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bstract

This paper presents design, fabrication and measured performance parameters of micromachined infrared detectors on polyimide substrates.
he detectors are of bolometer type made of semiconducting yttrium–barium–copper oxide (YBCO) as the thermometer material and are built on a
0–50 �m-thick layer of polyimide (PI5878G) that serves as a flexible substrate. A thin film of Si3N4 supports the detectors. Surface micromachining
s used to isolate the detectors and the supporting nitride layer from the substrate. Despite being supported by a layer of Si3N4, an average thermal
onductivity of 5.61 × 10−7 W/K, comparable to self-supporting devices on flexible substrates has been measured. This opens the possibility of
lacing such flexible sensors on micromachined membranes, integrated with other functions such as pressure sensing to build “Smart Skin.” Room-
emperature responsivity of 7.4 × 103 V/W and detectivity of 6.6 × 105 cm Hz1/2/W were demonstrated on 40 �m × 40 �m microbolometers. The

ffect of substrate heating was also investigated and was found not to cause cross talk between the pixels. If these sensors are to be used as part
f multi-functional, flexible sensor systems, device-level vacuum packaging is necessary. This was investigated using computer simulations for
tructural analysis and found to be feasible.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The coalescence of integrated electronics and MEMS has
ade the goal of system-on-a-chip – a single package contain-

ng sensors, actuators and associated electronic circuitry in one
hip – realizable. Flexible substrates facilitate conformal elec-
ronics, enabling foldable systems-on-a-chip, made of sensors,
lectronics and actuators, with possible applications as elec-
ronic fabrics, smart tags and conformal sensor arrays among
thers in the fields of defense, medicine, industrial monitoring
nd testing. Microbolometers on flexible substrates are part of
strategic goal of making a “smart skin”—a flexible substrate
ousing a plethora of sensor systems for measuring parameters
ike temperature, moisture, pressure, fluid flow and accelera-
ion. Typically, however, the performance optimization of each
ype of sensor would put contradicting requirements on design

arameters. For example, if pressure and thermal sensors are
o be integrated on a single micromachined bridge, as would
e required in case of the “smart skin”, the mass, dimensions,
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aterial properties (thermal conductivity, specific heat etc.) of
he bridge structure need to be optimized as a shuttle mass for the
ressure sensors and as a support with low thermal conductiv-
ty and mass for the thermal detectors. Therefore, it is essential
o investigate the performance of such flexible bolometers on a

icromachined membrane. Similarly, if these systems were to
e used autonomously, self-packaging is necessary to maintain
exibility. Consequently, computer simulations are performed
ere to analyze the feasibility of device-level vacuum packag-
ng of these detectors.

Different materials used as bolometers include vanadium
xide VOx [1–10], amorphous Si [11–15], doped poly Si [16,17],
nd poly Si–Ge alloys [17–19]. Thin film metals like Ti [20,21],
b [4,22] and Pt [23,24] have also been reported. In this
ork, the radiation sensitive material used is the polycrystalline

orm of semiconducting YBa2Cu3O6+x (referred to as YBCO).
he structural, electrical and optical properties of the mate-

ial vary with the oxygen content x [25,26]. For 0.3≤ x ≤0.5,
Ba2Cu3O6+x behaves as a semiconductor and in crystalline
orm it is tetragonal. Amorphous YBCO thin films deposited
n Si wafers with a buffer layer have exhibited a temperature
oefficient of resistance (TCR) of ∼−3.1% K−1. YBCO can
e rf-sputtered from a target at room temperature to yield thin

