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Abstract—We demonstrate infrared focal plane arrays utiliz-
ing monocrystalline silicon/silicon–germanium (Si/SiGe) quantum-
well microbolometers that are heterogeneously integrated on top
of CMOS-based electronic read-out integrated circuit substrates.
The microbolometers are designed to detect light in the long wave-
length infrared (LWIR) range from 8 to 14 μm and are arranged
in focal plane arrays consisting of 384 × 288 microbolometer pix-
els with a pixel pitch of 25 μm × 25 μm. Focal plane arrays with
two different microbolometer designs have been implemented. The
first is a conventional single-layer microbolometer design and the
second is an umbrella design in which the microbolometer legs
are placed underneath the microbolometer membrane to achieve
an improved pixel fill-factor. The infrared focal plane arrays are
vacuum packaged using a CMOS compatible wafer bonding and
sealing process. The demonstrated heterogeneous 3-D integration
and packaging processes are implemented at wafer-level and enable
independent optimization of the CMOS-based integrated circuits
and the microbolometer materials. All manufacturing is done us-
ing standard semiconductor and MEMS processes, thus offering a
generic approach for integrating CMOS-electronics with complex
miniaturized transducer elements.

Index Terms—Long-wavelength infrared imaging, LWIR, ther-
mal imaging, uncooled microbolometer, Si/SiGe quantum-wells,
wafer-level vacuum packaging, very large-scale heterogeneous 3-D
integration, MEMS.
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I. INTRODUCTION

LONG-wavelength infrared (LWIR) imaging, also called
thermal imaging, is quickly spreading beyond its initial

defense-related applications into areas as diverse as thermog-
raphy, medical imaging, industrial process control, person de-
tection, person counting, automotive safety and even consumer
products such as mobile phones [1]–[5]. In thermal imaging,
the electromagnetic blackbody radiation that is emitted by every
object with a non-zero temperature is detected. The blackbody
radiation of objects at ambient temperature has a maximum
intensity at a wavelength of about 10 μm, which corresponds
with the atmospheric transmission window between 8 and 14 μm
for infrared (IR) radiation [6]. An important advantage of ther-
mal imaging is that the resulting images are independent of
ambient light conditions and thus, enables imaging in com-
plete darkness. Thermal images are often easier to interpret
by automatic vision algorithms and provide information that
is complementing to images taken in the visible wavelengths
range [3], [7]. Furthermore, thermal imaging allows for tem-
perature mapping and non-contact temperature measurements
[8]. In a typical thermal imaging system, infrared radiation with
wavelengths from 8 to 14 μm is captured by an IR lens sys-
tem and focused onto a sensor focal plane array (FPA) that
detects the radiation. Commercially available thermal imaging
systems typically utilize uncooled resistive microbolometer sen-
sor technologies for radiation detection [9]. In a microbolome-
ter, the incoming thermal radiation is absorbed in a suspended
and thermally isolated membrane. The absorption increases the
temperature of the membrane. The temperature change of the
membrane is detected by measuring the resulting change of
the electrical resistance of the microbolometer thermistor mate-
rial that is part of the membrane. The resistance value of each
microbolometer pixel in a focal plane array correlates with the
incoming radiation energy and registers the thermal image in-
formation. Microbolometers that deliver high signal-to-noise
ratios require very good thermal insulation of the membrane
containing the thermistor material, large resistance changes with
temperature changes of the thermistor material, high absorption
of the IR radiation in the microbolometer membrane and low
electronic noise from the thermistor material [10]–[12]. The
microbolometer membrane is typically suspended on long legs
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with a small cross-sectional area to achieve a good thermal in-
sulation. In addition, microbolometer arrays are encapsulated
inside a vacuum atmosphere with a gas pressure on the order
of 10−2 to 10−3 mbar [12], [13]. The microbolometer ther-
mistor material is likewise optimized for a high temperature
coefficient of resistance (TCR) while minimizing the electronic
noise from the material. The vast majority of commercially
available uncooled infrared focal plane arrays are based on mi-
crobolometers containing vanadium oxide (VOx ) or amorphous
silicon (α-Si) thermistors, both featuring TCRs on the order of
2–3%/K [14]–[19]. In both cases, the microbolometer materi-
als are deposited and patterned on top of pre-fabricated CMOS
wafers containing the read-out integrated circuits (ROIC) for the
detector signal read-out. This manufacturing approach is typi-
cally referred to as monolithic integration and is temperature
limited to below 400–450 °C for the microbolometer mate-
rial deposition to avoid damaging the CMOS electronic circuits
[20], [21]. Therefore, the optimization of thermistor materials
used in monolithic integration is difficult with repercussions on
quality, uniformity and yield. Heterogeneous 3-D integration
based on wafer bonding has the potential to alleviate these fab-
rication related issues of state-of-the-art microbolometer focal
plane arrays [22]–[24]. In heterogeneous 3-D integration, the
microbolometer thermistor material is fabricated on a handle-
wafer and subsequently transferred to a prefabricated CMOS-
based read-out integrated circuit wafer using wafer bonding,
wafer thinning and subsequent micromachining. This approach
allows for a higher temperature budget and thus a wider selec-
tion of possible high-performance detector materials as com-
pared with monolithic integration approaches. Very large-scale
heterogeneous 3-D integration processes for combining CMOS-
electronics and micro-electromechanical systems (MEMS) have
been demonstrated for IC-integrated micro-mirror arrays [25]–
[29], IC-integrated accelerometers [30] and for gyroscopes [28],
[31]. Heterogeneous 3-D integration for IR microbolometer fo-
cal plane arrays has also been proposed [4], [22]–[24], [32]–
[35]. In this paper, we demonstrate infrared microbolometer
focal plane arrays utilizing mono-crystalline silicon/silicon-
germanium (Si/SiGe) quantum-well thermistors that are het-
erogeneously integrated on top of pre-fabricated CMOS-based
read-out integrated circuit wafers. The microbolometer focal
plane arrays consist of 384 × 288 pixels with a pixel pitch of
25 μm × 25 μm. Focal plane arrays with two different mi-
crobolometer designs have been implemented and evaluated.
The first microbolometer design is a traditional membrane de-
sign in which the microbolometer legs are placed along the
edges of the microbolometer membrane [35]. The second mi-
crobolometer design is an umbrella-type design in which the
legs are placed underneath the microbolometer membrane to
increase the pixel fill factor [22], [36], [37]. A wafer-level solid-
liquid interdiffusion (SLID) bonding process with copper (Cu)
and tin (Sn) [13], [38], [39] is used to cap and vacuum package
the infrared microbolometer focal plane arrays. The cap wafer
contains anti-reflective coatings to maximize the transmission of
the LWIR band through the package window. A non-evaporative
getter material is implemented inside the package to further en-
hance the vacuum level. The packaged infrared microbolometer

