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Abstract

This paper reports the implementation and comparison of two low-cost uncooled infrared microbolometer detectors that can be imple-
mented using standard n-well CMOS processes. One type is based on a suspended n-well resistor, which is implemented in a 0.8�m CMOS
process and has a pixel size of 80�m×80�m with a fill factor of 13%; and the other type is based on a suspended p+-active/n-well diode,
which is implemented in a 0.35�m CMOS process and has a pixel size of 40�m × 40�m with a fill factor of 44%. These detectors can
be obtained with simple bulk-micromachining processes after the CMOS fabrication, without the need for any complicated lithography
or deposition steps. The diode type detector has a measured dc responsivity (R) of 4970 V/W at 20�A bias and a thermal time constant
of 35.8 ms at 80 mTorr vacuum level, and it has a measured rms noise of 0.52�V for a 4 kHz bandwidth, resulting in a detectivity (D∗)
of 9.7 × 108 cm Hz1/2/W. The resistive n-well detector can provide the same dc responsivity at 1.68 V detector bias voltage, with about
10 times more self-heating as compared to that of the diode type detector. This detector has a measured rms noise of 0.81�V for a 4 kHz
bandwidth, resulting in a detectivity (D∗) of 8.9 × 108 cm Hz1/2/W, which can be improved further with higher detector bias voltages at
the expense of increased self-heating. The diode type detector is better for low-cost large format infrared detector arrays, since it has a
superior response even at reduced pixel sizes and lower biasing levels.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Uncooled infrared detectors have recently gained wide at-
tention for infrared imaging applications, due to their advan-
tages such as low cost, low weight, low power, wide spectral
response, and long-term operation compared to those of pho-
ton detectors. Worldwide effort is still continuing to imple-
ment very large format arrays at low cost for use in various
applications, including commercial applications like driver’s
night vision enhancement and fire fighting. One of the main
issues for achieving low-cost detectors is their monolithic
integration and compatibility with CMOS technology.

The most widely used uncooled detector approach is to
implement microbolometers using surface micromachined
bridges on CMOS processed wafers, where infrared radia-
tion increases the temperature of a material formed on the
thermally isolated and suspended bridge, causing a change
in its resistance related to its temperature coefficient of resis-
tance (TCR)[1–9]. Currently, there are microbolometer ar-
rays with 640×480 array formats and 25�m×25�m pixel
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sizes with performance approaching that of cooled photon
detectors[1]. However, these detectors require deposition of
some high TCR materials after CMOS fabrication and com-
plicated post-CMOS surface micromachining processing,
increasing its cost and limiting its use for ultra low-cost com-
mercial applications. For example, vanadium oxide (VOx),
which is the most widely known and used microbolometer
material, has a high TCR of about 2–3%/K[2]; however,
VOx is not a standard material in IC fabrication and requires
dedicated expensive equipment to prevent contamination of
the CMOS line. In addition, it exhibits large 1/f noise due to
its non-crystalline structure. There are efforts to implement
surface micromachined microbolometers using IC compat-
ible materials such as amorphous silicon[3], amorphous
silicon carbide[4], and polycrystalline silicon–germanium
[5]; and these materials also have high TCR values of 2.5,
4–6, and 2–3%/K, respectively. However, these materials
require high temperature annealing to reduce their residual
stress, which is not suitable for post-CMOS processing for
monolithic integration. In addition, they exhibit even higher
1/f noise than VOx, due to their non-crystalline structures.
Another high TCR microbolometer material that is recently
used is YBaCuO, which is deposited at room tempera-
ture, however, these detectors still require complicated and
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expensive post-CMOS surface micromachining processes
[6,7]. There are also microbolometers implemented with IC
compatible metal films[8,9], however, these detectors still
require deposition and lithography steps after CMOS, and
their performances are low due to low TCR of metal films.
Therefore, although surface micromachined microbolome-
ters are very cheap compared to photon detectors, their
price is still high for many commercial applications due to
extra processes required for their fabrication.

Low-cost infrared detectors can be implemented with
front or back-end bulk-micromachining of CMOS fabri-
cated wafers, and this approach has mostly been used to
implement CMOS thermopile arrays[10,11]. However,
thermopile arrays have low responsivity values (5–15 V/W)
and large pixel sizes (250�m × 250�m), limiting their use
for large detector arrays. In addition, these detectors also
require extra processing steps to form silicon islands[10] or
electroplated gold lines[11] for thermal isolation between
the pixels when back-end bulk-micromachining is used.

