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Modelling of CMOS Single Membrane
Thermopile Detector Arrays
Ying Dai, Syed Zeeshan Ali, Richard Hopper, Daniel Popa, Florin Udrea
Abstract— We propose a numerical model for efficient design and optimization of
a novel infrared (IR) detector array, fabricated on a single micro-electro-mechanical
system (MEMS) membrane based on silicon on insulator (SOI) technology. The model
is based on a finite element method (FEM) and is used to investigate the effect of
heat transfer, at pixel scale, on the thermopile array’s responsivity and crosstalk performance. We show that optimal operational conditions can be achieved by modifying a
combination of design elements, including the pixel size, the interpixel metal heatsinking
tracks, as well as the insertion of air gaps between pixels. We find that the combined
effect of copper heatsinking tracks and that of air gaps can reduce pixel crosstalk by
65% while increasing the responsivity by 6.4%. The model improves our understanding
of the thermal effects in these devices, and can serve as a design tool for a growing
number of low-cost industrial and consumer applications.
Index Terms— CMOS, crosstalk, detector array, infrared, MEMS, thermopile, Seebeck

I. I NTRODUCTION
NFRARED (IR) detector Focal Plane Arrays (FPA) are
becoming cost-effective devices for high-volume consumer
applications [1], [2], including within the Internet of Things
(IoT) [3], [4], care services [5] and presence detection for
security applications [6]. Compared to other IR detection
technologies [7], [8], thermopile-based FPAs can be fabricated more flexibly using standard low-cost complementary metal–oxide–semiconductor (CMOS) processes [9]–[11].
Their operation is based on the thermoelectric (Seebeck)
effect, giving a voltage signal VT = N · α · ∆T proportional
to a collection of thermocouples N , the Seebeck coefficient α
(a thermo-electric material property) and the temperature gradient ∆T across the thermopile [12], [13]. Thermopile based
FPAs are typically made of serially connected thermocouples
[13], each comprising two conductors or semiconductors with
different Seebeck coefficients (e.g., p+ /n+ doped polysilicon
[11], [14], [15], and p+ /n+ single-crystal silicon [10], [15]).
To maximise the ∆T with the incident IR radiation, the
thermocouple’s ’cold junctions’ are normally bonded to a heatsinking substrate, whereas their ’hot junctions’ are placed on
a thermally isolated membrane. Membranes with thermally
isolated freestanding micromachined structures are usually
used to enhance the ∆T [16].
An important figure of merit for a detector is the responT
sivity R = dV
dP [V/W], defined as the change in voltage
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response per incident optical power P [W] [17]. For a thermal
detector, the choice of materials and its thermal design are
the main factors affecting its R [7]. An equally important
figure of merit for FPAs is the crosstalk (C), which for a
thermopile FPA is defined as the ratio C = VVTT 21 between
the signal generated by an optically irradiated pixel (VT 1 ), to
that generated by an adjacent non-irradiated pixel (VT 2 ) [2],
[18]. C is typically caused by the unwanted heat diffusion
from the irradiated pixel to its neighbours [2], [19], and it can
limit the FPA’s spatial resolution (a measure of the smallest
object that a sensor can distinguish [20]). Increased C also
increases the limit of detection (i.e. needed ∆T to separate
VT from noise [17]) and thus complicates the reconstruction
of the desired image [21]. Minimizing C is therefore desirable
for increased image quality [17], [19]. Heat sinking structures
with higher thermal conductance are normally used to enhance
the thermal isolation between pixels, but this approach can
lead to higher thermal losses and reduced R [17], and often
requires advanced device modelling and simulation [22].
Various approaches have been proposed to model single
elements [23] or linear arrays of thermopile detectors [14],
[24]. For example, Ref. [23] introduces a MEMS IR thermopile detector equipped with a dual-layer (N-type and P-type
thermocouple strips placed in different layers) thermocouple
structure to improve R and develops a model to map the
temperature distribution. Reference [14] characterizes C in
a linear MEMS thermopile detector array, while reference
[24] presents a three-dimensional (3D) model to simulate the
temperature distribution of a 256 pixel linear array thermopile.
Reference [15] implements multiphysics modelling (including joule heating, heat transfer and Seebeck effect) of four
thermopiles formed by different CMOS materials to enhance
the Seebeck coefficient. However, there have been very few
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studies focused on the numerical simulation or modelling of
thermopile FPAs. Reference [25] introduces a design with
a 2 × 8 pixels array in a ’X’ shape, which is not suitable
for accurate thermal imaging. Reference [2] depicts a CMOS
integrated sensor array based on a 10 × 10 thermopile based
FPA and builds a 3D model of a single pixel surrounded
by a gold grid. The model is then used to simulate the
temperature distribution of a pixel heated by IR radiation, or by
an integrated electric heater. However, the design implements
gold layers as heatsinking tracks, which are less cost-efficient
and more difficult to fabricate, as gold is not fully CMOS
compatible [2].
In a previous work, we introduced a novel, fully compatible
CMOS thermopile-based IR FPA fabricated on a single SiO2
dielectric membrane. In particular, our design significantly
minimized the chip size and maximized its fill factor. Processing of the chip was also simplified by the use of a
single membrane and standard CMOS tungsten layers for
thermopile cold junction heatsinking [10], [11]. Subsequently,
we presented a novel technique based on a bi-directional
electrical heating of the thermopile elements, to measure its C,
making it significantly simpler that traditional methods [18]. In
our previous work, we introduced a model for thermoelectric
signal generation (and relevant temperature distribution) which
was validated through extensive experimental results, with
errors of less than 5% [18]. In the following, we consider
the effect of the heatsinking tracks on R and C, and in
particular the introduction of air gaps between pixels. Pixel
scaling is also implemented to assess its influence on the
device performance. We propose a numerical model for device
optimization with a focus on R and C.
II. N UMERICAL M ODEL
For our experiment we use a 8 × 8 thermopile FPA design
based around that presented on Refs. [10], [11]. The pixels
are formed by highly doped p+ and n+ single-crystal Si layers
formed within an SOI layer. In order to analyse and optimise
the thermopile FPA design, numerical simulations based on a
finite elements method (FEM) model have been undertaken.
For a comprehensive description of the thermopile’s behaviour,
we use the electric current module, the heat transfer module
and their coupling physics of the commercial COMSOL
Multiphysics software package [26]. account for the Seebeck
effect, the following equations:
J = −ασ∇T
Q = Jx α