Fig. 1. Schematic cross-section of the packaged microbolometer focal plane
array module.

focal plane arrays are implemented in a camera module to-
gether with LWIR optics to demonstrate the capture of LWIR
video images.

II. INFRARED MICROBOLOMETER FOCAL PLANE

ARRAY DESIGN AND IMPLEMENTATION

Fig. 1 shows a cross-sectional drawing of the packaged in-
frared microbolometer focal plane array module. It includes
the heterogeneously integrated Si/SiGe quantum well mi-
crobolometers on top of a CMOS-based readout integrated cir-
cuit substrate and the 0-level vacuum package based on a silicon
lid that is bonded to the CMOS substrate which is placed in a
ceramic chip carrier. The design and implementations of the
packaged microbolometer focal plane array is described in the
subsequent sections that provide details on the readout inte-
grated circuit, the microbolometer design and integration, and
the wafer-level vacuum package.

A. Read-Out Integrated Circuit

The microbolometer read-out integrated circuit in this pa-
per is implemented in a standard commercial 0.18 μm CMOS
foundry process. Fig. 2 shows a high-level block diagram of the
readout integrated circuit electronics. The focal plane array cir-
cuit contains an area for an array of 384 × 288 microbolometer
pixels with a pixel pitch of 25 μm × 25 μm along with on-chip
analog to digital conversion, compensation and communication
circuitry.

