, contacted to a 2000 ~ thick

gold signal line. The lengths and widths were about the

same for both NiCr and Te elements, ranging from 4.5 to

5.0 pm.

The SiOX layer was formed by plasma-enhanced chem-

ical vapor deposition. The CVD was carried out under a
170 tom pressure of Oz and 80 torr of silane. The Oz was

passed through rf coils to produce an oxygen plasma, then

mixed with silane just above the chip surface. The sub-

strate was held at 330” C, and deposition took place over

40 minutes. To measure the thickness of the deposited

oxide, a bare Si chip was placed next to the device chip

during the CVD process. Thickness of the SiOx layer on

the bare Si chip was measured ellipsometrically. Contacts

were opened through the SiOX layer by a brief hydro-

fluoric acid etch. These contacts to the load/antenna layer

were necessary for performing the speed of response mea-

surement detailed in the next section.

Fig. 4. SEM photograph of the composite microbolometer. The Te ele
ment is visible; the underlying NiCr load is not.

The composite microbolometer is shown in the SEM

photograph of Fig. 4. Notice the grainy appearance of the

Te element. The nichrome element is below the Te ele-

ment and is therefore not visible in this photograph.

IV. MEASUREMENT

Performance of the composite microbolometer depends

on responsivity of the Te detector. Since this is a bolom-

eter detector, the Te resistance is a linear function of

power dissipated in the Te element. Thus, the dRd/dW~

in (3) can be found from the slope of the Te detector re-

sistance-power plot of Fig. 5. For a 0.75 V bias, the Te

detectors had a r-d of –510 V/W.

The detector resistance R~ can also be measured as a

function of power dissipated in the nichrome load ele-

ment. Fig. 6 shows several such R~ – WI plots at different

Te detector bias voltages. Notice that the higher bias volt-

ages result in lower resistance plots. The devices operate

at a room temperature ambient, but the actual temperature

in the vicinity of the Te element depends on its bias volt-

age, and on the heat transferred from the NiCr element.

At higher Vd, the steady-state temperature of the Te ele-

ment is higher. This results in lower overall resistance

since thin film Te has a negative temperature coefficient

of resistivity.

The dc responsivity rc~ of a composite microbolometer

can be found by taking the slope of the resistance-power
plot, just as was done for the conventional microbo-

lometer (2). From Fig. 6, the slope dR~/d W, at J’bd =

0.75 V leads to a responsivity rc~ = – 120 V/W. From

this result and the result found for r~, the thermal coupling

efficiency is calculated as qc~ = 0.24.
Fig. 7 illustrates the general scheme for measuring

speed of response. Two 220 MHz RF sources are beat

together at an adjustable frequency, and fed through a high

pass filter to the antenna leads. The NiCr element changes

temperature in response to the absorbed rf power, which

is modulated at the beat frequency. This temperature

change is felt by the Te detector. A bias network consist-
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ing of a 6 V battery and resistors supplies a steady bias

across the Te detector. The signal drawn off the detector

is fed through a low pass filter and monitored by an os-

cilloscope for beat frequencies ranging from 100 Hz to

200 kHz. The responsivity of the device is the ratio of

this signal voltage to the power dissipated in the load ele-

ment. This dissipated power is difficult to measure di-
rectly. However, at low frequencies the responsivity

approaches the dc responsivity. Therefore, since dc re-

sponsivities have been determined, the power dissipated

in the NiCr load element can be estimated. This dissipated

power is assumed constant over the frequency range
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Fig. 8. Noise and responsivity are plotted as a function of beat frequency
for a composite microbolometer with the Te detector element biased at
0.75 v.
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Fig. 9. Senshivhy for the composite microbolometer as a function of beat

frequency, with the Te detector element biased at 0.75 V. Best perfor-

mance occurs at about 30 kHz, where NEP = 6.7 X 10-9 W/&. ”

tested. The signal voltages are then divided by this dis-

sipated power term to obtain responsivity as a function of

frequency.

Fig. 8 shows the responsivity curve generated for the

composite microbolometer at a Te detector bias of 0.75

V, A roll-off of rmponsivity begins at about 104 Hz, which

is somewhat below where roll-off begins for a conven-

tional microbolometer [6]. This is hardly suprising since

the composite structure has a larger thermal mass to heat

and cool. Fig. 8 also shows the noise voltage measured

across the Te detector element at the same voltage. This

noise is measured with a PAR 124A lock-in amplifier with

117 preamp over a bandwidth of 10% of the selected cen-

ter frequency. Since the Johnson noise floor is about 10-8

V/&, it is clear that a 1/~-type noise is dominant. The

NEP plot in Fig. 9 is calculated by dividing the noise by

the responsivity. The device’ has a minimum NEP of 6.7

x 10-9 W/& at 30 kHz. For comparison, a Bi micro-

bolometer typically has an rdc of 20 V/W, and minimum

NEP of 10-10 W/& at 10 kHz.