dT
dT
dT
+ Jy α
+ Jz α
dx
dy
dz

(1)
(2)

whit J the current density, α the Seebeck coefficient, σ the
electric conductivity and Q the heat, were implemented in the
electric current and heat transfer modules, respectively. This
allows to efficiently obtain the heat/temperature distribution
throughout the chip [26]. The Seebeck effect is then applied
to predict the output VT from the thermopiles. Fig. 1(a) shows
the top view (optical image) of the real chip, while Fig. 1(b)
shows the top view of its 3D model, where the heater pixel

(circled by the red square) is electrically biased (heated) to
extract its thermorelectric voltage output Vh [18]. Its R can
be computed by the ratio of Vh to that of the applied power.
The voltage Vt generated by the adjacent test pixel (circled by
the green square) can be obtained directly from the simulation
results. C can finally be calculated by comparing Vh to Vt .

Fig. 1. Comparison of the top view between the (a) Real chip (optical
image) (b) Numerical model.

To contain the model complexity and the simulation time,
some simplifications were made to the device’s structure (see
Fig. 1 for a comparison of the real device and the numerical
model). Firstly, the metal pin pads around the membrane are
removed as they have negligible effect on both the electrical
and thermal behaviour of the chip [15]. Secondly, as each
device contains 64 identical thermopiles, only 9 pixels and the
metal tracks around them are left in the 3D simulation, which
significantly reduces the number of mesh elements and the
computation time. In addition, the W interconnections within
the thermopiles are defined as having the same thickness as
the silicon layer (the thickness of the W interconnection is
about 0.5 µm thicker than the silicon layer in the real chip,
it could be quite challenging in mesh set-up if we build
the same in the model) and they are defined as the same
height. As we are mainly concern about the Seebeck effect
in the Si thermocouple legs [the Seebeck coefficient in silicon
(Si) is hundreds times higher than that in tungsten (W)], a
small reduction in the thickness of the interconnect W has
negligible effect on the simulation results. By doing this, the
number of the mesh elements can be effectively reduced with
computation time saved. The 3D view of the model [Fig. 2(a)],
shows an air cube placed on top of the chip to account for
heat losses in the air. The length of the air cube is the same
as the chip’s length (less than 5.5 mm3 ) but still captures
the critical thermal processes, which mainly refers to the heat
conduction in air (as we assume there is only stationary air
above the device, no fluid dynamics is considered here). We
have considered the effect of convective airflow but found
that conduction through the air was the dominant mode for
heat loss. With this device, the temperature gradient will be
limited and thus heat losses due to convection will be minimal.
The small air volume dramatically reduces the mesh count
of the air cube while the computation of heat conduction
is still accurate and also save the computation time. The
implementation of a small air volume was enabled using a
software built-in boundary condition, open boundary,which
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Fig. 2. (a) 3D view of the numerical model with the air cube above
the chip (b) Cross-sectional view of the numerical model (not to scale)
showing the single-crystal Si p+ /n+ elements and tungsten (W) layers
of the thermopile array.