The analog signal chain in the read-out integrated circuit
consists of microbolometer biasing, chopper amplifier, integra-
tor, sample-and-hold, multiplexing and analog-to-digital con-
version. The microbolometer pixels are read out sequentially
for each row and in parallel for all columns. Therefore, each in-
dividual microbolometer in a row is biased together with a blind
reference microbolometer pixel that is located at the end of ev-
ery row and not exposed to incoming infrared radiation. There
are two communication interfaces on the focal plane array. The
first interface is a serial peripheral interface (SPI) that is used
for device configuration together with test and debugging. The
second interface is a low-voltage differential signaling (LVDS)
interface that is used to transfer low-level calibration data out of
the focal plane array. The CMOS wafers containing the circuits
are provided by the foundry and the infrared microbolome-
ters are subsequently integrated on top of the CMOS wafer
using the heterogeneous 3-D integration processes described in
Section II-B.
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Fig. 2. High-level block-diagram of the CMOS-based focal plane array read-
out integrated circuit.

B. Microbolometer Design and Integration

The microbolometers in this work utilize a Si/SiGe quantum-
well thermistor material [40], [41]. Mono-crystalline Si/SiGe
quantum-well thermistors feature comparably high TCRs and
low electronic noise as reported in previous works [23], [35],
[41]. This type of thermistor material consists of thin SiGe
quantum well layers that are sandwiched between layers of
Si, which allows tailoring the TCRs to between −2.5%/K and
−4%/K along with good 1/f noise properties [41]. The TCR
of the quantum-well thermistor material results from thermal
excitation of charge carriers from quantum-well-confined low-
energy states where the carriers are comparatively immobile,
to excited states where they are highly mobile. The TCR in-
creases with an increasing difference between the lowest energy
of the conducting charge carriers and the confined state. For
the quantum-wells used in the bolometer thermistor, the largest
TCR is obtained with the largest possible confinement energy
barrier. Hence, increasing the Ge content and/or the well width
in SiGe/Si quantum-wells increases the TCR value. More details
about the thermistor material are provided in [42]. Fig. 3 shows a
schematic cross-section of the thermistor material structure. As
indicated in Fig. 4, the microbolometer current path through the
thermistor material is vertical to the thermistor surface through
the Si/SiGe quantum-well layers. To achieve a high TCR, low
doped, wide and Ge-rich quantum well layers are used. The
SiGe quantum-well layers typically contain 30–35% Ge and

Fig. 3. Schematic cross-section of the thermistor material handle wafer con-
sisting of a SOI wafer and the epitaxially grown Si/SiGe quantum-well thermis-
tor material.

Fig. 4. (a) Reduced 3-D image of the microbolometer pixel, including the
microbolometer legs and the via posts that connect the microbolometer legs and
the read-out integrated circuit. (b) Schematic cross-section of the single-layer
microbolometer design with current path through the Si/SiGe quantum-well
thermistor. The trench separates the highly doped Si between the upper contacts.

are 8–10 nm thick. The thermistor material used in this work
has a measured TCR of −2.9%/K [23]. The mono-crystalline
Si/SiGe quantum-well thermistor material cannot be directly de-
posited on top of the CMOS wafer since the epitaxial deposition
process requires a mono-crystalline silicon seed layer and the
temperatures that are reached during deposition exceed the tem-
perature allowed for the CMOS electronic circuits. Therefore,
the Si/SiGe quantum-well thermistor material is deposited on
a SOI wafer, in the following called thermistor material handle
wafer. The deposited thermistor material is subsequently trans-
ferred to the CMOS wafer using wafer-level heterogeneous 3-D
integration. The design and implementation of the focal plane
arrays with two different microbolometer designs, i.e., a con-
ventional single-layer design and a two-layer umbrella design,
respectively, are described in Sections II-B1 and II-B2. While
the umbrella microbolometer design consists of a slightly more
complex structure, its key advantage is that the bolometer legs
are placed underneath the microbolometer membrane and not
beside the membrane as for the conventional single-layer mi-
crobolometer design. Thus, a higher pixel fill-factor of 72% (ex-
cluding the thermistor contact areas) is obtained for the umbrella
design, while standard, low-resolution projection lithography
can be used for the microbolometer fabrication. In principle,
the fill-factor of the umbrella design can be further improved to
well above 80% if high-resolution stepper-lithography is used.
In contrast, the single-layer microbolometer design features a
pixel fill-factor of 59% (excluding the thermistor contact areas)
and requires high-resolution stepper-lithography for the fabrica-
tion. Thus, the umbrella microbolometer design can obtain in-
creased infrared light absorption, while featuring less stringent
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Fig. 5. Schematic process for heterogeneous 3-D integration of the single
layer microbolometer design on top of a pre-fabricated CMOS-based read-out
integrated circuit wafer.

demands on the lithographical resolution during microbolome-
ter fabrication.