Recently, a new bulk-micromachining approach has been
emerged, where forward biased silicon p–n diodes are
used as uncooled infrared detectors. Up to now, two such
approaches have been reported. One of them uses a sus-
pended single p–n diode implemented using a dedicated
in-house process technology[12], however, this approach
does not seem suitable for large format arrays, due to its
large pixel size of 100�m × 170�m [13]. The other diode
microbolometer approach uses suspended multiple series
diodes with 40�m × 40�m pixel sizes implemented in a
SOI CMOS process[14]. Although this approach has very
good potential for low-cost high-performance uncooled de-
tectors and successful implementation of a 320× 240 FPA
has been reported, the fabrication is based on a dedicated
in-house SOI process, limiting its cost reduction. For ul-
tra low-cost applications, the best approach would be to
implement the detector arrays together with their readout
circuitry fully in a standard CMOS process, using some
simple post-CMOS etching steps where neither lithography
nor detector material deposition is needed.

This paper reports the implementation and comparison
of two kinds of such ultra low-cost bulk-micromachined

Fig. 1. The perspective view of the low-cost uncooled infrared detector that can be implemented with simple etching steps after CMOS fabrication.

uncooled microbolometers that can be implemented using
standard n-well CMOS processes[15]: one is based on sus-
pended n-well resistor, and the other is based on suspended
p+-active/n-well diode. Suspended n-well structures are
obtained by post-CMOS anisotropic silicon etching. Since
this fabrication approach does not require any lithography
or advanced detector material deposition, the detector cost
is almost equal to the CMOS chip cost. We have previously
reported the development of low-cost uncooled resistive mi-
crobolometer detector arrays with 16×16 array sizes, where
the pixel size was 80�m × 80�m with a fill factor of only
13% [16–18]. Recently, we have developed a new detector
with much smaller pixel size and higher fill factor to imple-
ment larger FPAs with higher performance[15,19]. In this
approach, a diode type pixel with 40�m×40�m pixel size
and a fill factor of 44% is used. This paper reports the com-
parison of these two CMOS compatible uncooled infrared
detectors and their feasibility to implement large FPAs.

2. Pixel structure and fabrication

Fig. 1shows the perspective view of the low-cost uncooled
infrared detector that can be implemented with simple etch-
ing steps after CMOS fabrication. This structure can be used
to implement both resistive and diode type microbolometers.
Since this structure can be obtained without any complicated
lithography or deposition step, the cost of the detectors is
very low. Fig. 2(a)shows the post-processing steps of re-
sistive type n-well microbolometer. The n-well layer is sur-
rounded by an opening area that allows silicon underneath to
be exposed for etching from the front side of the wafer with-
out the need for any lithography step. The required openings
for etching is formed by placing the various openings in the
CMOS layers on top of each other during the design, in-
cluding active, contact, via, and passivation openings[20].
After the CMOS fabrication process, the electrochemical
etch-stop technique in TMAH is used to thermally isolate
the n-wells from the substrate, as described previously[21].
The resistive type structures with 80�m× 80�m pixel size
were implemented in a 0.8�m process, where only simple
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Fig. 2. The post-processing steps of (a) resistive type and (b) diode type
n-well microbolometers.

wet etching is enough for post-CMOS processing at the ex-
pense of larger pixel size and smaller fill factor (13%). The
infrared absorber layer of the structure is implemented us-
ing dielectric and metal sandwiches that are readily avail-
able in standard CMOS for low cost. This type of absorber
layers can provide absorption coefficient values between
0.30 and 0.75, depending on the type and number of these
layers[22].

The diode type detector is implemented using a sub-
micron CMOS technology with a new post-CMOS etching
process to decrease the pixel size down to 40�m × 40�m
and to increase the fill factor up to 44%.Fig. 2(b) shows
post-processing steps of diode type microbolometers where
an additional RIE (reactive ion etching) step is included
before the bulk-micromachining. In RIE, CMOS metal
layers are used as etch-masks to eliminate any critical
lithography step after CMOS[23] while achieving nar-

Fig. 3. SEM photographs of the fabricated microbolometers: (a) resistive
type with an 80�m×80�m pixel size and a 13% fill factor implemented
in a 0.8�m CMOS process and (b) diode type with a 40�m×40�m pixel
size with a 44% fill factor implemented in a 0.35�m CMOS process.

row etch openings of about 1.2�m between the support
arms. After RIE, masking metal layers are removed, and
then, the bulk silicon underneath the detector is etched
while protecting the n-well layer using an electrochemi-
cal etch-stop technique in TMAH.Fig. 3(a) and (b)show
the SEM photographs of the fabricated resistive and diode
type microbolometers in two different CMOS processes,
respectively.Fig. 4shows the SEM photograph of the diode
type detector taken looking from the backside, where the
suspended n-well is clearly visible. This photograph is
taken after separating the pixel from the substrate using a
sticky-tape.