mailto:zbutler@uta.edu
dx.doi.org/10.1016/j.sna.2006.03.006
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Fig. 1. Fabrication steps of microbolometers on flexible substrate. (a)
CoventorWare® generated model of a completed device, (b1) model showing Al
layer with open trenches, (b2) cross section view of slice at XX′ showing trench
opening in Al layer, (c1) model showing sacrificial polyimide, (c2) cross section
view of slice at XX′ showing sacrificial polyimide, (d1) model showing patterned
Ti arms and Au pads above support membrane, (d2) cross section view of slice at
XX′ showing Ti arm and Au pads above support membrane, (e1) model showing
YBCO detector in place, (e2) cross section view of slice at XX′ showing YBCO
detector above Au contact pad, (f1) model sectioned at XX′ and magnified 20X
along the height of the detector to show cavity and support details. The carrier
Si wafer and PI5878G have been suppressed in this figure, (f2) cross section
view of slice at XX′ showing micromachined cavity beneath the support layer
(Dimensions not to scale).
A. Mahmood et al. / Sensors an

lms for use as microbolometers [25–32]. The ability of low-
emperature deposition makes this material especially suitable
s a sensor material on polyimides, majority of which have strin-
ent thermal budgets.

Work on YBCO microbolometers started on rigid Si sub-
trates [29–32], which was followed by microbolometers on
exible substrates. The first generation devices on flexible
ubstrates were made on prefabricated sheets of polyimide,
apton®, using a Si wafer as carrier during the fabrication [26].
his was problematic in that the polyimide substrate could not
e kept planar on the silicon due to the formation of bubbles
nd the difference in thermal coefficients of expansion between
he polyimide and the subsequent layers. The next generation
f detectors was made by using spin-on polyimide layers (such
s PI5878G from HD Microsystems), which were subsequently
ured to form the flexible substrate. Again, Si wafers were used
s a carrier. The completed devices were then peeled off the
arrier to obtain the flexible detectors arrays [32]. The spin-on
olyimide is fully CMOS compatible in that it is resistant to
ypical process chemicals. It has a glass transition temperature
Tg) of ∼400 ◦C, providing ample thermal budget downstream
n the fabrication. Moreover, it poses no adhesion problems for
ayers deposited on it.

To achieve low thermal conductance and hence high respon-
ivity, bolometers are generally vacuum-packaged, which con-
titutes a large fraction of the overall cost of the sensor systems.
afer- and device-level packaging techniques have been pro-

osed to cut cost and improve reliability [33,34]. A new device-
evel vacuum packaging process that envisages a vacuum cavity
reated around the microbolometer during fabrication is inves-
igated. The detector is embedded in a sacrificial polyimide. A
avity wall/optical window combination is created using an opti-
ally transparent material. Openings in the optical window can
e used to remove all the sacrificial material around and under-
eath the detector by conventional micromachining techniques.
he openings in the optical window can then be sealed shut in
acuum to yield a vacuum cavity “package”. This technique is
ully compatible with current CMOS fabrication techniques and
an be used for flexible substrate microbolometers. A vacuum
avity containing a microbolometer has been simulated using
nite-element analysis based CoventorWare®. The flexible sub-
trate hosting the cavity was deflected up to a radius of 2 mm.
he stresses produced in the cavity materials were seen to remain

n the linear/elastic region up to a radius of ∼10 mm proving the
easibility of this fabrication scheme.

. Detector fabrication

All depositions in the fabrication were done using 3-in. tar-
ets in an rf-magnetron sputter system in a pure Ar environment
f 10 m Torr pressure. First, 4000 Å of Si3N4 was sputtered on
o the Si wafer for passivation and improved adhesion of the
ubsequent polyimide layer. This was followed by spin-coating

iquid polyimide PI5878G onto the wafer, which was repeated
ve times. The polyimide-coated wafer was then loaded into
n oven at 110–115 ◦C. The oven temperature was gradually
amped to 275 ◦C, where the polyimide was cured for 5 h to
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Fig. 2. Completed microbolometers on a flexible substrate showing (A) a trench in the supporting Si3N4 layer, (B) supporting Si3N4 layer, (C) Ti arm, (D) Au bond
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to 320 K (Fig. 3) and the temperature coefficient of resistance
TCR = α = (1/R)(dR/dT), was calculated. A TCR of−2.63% K−1

