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Simultaneously controlling heat conduction and
infrared absorption with a textured dielectric film
to enhance the performance of thermopiles
Yunqian He 1,2, Yuelin Wang1 and Tie Li 1

Abstract
The heat conduction and infrared absorption properties of the dielectric film have a great influence on the
thermopile performance. Thinning the dielectric film, reducing its contact area with the silicon substrate, or adding
high-absorptivity nanomaterials has been proven to be effective in improving thermopiles. However, these methods
may result in a decrease in the structural mechanical strength and increases in the fabrication complexity and cost. In
this work, a new performance-enhancement strategy for thermopiles by simultaneously controlling the heat
conduction and infrared absorption with a TExtured DIelectric (TEDI) film is developed and presented. The TEDI film is
formed in situ by a simple hard-molding process that is compatible with the fabrication of traditional thermopiles.
Compared to the control FLat DIelectric (FLDI) film, the intrinsic thermal conductance of the TEDI film can be reduced
by ~18–30%, while the infrared absorption can be increased by ~7–13%. Correspondingly, the responsivity and
detectivity of the fabricated TEDI film-based thermopile can be significantly enhanced by ~38–64%. An optimized
TEDI film-based thermopile has achieved a responsivity of 156.89 V·W−1 and a detectivity of 2.16 × 108 cm·Hz1/2·W−1,
while the response time constant can remain <12 ms. These results exhibit the great potential of using this strategy
to develop high-performance thermopiles and enhance other sensors with heat transfer and/or infrared absorption
mechanisms.

Introduction
Cost-effective thermopiles have been widely used as

sensing elements for noncontact infrared thermo-
meters1,2, uncooled infrared imagers3,4, nondispersive
infrared (NDIR) sensing systems5,6, thermoelectric gen-
erators7,8, and gas/heat flow sensors9,10. Enhancing the
thermopile can facilitate the development of high-
performance temperature measurement, target tracking,
infrared detection, and thermoelectric power in industrial
and civil applications. Generally, a cost-effective ther-
mopile is composed of a thermocouple array and a
complementary metal–oxide–semiconductor (CMOS)-

compatible dielectric film infrared absorber. The infrared
absorber can absorb infrared photon energy and convert
it into thermal energy. Then, the carriers in the ther-
mocouple move from the hot to the cold junction, which
can accumulate to form a potential difference under
thermal energy. According to both infrared (IR)-thermal
and thermal-electric conversions11,12, the high perfor-
mance of the thermopile is mainly dependent on the
sufficient thermocouple number, large Seebeck coeffi-
cient difference, low heat conductance, and high infrared
absorption. With the development of MEMS technology,
the number of thermocouples increased from a few pairs
to more than one hundred13,14, while the duty factor of
the thermocouple array was close to ~90%15,16. Then, the
Seebeck coefficient difference of the typical poly-Si/
metal, poly-Si/poly-Si, and single-crystalline (SC)-Si/
metal thermocouples reached more than 150 μV·K−1,
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250 μV·K−1, and 450 μV·K−1, respectively, by adjusting
the implantation concentration in these materials17–20.
Although the Seebeck coefficient difference of the last
two is higher than that of poly-Si/metal, for the poly-Si/
metal thermocouple, it is easy to integrate more
thermocouples.
Unfortunately, large heat conduction can be caused by

the high thermal conductivity of the metal and silicon
substrate21. Some thermopile structures, such as sus-
pended films22,23 and cantilever beams24,25, have been
designed to lower the heat conduction by reducing the
contact area between the infrared absorber and the
silicon substrate. Moreover, a CMOS-compatible SiO2