3. Measurement results and comparison

A number of measurements and simulations have been
performed to determine and compare the performance of the
resistive and diode type microbolometer detectors. The per-
formance parameters used in comparison include their pixel
size, thermal conductance values, pixel TCR and tempera-
ture coefficient of the pixel voltage, responsivity, electrical
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Fig. 4. The SEM photograph of the diode type detector taken looking
from the backside, where the suspended n-well is clearly visible.

noise, noise equivalent temperature difference (NETD), de-
tectivity (D∗), and self-heating.

3.1. Pixel size

The resistive type microbolometer detector is fabricated
in a 0.8�m CMOS process, and it has a pixel size of
80�m × 80�m with a fill factor of 13%. The pixel size
cannot be decreased lower than a certain size determined
by process design rules. For example, as a design rule con-
straint, the openings cannot be made narrower than 10�m
if post-CMOS bulk-micromachining is to be used. Another
limitation for the pixel size reduction is the fact that the
active pixel area cannot be made smaller than a certain size,
since the resistance of the n-well layer should be much
higher than the interconnect resistance to achieve better
responsivity. In order to implement smaller pixels with
higher fill factor, a sub-micron 0.35�m CMOS process
is used for the fabrication of new detectors. Considering
the active area limitation of the resistive microbolometers,

p+-active/n-well diodes are used instead of n-well resis-
tors to provide sufficient responsivity even at reduced pixel
sizes. In order to reduce the opening widths, an RIE-based
post-CMOS processing method is used, which also does not
require any lithography step. With this new method, it is
possible to define openings as narrow as 1.2�m, allowing
to reduce the pixel size to 40�m × 40�m while achieving
an increased fill factor of 44%. Despite its reduced pixel
size, the new diode type detector can still provide compa-
rable or even better performance, while operating at a very
low biasing level that also reduces self-heating.

3.2. Thermal conductance

Thermal isolation of a microbolometer detector from the
substrate and its surrounding is the most important issue in
the uncooled detector design. To achieve good thermal iso-
lation n-well resistive and diode type microbolometers are
operated in vacuum as other uncooled microbolometer de-
tectors. Furthermore, thermal isolation also strongly depends
on the interconnect material that provides electrical connec-
tion to the suspended microbolometer detector. The thermal
isolation of the detector from the substrate can be improved
by using polysilicon instead of metal interconnects on the
support arms[16], at the expense of increased detector noise
and reduced sensitivity. The thermal isolation is further im-
proved by using longer L-shaped support arms in these small
pixel structures.

Fig. 5(a) and (b)show the thermal simulation results
obtained using the CoventorWare simulation tool for the
resistive and p+-active/n-well diode type microbolome-
ters, respectively. In these simulations, constant power of
100 nW is assumed to be absorbed by the detector core, and
the temperature gradient in the pixel is simulated in vacuum
condition with respect to a reference temperature of 300 K.
Using the applied power and corresponding temperature
rise in the pixel, the thermal conductance and time con-
stant of the resistive type microbolometer are determined as
6.7 × 10−7 W/K and 14 ms, respectively. The thermal con-
ductance and thermal time constant for the diode type pixel
are determined as 1.6 × 10−7 W/K and 27 ms, respectively.

Thermal conductance of the pixels is measured using
self-heating effect: the pixel’s temperature rises due to the
joule-heating when it is biased in vacuum, and the pixel cools
down to the ambient temperature when there is no bias. The
change in the detector voltage is inversely proportional to the
thermal conductance value, and it is directly proportional to
the applied electrical power and temperature coefficient of
pixel voltage or pixel resistance. Since the required bias cur-
rent is very low for the diode detectors, most of the applied
power is dissipated by the diode in the suspended n-well
structure. In contrary, the required bias current is high for
the resistive pixels, and therefore, power dissipated on the
polysilicon interconnects is not negligible. Hence, tempera-
ture rise in the suspended pixel is less than one would expect
when assuming that all the electrical power is dissipated in
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Fig. 5. The thermal simulation result obtained using the CoventorWare
simulation tool; (a) for the resistive and (b) for the p+-active/n−-well diode
type microbolometers. In these simulations, constant power of 100 nW is
assumed to be absorbed by the detector core, and the temperature gradient
in the pixel is simulated in vacuum condition with respect to a reference
temperature of 300 K.

the suspended detector structure, requiring a detailed analy-
sis for the calculation of the detector’s thermal conductance.

