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Abstract
Optomechanical uncooled infrared (IR) detectors based on the thermal deformation of bi-material
micro-cantilever have proved of significant potential in the IR imaging fields. However, compared to
other uncooled infrared detectors, the optomechanical type relies on themechanical deformation of
the thermomechanical cantilevers, which compete for spacewith the absorbers and isolation beams,
resulting in limited sensitivity. By integrating a designedmetalens, large deformation, high thermal
isolation, and high effective fill factor can be achieved simultaneously. Several pixel designs of
optomechanical uncooled IR focal plane array (FPA)with designed integratedmetalens are evaluated
and optimized through numerical simulation.High thermal conversion efficiency H 0.016= and
thermomechanical sensitivity S 0.264T = μmK−1 are simultaneously achievedwith an inherent
noise-equivalent temperature difference(NETD) value of 3.9 mKat the preset 60 mm × 60 mm pixels.
Using Figure ofMerit(FOM) as a comprehensive evaluation ofNETDand response time, the
optimized structure can be improved by up to 40%over the original structure.

1. Introduction

Infrared thermal imaging technology has beenwidely used inmany fields, such as precision guidance and
reconnaissance in themilitary,medical diagnosis [1–4], industrial inspection [5, 6],firemonitoring [7], etc
[8–10]. Comparedwith photon IR detectors, uncooled IR detectors aremorewidely used in the non-military
field for their ability towork at ambient temperature, which brings lower cost and power consumption.
Furthermore, among various types of uncooled detectors, the optomechanical detectors based on the thermal
response of bi-materialmicro-cantilever have been researched a lot [11, 12] and shown significant potentials
[13–16] for their simple fabricating, cost-reducing, andmore importantly, readout integrated circuits(ROIC)
removing [10]. So that the parasitic heat fromROIC is eliminated and there is no thermal leakage path caused by
the electrical contacts between pixels and substrate. The bi-material cantilever will induce deflectionwhen
heated by incident radiation for uneven thermal expansion of the two cantilevermaterials, as shown in
figure 1(a). This deflectionmakes the visible light in the optical readout path, whichwill be received by a visible
charge-coupled device(CCD), modulated by themovement of the reflector [17, 18]. Bymeasuring the deflection
of the cantilever optically, the incident radiation can be obtained. Nevertheless, a pixel unit in optical readout
FPA consists of three parts, thermal isolation beams, thermomechanical cantilever, and IR absorption plate
(visible light reflecting plate), all of which have an impact on FPAperformance respectively.Moreover, the space
available in a pixel is limited, causing a competition between the three parts andmaking it difficult to improve
them simultaneously.
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To achieve higher combination performance, some researchers sought solutions from the structure design
and optimization. Zhao proposed a two-layer pixel structure design to arrange the three parts in 3D space [19].
Comparedwith the traditional single-layer ones, this design hasmore available space for the layout of bi-
material thermomechanical cantilevers and thermal isolation beams under a highfill factor, thus the thermal
response performance of the systemhas improved significantly.However, the two-layer designs increase the
complexity of fabrication due to themultiple sacrificial layer processes, resulting in low yield and high costs. The
group ofQ. Zhang developed a substrate-free bi-material FPAwith optimizedmulti-fold intervalmetallized legs
[20–22]. Themulti-fold cantilever was designedwith long thermomechanical cantilevers in total length and a
decentfill factor. However, in order to avoid themutual cancellation of thermal deformation between adjacent
cantilevers, thermomechanical cantilevers, and thermal isolation beams can only be arranged alternately.
Despite the long total length of deformation cantilever, the staggered thermal isolation beams block the thermal
conduction from the absorber to the outside thermomechanical cantilevers, which leads to the reduction of the
total deformation.M. Fatih Toy proposed a nested structure, which consists of an absorber in the pixel center
and several isolation beams inserted around the absorber like ‘frog legs’ [23]. This nested structure allows single
thermomechanical cantilevers longer than the pixel size, bringing larger thermomechanical deformation under
the same total length. Comparedwith the structures putting all the components on one pixel, it breaks the limit
of the pixel size in one direction and providesmore freedom for structure designing. However, when there are
long cantilevers, the fill factors of bothmulti-fold structure and nested structure are usually below 50% [20–23],
severely limiting the detector sensitivity. On the other hand, some other researchers enhanced the performance
of detectors by finding substitutematerials, but always be plagued bymanufacturing incompatibilities [24–27].