1) Conventional Single-Layer Microbolometer Design:
Fig. 4(a) and (b) show a rendered 3-D image and a cross-
sectional image of the conventional microbolometer design, re-
spectively. In this design, the microbolometer legs consist of a
sandwich structure of silicon nitride (SiN), titanium tungsten
(TiW) and SiN to both stress compensate the leg and encap-
sulate the thin TiW film that provides the electrical contact
between the nickel (Ni) vias and the thermistor material. The
legs connect to Al contacts on the top layer of the Si/SiGe ther-
mistor. An etched trench disconnects the two top contacts on the
Si/SiGe thermistor material from each other through the upper-
most highly doped Si contact layer. This configuration is used to
guide the measurement current vertically through the horizon-
tally arranged Si/SiGe quantum wells of the microbolometer
membrane. The infrared absorption of the microbolometer is
optimized by designing it as an optical λ/4-cavity where the
incoming IR radiation is reflected from the backside metal mir-
ror and absorbed by the microbolometer membrane [43]. The
optical cavity consists of a bottom Al mirror, the epitaxially
grown Si/SiGe, PECVD-deposited SiO2 and SiN passivation
layers and a thin antireflective top MoSi2 coating (not indicated
in Fig. 4). The optical design of the λ/4-cavity was simulated
and optimized to absorb >80% of the optical power of the tar-
geted wavelengths from 8 to 14 μm. The cross-section of the
optical cavity is shown in Fig. 4(b) together with the electrical
current path. Plated Ni vias connect the microbolometer legs
to interconnect lines on the CMOS read-out integrated circuit
substrate.

Fig. 5 details key steps in the heterogeneous 3-D integration
of the single-layer microbolometers on top of the read-out inte-
grated circuit wafer. The process starts with the pre-fabricated
CMOS-based read-out integrated circuit wafer and the Si/SiGe
thermistor that is epitaxially grown on the SOI-based thermistor
material handle wafer. A 20 nm thick PECVD SiO2 layer is
deposited on the thermistor material handle wafer and a 50 nm
thick layer of Al (1% Si) is sputtered on top of the deposited SiO2
layer to define the microbolometer backside mirror as shown in
Fig. 5(a). A Ni seed layer is deposited on the CMOS wafer at
the contact points to which the Ni via-posts are connected to
the read-out integrated circuit. At this point, the height of the
surface topography of the CMOS wafer is approximately 1 μm.
The thermistor material handle wafer and the CMOS wafer
are each spin-coated with a 1.5 μm thick polymer layer (mr-I
9150XP, Microresist Technology GmbH) that is soft-baked at
100 °C for 3 min. The two wafers are adhesively bonded as in-
dicated in Fig. 5(b) using a bond force of 12 kN on the 100 mm
diameter wafer stack together with a bonding temperature of
200 °C [44], [45]. Wafer-to-wafer alignment is not required for
the wafer bonding step. The Si substrate of the SOI-based ther-
mistor material handle wafer is removed using an SF6-based
deep reactive ion etch (DRIE) process, stopping on the SiO2
layer (BOX). The SiO2 layer is then removed in buffered HF
as indicated in Fig. 5(b). A 30 nm thick layer of Al (1% Si)
is sputter-deposited and defined into contact pads on top of the
transferred Si/SiGe quantum well thermistor layer as shown in
Fig. 5(c). The Si/SiGe quantum well layer is then covered with a
100 nm thick layer of PECVD SiO2 that is deposited at 100 °C
to be used as a hard mask, followed by masking and etching
to define the thermistor structures in the microbolometer ar-
rays. The results are Si/SiGe quantum well mesas with Al top
contacts placed on top of the bonding polymer. The mesas are
covered with another thin (less than 50 nm) layer of PECVD
SiO2 to seal-off the exposed bonding polymer. This is done
because the elevated temperatures in an oxygen-containing at-
mosphere would otherwise degrade the bonding polymer. The
first of two forming gas anneals is performed with Ar/H2 for
30 min at 300 °C. The wafer is then blanket-dry-etched to re-
move the SiO2 layer from the surface. This is followed by the
deposition of a 150 nm thick layer of PECVD SiN to cover both
the bonding polymer and the Si/SiGe quantum well mesas that
form the microbolometer thermistor membranes. Via-holes with
a diameter of 3 μm are defined and etched through the SiN and
the bonding polymer down to the Ni seed layer on the CMOS
wafer as shown in Fig. 5(d). Ni is plated to fill the via-holes
using electroless plating as indicated in Fig. 5(e). A 50 nm thick
layer of TiW is deposited to electrically connect the thermistors
with the plated Ni vias as shown in Fig. 5(f). The TiW metal
is patterned to pre-define parts of the microbolometer legs. An-
other 200 nm thick layer of PECVD SiN is deposited to obtain
a triple stack leg structure of SiN, TiW and SiN that enables
stress-compensated non-bending microbolometer legs. This is
followed by a patterning step that defines the microbolometer
legs and the microbolometer membranes as shown in Fig. 5(h).
The microbolometer structures that are integrated on top of the
CMOS wafer are free-etched by removing the bonding polymer
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Fig. 6. SEM images of the conventional single-layer microbolometer design
integrated on top of a CMOS read-out integrated circuit wafer.