Fig. 6 shows the distributed thermal model of the pixel
used in the analysis of the self-heating upon applied bias. In
this model, the suspended structure is assumed to be a point
detector with thermal conductance ofGth, and each support

Fig. 6. The distributed thermal model of the pixel used in the analysis of selfheating of the pixel upon applied bias.

arm is divided intoN units with thermal conductance values
of NGth/2. The temperature rise of the suspended n-well
with respect to substrate,�Tn-well, can be found by using
superposition of individual power sources in the distributed
model, which is given by,

�Tn-well = Pn-well

Gth
+ 2

Pconnect

NGth

N∑
k=1

[
k

N
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(

2 − k

N

)]

× 1

(2 − k/N)
(1)

where, Pn-well is the power dissipated in the suspended
n-well andPconnectis the power dissipated by the intercon-
nect resistances on the support arms. After the series sum-
mation, the temperature rise reduces to,

�Tn-well = Pn-well

Gth
+ PconnectN(N + 1)

2GthN2
(2)

In the limit, whenN goes to infinity, the result can be sim-
plified as,

limN→∞�Tn-well = Pn-well

Gth
+ Pconnect

2Gth
(3)

This result indicates that effective thermal conductance for
the support arms actually doubles, decreasing the temper-
ature rise upon applied bias. In the resistive pixel,Pconnect
may be as high asPn-well, therefore, pixel temperature rise
is about 25% less than one would expect by assuming that
all the pixel power is dissipated in the suspended n-well.

For the resistive pixels, the rise in the detector tempera-
ture results in a proportional increase in the detector resis-
tance value related to its effective TCR value. Therefore,
temperature rise in the detector can be found by measur-
ing the change in detector resistance. Thermal conductance
(Gth) can be extracted by calculating the power dissipated
by the suspended n-well and interconnect resistors and us-
ing the temperature rise in the pixel. With this method,
thermal conductance of the resistive pixels is measured as
6.2 × 10−7 W/K [17].

For the diode type pixels, the rise in detector temperature
results in a proportional decrease in the detector voltage, re-
lated to the temperature coefficient of diode forward voltage
and TCR of the interconnect resistance. Since the diode for-
ward voltage has a strong temperature dependency, it is dif-
ficult to determine voltage and power distribution among the
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Fig. 7. The decrease in the detector voltage for different thermal conduc-
tance values ranging from 1.0 × 10−7 to 1.0 × 10−6 W/K simulated at
three different bias levels of 5, 10, and 20�A. Measurement results are
marked on corresponding graphs.

n-well diode and interconnect resistance. In order to be able
to determine the thermal conductance properly, self-heating
and corresponding decrease in detector voltage have been
simulated with respect to thermal conductance values at dif-
ferent bias levels.Fig. 7 shows the decrease in the detec-
tor voltage for different thermal conductance values ranging
from 1.0 × 10−7 to 1.0 × 10−6 W/K simulated at three dif-
ferent bias levels of 5, 10, and 20�A. The decrease in the
detector voltage has been measured for the same bias lev-
els at 80 mTorr, and the data are marked on corresponding
graphs. The thermal conductance of the detector is found
by averaging the corresponding thermal conductance val-
ues of each individual data point as 1.8 × 10−7 W/K. This
measured value is in accordance with the simulated values
during the design of the detector, where it is determined as
1.4 × 10−7 W/K according to the analytical calculations in
MATLAB and 1.6 × 10−7 W/K according to the finite ele-
ment simulation results in CoventorWare.

3.3. TCR and temperature coefficient of detector voltage

The effective TCR of the resistive type detector is the
weighted average of the n-well and interconnect TCR values,
which is given by,

αdetector= Rn-wellαn-well + Rconnectαconnect

Rn-well + Rconnect
(4)

where,Rn-well is the n-well resistance,Rconnectis total inter-
connect resistance, andαn-well andαconnectare correspond-
ing TCR values of n-well and interconnect resistances, re-
spectively. The measured effective TCR of the resistive pixel
is 0.34%/K, which is smaller than the measured n-well TCR
(0.65%/K), due to the low TCR of the polysilicon intercon-
nect (0.1%/K)[17].