In our previous effort to improve the performance of FPA, a polarization-insensitive andwide-band
metalens has been designed and fabricated for long-wave IR detectors [28]. As shown infigure 1(b), themetalens
is integrated on the back of the substrate of the long-wave infrared FPA and focuses the IR radiation on the
absorber at the front side of the substrate correspondingly. Themonochromatic focusing efficiency ofmetalens
is up to 86%, and the average focusing efficiency in thewide spectral from8 μmto 14 μmreaches 80% [28].
With the designedmetalens, it becomes possible to achieve a high effective fill factor with a small IR absorber,
leavingmore space for the layout of thermomechanical cantilevers and isolation beams. Therefore, it is an
effective way to solve the competition between the three factors and thus improve the IR detector performance
in all aspects. Hence, this work investigates several optimal designs of optomechanical FPA combinedwith
integratedmetalens and the optimized pixel structure is verified both theoretically and numerically.

Figure 1. (a) Schematic diagramof bi-materialmicrocantilever detection principle. (b) Illustration of the IR detector integratedwith
themetalens. Themetalens is integrated on the back of the substrate and focuses the IR radiation on the absorber at the front side of
the substrate correspondingly.
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2.Design and optimization

As illustrated infigure 1(a), in bi-materialmicrocantilever based uncooled infrared detector, the signal
experienced two conversions: the temperature change Ts of IR source to the temperature rise Tc of bi-
material cantilevers, and the temperature rise Tc to the thermal deflection d of bi-material cantilevers. Hence,
the thermal response can be divided into two parts as:
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where H is the thermal conversion efficiency of the focal plane array and ST is the thermomechanical sensitivity
of bi-material cantilevers. For a given incident IR radiation, under the constraints of predetermined element
size, it is significant not only to enhance the temperature rise but also to improve the thermomechanical
sensitivity in an FPAdesign [29].

2.1. Thermal design of FPA
Considering a pixel in the FPA initially at thermal equilibriumwith the surroundings, the temperature rise in the
cantilever due to the temperature change of the target IR source can be expressed as:
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where Aab is element absorption area, e the absorber emissivity (= 0.8), Fno the f/# of IR imaging lens (= 1), 0t
the transmissivity of the IR system including IR lens and IRwindowof the vacuumchamber (=0.9), and

W m Ksr0.63dP

dT
2

t
( ) ( )/= is the fraction of the radiative energy emitted by the source at temperatureTt (∼300K)
within the 8–14 μmspectral band. a is the absorption rate of radiation into the absorbingmaterial, which can
denoted by [30]:

l1 exp 4 3p( ) ( )/a k l= - - p

where k is the absorption coefficient of absorbingmaterial, l thewavelength of IR radiation, and lp is the
absorption length of the infrared radiation in the absorbingmaterial. G leg and Grad are the thermal conductance
of the thermal isolation beamand the radiative thermal conductance of pixels, for a single long straight thermal
isolation beamwhich can be expressed as:
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where Aleg is the cross-sectional area of the isolation beam, k the thermal conductivity of the legmaterial and
Lleg the length of the cantilever, Apixel the total pixel area, s the Boltzmann constant,T the pixel temperature
(∼300 K), 1e and 2e are the emissivity of the two cantilevermaterials, respectively.

2.2. Thermomechanical design of FPA
The thermomechanical sensitivity ST of a single cantilever can be expressed as [19]:
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where Lm is the length of the thermal deformation cantilever, 1a and 2a are the thermal expansion coefficients
of cantilevermaterials respectively, d2 is the thickness of absorbingmaterial film, and n is the ratio of two
materials of cantilever thickness. Here, K is a structure parameter, which can be expressed as:
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where d1 is the thickness of reflectivematerial film, E is the elasticmodulus.