Fig. 7. (a) Rendered 3-D image of the umbrella-type microbolometer pixel de-
sign, including the microbolometer legs placed underneath the microbolometer
membrane. (b) Schematic cross-section of the umbrella-type microbolometer
pixel with current path through the Si/SiGe quantum-well thermistor. The trench
separates the highly doped Si between the upper contacts.

with oxygen plasma etching as depicted in Fig. 5(i). The last
process step consists of a second forming gas anneal in Ar/H2
for 30 min at 300 °C to decrease the contact resistances between
the Si/SiGe quantum-well thermistor material and the metal mi-
crobolometer legs. Fig. 6 shows SEM images with details of the
free-etched single layer microbolometer pixels on the CMOS-
based read-out integrated circuit wafer. The extracted perfor-
mance parameters from evaluation pixels of the single-layer mi-
crobolometer design are an effective TCR of −2.6%/K with a
total microbolometer resistance of∼22 kΩ at 25 °C. The thermal
conductance and the heat capacity of the microbolometer inside
a vacuum atmosphere were designed to be 1.4 × 10−7 W/K
and 6.3 × 10−10 J/K, respectively. This corresponds to an esti-
mated thermal time constant of 4.6 ms. A process error during
the Ni electroless plating caused that a large number of vias
were in-completely filled with Ni as can be seen in Fig. 6(b).
Thus, only a few microbolometer pixels were electrically con-
nected to the underlying integrated circuits and although the mi-
crobolometer membranes were suspended properly, only very
few microbolometer pixels of the evaluated arrays provided an
electrical signal from the read-out integrated circuit. Therefore,
the wafer-level vacuum packaging and evaluation described in
Sections II-C and III. focuses on focal plane arrays with the
umbrella-type microbolometers described in Section II-B2.

2) Umbrella-Type Microbolometer Design: Fig. 7(a) and
(b) show a rendered 3-D image and a cross-sectional image
of the umbrella-type microbolometer design, respectively. In
this design, the microbolometer legs are placed underneath the

microbolometer membrane. Thus, a very high pixel fill factor for
absorbing the incoming infrared radiation can be achieved. The
long and narrow microbolometer legs provide a low thermal con-
ductance between the microbolometer thermistor membrane and
the read-out integrated circuit substrate. The microbolometer
legs consist of a low-stress amorphous TiAl layer that connects
the read-out integrated circuit with the uppermost highly doped
Si contact layer of the Si/SiGe thermistor. Similar to the single-
layer microbolometer design, the thermistor layer is divided in
two halves by an etched trench as indicated in Fig. 7(b). This
results in an electrical double pass through the thermistor, so
that the two electrical contacts can be realized on the same side
of the thermistor. The measurement current from the read-out
integrated circuit is guided vertically through the horizontally
arranged Si/SiGe quantum well layers of the microbolometer
membrane. The infrared light absorption in the microbolometer
membrane is optimized by designing it as an optical λ/4-cavity
where the incoming IR radiation is reflected from the backside
metal mirror and absorbed by the microbolometer membrane
[43]. The optical cavity consists of a bottom Al mirror, the epi-
taxially grown Si/SiGe quantum-well layers, and a thin layer of
MoSi2 . The optical design of the λ/4-cavity was simulated and
optimized to absorb >80% of the optical power of the targeted
wavelengths from 8 to 14 μm.