at 301 K was measured. The resistance of the device varied
according to the Arrhenius relation R(T) = R0 exp(Ea/kT). The
ad, (E) YBCO pixel and (F) Al reflecting mirror in; (a) cutaway of a Covento
een; (b) Array of 60 �m × 60 �m microbolometers under a microscope, showi
rray of 40 �m × 40 �m detectors after 10 h of ashing. The second pixel from t

ield a final thickness of 40 �m. The polyimide was then coated
ith another layer of sputtered Si3N4. This layer serves as a
assivation layer and also promotes adhesion between the poly-
mide and the subsequent layers sputtered during fabrication.
he nitride is resistant to the wet etchants used in subsequent
rocessing steps. To provide protection from dry etchants, a
00 Å layer of SrTiO3 was sputtered. Fabrication steps up to
his point are similar to those used for self-supporting microma-
hined microbolometers on flexible substrates reported earlier
32]. Subsequent fabrication steps are different since unlike self-
upporting devices reported in Ref. [32], the current geometry
mploys a support layer to hold up the bolometers. A 4000 Å
ayer of Al was then deposited and patterned to form a reflect-
ng mirror as part of a resonant cavity beneath the detector
o improve absorption of radiation by the bolometer. The Al
ayer was patterned in the shape of subsequently used trenches
or the sole purpose of facilitating alignment in following pho-
olithography steps (Fig. 1(b)). PI2610 was subsequently spun
n to form the sacrificial layer. After curing, the final sacri-
cial polyimide thickness was 0.5 �m (Fig. 1(c)). A 4000 Å

hick layer of Si3N4 was then sputtered onto the polyimide
ollowed by 500 Å of SrTiO3 layer. A 1500 Å layer of Ti was
sed as the electrode material, followed by deposition and pat-
erning of 750 Å of Au as bonding pads as well as contacts
etween the detector material and the electrodes. Ti was used
ue its relatively low thermal conductivity among conductors.
i was then patterned by dry etching in CF4:O2, forming the
lectrode arms between the aforementioned Au pads and con-
acts (Fig. 1(d)). The last deposition in the fabrication process
as 3600 Å of YBCO, patterned to yield the detector pixels

thermistors).
Surface micromachining was performed to remove the sacri-

cial layer, thus releasing the Si3N4 bridge supporting the detec-
ors. Trenches were opened around each pixel in the SrTiO3.
his exposed the underlying layer of Si3N4. The wafer was put

n a reactive ion etcher and the exposed nitride was dry etched.
itride was thus removed in the trench area exposing the under-
ying sacrificial polyimide PI2610 (Fig. 1(e)). The sacrificial
olyimide was removed by multiple steps of 10 min of oxy-
en ashing, followed by 10 min of cooling (Fig. 1(f)). It had
een observed that heating caused by continuous ashing for

F
c

e® model detector pixel. The micromachined cavity under the detector can be
extent of lateral micromachining of sacrificial PI2610 after 10 h of ashing, (c)

t has been removed and shows Al reflector surface without polyimide.

ong periods of time produces thermal stresses in the nitride
ayer supporting the detector. The cumulative ashing time was
pproximately 10 h. At this stage, it was seen that the PI2610
eneath the smaller 40 �m × 40 �m pixels was removed com-
letely (Fig. 2(c)). The polyimide can be peeled off the host
afer to yield sensors on a flexible substrate.
The cutaway model of the finished structure together with the

ptical photos of 1 × 10 arrays are shown in Fig. 2. Different
etector sizes and trench geometries are also evident.

. Detector characterization

Electrical and optical characterization of the packaged and
onded devices was carried out. Results presented here are
enerally for the 40 �m × 40 �m devices unless otherwise
pecified. The dc resistance at 301 K was measured to be
3.76 M�. Resistance of the device was measured from 240
ig. 3. Device resistance as a function of temperature and temperature coeffi-
ient of resistance. Effect of Joule heating: non-linear VI characteristics (inset).
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�Vn is the total noise voltage in frequency bandwidth �f. The
detectivity is a form of area normalized signal-to-noise ratio.
The highest measured detectivity of the device in vacuum was
6.6 × 105 cm Hz1/2/W at 94.4 Hz with a bias current of 970 nA.
A. Mahmood et al. / Sensors an