Fig. 3. (a) Temperature distribution across the chip’s membrane with
a cut-line defined through the middle of the simulated 9 pixels. (b)
Temperature profile along with the cut-line defined at (a) when the heater
pixel is powered at 3.2 mW.

allows the free conduction of the air and heat exchange
between the inner and outer sides of the defined boundary.
Due to this boundary condition, the size of the above air cube
and mesh count in the model can be dramatically decreased
and simplified while still allowing accurate computation of
heat conduction and reducing computation time. Moreover,
the use of a smaller air volume avoids potential effects on the
temperature profile across the chip which might be caused by
the implementation of a large air block.
A cross-sectional view of the numerical model of the
thermopile FPA chip is shown in Fig. 2(b). As shown in the
figure, the materials of the thermocouples in the thermopile
elements are defined as highly doped p+ and n+ singlecrystal Si layers, based on the properties from the real device.
Tungsten tracks are used as the interconnections between the
p+ and n+ elements and there are three tungsten layers used for
heatsinking tracks between the pixels, with a total thickness of
∼1 µm and track width of 20 µm.The simulation is performed
with three separate W layers. The Si dioxide (SiO2 ) based
membrane has an area of 1200 µm × 1200 µm (150 µm × 150
µm for a single thermopile element) with a thickness of ∼5
µm. The CMOS stack is built on a 380 µm thick Si substrate.
The etched cavity under the membrane is modelled as an air
cube. The device has an array size of 8 × 8 elements with each
pixel comprising of 52 thermocouple pairs. The thermopiles
have their cold junctions placed adjacent to the surrounding
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Fig. 4. (a)Voltage profile across the simulated 9 pixels when the heater
pixel (circled by the red square) is biased by a 200 µA current (b)
Enlarged voltage profile of the heater pixel with GND and current source
end marked on the image.

heatsinking tracks, formed by the three W layers.
Figure 3 shows the temperature distribution across the chip
when the heater pixel is electrically heated at 3.2 mW. A cutline is defined across the middle of the heater pixel [shown
as the red line in Fig. 3(a)] on the surface of the chip. The
temperature versus distance along the cut-line is shown in Fig.
3(b). The drop-off in temperature is observable towards the
edge of the chip. The VT detected with very small ∆T could
be easily affected by the environment and thus lead to a less
accurate output reading in the experiments. Here we use higher
temperatures which can increase the VT (with negligible effect
on thermal resistance) and minimise the effect of noise in the
electrical measurements.
Figure 4 gives the voltage profile across the surface of the
simulated 9 pixels when the centre pixel is biased by a positive
200 µA current, and the voltage scale is shown on the right
side of Fig. 4(a). Every pixel contains a GND [same position
as marked in Fig. 4(b)] and the current is applied to the centre
(heater) pixel. The deepest blue end [see Fig. 4(b)] represents
the GND as it is 0 V and the voltage increases smoothly
through the connected thermocouples until reaches the deepest
red end, where the thermopile is biased.
III. D ESIGN MODIFICATIONS
The performance of designs with different W heatsinking
track widths (10 µm, 20 µm, 30 µm) is shown in Table 1. The
temperature distribution across the surface of the 3D models
(only centre 9 pixels are simulated) is shown in Fig. 5 (model
with 10 µm track width in Fig. 5(a), 20 µm in Fig. 5(b) and
30 µm in Fig. 5(c)). A heating current of 200 µA is applied
to the heater pixel in the centre, and those images are plotted
with a temperature range from ∼25°C to ∼75°C. The colour
distribution among the plots in Fig. 5 shows how effectively
altering the width of the heatsinking tracks affects the heat
dissipation around the heated pixel.
The R of a single pixel increases with decreasing metal
track width; increasing from 60.45 V/W (@30µm) to 84.54
V/W (@10µm). However, the thermal C shows an opposite trend; decreasing from ∼ 3.7% (@10µm) to ∼ 2.5%
(@30µm). The results shown here can be explained by considering the area between the W tracks and the pixels. Wider
metal tracks act as more efficiently heat sinks, redirecting
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heat flow away from adjacent pixels, thereby reducing thermal
C. At the same time, more efficient heat sinking lowers the
thermal resistance of the individual pixels, reducing the ∆T
generated by the optical power. The electrical signal created by
the ∆T (due to the Seebeck effect) therefore diminishes and
the R becomes weaker. A solution is to increase the spacing
between pixels, but this will lead to larger chip size, if pixel
size is to be maintained.