2.3. FPA layout designs
FPAunder the preset pixel size 60 μm× 60 μmis designed herewithAu and Si Nx as the twomaterials of bi-
material cantilever and Si as substrate. Table 1 lists the physical properties of SiNx andAu. For given Lm and d ,2

under the chosenmaterials, thermomechanical sensitivity ST varies as f n ,( ) which can be denoted by:
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For SiNx-Au bi-material cantilever, f (n) reachesmaximumas n∼ 0.7 (figure 2). The thickness of SiNxfilm is
set as d 0.52 = μm. The detailed optimization of the film thickness will be discussed later.With n= 0.7, the
thickness of Aufilm is set as d 0.35 m.Au m= Moreover, the distance between adjacent legs or absorber is set to
be 2 mm followingmicrofabrication standards forMEMS structure.

It is worth noting that the thermomechanical sensitivity ST varies as the square of the length of bi-material
cantilever in a unidirectional cantilevermodel in equation (5). Thus, nested structure [23]was adopted,making
it possible for FPA element to have single-direction deformation cantilever longer than the pixel size. Pixel
structures designed are shown infigure 3(a). Based on the initial nested structure, a two-step optimization
procedure is proposed and the optimization effect has been evaluated in both double-stage and triple-stage
designs. Group 1 (a, b, c) are the double-stage nested structures with different layouts, while group 2 (a, b, c) are
the triple-stage ones. In each group, design (a) is the initial nested design, and design (b) is the optimized design
based on (a), while further optimization is illustrated in design (c). Every add-on stage will encroach on certain
area of either the absorber or the thermal isolation structure, resulting in the absorbers of the stages higher than
the triple-stage too small to collect enough infrared radiation.

On thefirst optimization step, the proper area of the absorber has been investigated tomaximize the
efficiency of space utilizationwith the consideration of the integratedmetalens. Themetalens at the back of the
FPA chip converges the incoming radiation, leading to the nonlinear increasement of absorptancewith the
absorber area. In our previous work, we found that the increasing rate undergoes a substantial dropwhen the
size of the absorber goes beyond 26 μm× 26 μm,where roughly 86%of incident radiation can be absorbed [28].
Therefore, the absorber is downsized to 26 μm× 26 μmfrom the initial size of 26 μm× 58 μm,while keeping
the absorption almost intact. The shrinkage of the absorber frees up some space in themiddle of the pixel, which,
however, is hard to befilled by long-straight structures arranged on the outside. Considering it’s the length of the
isolation beams thatmatters rather than the shape,multiple folded isolation beams are arranged inside tofill in
the space freed up by the absorber. As a result, the conductive thermal resistance increased significantly in 1b&
2b designs comparedwith the initial 1a& 2a designs. On the second optimization step, the arrangement of
isolation beams has been studied further. Despite two long isolation beams, the thermal resistance is limited
because of the parallel connection.Hence, using single long isolation beam can greatly improve the thermal

Figure 2. f n( ) as a function of the thickness ratio n showing the optimum thickness ratio n∼ 0.7.

Table 1.The physical properties of Si Nx andAu.

Density ρ 103´ kg/

m3

Young’smodulusE

(GN/m2)
Expansion coefficient

α 10 K6 1´ - - Emissivity e
Thermal conductivity k

W/(mk)

Si Nx 2.4 180 0.8 0.8 5.5

Au 19.30 73 14.2 0.01 296
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resistance.However, the loss of the symmetry could destabilize the structure, which is not appreciated for the
subsequent optical readout. Thus, a series-parallel connection strategy was adopted, inwhich only the latter part
of the two thermal isolation beams have be combined into onewith the anchor near the central axis of the
structure. Therefore, greater thermal resistance and higher thermal conversion efficiency can be obtainedwhile
ensuring adequate balance of the structure.