Fig. 8 details key steps in the heterogeneous 3-D integration of
the umbrella-type microbolometers on top of the read-out inte-
grated circuit wafer. The surface of the CMOS wafer is prepared
by depositing a thin layer of Al2O3 using atomic layer deposition
(ALD). The Al2O3 protects the top dielectric layer of the CMOS
wafer during the final release etch of the microbolometers. A
layer of PECVD SiO2 is deposited and contact holes are etched
in the SiO2 and Al2O3 layers to expose the underlying metal
contact pads on the CMOS wafer. This is followed by depositing
and patterning a TiAl layer that defines the microbolometer legs
as depicted in Fig. 8(a). Another layer of PECVD SiO2 is de-
posited and the surface is planarized using chemical mechanical
polishing (CMP) as shown in Fig. 8(b). The thermistor on the
thermistor material handle wafer is covered with a layer of Al
(1% Si) that defines the backside mirror of the microbolometer
membrane. A PECVD SiO2 layer is deposited on top of the Al
layer and thereafter, the wafer surface is planarized using CMP.
The layer structure on the thermistor material handle wafer is
shown in Fig. 8(c). In a next step, the thermistor material han-
dle wafer and the CMOS wafer are bonded to each other using
SiO2-to-SiO2 wafer bonding as shown in Fig. 8(d) [22], [24].
Wafer-to-wafer alignment is not required for the wafer bond-
ing step. The Si device layer and the SiO2 layer (BOX) of the
SOI-based thermistor material handle wafer are removed by a
combination of wafer back-side grinding, dry and wet etching.
Thus, the thin Si/SiGe quantum-well thermistor layer is trans-
ferred to the CMOS wafer with intermediate sacrificial SiO2
layers. Next, a thin layer of MoSi2 that acts as an absorber
layer is sputter-deposited. This is followed by the deposition
of a layer of PECVD SiO2 as indicated in Fig. 8(e). Holes are
etched through the stack of MoSi2 and the protective SiO2 to
expose the top Si layer of the thermistor. The upper Al (1% Si)
metal contacts are formed as indicated in Fig. 8(f). Thereafter,



FORSBERG et al.: CMOS-INTEGRATED SI/SIGE QUANTUM-WELL INFRARED MICROBOLOMETER FOCAL PLANE ARRAYS MANUFACTURED 2700111

Fig. 8. Schematic process for heterogeneous 3-D integration of the umbrella-
type microbolometer design on top of a pre-fabricated CMOS-based read-out
integrated circuit wafer.

a trench is etched in the thermistor layer to divide the pixel into
two different sections as shown in Fig. 8(g). The microbolometer
membranes are defined by etching through the SiO2 , MoSi2 , the
Si/SiGe quantum-well thermistor and the backside Al mirror, as
depicted in Fig. 8(h).

The electrical connections between the TiAl legs and the top
layer of the microbolometer thermistor membrane are made with
metal plugs that connect to the legs underneath the thermistor,
through a hole in the membrane and to the metal contacts on top
of the thermistor membrane. The metal plug formation starts
by etching holes through the thermistor material, the Al mirror
and the SiO2 down to the TiAl leg metal as shown in Fig. 8(i).
Sidewall passivation of the thermistor layers, including inside
the etched holes, is done by depositing 40 nm of Al2O3 using
ALD. The unwanted Al2O3 layer on the top surfaces is removed
by a sputter etch. The sidewall passivation is done to prevent
short circuiting of the thermistor layers inside the via-holes and
to improve the 1/f noise properties of the thermistor layer by
passivating the sidewall surfaces of the thermistor membrane
[22]. TiAl is deposited and patterned to electrically contact the
TiAl microbolometer legs with the contact areas of the upper
thermistor layer as depicted in Fig. 8(k). The microbolometers

Fig. 9. SEM images of the umbrella-type microbolometer design. (a) Edge of
a microbolometer array with three rows of “blinded” reference pixels. (b) Details
of a microbolometer pixel. (c) Cross-section of a free-standing microbolometer
with the legs placed underneath the thermistor membrane.