The effect of interconnect TCR is negligible in the diode
type detectors, as the required bias current is low; there-
fore, the temperature sensitivity of the diode type detector
is mainly determined by the temperature sensitivity of the
diode forward voltage. The temperature sensitivity of the
diode type detector voltage, dVdet/dT, at constant current
bias is given by,

dVdet

dT
= dVD

dT
+ RconnectIbiasαconnect (5)

where, dVD/dT is the temperature coefficient of diode for-
ward voltage,Rconnectis the interconnect resistance,Ibias is
the detector bias current, andαconnectis the interconnect TCR
values. Temperature coefficient of diode forward voltage is
given by[14],

dVD

dT
= −n(1.21V − VD/n)

T
(6)

whereVD is diode forward voltage,n is the junction voltage
coefficient (close to unity), andT is temperature in Kelvin
(K). The voltage, 1.21 V, is approximately constant for diode
type detectors.

Diode forward voltage increases with increasing bias
current, and hence its temperature sensitivity decreases in
magnitude.Fig. 8shows the simulated variation in the mag-
nitude of detector voltage temperature sensitivity, |dVdet/dT|,
with pixel bias current,Ibias. The magnitude of tempera-
ture sensitivity decreases from 2.35 to 1.65 mV/K when the
bias current is increased from 1 to 100�A. This result has
been verified experimentally by measuring the sensitivities
at different bias levels.Fig. 9 shows the measured varia-
tion of detector voltage,Vdet, with temperature at different
bias levels. Magnitude of the detector temperature sensi-
tivity, |dVdet/dT|, is measured as 2.0 mV/K at 20�A, and it

Fig. 8. The simulated variation in the magnitude of detector voltage tem-
perature sensitivity, |dVdet/dT|, with pixel bias current,Ibias. The magni-
tude of temperature sensitivity decreases from 2.35 to 1.65 mV/K when
the bias current is increased from 1 to 100�A.
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Fig. 9. The measured variation of detector voltage,Vdet, with temperature at different bias levels. Magnitude of the detector temperature sensitivity,
|dVdet/dT|, is measured as 2.0 mV/K at 20�A, and it decreases to 1.7 mV/K at 100�A, which is in accordance with the simulation results.

decreases to 1.7 mV/K at 100�A, which is in accordance
with the simulation results.

It should be noted here that the TCR expression of the
resistive type detector inEq. (4) and voltage temperature
sensitivity expression of the diode type detector inEq. (5)
are given assuming that both the n-well and interconnects
are at the same temperature. However, in the actual opera-
tion in vacuum, there is a temperature gradient between the
suspended n-well and the substrate along the support arms.
This temperature gradient reduces the effective TCR of the
interconnect material to the half of its actual value. This ef-
fect should be considered in the responsivity expressions, as
provided in the next section.

3.4. Responsivity

Fig. 10(a) and (b)show the simple models used in the
derivation of the responsivity expressions for the resistive
and diode type microbolometer detectors, respectively. For
a fair comparison, bias current of the resistive detector is
chosen in such a way that both type of detector provide the
same NETD value. The dc responsivity of the resistive type

Fig. 10. The simple models used in the derivation of the responsivity
expressions for the (a) resistive and (b) diode type microbolometers.

microbolometer biased at constant current is given as,

R = ηIbiasRdet

Gth

(
Rn-wellαn-well + 0.5Rconnectαconnect

Rdet

)
(7)

whereη is the absorption coefficient,Gth is the detector ther-
mal conductance,Ibias is the detector dc bias current,Rdet is
the total detector resistance,Rconnectis the interconnect resis-
tance,Rn-well is the n-well resistance, andαconnectandαn-well
are the TCR of the interconnect and n-well, respectively. In
this expression, the term in parenthesis represents the effec-
tive TCR of the detector, which includes a factor of 0.5 in
the numerator in front ofRconnectαconnectterm, different than
the TCR expression given byEq. (4). As mentioned previ-
ously, this is necessary to include the effect of temperature
gradient along the interconnect resistor on the support arms.
The dc responsivity of the diode type detector is given by,

R = η

Gth

(
−dVD

dT
− IbiasRconnectαconnect

2

)
(8)

whereη, Gth, dVD/dT, Ibias, Rconnect, and αconnect are the
absorption coefficient, thermal conductance, temperature
coefficient of diode forward voltage, dc bias current, inter-
connect resistance, and interconnect TCR values, respec-
tively. Similar to the resistive case, the term in the brackets
represents the effective temperature coefficient of the de-
tector voltage, which has a factor of 2 in the denominator
of the last term to include the effect of temperature gradient
along the interconnect resistor on the support arms.