or SiNx dielectric film is usually used as the infrared
absorber due to its low thermal conductivity26,27. The
thermal conductivity of SiO2 and SiNx films is as low as
1.4W·m−1·K−1 and 20W·m−1·K−1, respectively. Fur-
thermore, some microporous films and micro/nano-
materials have shown excellent thermal insulation
properties (<1 m−1·K−1), which have been demonstrated
by various test methods28–31. These materials may have
great potential in achieving ultralow thermal con-
ductivity when their process compatibility issue can be
resolved. In addition to the above factors, the perfor-
mance of the thermopile is also limited by the relatively
low infrared absorption (~0.7–0.8 within 8–14 µm) of
the SiO2 or SiNx dielectric film32,33. There may be a
great prospective opportunity to enhance thermopiles
by improving the infrared absorption of the FLDI film-
based infrared absorber. Coating high-absorptivity
black nanomaterials (e.g., metal black14, SU-8 photo-
resist34, and carbon black35) onto the surface of the
FLDI film as the infrared absorber has become an
effective method to obtain high infrared absorption.
The infrared absorption of these black nanomaterials
can reach >0.9 based on the multiple reflection
absorption of incident light36–39. Similarly, a black
microtip forest formed by etching the dielectric film can
also be used to enhance infrared absorption40,41. In
addition, some advanced metamaterials have been
introduced as the infrared absorber to achieve infrared
selective absorption owing to the electromagnetic
resonance at some specific wavelengths42–44. A ther-
mopile with a metal-insulator-metal (MIM) plasmonic
metamaterial absorber has achieved wavelength-
selective or polarization-selective absorption by
adjusting the material, shape, size, or thickness of the
MIM structure45–48. Furthermore, advanced bioinspired
engineering may also offer a promising alternative
approach in accelerating the development of ultrahigh
sensitivity infrared detection by using bioinspired
infrared sensing materials and systems49. Currently,
thinning the dielectric film, reducing the contact area,
forming a microporous film, or using micro/

nanomaterials can lower the thermal conductance of
the infrared absorber, while adding high-absorptivity
black nanomaterials or absorption-selective advanced
metamaterials can compensate for the infrared
absorption. However, these methods may result in a
decrease in the structural mechanical strength and
increases in the complexity, cost, and CMOS incom-
patibility of thermopile fabrication.
The use of a TEDI film has been considered to be a

simple and effective method to overcome these dis-
advantages by equivalent heat conduction extension and
multiple reflection absorption of incident light in our
previous works50,51. Here, control via the TEDI film of the
heat conduction and infrared absorption as well as per-
formance enhancement of the TEDI film-based thermo-
pile are systematically analyzed and demonstrated. We
develop and present a new performance-enhancement
strategy, simultaneously controlling the heat conduction
and infrared absorption with a TEDI film, to enhance
thermopiles and other sensors with heat transfer or
infrared absorption mechanisms.

Materials and methods
Thermopile basics
Figure 1a shows a traditional closed membrane-type

MEMS thermopile with a poly-Si/metal thermocouple
array. The infrared absorber is capable of absorbing
infrared photonic energy and converting it into thermal
energy to heat the thermoelectric material and form a
potential difference. The output voltage response V of the
thermopile can be derived from the series potential of all
thermocouples and expressed as:11

V ¼ NΔα12ϕ0A0
η

G
ð1Þ

where N is the number of thermocouples, Δα12 is the
Seebeck coefficient difference between the two thermo-
couple materials, ϕ0 is the infrared radiation power
density, A0 is the absorber area, η is the infrared
absorptivity, and G is the thermal conductance.
The heat transfer of the FLDI film-based thermopile is

shown in Fig. 1b. The thermal conductance G is mainly
composed of the thermal conductance of the structure G1,
convection G2, and radiation G3. Since the thermopile is
usually packaged in a shell and works in the air with a
low-convection coefficient and the temperature difference
between the thermopile and the environment is usually
very small, it can be assumed that the thermal conduction
loss through convection and radiation is negligible and
that all heat is transferred laterally through the thermo-
couple and the FLDI film to the silicon substrate. Thus,
the thermal conductance G of the thermopile can be
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simplified as11:

G ¼ G1leg þ G1FL ¼ N
X
i

λiai
rFL � r0

þ
X
j

2πλjtj
lnðrFL=r0Þ

ð2Þ
where λi and λj are the thermal conductivities of the ith
thermoelectric material and the jth dielectric film, ai is the
cross-sectional area of the ith thermocouple leg, tj is
the thickness of the jth dielectric film, and rFL and r0 are
the distances of the heat conduction to the substrate and
from the center to the hot junction of the thermocouple.
The responsivity Rv, detectivity D*, and response time

constant τ are the main figures of merit for thermopiles.
The responsivity, which is similar to the sensitivity of
sensors, is calculated by normalization to the radiation
power density and the absorber area. The detectivity
further takes into account the noise voltage of the ther-
mocouple resistance, which can allow the comparison of
thermopiles with different structures. These performances

can be expressed as11:

Rv ¼ V
A0ϕ0

¼NΔα12
η

G
ð3Þ

D� ¼ Rv

ffiffiffiffiffiffiffiffiffiffiffi
A0Δf
4kTR

r
¼ NΔα12

ffiffiffiffiffiffiffiffiffiffiffi
A0Δf
4kTR

r
η

G
ð4Þ

τ¼
X
i

viρiHi=G ð5Þ

where Δf is the noise bandwidth (generally 1 Hz), k is the
Boltzmann constant, T is the ambient temperature, R is
the electrical resistance of the thermocouple, and vi, ρi,
and Hi are the volume, density, and volume-specific heat
of the ith film material, respectively. The response time
constant is usually obtained by τ= 1/(4f-3dB)

52, where f-3dB
is the −3 dB cutoff frequency for the characteristics of the
output voltage response and the infrared radiation
frequency.
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Fig. 1 Characteristics of the FLDI film-based and TEDI film-based thermopiles. a, b Top view and heat transfer (thermal conductance of the
structure G1, convection G2, and radiation G3) of the traditional FLDI film-based thermopile, c characteristic comparison between the FLDI film and
the designed TEDI film, and d cross-sections of the designed TEDI film-based thermopiles.
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TEDI film design
According to performance parameters (1)–(4) of the

thermopile, the output voltage, responsivity, and detectivity
are proportional to the thermocouple number, Seebeck
coefficient difference, and infrared absorptivity and inver-
sely proportional to the thermal conductance. In addition,
the output voltage and detectivity are also proportional to
the infrared absorber area. At present, the thermocouple
number and Seebeck coefficient difference have been
extensively optimized. Enhancing the performance of the
thermopile by intrinsically improving the infrared absorp-
tion η and reducing the thermal conductance GFL of the
FLDI film should be a potential method to promote the
development of high-performance thermopiles.
Inspired by the characteristics of multiple reflection

absorption of light and equivalent heat conduction
extension of the random micropyramid black silicon
material53,54, a novel pyramidal TEDI film is first designed
and introduced into the typical thermopile, as shown in
Fig. 1c and d. This TEDI film can be achieved by simple
hard-molding technology, which uses random micro-
pyramid silicon as a mold, as shown in Fig. 2a. The main
processing steps are as follows.
(i) A (100) single-crystalline silicon wafer was used as a

silicon substrate.
(ii) A random micropyramid silicon mold was made by a

wet-etching process in a solution composed of 2 wt. %
KOH, 5 vol. % isopropyl alcohol (IPA), and deionized
(DI) water.
(iii) Both SiO2 and SiNx dielectric films were formed on

the surface of the random micropyramid silicon mold by
high-temperature thermal oxidation and low-pressure
chemical vapor deposition (LPCVD).
(iv) The front side of the silicon substrate was protected

using photoresist, and then, a suspended TEDI film was
achieved by backside dry etching.
The surface of the micropyramid silicon was composed

of (111) crystal planes, as shown in Fig. 2b. An angle of
54.7° was formed between the (111) plane and the (100)
bottom surface, which resulted from the anisotropic
characteristics of the (100) silicon in the KOH solution55.
Geometric analysis showed that path l1 of the pyramid
structure was ~1/cos 54.7° ≈1.7 times that of the flat
structure l2, as shown in Fig. 2b. Since the TEDI film was
achieved by using micropyramid silicon as the mold in the
hard-molding technology, the heat conduction path of the
TEDI film should also be ~1.7 times that of the FLDI film.
Thus, the heat conduction path rTE of a TEDI film-

based infrared absorber (Fig. 2c) can be expressed as:

rTE ¼ ðrFL � rsÞ þ 1:7rs ð6Þ

where rs is the radius of the TEDI film region.
Correspondingly, the thermal conductance G1TE of the

TEDI film-based infrared absorber can be expressed as:

G1TE ¼
X
j

2πλjtj
lnðrTE=r0Þ ð7Þ

Compared with the FLDI film-based infrared absorber
(Fig. 1a), the increment ΔG in the structure thermal
conductance of the TEDI film-based infrared absorber
can be calculated by:

ΔG ¼ G1TE � G1FL

G1FL
¼ lnðrFL=r0Þ

lnðrTE=r0Þ � 1 ð8Þ

Because rTE is greater than rFL and the ln(x) function is
an increasing function, ΔG should be a negative value. In
other words, the designed pyramidal TEDI film can
reduce the thermal conductance of the conventional FLDI
film. Moreover, the larger the textured area in the infrared
absorber is, the higher the |ΔG | that can be achieved.
The infrared absorption of the achieved TEDI film-

based infrared absorbers with different textured areas was
tested by Fourier transform infrared spectroscopy (FT-
IR), as shown in Fig. 2d. The textured size wt of the TEDI
film-based infrared absorbers (Fig. 2c) was 0.4 mm and
1.0 mm. The suspended size w1 and side length w2 of the
test samples were 1.1 mm and 1.7 mm. Thus, the ratio
between the textured area and the suspended area was
~13% and 83%, respectively. According to the infrared
absorption spectrum (Fig. 2d), compared with the control
FLDI film-based infrared absorber, the infrared absorp-
tion increment Δη of the infrared absorber with 13%
TEDI film and 83% TEDI film was ~7% and 13% in
the range of 2.5–14 μm, respectively. This absorption
enhancement may benefit from the multiple reflection
absorption of the light incident on the surface of the TEDI
film, as shown in Fig. 2e.

TEDI film-based thermopile design
The output voltage response, responsivity, and detec-

tivity of the thermopile are proportional to the infrared
absorptivity η and inversely proportional to the thermal
conductance G based on the infrared–thermal–electric
conversion (1)–(4). Therefore, by introducing the above
TEDI film-based infrared absorber into a conventional
FLDI film-based thermopile, the performance improve-
ment of the TEDI film-based thermopile can be esti-
mated by:

Δperformance ¼ 1þ Δη

1þΔG
� 1 ð9Þ

Equation (9) is mainly related to the infrared absorp-
tivity η and the thermal conductance G of the infrared
absorber. Referring to (8), the thermal conductance
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increment ΔG of the TEDI film-based infrared absorbers
with 13% and 83% textured areas is approximately −18%
and −30%, respectively. Thus, combined with their cor-
responding infrared absorption increments Δη of 7% and
13%, the Δperformance of the TEDI film-based thermo-
piles with 13% and 83% textured areas can be up to ~30%
and 61%, respectively.
Figure 3a–c and 1d show a schematic and a cross-

section of the designed TEDI film-based thermopiles.
Design_1-TEDI with 88 P+ poly-Si/Au thermocouples
and a 13% textured area is first used to verify the theo-
retical performance improvement of ~30% estimated by
(9). Then, Design_2-TEDI with 184 P+ poly-Si/Au ther-
mocouples and an 83% textured area is designed to verify
the theoretical value of 61%. Simultaneously, this design
can demonstrate the feasibility of patterning thermocouples

on the surface of the textured infrared absorber to develop
high-performance thermopiles. Finally, Design_3-TEDI
with an 83% textured area is the optimization of
Design_2-TEDI by replacing the 184 P+ poly-Si/Au ther-
mocouples with 92 P+ /N+ poly-Si thermocouples for
greater detectivity.
P+ poly-Si and N+ poly-Si (thickness: 0.6 μm) were

obtained by heavily doping boron and phosphorus ions
into the poly-Si film with doses of 9 × 1015 cm−2 and 8 ×
1015 cm−2 under the same energy of 90 keV, respectively.
The thickness of the Au film is 0.4 μm. The tested
resistivities of the formed P+ poly-Si, N+ poly-Si, and
Au films obtained by a resistivity tester are ~40Ω·μm,
15Ω·μm, and 0.02Ω·μm, respectively. Referring to other
works19,20, the other properties of the three used mate-
rials are shown in Table 1. According to these material
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Fig. 2 Fabrication and characterization of the TEDI film. a Hard-molding technology, b heat conduction paths l1 and l2 on the TEDI film and the
FLDI film, c top view of the designed TEDI film-based thermopile, d infrared absorption of the infrared absorber with FLDI, 13% TEDI, and 83% TEDI,
and e light paths on the surface of the TEDI film and the FLDI film.
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parameters, compared to Design_2-TEDI with 184 P+
poly-Si/Au thermocouples, Design_3-TEDI with 92 P
+ /N+ poly-Si thermocouples has the characteristics of
half the number of thermocouples, approximately twice
the Seebeck coefficient difference, a lower thermal
conductance, and a smaller electrical resistance (~31%
reduction).

