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Pixel level vacuum packaging for single layer
microbolometer detectors with on pixel lens

M. Yusuf Tanrikulu

This paper presents a new approach for fabrication of single layer microbolometer detectors featuring pixel level vacuum
packaging together with a lens on the pixel. The proposed lens structure can be used to increase the fill factor of the detector
so that the pixel size can be decreased without decreasing the minimum feature size in the detector which is a problem in single
layer microbolometers. The designs of the lens and the fabrication process of pixel level vacuum packaged microbolometer
detector together with this lens are given in the framework of this study. The optical and mechanical simulations of the
structure are performed. The radius of curvature of the lens is optimized to be 25 um and it is shown that the condensing
efficiency is 100 % for 3 um lens-detector distance. The deflection in the lens structure is found approximately as 0.8 nm
in 1 atm environment pressure, showing that the proposed structure is durable. The proposed structure increases the fill
factor to twice of the original value without decreasing the minimum feature size in the fabrication processes, resulting in
the same amount of improvement in the performance of the detector. This approach can also be used to increase the yield
and decrease the fabrication cost of single layer and also standard microbolometers with small pixel sizes, as it integrates

the vacuum packaging in the fabrication steps.
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1 Introduction

Uncooled infrared detectors have been widely used for
a long period of time due to their various advantages
when compared with the quantum detectors. These ad-
vantages include the room temperature operation, mono-
lithic fabrication on CMOS readout circuits, having low
weight, dissipating low power, and operation on large
spectral range like 8—12 pm. Beside these technical advan-
tages, having a low cost makes uncooled detectors suit-
able for civilian and commercial applications like night
vision for automotive, security, firefighting, and marine
applications [1].

Microbolometers are composed of an active layer with
high temperature coefficient of resistance (TCR) provid-
ing a change in its resistance due to absorbed infrared ra-
diation, support arms which provide both electrical and
mechanical connections, and an absorbing layer which
collects the infrared radiation. Generally different mate-
rials are used for these layers to increase the performance
of the detectors. Vanadium oxide (VO,) and amorphous
silicon (a-Si) are the mostly used active detector materi-
als in microbolometers [2-5], while silicon nitride (SizNy4)
is generally used as absorber layer [6,7]. This multi layer
structure increases the design and fabrication complex-
ity and dependently increases the cost of the detector.
For this reason, using the same material as absorber, ac-
tive layer, and structural layer and building a single layer
detector is started to be studied to obtain cost effective
solutions. A single layer microbolometer approach was

realized using platinum film having a thickness of 7 nm
with a TCR value of 0.14 %/K [8]. Another realization
was made using ALD coated ZnO thin film with a TCR
value of —10.4 %/K which is much higher than the TCR
of mostly used materials [9].

Microbolometers are most widely used uncooled in-
frared detectors due to its respectable performance, small
pixel size, and easy fabrication [10]. There is a tremen-
dous effort to reduce the pixel size of microbolometer de-
tectors to decrease the unit cost. There are focal plane
arrays with 10 pum pixel pitch available at the market
[11], while there are studies to decrease the pitch down to
6 pm using nanotubes [12]. Decreasing the pixel size can
reduce the unit cost, but the need for high process ca-
pabilities with expensive lithography equipment for fab-
rication of small sized pixels prevents the reduction in
the cost. Furthermore, the fabrication processes of sin-
gle layer microbolometers limit the decrease in minimum
feature size even high process capabilities are available.

Another parameter that affects the cost of the imag-
ing systems is the packaging of detectors. Since the de-
tectors operate at vacuum conditions to have high perfor-
mance, the cost of vacuum packaging should be decreased
as much as possible. There are several vacuum packaging
methods reported including die level packaging [13-16]
and wafer level packaging [17-22]. There are also efforts to
make pixel level vacuum packaging where the packaging
process is the part of detector fabrication process [23-32].
By this method, the need for expensive packaging equip-
ment like a wafer bonder can be eliminated. There are
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Fig. 1. 3D views of the single layer detector structure and the proposed pixel level vacuum packaged detector together with a lens on
the pixel: (a) — single layer detector structure which is used from the study Tanrikulu et al [9], (b) — the whole structure,
and (c) — the cross-sectional view
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Fig. 2. The cross-sectional view with the dimension definitions and important parameters used for the design of the proposed structure
and the lens. Radius of curvature and lens thickness together with lens-detector distance are the important parameters to be simulated
in order to optimize the condensing efficiency of the lens

studies to form a lens on each individual pixel in both vis-
ible and infrared imaging applications [33-35]. But these
studies do not have pixel level vacuum packaging solu-
tions, so they still need expensive packaging equipment.