alues of R0 = 1341 � and the activation energy Ea = 0.21 eV
ere determined by plotting ln (R) versus 1/kT.
The thermal conductivity of the detector to the substrate Gth,

s a measure of the thermal isolation of the device and thus, of
he extent of micromachining. Thermal conductance was mea-
ured using the Joule heating method. The detector was placed
n a cryostat at room temperature and evacuated to 50 mT. The
ias current Ib was swept from −2 �A to 2 �A in increments
f 100 nA and the voltage across the device measured using
n HP4155B semiconductor parameter analyzer. The non-linear
I curve shows the effect of Joule heating (Fig. 3 inset). The

ffective thermal conductance Geff depends on the thermal con-
uctance Gth, the radiative conductance Grad and the heating
ffect of the biasing current PI = VI = I2

bR(T ):

eff = Gth + Grad − αPI (1)

he effective conductance is related to the temperature T and
he non-linear resistance of the device as:

eff(T ) = PI

�T
= I2

bR(T )

(T − T0)
(2)

here T0 is the ambient temperature of the substrate (the heat
ink). In the current geometry, Grad is negligibly small. It is
xpressed as:

rad ∼= 8εAdσT 3
0 (3)

here ε is the device emissivity and is assumed equal to the
evice absorption η at all wavelengths, Ad is the area of the detec-
or and σ is the Stefan–Boltzmann constant. The dependence of
he thermal conductance on the Joule heating, the non-linear
esistance and TCR of the device was investigated by calcu-
ating Geff and Gth using Eqs. (1) and (2) over the entire bias
ange from −2 �A to 2 �A. The mean room temperature Gth
as calculated to be 5.61 × 10−7 W/K with a standard devia-

ion of 3.63 × 10−7 W/K, which is comparable to those reported
arlier [32]. Similarly sized, non-micromachined devices in
ull contact with the substrate have a thermal conductance an
rder of magnitude higher [32]. Fig. 4 shows the resistance of
he device as a function of the dissipated power. Measured as
ell as theoretical data are shown. The theoretical device resis-

ance was calculated from the measured mean thermal conduc-
ance Ḡth, using Geff = Ḡth + Grad − αPI , and the Arrhenius
elation.

The optical characterization was done using a blackbody IR
ource kept at 900 ◦C. The detector was biased from 136 nA
o 970 nA. The device output was measured by a dynamic sig-
al analyzer through a low noise preamplifier. For calibration
urposes, an Oriel 70124 pyroelectric detector with a respon-
ivity of 1000 V/W was used. The device was mounted inside
cryostat and the measurements were made in air as well as in
acuum with the cryostat evacuated to ∼100 m Torr pressure. A
hopper was used to modulate the infrared signal incident on

he detector. Fig. 5 shows a typical signal spectrum. The device
ad a maximum voltage responsivity RV of 9.2 × 102 V/W and
.4 × 103 V/W in air and vacuum, respectively. The expression

or the voltage responsivity is Rv = ηαRIb/Gth(1 + ω2τ2
th)

1/2

F
s
a

ig. 4. Measured and theoretical resistance of the device resistance. The theoret-
cal resistance was calculated using the mean calculated Gth = 5.61 × 10−7 W/K.

35], where η is the optical absorption coefficient of the ther-
ometer, ω is the angular modulation frequency of the incident

R radiation and τth is the thermal response time of the detector
th = Cth/Gth, i.e., the ratio of the thermal capacitance to the ther-
al conductance of the microbolometer. The fact that there is an

ppreciable improvement in the detector responsivity with evac-
ation of air points to good thermal isolation achieved between
he detector and the substrate by micromachining. In addition
o the signal at different chopper frequencies, noise at these fre-
uencies was also measured (Fig. 5), which was used to calculate
he specific detectivity defined as D∗ = Rv

√
A�f/�Vn [35].

ere, A is the detector area, �f is the electrical bandwidth and
ig. 5. A typical signal spectrum showing the signal peak at 23 Hz and the noise
pectrum. Odd harmonics of the signal are also visible. Measurement was made
t 50 mT pressure at a fixed current bias of 970 nA.
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ig. 6. Responsivity and detectivity in vacuum of a 40 �m × 40 �m detector on
layer of supporting Si3N4. vs. optical modulation frequency.

ig. 6 shows the responsivity and detectivity measured in vac-

um as a function of chopper frequency.