are placed around three pixels (the heater pixel, test pixel and
the left pixel of the heater pixel) instead of nine of them to
reduce the solving time and complexity of computation. The
thin strips (circled by the red line) are the air gaps, which
cut throughout the entire membrane. The metal tracks are
highlighted in blue. In order to insert the air gaps between
pixels, the 20 µm wide heatsinking tracks are separated into
two 10 µm-wide strips, shown in Fig. 6(b). Then the air gaps
can be cut through the membrane and placed between pixels,
without damaging the original structure, shown in Fig. 6(c).
The C performance of new design is tested and compared with
the original design. The split heatsinking structures lead to a
small decrease in the thermal conductance of the heat sinking
structure and thus increases the C slightly. The width of the
gap is ∼1µm and could be microfabricated using ion etching
with CHF3 :O2 .

Fig. 5. Temperature distribution across the modeled 9 pixels in (a)
10µm-wide tungsten track. (b) 20µm-wide tungsten track. (c) 30µmwide tungsten track. The temperature scale in three models are the
same (from ∼25°C to ∼75°C).

TABLE I
C OMPARISON OF THE PERFORMANCE OF MODELS WITH W
HEATSINKING TRACKS OF DIFFERENT WIDTHS .

Width(µm) Responsivity(V/W)
10
84.54
20
72.76
30
60.45

Crosstalk(%)
3.73
2.70
2.53

To lower the C more effectively, without affecting the
chip size and the working area of pixels, heatsinks with
higher thermal conductivity metals are employed. Three metals
[Tungsten, Aluminum (Al) and Copper (Cu)] are used as
heatsinking tracks and a comparison of their performance is
shown in the first three rows of Table 3. As can be seen from
the data, with increasing thermal conductivity of the metal, the
C decreases (1.55% for Al and only 1.09% for Cu). However,
the R shows a reverse trend, (68.78 V/W for Al and 67.29
V/W for Cu). Thus, we would like a way to maintain R and
reduce thermal C at the same time.
A new structure, with air gaps, is explored here. The air
gaps are cut through the membrane and placed around pixels
to improve thermal isolation. Designs with and without air
gaps are shown in Fig. 6. In the simulation model, the air gaps

Fig. 6. (a) A single pixel surrounded by metal tracks without air gaps.
(b) A single pixel surrounded by split metal tracks without air gaps. (c) A
single pixel surrounded by split metal tracks with air gaps.

According to the modelled data shown in Table 2 below,
the R of the structure with air gaps increases by about 6%,
compared to that of the original design. At the same time, the
C remains almost constant. The C of the original design is
2.7% and the design with air gaps is also around 2.7%. By
combining the two approaches, the new design could employ
air gaps to improve the R and suitable heatsinking metal tracks
to reduce C, which is discussed below.
TABLE II
C OMPARISON OF THE PERFORMANCE BETWEEN MODELS WITH
TUNGSTEN HEATSINKING TRACKS , SPLIT TUNGSTEN TRACKS AND
MODELS WITH A COMBINATION OF TUNGSTEN TRACKS AND AIR GAPS .