Referring to Eq. (4), the detectivity of the thermopile is
proportional to the thermocouple number and Seebeck
coefficient difference. Thus, the approximately twofold
Seebeck coefficient difference of the P+ /N+ poly-Si
thermocouple in Design_3-TEDI can be complementary
to the performance effect caused by the decrease in the
thermocouple number. On the other hand, the detectivity

10.0 μm

i = 1 2 3
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(i) Micropyramid silicon

(iii) Thermocouples, etc. (iv) Silicon release(ii) SiO2/SiNx /Poly-Si
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Fig. 3 Schematic of the designed TEDI film-based thermopiles and their fabrication process. a Design_1-TEDI, b Design_2-TEDI, c Design_3-
TEDI, and d fabrication process.

He et al. Microsystems & Nanoengineering            (2021) 7:36 Page 6 of 12



is also inversely proportional to the square root of the
thermocouple resistance and the thermal conductance.
Then, compared to Design_2-TEDI with 184 P+ poly-Si/
Au thermocouples, the detectivity enhancement of
Design_3-TEDI with 92 P+ /N+ poly-Si thermocouples
can be estimated by Eq. (10) ignoring the resistivity of Au.

ΔD� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ρPþ
ρPþ þ ρNþ

s
� 1

 !
þ Δd ð10Þ

where ρP+ and ρN+ are the resistivities of the P+ poly-Si
and N+ poly-Si films, respectively. The improvement in
the detectivity of Design_3-TEDI can benefit from the
reduction in the electrical resistance (1st item) and
thermal conductance (2nd item) of the thermocouple.
Although the thermal conductivity of the Au film is much
higher than that of the P+ /N+ poly-Si films, the total
thermal conductance of the 184 P+ poly-Si/Au thermo-
couples in Design_2-TEDI is slightly larger (Δd) than that
of the 92 P+ /N+ poly-Si thermocouples in Design_3-
TEDI, which is mainly due to the tiny width/length ratio
of the Au leg. Referring to (10), the detectivity of
Design_3-TEDI can be further improved by ~21%+Δd
compared to that of Design_2-TEDI.
Figure 3d shows the fabrication process of the TEDI

film-based thermopiles. The main processing steps
include (i) making a random micropyramid silicon mold,
(ii) casting by thermal oxidation and LPCVD of SiNx, (iii)
forming thermocouples, pads, and interconnects, and (iv)
demolding by dry etching on the backside of the silicon
substrate. The detailed process is as follows.
(i) The process started from an n-type (100) silicon

wafer with 100 nm SiO2. A square window (side length:
wt) open along the <110> orientation was formed by
reactive ion etching (RIE) of SiO2. Then, a random
micropyramid silicon mold was obtained in a solution
composed of 2 wt. % KOH, 5 vol % IPA, and DI.
(ii) The TEDI film was formed on the surface of the

random micropyramid silicon mold by the growth of
0.35 μm SiO2 and LPCVD of 1.0 μm SiNx.
(iii) The P+ poly-Si and N+ poly-Si thermocouple legs

were patterned. A layer of 0.6 μm poly-Si film was first
deposited on the substrate surface and then sequentially

heavily doped with boron and phosphorus ions with doses
of 9 × 1015 cm−2 and 8 × 1015 cm−2 under the same energy
of 90 keV. Next, these thermocouple legs were patterned
by deep reactive ion etching (DRIE) and passivated by
thermal oxidation. Then, a layer of 30 nm/400 nm TiW/
Au was deposited and etched to form the Au thermo-
couple legs, pads, and interconnects.
(iv) The front side of the silicon substrate was first

protected with a thick LC100A photoresist, and then, the
infrared absorber with the TEDI film was released by
backside dry etching.

Results and discussion
Fabrication results of the designed thermopiles
Figure 4 shows SEM images and optical photographs of

the achieved TEDI film-based thermopiles. To demon-
strate the performance enhancement by using the TEDI
film as the infrared absorber, a control FLDI film-based
thermopile with the same thermocouple was simulta-
neously designed and fabricated (not shown). The SEM
images show that all thermocouple legs were successfully
patterned on the surface of the textured dielectric film.
The optical photographs show that the formed TEDI film
area in the infrared absorber of the TEDI film-based
thermopiles is obviously black. This indicates that the
TEDI film can be a highly antireflective film. Figure 5
shows cross-sectional SEM images of the textured SiO2/
SiNx dielectric film with a P+ poly-Si/Au thermocouple.
Before the release of the silicon substrate, the dielectric
film was well attached to the surface of the micropyramid
silicon mold. The top of the dielectric film became blunt.
After release, the suspended dielectric film held the shape
of the micropyramid structure.