It should be noted that the responsivity equations given in
Eqs. (7) and (8)provide the dc responsivity, and the actual
responsivity is lower than this dc responsivity value when
the detectors are scanned at a certain rate. For example,
when the detectors are scanned at 30 frames per second (fps),
only 80 and 60% of the maximum output signal will be
available at the end of the first period for the resistive and
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Fig. 11. The measured responsivity variation of the diode type detector
with respect to chopper frequency from 8.5 to 85 Hz measured at 80 mTorr.
The measurement result is fitted to a single-pole frequency response, and
the dc responsivity and thermal time constant of the detector are extracted
as 4970 V/W and 35.8 ms, respectively.

diode type detectors, respectively, due to their large thermal
time constants. The dc responsivity and the thermal time
constant of the detector can be measured by determining the
detector responsivity with respect to the infrared radiation
power modulated with a chopper.

Fig. 11 shows the measured responsivity variation of
the diode type detector with respect to chopper frequency
from 8.5 to 85 Hz measured at 80 mTorr. The measurement
result is fitted to a single-pole frequency response, and the
dc responsivity and thermal time constant of the detector
are extracted as 4970 V/W and 35.8 ms, respectively. The
absorption coefficient is extracted as 0.45 by plugging the
measured responsivity value in the theoretical expression
given inEq. (8). This value is less than that of the resistive
type detector (0.60) due to the reduced oxide thickness on
top of the sensitive detector area. This reduction causes also
a proportional loss in the responsivity and detectivity of the
diode type pixels.

3.5. Electrical noise

Electrical noise of microbolometers is an important pa-
rameter that determines the minimum detectable level of in-
frared radiation, and it has several components. The noise
in the n-well resistive detector principally consists of ther-
mal (Johnson) noise and 1/f noise. Since the n-well layer
is single-crystal, its 1/f noise is negligible, as verified with
measured results given later. The diode type detectors also
have low 1/f noise, as the bias current is low. This is a
major advantage of n-well microbolometers over other mi-
crobolometers implemented with amorphous material where
1/f noise is considerably high.

Fig. 12(a) and (b)show the noise models of the resistive
and diode type microbolometer detectors, respectively. The

Fig. 12. The noise models of the (a) resistive and (b) diode type mi-
crobolometer detectors.

electrical noise power is composed of two parts: noise of the
sensitive part and noise of the electrical interconnects. In the
resistive case, both noise sources are coming from resistors,
and the detector noise models is the series combination of
the n-well and interconnect resistors. Since the 1/f noise is
negligible, especially at low bias levels, the noise voltage
can be expressed in the well-known thermal noise formula
given by[24],

vn =
√

4kTRdet�f (9)

wherek is the Boltzmann constant,T is the temperature in
Kelvin, Rdet is the total detector resistance, and�f is the
electrical bandwidth.

In the diode case, the electrical noise of the detector is
composed of two noise sources: noise of the interconnect re-
sistor and noise of the p+-active/n-well diode. The 1/f noise
of the diode and polysilicon interconnects can be neglected
due to their low values at low bias levels. Therefore, only
the shot noise of the diode and the thermal noise of inter-
connect layers are considered in the calculation of detector
noise. Total detector noise can be combined in an expres-
sion similar to the thermal noise expression of resistors by
including the diode shot noise in terms of its dynamic resis-
tance (rd), which is given by[19],

vn =
√

4kT(Rconnect+ 1
2rd)�f (10)

whereRconnect is the interconnect resistance andrd is the
dynamic resistance of the diode. This equation suggests that
diode dynamic resistance should be decreased by increasing
detector bias level in order to decrease the total noise of the
pixel.