The effect of substrate heating on detector performance was
lso investigated. The detectors were placed in a cryostat with
ZnSe window. The cryostat was evacuated to 50 mT pres-

F
o
c
e

Fig. 7. 60 �m × 60 �m self-supporting device scanned by a point

Fig. 8. A 40 �m × 40 �m device on Si3N4 support membrane scanned by
uators A 132 (2006) 452–459

ure. To emulate a point source, a small aperture was placed
n front of the blackbody source and a ZnSe lens was used
o focus the infrared energy onto the detector. A smaller aper-
ure would have been desirable as it would have meant higher
mage resolution. However, the infrared power incident on the
etector was a limiting constraint. The aperture was kept at
00–500 �m to keep the power incident on the detector greater
han the noise equivalent power (NEP). The lens was mounted
n an XYZ-axes translational stage controlled by a Newport
M3000 motion controller. This made it possible to traverse
small spot of light on the surface of the detector while keep-

ng the detector in the plane of optical focus. The detector was
iased with 0.97 �A of current. An HP 3561A dynamic signal
nalyzer was used to record the detector output. A SRS 560
ow noise amplifier was used to improve the signal to noise
atio before the signal analyzer. The area in the vicinity of the
etector was scanned in steps of 25 �m and the detector output
ignal was plotted using MATLAB. The experiment was per-
ormed on two devices; a self-supported 60 �m × 60 �m device
32] and a 40 �m × 40 �m micromachined bolometer supported
y a Si3N4 membrane presented in this work. The images in

igs. 7 and 8 show a convolution of the spot of infrared light
ver the area of the detector. The dimensions of the images are
omparable to those of the microbolometer pixels. In vacuum
nvironment, the self-supported device is thermally connected

source of infrared light. (a) Isotropic view and (b) top view.

a point source of infrared light. (a) Isotropic view and (b) top view.
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Fig. 9. CoventorWare® model of proposed device-level vacuum packaged
microbolometer. (a) Complete bolometer showing open Au bond pads with
optical layer rendered transparent and (b) vacuum cavity sectioned at YZ and
magnified 20X to show detail. (A) Trench in support layer of Si3N4 and SrTiO3

to facilitate micromachining under the bolometer, (B) support layers of Si3N4

and SrTiO3, (C) Ti arm, (D) Au pad, (E) YBCO detector element, (F) Al reflect-
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o the ambient by the Ti arms, while the trenches in the support-
ng Si3N4 membrane isolate the detector from the ambient and

inimize the effect of substrate heating. Because of good ther-
al isolation from the ambient, the detectors respond only to

irect incident infrared radiation. This makes them suitable can-
idates for larger arrays on polyimides without compromising
mage resolution due to cross talk between adjacent pixels.

. Device-level vacuum packaging

Microbolometers work best when they have as low ther-
al loss as possible. Isolating the detector from the substrate

y micromachining serves to this end. Further improvement
n performance is obtained by operation in vacuum. This has
itherto been done by using conventional packaging techniques.
he process consists of dicing the wafer, mounting on suitable
eramic or metal packages and wire bonding using ultrasonic
r thermo-ionic techniques. This is followed by capping. For
icrobolometers, this would require an optically transparent cap

n the IR range, which can be sealed on top of the package in
acuum. This packaging technique is adopted from traditional
MOS processing, where the packaged chips are mounted on
oards for computers and communication devices. This is an
xpensive technique and also sacrifices the flexibility of the
etector.