Test results of the fabricated thermopiles
Referring to Eqs. (1)–(5), to show the responsivity,

detectivity, and response time constant of a thermopile,
the electrical resistance, output voltage, and −3 dB cutoff
frequency must first be obtained. The electrical resistance
of the thermopile packaged with filter-free TO-5 was
tested by a digital multimeter. The output voltage
response and the response time constant were obtained
by an IR testing system, which was composed of a
blackbody source, a chopper, an amplifier circuit, and an
oscilloscope. The infrared light emitted by the 500 K
blackbody source was chopped at 4 Hz and then radiated
onto the thermopile surface at a power density of
9W·m−2. The output voltage of the thermopile was
amplified 1240 times. At the same time, the 20 log- (Vout/
V4 Hz) frequency characteristics of the thermopile were
tested by adjusting the chopper frequency from 4 to
40 Hz. The frequency at which the output voltage decays
to −3 dB was used to calculate the response time con-
stant. All test and calculation results were the average of

Table 1 Properties of the three used materials.

Materials Seebeck coefficient

α (μV·K−1)

Thermal conductivity

λ (W·m-1·K−1)

Au 1.9–2 310–320

P+ poly-Si 150–160 28–30

N+ poly-Si −130 to −120 30–32
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six randomly selected samples for each thermopile of the
different designs.
The tested output voltage response, −3 dB cutoff fre-

quency, and electrical resistance of the fabricated ther-
mopiles are shown in Fig. 6a–c. Compared to the control
FLDI film-based thermopiles, the tested output voltages

of the TEDI film-based thermopiles are significantly
enhanced by ~38%, 60%, and 64%, as shown in Fig. 6a.
The output voltage of Design_3-TEDI is ~6.5% higher
than that of Design_2-TEDI. In addition, the −3 dB
cutoff frequencies of these TEDI film-based thermopiles
are reduced, as shown in Fig. 6b. The reduction of
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Design_3-TEDI is close to that of Design_2-TEDI and
higher than that of Design_1-TEDI. Finally, the electrical
resistances of Design_2-TEDI and Design_3-TEDI are
slightly increased, as shown in Fig. 6c. From Design_2 to
Design_3, the electrical resistances of the FLDI film-
based and TEDI film-based thermopiles are reduced by
~35% and 29%, respectively. These reductions are similar
to the theoretical result (31%).
The responsivity, detectivity, and response time con-

stant were calculated by Eqs. (3)–(5), and their results are
shown in Fig. 6d–f. The responsivity and detectivity of the
TEDI film-based thermopiles are significantly enhanced
compared with those of the control FLDI film-based
thermopiles. First, the increments in the responsivity of
the TEDI film-based thermopiles are ~38%, 60%, and 64%,
as shown in Fig. 6d. These results are equal to the
increments in their output voltages. The responsivity
(156.89 V·W−1) of Design_3-TEDI is the highest among
the fabricated thermopiles. Second, the detectivity
enhancements of the TEDI film-based thermopiles reach
~38%, 58%, and 55%, as shown in Fig. 6e. The last two
increments are slightly lower than that in the corre-
sponding output voltage response, while the first is the
same. Design_3-TEDI also achieves the highest detectivity
of 2.16 × 108 cm·Hz1/2·W−1 among the fabricated ther-
mopiles. Finally, the response time constants of the TEDI
film-based thermopiles are slightly increased among the
three designs, but all these are less than 12 ms, as shown
in Fig. 6f.

Discussion
Compared with the theoretical performance improve-

ments of 30% and 61%, calculated by Eqs. (6)–(9), the
experimental enhancements in the output voltage,
responsivity, and detectivity in Design_1-TEDI and
Design_2-TEDI are in good agreement with these values.
With the same textured area, the enhancements in
Design_2-TEDI and Design_3-TEDI are almost the same.
Thus, compared with the control FLDI-based thermopile,
the performance optimization of the designed TEDI film-
based thermopile should mainly benefit from the
enhancement in the infrared absorption of the TEDI film
as well as the reduction in the thermal conductance.
Obviously, the larger the textured area in the infrared
absorber is, the better the device performance and the
higher the improvement that can be achieved.
According to Eqs. (3) and (4), the responsivity and