3. Performance analysis

3.1. Thermal responseH*ST
The geometric parameters of the pixel structures are listed in table 2.

Aab in equation (2) is the absorption area in a conventional pixel structure without integratedmetalens. In
the uniform irradiation case, the infrared radiation received by the absorber varies linearly with its area.
However, with ametalens, the infrared radiation absorption is no longer proportional to the size of the absorber
area, thus the equivalent area Ae is used as a substitute for the calculation of thermal conversion efficiency,
which can be denoted by:

A A 8e pixel· ( )h=

Figure 3. (a) layout of designed pixel structures. (b)Detailed structure diagramof structure 2c.
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where h represents the effective fill factor and is defined as the ratio of the energy in the photosensitive area to the
total energy incident in the entire aperture, which is the predetermined pixel size A m3600 .pixel

2m= There are
two sizes of absorber in the designed structures, 26 μm× 58 μmand 26 μm× 26 μm.Converged bymetalens,
the effective fill factor for the absorber with an area of 26 μm× 58 μm is 93%,1h = while 86.5%2h = for the
absorber with an area of 26 μm×26 μm. Following equations (2)–(4)& (8), thermal conversion efficiencies can
be calculated.

Thermalmechanical sensitivity ST can be evaluatedwith equations (5)& (6) by approximating the pixel as a
single straight beam. Considering thewiggle structure of the bi-material section of the designs infigure 3,
numerical simulations have been carried out using COMSOL to obtain amore precise evaluation and the results
are shown infigure 4.

The thermal and thermomechanical properties of each design are listed in table 3. Comparing the design a
and design b, owing to the convergence of the incident energywithmetalens, the absorption experienced a
reduction less than 7%even though the absorber areawas reduced bymore than 55%. Itmeans thatmuch space
can be saved for the thermal isolation structures with a slight reduction in absorption. Therefore, fromdesign a
to design b, the thermal conductance of the thermal isolation legs G leg experienced a 32% (39%) drop resulting
in a higher H , while the thermomechanical sensitivity decreased by only 12% (3%).Moreover, further
improvement of thermal isolationwas achievedwith design cwith amore than 50%of reduction in G .leg As a
result, thermal conversion efficiency H of design (c) increased by 75% (60%) comparedwith design (b).
Therefore, the overall thermal response of double-stage and triple-stage nested design (c) improved by 85%and
123%comparedwith initial design (a), respectively.

Table 2.Parameters of the designed pixel structures.a

Absorber size

A μm×B μm

Length of thermomechanical

cantilevers Lm μm

Length of isolation

beams Lleg μm

Width of

cantilevers t μm

1a 26× 58 114 164//164 2

1b 26× 26 106 236//236 2

1c 26× 26 106 (115//147)&223 2

2a 26× 58 164 110//110 2

2b 26× 26 162 180//180 2

2c 26× 26 162 (123//139)&119 2

a ‘//’ indicates a parallel relationship, while ‘&’ concatenation.

Figure 4.Thermal deflection simulations onX–Zplane andY–Zplane ( T 1K∆ )= .
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3.2. Noise-equivalent temperature difference
Noise-equivalent temperature difference (NETD) is theminimum temperature change in an IR source that can
be detectedwith a signal-to-noise ratio of unity, defining the performance of an IR imaging system. TheNETD
of the system is determined by three parts of noise: inherent noise limited by the FPA itself, noise introduced by
the readout system and base temperature fluctuation. InherentNETD limited by the FPA is typically referred to
as the detection limit, while other noises can be significantly reduced by better experimental conditions or
utilizing a thermal stabilizing system [31]. Thus, only the inherent noise of FPA, which arises from temperature
fluctuation and thermomechanical vibration, is taken into consideration.

3.2.1. Thermodynamic fluctuation noise
Based on the statistical nature of the heat exchangewith the environment, thermodynamic fluctuation noise
occurs in any thermodynamic system exhibiting randomfluctuations in temperature. For the cantilever pixel,
themean square temperature fluctuation at low-frequency range is:

T
k T B

G
G G G

4
; 9th

B
2

total
total rad leg∆ ( )= = +

where Gtotal is the total thermal conductance from the cantilever to environment, kB Boltzmann’s constant,T
the cantilever’s temperature (∼300 K), and B the detection bandwidth (=30 Hz).