Heatsinking metal
Responsivity(V/W)
Tungsten
72.76
Tungsten(split)
72.55
Tungsten(split) with air gaps
77.10

Crosstalk(%)
2.70
2.83
2.70

Table 3 shows a comparison of simulation results for designs
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with different heatsinking metals (Tungsten, Aluminium and
Copper) and designs with a combination of metals and air
gaps. Fig. 7 illustrates the simulated temperature distribution
along with the cut-line (which is defined in Fig. 3) with
different heatsinking metals and air gaps. The graph can be
considered as a combination of three groups of lines and
different groups are distinguished by metal type. Designs with
W tracks shows the highest temperature, followed by the
Al tracks and Cu tracks show the lowest. As the thermal
conductivity in W is the lowest in three metals, lesser heat
can be extracted by W tracks and this thus lead to the highest
temperature distribution. Compared to the original design, the
models with air gaps between pixels show a sharp temperature
drop across the opening due to the huge difference in thermal
conductivity. The temperature distribution across the simulated
9 pixels in models with air gaps inserted between different
heatsinking metals is plotted in Fig. 8.

70

Fig. 8. Temperature distribution across the modeled 9 pixels with air
gaps cut through in (a) Tungsten tracks, (b) Aluminum tracks, (c) Copper
tracks, the relevant temperature scale is shown on the right side of each
figure.
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Fig. 7. Temperature versus distance along with the cut-line defined at
Fig. 3(a) when the pixel is heated by a power at 3.2 mW in different
designs.

TABLE III
C OMPARISON OF THE PERFORMANCE BETWEEN MODELS WITH
HEATSINKING TRACKS , USING DIFFERENT METALS AND THE MODELS
WITH THE COMBINATION OF METALS AND AIR GAPS

Metal
Responsivity(V/W)
Tungsten
72.76
Aluminium
68.78
Copper
67.29
Tungsten with air gaps
77.10
Aluminium with air gaps
77.53
Copper with air gaps
77.44

Crosstalk(%)
2.70
1.55
1.09
2.70
1.44
0.95

For the design implementing Al as the heatsinking metal,
there is an increase of 13% in R with the air gaps included
and its C drops about 7% compared to the Al model without
air gaps. For the models with Cu heatsinking tracks, the R
increase about 15% and C decreases by around 13% when
compared to the Cu model without air gaps. As the R of the
original tungsten tracks design is 72.76 V/W (77.44 V/W in

the Cu model with air gaps) and its C is almost third as many
as that for the Cu model with air gaps, a combination of Cu
tracks and air gaps is preferable for future designs.
Though there is no huge increase in R, the new design
with new metals and air gaps here effectively decrease the
C without affecting the R performance. In addition, higher
R gains could be achieved, for example, by using materials
with an increased Seebeck coefficient, however, these materials
would likely need non-standard CMOS processes. The aim of
the work was to shows what was possible given the limitations
of CMOS compatibility.
The uniformity of the signal in different pixels might also
affect the performance of the FPA. The thermal resistance will
vary over the membrane area, with pixels towards the substrate
region having a lower thermal resistance due to increased heat
loss through the bulk Si substrate. A model with a row of
pixels is built and a uniform boundary heat source across
the chip surface is defined to check the uniformity of the
thermal electric signals generated along the row, see Fig.9.
The uniformity performance could be enhanced by many
approaches, like increasing the number of thermocouples in the
centre pixels, implementing different numbers of heatsinking
tracks around pixels according to the non-uniformity, or using
compensate processing software for signal read-out.
To investigate the effect of pixel size on chip performance,
the key parameters of simulation models with different array
size are compared and the results are listed in Table 4. The
materials and dimensions of the FPA chips remain the same
as those implemented in the model introduced in the previous
sections (e.g., membrane area is 1.2 ×1.2 mm, thermocouple
is formed by n doped and p doped Si and linking metal is
tungsten).
The number of thermocouples in each pixel are the same (52
thermocouples per pixel) and the only difference is the number
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Fig. 9. (a) Model with a row of pixels with a uniform boundary heat
source across the chip surface, (b) The normalised signal variation along
the row of pixels.

of pixels (arrays with 8×8, 16×16, 32×32 and 64×64 number
of pixels) and their heatsinking track width is relatively scaling
down according to the pixel size. For instance, the area of a
pixel in 8 ×8 array is 150 µm × 150 µm and the heatsinking
track width is 20 µm, so for the 16×16 model, the area of a
pixel is scaling down to 75 µm × 75 µm and the heatsinking
track width is 10 µm. One thing to note is that the thickness
of the thermopiles remains the same for all array designs. The
table below shows the R and C of each numerical model. The
bar graphs showing R, C and pixel resistance versus pixel
area, are displayed in Fig. 10.