Fig. 13 shows the simulated variation of noise com-
ponents for the diode type microbolometer coming from
the p+-active/n-well diode and interconnect resistance. As
bias level is increased, dynamic resistance of the diode de-
creases inversely proportional to the bias current, therefore,
the diode noise voltage decreases. Hence, the total detector
noise approaches to that of the resistor thermal noise, as
the bias level increases. Although it seems advantageous to
operate the pixel at higher bias levels to achieve low noise,
increasing bias current also decreases the responsivity as
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Fig. 13. The simulated variation of noise components for the diode type
microbolometer coming from the p+-active/n-well diode and interconnect
resistance.

explained before. Therefore, there is an optimum detectivity
value achieved at a certain bias level, which is found to be
20�A.

Fig. 14 shows the measured noise spectral density of
a resistive type detector with 10 k� resistance value. The
total rms noise voltage is measured as 0.81�V in the
10–4000 Hz bandwidth, with an average noise spectral
density of 12.8 nV/Hz1/2 over the same bandwidth. The
measured noise spectral density is very close to the thermal
noise component (12.6 nV/Hz1/2), verifying the fact that 1/f
noise is low in the resistive n-well type detectors.

Fig. 15shows the measured noise spectral density of the
diode type microbolometers measured from 0.1 Hz to 4 kHz
at a 20�A bias level. The measured noise spectral density
is fitted to an equation including 1/f noise and thermal noise

Fig. 14. The measured noise spectral density of a resistive type detector
with 10 k� resistance value. Total rms noise voltage is measured as
0.81�V in the 10–4000 Hz bandwidth, with an average noise spectral
density of 12.8 nV/Hz1/2 over the same bandwidth.

Fig. 15. The measured noise spectral density of the diode type mi-
crobolometers measured from 0.1 Hz to 4 kHz at 20�A bias level. Using
the asymptotic portion of the fitted curve in the low frequency region,
the 1/f corner frequency is found as 4.4 Hz. Total rms noise voltage from
0.1 Hz to 4 kHz is measured as 0.52�V.

components, which is given as,

v2
n(f) = K

f
+ v2

0
(11)

whereK and v0 are 1/f noise coefficient and white noise
component of the detector noise, respectively. From the fit-
ted curve,K andv0 are found as 2.84× 10−16 V2/Hz and
7.99 nV/Hz1/2. Using the asymptotic portion of the fitted
curve in the low frequency region, the 1/f corner frequency
is found as 4.4 Hz. Total rms noise voltage from 0.1 Hz to
4 kHz is measured as 0.52�V, which is very close to the cal-
culated noise value, verifying that 1/f noise component can
be neglected due to the single-crystal nature of the n-well
and low level biasing.

3.6. Noise equivalent temperature difference (NETD)
and detectivity (D∗)

Noise equivalent temperature difference, and detectivity,
D∗, are two important performance parameters for the in-
frared detectors, and they depend on biasing conditions.
NETD value of the uncooled detectors can be defined as the
change in the temperature of a blackbody that results in the
signal to noise ratio of unity in the detector output signal
[25]. NETD value depends both on the detector parameters
and the optics used in infrared detection. The lower is the
NETD value, the better is the detector performance.D∗ is
a normalized figure of merit which is used to compare dif-
ferent types of infrared detectors, and a highD∗ value in-
dicates a high detector performance. NETD andD∗ values
are defined as[25],

NETD = (4(f/D)2 + 1)Vn

ADR(�P/�T)λ1−λ2

(12)
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Fig. 16. The simulated variation of NETD andD∗ values of the diode type pixel at different bias levels. At the optimum bias point of 20�A, the diode type
detector provides a measuredD∗ value of 9.7× 108 cm Hz1/2/W and an estimated NETD value of 470 mK forf/1 optics and 4 kHz electrical bandwidth.

D∗ = R
√

AD�f

Vn
(13)

wheref andD are the focal length and diameter of the optics,
Vn is the total integrated noise voltage in the given electri-
cal bandwidth of�f, AD is the active detector area,R is the
responsivity, and(�P/�T)λ1−λ2 is a constant depending on
the spectral band and is equal to 2.62×10−4 W/(cm2 K) for
the infrared detectors working in the 8–12�m spectral win-
dow [25]. Fig. 16 shows the simulated variation of NETD
andD∗ values of the diode type pixel at different bias lev-
els. Optimum performance is achieved at a 20�A bias level,
where total rms noise voltage is calculated as 0.52�V for a
4 kHz electrical bandwidth. Noise power contributions of the
interconnect resistor and diode are 85 and 15%, respectively
[19]. At the optimum bias point of 20�A, the diode type de-
tector provides a measuredD∗ value of 9.7×108 cm Hz1/2/W
and an estimated NETD value of 470 mK forf/1 optics and
4 kHz electrical bandwidth. Note that this electrical band-
width together with parallel readout circuitry is sufficient for
the scanning of large format arrays, such as 128× 128.