detectivity of a thermopile are proportional to the output
voltage, while the detectivity is inversely proportional to the
square root of the electrical resistance. When the ther-
mocouple legs are patterned on the surface of the TEDI
film, the resistance increases slightly due to the equivalent
extension of these thermocouple legs, such as in Design_2-
TEDI and Design_3-TEDI. Therefore, the enhancement in

the responsivity of the TEDI film-based thermopile should
be equal to the increment in the output voltage. Corre-
spondingly, the detectivity improvements of Design_2-
TEDI and Design_3-TEDI should be slightly lower than the
increments in their output voltages. Referring to Eq. (5),
since the response time constant is inversely proportional
to the thermal conductance of the TEDI film absorber, the
response time constant of the TEDI film-based thermopile
increases, and its −3 dB cutoff frequency is reduced.
Table 2 shows the performance parameters of cost-

effective thermopiles. Compared with other thermopiles,
Design_2-TEDI and Design_3-TEDI achieve an excellent
performance combination. Their responsivity and detec-
tivity can reach more than 140 V·W−1 and 1.7 × 108

cm·Hz1/2·W−1, respectively. Importantly, the detectivity
(2.16 × 108 cm·Hz1/2·W−1) of Design_3-TEDI exhibits the
best in-air performance reported to date for a series of
cost-effective thermopiles. Furthermore, the detectivity of
Design_3-TEDI is ~26% higher than that of Design_2-
TEDI, which is consistent with the theoretical value (21%
+Δd) calculated by Eq. (10). Δd is the voltage increment
(6.5%) of the TEDI film-based thermopile Design_3-TEDI
compared to Design_2-TEDI. Due to the inverse relation-
ship between the output voltage and thermal conductance,
Δd can be regarded as the reduction in the thermal con-
ductance of the P+ /N+ poly-Si thermocouples.

Conclusion
A new performance-enhancement strategy for thermo-

piles by simultaneously controlling their heat conduction
and infrared absorption with a TEDI film is developed and
presented in this paper. Control via the TEDI film of the

Table 2 Performances of cost-effective thermopiles in air.

Years Materials Rv
(V·W−1)

D*
(108 cm·Hz1/2·W−1)

τ
(ms)

1996 P+ Si/Au (F)56 121 0.95 23

2005 N+ poly-Si/Al (F)13 114.5 1.07 /

2007 N+ poly-Si/Al (F)15 63 1.23 /

2010 P+ poly-Si/Al (C)25 43.5 0.25 14.1

2010 N+ poly-Si/Al (C)57 102 0.92 16.8

2010 P+ poly-Si/Al (F)58 31.65 1.16 /

2011 N+ poly-Si/Ti (F)16 62.8 1.88 17

2013 P+ /N+ poly-Si (C)59 88.5 1.24 /

2015 P+ /N+ poly-Si (C)18 425.7 0.13 33

2015 N+ poly-Si/Al (C)60 22.2 0.89 1.27

2018 P+ /N+ poly-Si (C)61 160.3 0.98 2.5

2019 P+ Si/Al (C)20 342 0.56 0.56

Our works P+ poly-Si/Au (F) 91.84 1.08 7.25

P+ poly-Si/Au (T) 147.21 1.71 9.44

P+ /N+ poly-Si (F) 95.79 1.39 8.33

P+ /N+ poly-Si (T) 156.89 2.16 11.11

F FLDI film-based, T TEDI film-based, C Cantilever beam-based.
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heat conduction and infrared absorption as well as per-
formance enhancement of the TEDI film-based thermo-
pile are systematically analyzed and demonstrated.
Compared to the control FLDI film, the thermal con-
ductance of the TEDI film can be reduced by ~18– 30%,
while the infrared absorption can be increased by
~7–13%. Correspondingly, the responsivity and detectiv-
ity of the fabricated TEDI film-based thermopile can be
significantly enhanced by ~38–64%, which is in good
agreement with the theoretical result (30–61%). An opti-
mized TEDI film-based thermopile has achieved a respon-
sivity of 156.89 V·W−1 and a detectivity of 2.16 × 108

cm·Hz1/2·W−1, while the time constant is still <12ms.
Moreover, the detectivity of the optimized thermopile has
exhibited the best in-air performance reported to date for a
series of cost-effective thermopiles. These results demon-
strate the feasibility of using this new strategy to simulta-
neously control the heat conduction and infrared absorption
to achieve high-performance thermopiles and other sensors
with heat transfer and/or infrared absorption mechanisms.
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