Chip-scale packaging has also been employed. Of special
nterest is die-level vacuum packaging technology demon-
trated, among others, by Lee et al. [33] and Cheng et al. [34].
he main idea has been to fabricate devices on a silicon wafer
nd apply a top glass cap structure in vacuum. The joints are
ealed to yield vacuum-packaged devices. These methods have
hown to provide sufficiently low level of pressure around the
ackaged device. However, in case of the detectors on flexible
ubstrates, the polyimide substrate has to be peeled off the car-
ier silicon substrate after completion of the fabrication process,
procedure that would get more challenging with the introduc-

ion of a capping wafer. Hence, device-level vacuum packaging
s considered.

Using the current microbolometer design, a new device-
evel packaging scheme was investigated, where the vacuum
ackaging is completed during the fabrication process, using
combination of conventional micromachining and vacuum

ealing techniques. The process builds on the micromachined
evices presented above and is fully CMOS compatible. After
abricating the detector pixel, trenches are opened in the support-
ng nitride layer to expose the underlying sacrificial polyimide
Fig. 1(e)). Instead of proceeding with the micromachining,
owever, 1 �m-thick photo definable polyimide PI2737 is spun
n the wafer and patterned to form a mesa above the detector.
i3N4 is then deposited on and patterned to be etched above

he polyimide mesa. 0.5 �m of PI2737 is again spun on and
atterned to make a larger mesa than the previous one. Another
ayer of Si3N4 (0.5 �m) is deposited and patterned to be removed

bove the larger mesa. These steps facilitate the fabrication of a
tepped nitride well filled with polyimide. A layer of a mechan-
cally strong, albeit optically transparent material, can then be
eposited. Slits can be opened in the optical layer to expose the

c
t
r
p

ng mirror, (G) lateral etch stop and step geometry to facilitate cavity formation
bove the detector, (H) optically transparent layer of Al2O3 and plugs to seal
he vacuum cavity.

acrificial polyimide that can then be removed by oxygen plasma
shing. The nitride enclosure will limit lateral ashing and direct
he micromachining through the open trenches towards the sacri-
cial polyimide supporting the detector from underneath. Upon
ompletion of the micromachining process, the slits opened in
he optical layer can be sealed shut by sputtering some more
f the same material. This yields a vacuum cavity evacuated
o the sputtering pressure of 10 m Torr and encapsulated by an
ptical window. Polyimide PI5878G can then be spun onto the
afer to yield the superstrate. The polyimide superstrate pro-
ides mechanical strength to the vacuum cavity. It will also
elp keep the detector close to the zero-strain plane [27]. Bond
ads can be opened for subsequent characterization. Fig. 9(a)
hows a computer-generated model of the completed vacuum
avity while the interior details of the proposed vacuum cavity

an be seen in Fig. 9(b). Given the glass transition tempera-
ures of 400 ◦C and 360 ◦C of PI5878G and PI2610 polyimides,
espectively, the detectors could be baked at a suitable lower tem-
erature prior to vacuum sealing. This would reduce outgassing
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Fig. 10. CoventorWARE® model of a flexible vacuum cavity showing mesh
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Table 1
Induced Von Mises stress in bent microcavity optical window made of Al2O3

Radius of curvature (mm) Max Mises stress (MPa)

48.0 30
12.0 44

7.0 990
5.1 1300
4.2 1500
3.6 1600
3.2 1800
2.9 2000

A

l
A
s
p
A
e
T
f
l

p
T
5
r
o

5

s
o
S
m
d
o
p
s
−
5
o
d
s
i
t
u
D
a
a
m

enerated for finite-element structural analysis. The figure has been magnified
0X along the z-axis and the superstrate and optical window have been removed
o show interior details of the cavity.

n the vacuum cavity without affecting the stoichometry of the
ensor material YBCO. The impact of baking on the quality of
he vacuum over an extended period of time would need to be
nvestigated.