as the resistance is inversely proportional to the area and
proportional to the length, thus the length and width of the
thermocouples reduce and almost cancel out the effect of
resistance (as the thickness of thermocouples remains the
same). The pixel resistance in an 8×8 array is 76.21 kΩ and
increases slightly to around 76.81 kΩ in a 16×16 array. Then
increases to 77.38 kΩ in a 32×32 array and finally grows to
78.14 kΩ in a 64×64 array model.
At the same time, the C between two pixels shows very
similar value in the 16×16 array design (2.76%) and the 8×8
array (2.7%), followed by a rise to 3.79% in the 32×32 array.
Fig. 10(a) shows a sharp increase in C to 6.33% in the 64×64
array model. According to the results shown in Fig. 10(b), the
R in 8×8 and 16×16 array models are quite similar (just over
72 V/W) and then increases slightly to around 77.18 V/W
in array with 32×32 pixels. The R reaches its highest value
(101.59 V/W) in the 64×64 pixels array design. Although the
R in 64×64 shows the highest value (almost 40% higher than
that in the 8×8 array), its C is also the highest, which is over
6% (more than twice of that in the 8×8 array), and this is
not acceptable in commercial products as the image resolution
would be greatly affected. The performance of the design with
32×32 pixels is more acceptable, with R increasing about 6%
(compared to the 8×8 array) and C still lower than 4%. In this
case, the performance of the model with 32×32 pixels array
gives the possibility of the smallest pixel size in the detector
array design based on the current thermopile design. The idea
of decreasing the pixel size while remaining the membrane
area was to find the possibility of increasing the resolution
of our thermal imager based on current designs. With the
pixels and their relevant metal tracks became small, there is
less thermal isolation between pixels and lead to a higher C.
Our next step could be looking for approaches to fix this
problem, like using metals with higher thermal conductivity
or increasing the distance between pixels.
IV. C ONCLUSION

Fig. 10. The performance of thermopile array versus pixel area, (a)
Crosstalk, (b) Responsivity, (c) Pixel resistance.

TABLE IV
C OMPARISON OF PERFORMANCE BETWEEN SIMULATION MODELS WITH
ARRAYS SIZE IN 8×8, 16×16, 32×32, AND 64×64 NUMBER OF PIXELS

Array size Responsivity(V/W)
8×8
72.76
16×16
72.52
32×32
77.18
64×64
101.59

Crosstalk(%)
2.70
2.76
3.79
6.33

As can be seen from the graphs, the pixel resistance changes
slightly when the pixel size becomes smaller. This is expected,

In conclusion, we propose a theoretical model to investigate
the R and C of a thermopile based FPA mid-IR detector.
The model is able to simulate the physics involved, including
Joule heating, heat transfer and the Seebeck effect. We propose
design modifications to maximise R and minimise C between
pixels.
Increasing the width of the heatsinking metal tracks between
pixels can be used to decrease C, however, this requires
additional dead space between the active pixels. Narrower
heatsinking tracks (offering similar efficiency) can be formed
between pixels using metals with higher thermal conductivity
(e.g. Al and Copper), however, R can still be compromised
by thermal losses. Smaller pixels could be incorporated in an
array design to generate thermal images with higher resolution.
Here the thermopile array with 64×64 pixels shows the highest
R but its C is more than 6%, which would significantly
diminish the image resolution. A smaller array with 32×32
pixels shows the possible smallest feasible pixel size based
on current thermopile design, with a R increase of about 6%
(compared to the original 8×8 array) and C remains less than
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4%. To keep scaling down the pixel size, different heatsinking
designs (e.g. using metals with higher thermal conductivity)
might be considered to ensure that the C value is still within
an acceptable range. In this work, we have also shown how air
gaps can be inserted between heatsinking tracks to minimise
thermal losses and compensate for reduced R. The thermopile
based FPA design with copper heatsinking tracks and air gaps
shows a 6.4% enhancement in R and a decrease in C of
65% (compared with the original tungsten based design) and
thus this structure has the potential to be exploited in our
next thermopile FPA design for improved thermal imaging
performance.
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