3.2.2. Vibration noise
Vibration noise arises from two sources: thermal and external. Thermomechanical vibration in amechanical
system comes from thermal energy and is fundamental in nature while the external vibration can be
experimentally alleviated and thus not discussed. The noise at off-resonant frequencies can be calculated as:

k T f

g Q

4
10th,vib

B

0

∆ ( )d
w

=

where f∆ is themeasurement bandwidth, which is typically about 30Hz for a CCDdetector; Q the resonance
quality factor, which is the ratio of the vibration amplitude at resonant frequency to that at off-resonant
frequency; and Q is typically about 10 at atmospheric pressure, and 100–1000 in vacuum (Q 500= for our
calculation). g and 0w are the cantilever’s spring constant and the system resonant frequency respectively, which
can be obtained by simulating [14]. Using the thermomechanical sensitivity of the cantilever, thermomechanical
noise can be converted to an equivalent temperature fluctuation as:

T
S

11th vib,
th,vib

T

∆ ( )d
=

Thus, NETDcan be obtained as:

T T T
T

H
, NETD 12FPA th

2
th,vib

2
FPA

FPA∆ ∆ ∆ ∆ ( )= + =

3.3. Thermal response time τ
The thermal response time t is determined by Cth and G ,total the total heat capacity of the bi-material part of the
cantilever and the thermal conductance between the cantilever and environment, which can be expressed as:

C

G
C Vc; 13i

th

total
th ( ) ( )åt r= =

inwhich r is thematerial density,V the volume, c thematerial heat capacity and i indicates eachmaterial used in
the cantilever element. Equation (13) indicates that better thermal isolationwill result in a slowdown in the time
response of the pixel.

Table 3.Basis performance of the designed structures.

1a 1b 1c 2a 2b 2c

G 10leg
9´ - W/K 68.75 46.61 19.13 100 61.11 29.85

G 10rad
9´ - W/K 17.86 17.86 17.86 17.86 17.86 17.86

G 10total
9´ - W/K 86.61 64.47 36.99 117.86 78.97 47.71

H 0.010 0.012 0.021 0.007 0.010 0.016

S m KT /m 0.130 0.114 0.113 0.273 0.266 0.264

H*S 10 m KT
3 /m´ - 1.30 1.39 2.42 1.95 2.66 4.34
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3.4. Figure ofmerit
Figure ofMerit(FOM) is used to recognize the tradeoff between thermal time constant and sensitivity [32],
which can bewritten as:

FOM NETD 14∙ ( )t=

And a smaller FOM is better.
Table 4 lists the predicted performance includingNETDs, response times ,t and FOMof the designed

structures. The optimizations effectively reduceNETDs by almost half, but with the sacrifices of the response
times.With higher thermal response, lowerNETDand over 20 frames per second, design (c) is able toworkwell
for higher sensitivity in low framerate scenarios. However, in cases that need to take bothNETD and response
time into consideration, design (b)with lower FOMcan be a better choice. In addition, reliability and stability is
also important for a device. It can be seen that the reduction of anchors fromdesign (b) to design (c) only slightly
reduces the spring constant g of the FPA structure and does not have a substantial impact on the system resonant
frequency ,0w and therefore has a limited effect on the reliability and stability of the device.