The design of the vacuum cavity will largely depend on the
ptical and mechanical properties of the material chosen to form
he optical window. The optical window will have to withstand
pressure differential of approximately 1 atm. For the vacuum

avity to survive when subjected to the atmospheric pressure
nd the weight of the superstrate polyimide, the stresses induced
n this window should be less than the yield stress of the mate-
ial. This was investigated using computer simulations. A model
f the vacuum package was created using CoventorWare® and
nalyzed to study feasibility (Figs. 9 and 10). CoventorWare®

reates a 3-D model using 2-D process masks and a process
ow based on deposit and etch steps. It employs finite-element
nalysis for numerical computations.

Fig. 10 shows a CoventorWare® model of a flexible micro-
avity. The polyimide superstrate and the optical window have
een removed to show interior details of the microcavity. Based
n the mechanical strength and optical transmission characteris-
ics, materials suitable for the role of the optical window include
l2O3, ZnSe and Si. Amorphous Al2O3 has over 90% optical

ransmission in the infrared region up to 15 �m [36,37], while
nSe has an optical transmission range up to 22 �m [36]. Si
as an optical transmission range up to 15 �m [36]. All of these
aterials can be deposited by rf-sputtering. The transmission

roperties of ZnSe and Si have been quoted for a single crys-
al material and would be poorer for amorphous films deposited
y sputtering. For simulation purposes, the optical window lat-
ral dimensions were kept 100 �m × 100 �m and a thickness of
.5 �m was assumed. The top surface of the model was exposed

o 1 atm pressure. The stress in the optical window was com-
uted using finite-element analysis. Both Al2O3 and ZnSe were
ested as a window material. It was concluded that Al2O3 is
he more appropriate material as the stresses developed were

c
e
m
s

2.6 2100

l2O3 has a tensile strength of 260 MPa [36].

ess than the tensile strength of 0.26 GPa [36]. The stress in the
l2O3 increases as the detector/vacuum cavity is bent across

maller radii of curvature. After application of the superstrate
olyimide though, it is the polyimide superstrate and not the
l2O3 membrane that maintains the integrity of the vacuum

lement. Stresses produced in the optical window are shown in
able 1. Similar analysis with a ZnSe optical window showed a
ailure of the optical window because crystalline ZnSe has much
ower yield strength of 55 MPa [38].

The optical transmission characteristics of the superstrate
olyimide PI5878G have been measured and published [39].
here are transmission windows in the short wave region up to
�m as well as another transmission window in the far infrared

egion around 11 �m. The bolometer needs to be tuned to one
f these transmission windows for maximum absorption.

. Conclusion

A new micromachined infrared detector on a flexible sub-
trate is presented. Unlike previously reported microbolometers
n polyimides, these detectors are supported by a thin layer of
i3N4. Despite the difference in geometry, the measured ther-
al conductance Gth is comparable to that of self-supported

evices. This opens the possibility of employing infrared sensors
n thin membranes integrated with pressure sensors or micro-
hones/speakers; thus leading to more compact multi-functional
ensor systems on flexible substrates. Room temperature TCR of
2.63% K−1 and a relatively low mean thermal conductivity of

.61 × 10−7 W/K were measured. The maximum responsivity
f the detectors was 7.4 × 103 V/W in vacuum. The maximum
etectivity in vacuum was 6.6 × 105 cm Hz1/2/W. The effect of
ubstrate heating on the performance of the detector was also
nvestigated and was found to be negligible. As a step towards
ruly flexible detectors, the idea of a flexible device-level vac-
um cavity was analyzed using FEM based CoventorWARE®.
ifferent materials were simulated to investigate suitability as
robust yet optically transparent optical window material for
self-packaged flexible bolometer. Al2O3 was found to be the
ost suitable. The stresses produced in the vacuum cavity, espe-
ially in the optical window, were found to be in the linear region,
ven when the cavity was bent through a radius of ∼10 mm;
imicking wrapping these detectors around a small cylinder,

uch as a pen. Future work entails fabrication of vacuum encap-
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ulated detectors based on the current analysis. The detectors
re going to be sandwiched between a PI5878G superstrate and
ubstrate, creating a vacuum “bubble” around the detectors. This
ill contribute to greater mechanical strength as the device can
e placed in a near-zero-strain plane between the top and bottom
ayers of the polyimide.
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