V. THERMAL MODEL

A thermal model for the composite microbolometer is

useful for better understanding of device operation, and

for guiding design of an optimized structure. We consider

the two dimensicmal cross section of the device, as shown
in Fig. 10, and employ a finite difference approach where

thermal resistance elements are used in a Gauss-Seidel

iteration [11 ]. Eiffects in the y-direction will be neglected

in this model. The device is broken up into a grid of rows

and columns of elements. Since the problem is symmet-
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Fig. 10. Profile of half of the composite microbolometer, used for thermal
modeling.

rical, the device is cut in half, and the cut surface is con-

sidered to be resting against a perfect insulator. To further

simplify our model, we consider the antenna and signal

lines to be perfect conductors, and the antenna/load and

signal line/detector layers each occupy only one layer.

The substrate and separating insulator layers are also as-

sumed to have infinite electrical resistance.

The temperature at the center of each element is given

by the Gauss-Seidel iterative equation

where Ti and ~ are the temperatures in the ith and jth

element, respectively. Zij is the thermal resistance be-

tween the ith and jth element, and qi is a heat generation

term in an element. Our model must consider heat gen-

eration terms for both the NiCr load elements and the Te

detector elements. For the detector elements

qi = I~Ri (7a)

and for the load elements

qi = I~Ri. (7b)

Id and 11are the currents through the elements, and Ri is

the element resistance. For our NiCr load elements, the

resistance is fairly constant with temperature. For the Te

detector elements, the resistance depends on temperature

by the equation

A&
Ri = Rio + ~ AT<,

AT
(8)

where RiO is the ambient temperature, ARd/AT is the de-

tector temperature coefficient, and A TOis the temperature

deviation from ambient.

Thus, for a given ambient temperature and a chosen

bias current, the iterative procedure for steady-state is as

follows:
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Fig. 11. Isotherms for the composite microbolometer with the following
values for thermal (k) and electrical (u) conductivities:

Te NiCr SiOx Glass

k(W/cm – K) 0.24 0.125 0.0013 0.014
u(Wcm)-’ 10.9 350

The figure is stretched in the depth direction relative to the lateral direction.

1)

2)

3)

4)

5)

This

Determine thermal resistances in both the x and z

directions for all elements. These are assumed con-

stant for our degree of temperature change.

Determine electrical resistances for all detector ele-

ments in the .x-direction at temperature ~. using (6).

Initially, all elements are at ambient temperature.

Determine qi from (7).

Use (8) to determine a new set of temperatures ~.

Cycle through steps 2-4 until the changes in ~ are

small.

technique was used to generate the isothermal plot

shown in Fig. 11. The mater;al parameters in the the~al

model may be adjusted to give dc responsivities which

match both the composite microbolometer and the Te ele-

ment by itself. These parameters are listed with the figure.

The thermal model predicts an improvement to rc~ =

– 158 V~W (qt~ = 0.36) ~hen the SiOx layer is thinned

to 1000 A. When a 1000 A thick layer of diamond film

is used, the thermal model predicts a drop in responsivity

to about 12 V/W. The high thermal conductivity of the

diamond film apparently acts as a thermal sink, prevent-

ing the high temperature gradients needed to produce a
large responsivity. Thus, for a composite microbolome-

ter, it is important to maximize the thermal conductance

between the load and detector (i. e., the ‘ ‘vertical” direc-

tion), while minimizing it laterally. This is accomplished

best by using an insulating material that is as thin as pos-

sible and has a reasonable thermal conductivity.

VI. CONCLUSION

A composite microbolometer has been demonstrated

which utilizes a NiCr load element thermally coupled to

a Te detector. The sensitivity and speed of these devices

have been measured, and the results have been used to

formulate a thermal model for the composite structure.

Although a conventional Bi microbolometer has a reason-

able NEP, its low responsivity makes detection of low

power levels difficult. The higher responsivity of our
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composite structures may make it easier to detect these

low levels, and could therefore ease amplification require-

ments in receiver systems. The thermal model predicts

significant improvement in device sensitivity would result

from a reduction of the separating insulator thickness.

However, reducing 1/~noise in the Te film offers perhaps

the most potential for increased sensitivity.

The composite microbolometer technique opens the

door for a variety of detector materials that might other-

wise experience difficult y matching with a planar antenna.

For instance, pyroelectric arrays have been used for in-

frared detection; an antenna-coupled composite micro-

bolometer employing a pyroelectric detector such as lead

zirconate titanate (PZT) could be an extremely sensitive

detector of FIR radiation. This technique has also been

suggested for use with superconductive detectors operat-

ing in the bolometric mode, where the resistance of the

detector operating near the middle of the transition might

be too low to match well to a planar antenna [12]. A com-

posite ~ransition-gdge ~icro@lometer (composite
TREMBOL) would utilize the sharp dR/dT slope at the

transition of a superconductor.

Finally, the emphasis in this paper has been on the

composite microbolometer detector element, and not on

the planar antenna. It is not,known whether the signal line

above the antenna metal (separated by the thin SiO1 layer)

will have any significant effect on antenna performance.
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