This study proposes a new fabrication approach for
single layer microbolometer detectors including pixel level
packaging together with a lens on pixel. The designs of
the lens and fabrication flow of the proposed structure
are given in detail. The lens is simulated with RayOptics
Module of COMSOL software to see the condensing effi-
ciency, and the whole structure is mechanically simulated
using CoventorWare FEM tool to see the deflection in the
lens. This approach can be used to fabricate small sized
single layer or standard microbolometer pixels without
the need for high process capabilities, since the proposed
lens structure prevents the decrease in the fill factor of
the detector. Furthermore, an increase in yield is possi-
ble since the vacuum packaging is performed as a part of
detector fabrication process. To author’s knowledge, this
structure is the first of its type in literature combining
pixel level packaging with a lens in small sized uncooled
infrared microbolometers.

2 Design of the lens

Figure 1 shows the 3D view of the single layer detector
structure and the proposed pixel level vacuum packaged
detector together with a lens on the pixel. The single layer
detector structure is used from the study by Tanrikulu et
al [9].

Figure 2 shows the cross-section of the structure with
the dimension definitions and important parameters used
for the design of the proposed structure and the lens. The
minimum feature size is taken as 1pum as proposed in
Tanrikulu et al [9], so the gaps and arms are 1 pm wide,
while the pixel pitch (PP) is reduced to 17 pm to have a
small sized pixel. As a result, the active area of the pixel
is 10 pm X 10 pm making a fill factor of 35 % without the
lens (fill factor is the ratio of the active area to the total
detector area). Radius of curvature and lens thickness
together with lens-detector distance are the important
parameters to be simulated to optimize the condensing
efficiency of the lens.

As can be seen figure the plano-convex lens is cho-
sen because it can be easily fabricated when compared
to other type of converging lenses like positive-meniscus.
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Fig. 3. Condensing efficiency of the lens with respect to radius
of curvature and lens-detector distance. Radius of curvature and
lens-detector distance are chosen as 25 pum and 3 pum, respectively
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Fig. 4. The results of the ray tracing simulations with the optimized
structure dimensions. As can be seen all the incoming rays arrive
on the circle representing the detector pixel

In positive meniscus lens the focal length becomes very
large, since the difference between the radiuses of cur-
vature of two surfaces is small, so the incident radiation
cannot be focused to proper area. The diameter of the
lens is 16 pm, since the lens of the next pixel should be
1 pm away, which is the minimum feature size.

The thickness of the lens can be found by simple geo-
metrical calculations using the radius of curvature of the

d:R—,/RL(%)Q, (1)

where R is the radius of the curvature and Pp is the
pixel pitch.

lens as
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The focal length of the plano-convex lens is calculated
from Lens Maker’s Equation as [36]

f= (2)

where n is the refractive index of the lens material.

The lens material is chosen as a-Si since its fabrica-
tion process is compatible with the previous process steps
of the proposed structure (see next section) and CMOS
process, as the deposition temperature is not very high.
Furthermore, the extinction coefficient of a-Si is zero [37]
like that of bulk silicon [38] making it transparent in the
8-12 um wavelength range. Therefore, a suitable antire-
flection coating like titanium nitride (TiN) will be suf-
ficient for the lens to have approximately 100% trans-
mission. The refractive index of a-Si is taken as 3.42
during the parameter calculations and simulations of the
lens [37].

The other important parameter is the ratio of the en-
ergy arriving on the microbolometer pixel to the ratio
of energy incident on the whole structure, namely the
condensing efficiency of the lens. The infrared rays inci-
dent on the structure may not reach the microbolometer
depending on the lens thickness (due to high refraction
amount of the rays) and the distance of the detector to
the lens (due to focusing properties). To optimize the lens
thickness and the distance of the detector to the lens,
the structure is simulated using the RayOptics module
of COMSOL software. During the simulations the detec-
tor pixel is represented by a circle having a diameter of
10 pm which is same as pitch of the active area. The ra-
dius of curvature of the lens is changed between 10 pum
and 30 pm and the distance of the microbolometer pixel
is changed between 1pum and 4 um. Figure 3 shows the
condensing efficiency with respect to radius of curvature
and the distance of the lens to the pixel. From the simu-
lations the radius of curvature and the lens-detector dis-
tance are chosen as 25 um and 3 um respectively, to have
100 % condensing efficiency. The values are selected such
that small changes in the targeted dimensions do not
affect the efficiency and the lens thickness does not in-
crease much. The thickness of the lens can be calculated
as 1.5 ym using Equation 1. Figure 4 shows the results
of the ray tracing simulations with the optimized radius
of curvature and lens-detector distance. All the incoming
rays arrive on the circle representing the detector pixel.