The resistive detector achieves the same estimated NETD
value of 470 mK at about 170�A, where it provides aD∗
value of 8.9×108 cm Hz1/2/W. It is possible to improve the
performance values of the resistive detectors by increasing
the bias level, since the signal-to-noise ratio of the detector
output improves at higher bias levels; however, high bias
levels increase self-heating as analyzed below.

3.7. Self-heating

Self-heating of the uncooled detectors is an important
parameter affecting the operation of the readout circuit.
Self-heating increases with the increasing bias level, and

it should be reduced in order to avoid possible saturation
problems of the readout circuit. Therefore, self-heating and
bias levels of the detectors should be considered while
comparing the NETD values of different detectors.

Fig. 17shows the simulated variation of self-heating and
NETD of both types of pixels with respect to bias current.
For the resistive microbolometer, the NETD value decreases
as the bias level increases. However, this results in an ex-
cessive self-heating problem that may be difficult to com-
pensate for. Whereas, the diode type microbolometer can
provide same NETD values at much lower bias levels with
much less self-heating.

Table 1gives the comparison summary for the resistive
and diode type microbolometer detectors. At the optimum
bias level of 20�A, the diode type microbolometer detector

Fig. 17. The simulated variation of self-heating and NETD of both types
of pixels with respect to bias current.
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Table 1
The comparison summary for the resistive and diode type microbolometer
detectors

Detector type Resistor Diode

CMOS process AMS 0.8�m AMS 0.35�m
Post-CMOS Wet etch RIE+ wet etch
Pixel size (�m2) 80 × 80 40× 40
Fill factor (%) 13 44
Gth (W/K) 6.2 × 10−7 1.8 × 10−7

Absorption coefficient 0.6 0.45
Time constant (ms) 21 35.8
Ibias (�A) 170 20
Self-heating (K) 2.7 0.27
Electrical noise (�V) 0.81 0.52
Sensitivity 0.34%/K −2.0 mV/K
The dc responsivity (V/W) 4970 4970
NETD (mK) (f/1) 470a 470a

D∗ (cm Hz1/2/W) 8.9 × 108 9.7 × 108

a Expected.

has a dc responsivity (R) value of 4970 V/W. Correspond-
ing NETD and detectivity (D∗) values are 470 mK and
9.7 × 108 cm Hz1/2/W, respectively. At a 20�A bias with
125�sec pulse duration, the diode type microbolometer has
a self-heating of 0.27 K. The resistive type microbolometer
requires about 8 times higher bias current to obtain the
same NETD value as the diode type detector, resulting in
an excessive self-heating of 2.7 K, which is 10 times larger
as compared to that of the diode type detector.

4. Conclusions

This paper reports the implementation and comparison
of two low-cost uncooled infrared microbolometer detectors
that can be implemented using standard n-well CMOS pro-
cesses: n-well resistive and p+-active/n-well diode detectors.
The resistive n-well detector is implemented in a 0.8�m
CMOS process and has a pixel size of 80�m× 80�m with
a fill factor of 13%. The diode type detector is implemented
in a sub-micron 0.35�m CMOS process and has a pixel
size of 40�m × 40�m with a fill factor of 44%. These de-
tectors can be obtained with simple bulk-micromachining
processes after the CMOS fabrication, without the need for
any complicated lithography or deposition steps. Therefore,
the detector cost is almost equal to the CMOS chip cost.
The p+-active/n-well diode detector has a measured dc re-
sponsivity (R) and detectivity (D∗) values of 4970 V/W and
9.7×108 cm Hz1/2/W, respectively. The diode type detector
has an estimated NETD value of 470 mK with anf/1 optics
and 4 kHz electrical bandwidth. The resistive type n-well de-
tector provides the same NETD value of 470 mK at 1.68 V
detector bias voltage, where a self-heating of 2.7 K occurs.
This self-heating is 10 times larger than that of the diode
type detector and complicates the readout circuit. The perfor-
mance of the resistive detector can be improved further with
higher detector bias voltages; however, this increases the

self-heating further. These results show that the diode type
microbolometer detector is much more suitable for uncooled
infrared imagers with large format arrays due to its small
pixel size, low bias requirements, and reduced self-heating.
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