are released using isotropic anhydrous vapor HF etching of the
exposed PECVD SiO2 (not indicated in Fig. 8) after preparing
the sealing ring structures on the CMOS wafer for the wafer-
level vacuum packaging process as described in Section II-C.
The resulting vacuum packaged microbolometers have a mea-
sured average TCR of −2.8%/K with a total resistance of
∼20 kΩ at 25 °C. The thermal conductance and the heat ca-
pacity of the microbolometer inside a vacuum atmosphere were
designed to be 8.8 × 10−8 W/K and 8.5 × 10−10 J/K, respec-
tively. This corresponds to an estimated thermal time constant
of 9.6 ms. Fig. 9 shows SEM images with details of free-etched
umbrella-type microbolometer pixels.

C. Wafer-Level Vacuum Packaging of the Microbolometer
Focal Plane Arrays

Hermetic vacuum encapsulation of microbolometer focal
plane arrays is required to minimize thermal conductance
between microbolometer membranes and their surrounding
through gas conduction, and thus to increase the microbolometer
sensitivity. Typically, heat transfer through the surrounding gas
starts to dominate over heat transfer through the microbolometer
legs, for gas pressures above approximately 10−2 mbar. High-
quality, wafer-level vacuum packaging is considered a prereq-
uisite for infrared microbolometer focal plane arrays targeted at
emerging low-cost and high volume applications [46]. For high
manufacturing volumes, wafer-level vacuum packaging can sub-
stantially reduce the packaging cost as compared to chip-scale
packaging solutions. The cost of a typical wafer-level package
represents only a small part of the total cost of the focal plane
array. The infrared microbolometer focal plane arrays in this
work are wafer-level vacuum packaged using solid-liquid inter-
diffusion (SLID) bonding of a cap wafer, where an isothermal
solidification of Cu and Sn occurs [13], [38]. Figs. 10 and 11
show schematics of the wafer-level vacuum packaging process.
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Fig. 10. Process scheme for fabrication of the infrared-transparent cap wafer
and photo of the fabricated cap wafer with Cu-Sn bond frames.

Fig. 11. Preparation of CMOS wafer containing the integrated microbolome-
ter arrays. (a) CMOS wafer with integrated microbolometers, (b) Etching of
openings in sacrificial SiO2 layer. (c) Seed layer deposition and electro plating
of bond frames with subsequent removal of seed layer. (d) Etching of sacrificial
SiO2 layer to release the microbolometers.

Fig. 10 details the preparation of the cap wafer. The Si cap
wafer consists of etched recesses that define vacuum cavities
and dicing lines as shown in Fig. 10(a).

An antireflective coating is deposited on the top cap surface
and at the inside of the cavities to increase the transmission
for infrared radiation with the targeted wavelengths from 8 to
14 μm. The bond frames are defined by electroplating Cu and
Sn on the cap wafer as indicated in Fig. 10(c). A commer-
cially available thin-film non-evaporable getter is sputtered and