3.5. The thickness effects of SiNxfilm
The thickness of SiNxfilm has direct effects on both thermal conversion efficiencyH and thermomechanical
sensitivity ST. The thickness of SiNxfilm d2 defines the absorption length of the incoming IR radiance. It should
be emphasized that IR radiation travels twice as far in SiNx as its thickness because Au is extremely reflective of
infrared radiation.Hence, the absorption length lp in equation (3) is equal to 2d2. Although thicker film could
ensuremore absorption on incoming energy, the thermal isolationwould get worse due to larger cross section of
the beam (ALeg in equation (4)). On the other hand, thermomechanical sensitivity ST is inversely proportional to
d2 according to equation (5). Therefore, as a combined effect, thermal responseH*ST increases as the film get
thinner. However, the noise analysis indicates that thinner beamwould provoke larger vibration noise th,vibd
since the spring constant of the cantilever g is proportional to the cubic of the beam thickness d2. As a result,
even thoughwith thinner beam, the cantilever ismore sensitive to IR radiation, the sensor is subject to the
vibration noise, leading to the deterioration of the overall performance (NETD). The variations of thermal
response andNETD alongwith film thickness d2 are illustrated infigure 5. It can be observed that at the range of

Figure 5.Variations of performances with the thickness of Si Nx in condition of d d0.7 .Au SiNx= (a)Thermomechanical sensitivity S ,T

thermal conversion efficiency H and thermal responseH*S .T (b)Themean square temperature fluctuation T ,th∆ Tth,vib∆ and
NETDFPA .

Table 4.NETDand response time t of the designed structures.

1a 1b 1c 2a 2b 2c

g N10 m3 /´ - 5.34 7.76 4.96 2.97 3.72 3.40

Hz0w 4737 4737 5668 3075 4401 4229

Tth∆ mK 41.48 48.08 63.48 35.56 43.44 55.89

Tth,vib∆ mK 48.2 45.6 52.6 38.2 29.3 31.5

NETDFPA mK 6.36 5.46 3.85 7.31 5.24 3.90

t ms 38.56 29.02 50.57 31.22 28.51 47.19

FOM mK ms∙ 245.4 158.4 194.6 228.3 149.3 184.2
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0.2 0.9 m,m~ the thicker the beam, the lower theNETD. But it is not difficult to see that as d2 exceeds 0.5μm,
further increase in d2 would induce negligible gain inNETD.Hence, with the consideration of fabrication cost,
etc, the optimized thickness of SiNxfilm is set to be 0.5μm.

4. Conclusion

The sensitivity of an optomechanical FPA relies on long thermal isolation structure, long thermomechanical
cantilever, and also largefill factor, which are usually hard to achieve simultaneously. By integrating a designed
metalens, the spatial competition among the key elements of the FPA can be alleviatedwithout complicating
manufacturing. In this study, based on the initial nested structure, various optimized designs of optomechanical
FPAswith integratedmetalens array are analyzed and evaluated. The convergence of incident IR signal by the
pixelatedmetalenses enables high effective fill factors with a small IR absorption area. The reduction of the IR
absorption area frees up the space for longer thermal isolation beams and also the thermal deformation
cantilevers. Therefore, both the thermal conversion efficiency and thermomechanical sensitivity experience
significant improvements simultaneously. Comparedwith the initial double anchor designs, the single anchor
arrangements (1c and 2c) further reduce the heat loss on the sensors. The theoretical and simulation results
indicate that the single-anchor, triple-stage design achieves high thermal conversion efficiency H 0.016= and
thermomechanical sensitivity S 0.264 m K.T /m= Hence, the combination performanceH*ST increases bymore
than 3 folds comparedwith the initial design (1a).With the consideration of thermodynamic fluctuation noise
and thermal vibration noise, an inherentNETDvalue of 3.9mK at the preset 60 mm × 60 mm pixels is achieved.
However, asNETDdecreases, the response time correspondingly increases. Based on the consideration of FOM
and application, design (c) is able toworkwell for higher sensitivity in low framerate scenarios and design (b) is a
better choice for scenarios whereNETDand response time are both important. Furthermore, the influence of
thickness of bi-material cantilevers is further discussed on the performance of FPA.Notably, partial absorption
of the radiated energywithin the SiNxfilm is discussed even though the thickness of absorbingmaterial exceeds
the penetration depth. Consequently, the absorption of incident infrared radiation determined by the thickness
of absorbingmaterial is introduced into the calculation of thermal conversion efficiency as a factor to ensure a
more precise optimization. And it is found that d 0.5 mSiNx

m= can be the best choice.
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