3 Design of fabrication process flow

Figure 5 shows the designed fabrication process flow
that can be used to fabricate the proposed structure in
Fig. 1. The process flow of the single layer detector is
same as the study by Tanrikulu et al [9] except the re-
moval of sacrificial layer step, so the details are not shown
here, Fig. 5(a). The process continues with the coating of
second sacrificial layer which is polyimide and etching of
both sacrificial layers are performed for the formation of
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Fig. 5. The designed fabrication process flow. (a) single layer microbolometer on the sacrificial layer (polyimide), (b) coating of second
sacrificial layer and etching of lens supports, (c) deposition of first part of lens material (a-Si) and etching of exhaust holes, (d) etching
of sacrificial layers, (e) deposition of second part of lens material under vacuum, and (f) formation of lens with grayscale lithography

lens supports, Fig. 5(b). The lens material, which is cho-
sen as a-Si, is deposited to fill the etched regions to form
the lens support and the first part of the lens, and this
layer is etched to form the exhaust holes, Fig. 5(c). These
holes are used to etch the sacrificial layers in the next step,
Fig. 5(d). Another a-Si layer is deposited to fill the ex-
haust holes and form the second part of the lens, Fig. 5(e).
This material can be coated using sputtering technique
under vacuum, so the detectors will stay in vacuum en-
vironment which is required for high performance. Fur-
thermore, the deposition temperature is less than 300°C,
which is a suitable temperature for the previous process
steps and CMOS fabrication process in case the struc-
ture is fabricated on a CMOS readout circuit. The dome
shape of the lens can be obtained using grayscale lithogra-
phy technique as in [39,40] as the last step of the process
Fig. 5(f). An antireflection coating, like TiN, can be de-
posited before the formation of the lens if needed, and

the grayscale lithography technique can be applied to an-
tireflection coating and lens together.

4 Mechanical simulations of the structure

The mechanical stiffness of the structure is important
since it can affect the design parameters. A deflection can
occur in the lens [28] and the lens can become useless if
too much deflection occurs. To see the deflection amount
of the lens, the proposed structure is mechanically sim-
ulated using Coventorware FEM simulation tool. During
the simulations it is assumed that 1 atm air pressure ex-
ist in the environment. Figure 6 shows the results of the
simulation. According to the results, the designed lens has
a maximum deflection of approximately 0.8 nm which is
an acceptable value when the total lens thickness is con-
sidered. The simulation results show that the proposed
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Fig. 6. The result of the mechanical simulation. The maximum
deflection of the lens is approximately 0.8 nm which is an acceptable
value showing that the proposed structure together with the lens is
durable

structure together with the lens is durable with the de-
signed parameters.

5 Conclusion

This study proposes a new fabrication approach for
single layer microbolometer detectors including pixel level
packaging together with a lens on pixel. The designs of
the lens and fabrication flow of the proposed structure
are given in detail. The lens is optically simulated using
RayOptics module of COMSOL software to optimize the
condensing efficiency and lens dimensions. The structure
is mechanically simulated using CoventorWare FEM tool
to see the deflection in the lens. It is shown by the simu-
lations that the lens will have 100 % condensing efficiency
for 25 um radius of curvature and 3 pm lens-detector dis-
tance. The proposed structure is mechanically stable since
the simulated value of 0.8 nm is an acceptable amount of
deflection in the lens. This approach can be used to fab-
ricate small sized single layer and standard microbolome-
ter pixels without the need for high process capabilities
since the proposed lens structure prevents the decrease in
the fill factor of the detector. Furthermore, an increase in
yield is possible since the vacuum packaging is performed
as a part of detector fabrication process. The process flow
can be modified to include photoresist reflow or melting
as suggested in [41] in a future study if grayscale lithog-
raphy process is needed to be avoided.
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