patterned on the inside of the cavity to improve the vacuum
level and long-term reliability of the package. After activation
at elevated temperature, the getter acts as a chemical pump that
absorbs active gases, including H2O, CO, CO2 , O2 , N2 and H2 .
The getter material is not transparent to infrared radiation and
the getter structures are therefore located adjacent to the active
microbolometer array as depicted in Fig. 10(d). The photo in
Fig. 10 shows the finalized cap wafer. The preparation of the
CMOS wafer with the integrated microbolometer arrays and
the subsequent wafer-level vacuum sealing process is shown in
Fig. 11. After patterning the SiO2 layer on the CMOS wafer us-
ing wet-etching as shown in Fig. 11(b), sealing ring structures
are defined by electroplating Cu and Sn as shown in Fig. 11(c).
The bond frames on the CMOS wafer correspond to the frames
on the cap wafer. At this stage the microbolometers are released
by etching the SiO2 using isotropic anhydrous HF as indicated in
Fig. 11(d), resulting in the free-standing microbolometers shown
in Fig. 9. All exposed materials, including the Al2O3 passivation
layer and the TiAl microbolometer legs, are not attacked by the
anhydrous HF etch. Next, the cap wafer is aligned and joined
to the CMOS wafer inside a high vacuum atmosphere. During
the Cu-Sn bonding process, the wafers are pre-aligned, heated
to a temperature below the melting point of Sn (Tm = 232 °C),
and pressed together to ensure good contact between bonding
surfaces, while the temperature is ramped up past the Sn melting
point [13], [38]. The temperature ramping continues until the
targeted bonding temperature (below 300 °C) is reached. The
temperature ramp is controlled to avoid unwanted flow-out of
unreacted Sn, which can cause electrical and mechanical dam-
age to the circuits on the wafer [39]. During bonding, the Cu
and Sn react and first form a Cu6Sn5 phase, and subsequently
a Cu3Sn phase. The complete transformation of Cu and Sn into
the Cu3Sn phase at the interface requires that the ratio of Cu/Sn
is above 1.3 [39]. Re-melting of the bond alloy would occur at
415 °C for bonds consisting of a mixture of Cu3Sn and Cu6Sn5
phases and at 676 °C for bonds consisting of pure Cu3Sn [13],
therefore the bond process is optimized as to ensure that the
final bondline only comprises Cu and Cu3Sn. The singulation
and final packaging of the focal plane array chips is illustrated in
Fig 12. The lid wafer is diced above the etched recesses to locally
remove the lid wafer from the areas that contain the wire bond
pads on the CMOS wafer as shown in Fig. 12(b). The related
photo shows the wafer with the partly removed lid wafer. Next,
the focal plane array chips are diced as indicated in Fig. 12(c),
placed in a standard ceramic package and wire bonded as shown
in Fig. 12(d). The extracted thermal time constant of the pack-
aged umbrella-type microbolometers is between 8.8 and 9.3 ms,
which is close to the designed target value and proves that the
gas pressure in the vacuum package is sufficiently low and in the
target range. The microbolometer time constant did not degrade
when measurements were repeated after more than one year of
storage of the packaged focal plane array.

III. INFRARED CAMERA SYSTEM VERIFICATION

To demonstrate the packaged Si/SiGe quantum well in-
frared microbolometer focal plane arrays, an evaluation camera
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Fig. 12. Singulation process and final packaging of the infrared focal plane
array chips.

Fig. 13. Block diagram and development board of the IR micobolometer
camera.

module was developed and implemented. Fig. 13 shows a
schematic block diagram of the camera module and a picture
of the assembled camera module that consists of three printed
circuit boards and a socket for the ceramic chip package con-
taining the vacuum packaged focal plane array and an infrared
lens assembly. The heart of the electronics design in the cam-
era module is an Altera EP3C40 field-programmable gate array
(FPGA), used for its high computing power and memory size.
The power and heat management, and communication busses
are part of the camera module.

Fig. 14 shows a video image frame taken with the Si/SiGe
quantum-well infrared microbolometer focal plane array. The
microbolometer pixel operability of the array is given as the
ratio of working pixels compared to the total number of pixels

Fig. 14. Video image frame taken with the Si/SiGe quantum-well infrared
microbolometer focal plane array.

Fig. 15. (a) Bias level setting for active pixel area with 384 × 288 pixels.
(b) Histogram of the pixel bias level setting.

of the focal plane array and is targeted to above 99%. This was
evaluated by biasing the microbolometer pixels in the focal plane
array at different levels and recording the output. Fig. 15 shows
the bias level settings for the focal plane array. The average
TCR of the focal plane array was evaluated in a controlled
temperature environment and was determined to be −2.8%/K,
which is in line with previous evaluation results from similar
microbolometers [22], [23].

IV. CONCLUSION

This paper reports on operational infrared focal plane arrays
utilizing mono-crystalline Si/SiGe quantum-well microbolome-
ters that are heterogeneously integrated on top of CMOS-based
read-out integrated circuit substrates. The work demonstrates
the viability of very large-scale heterogeneous 3-D integra-
tion for combining CMOS circuits with advanced infrared mi-
crobolometer materials. Heterogeneous 3-D integration enables
the independent optimization of the CMOS read-out-integrated
circuit electronics and the detector materials and thus, can be
employed to implement imaging components with superior
performance. Besides for microbolometer focal plane arrays,
the demonstrated heterogeneous 3-D integration and packag-
ing approach is a promising technology for a variety of other
emerging components, including CMOS-integrated optical sen-
sors, CMOS-integrated photonic and laser systems and CMOS-
integrated micro-opto-electromechanical systems (MOEMS).
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