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ABSTRACT

This Letter details a pioneering study on the design and nanofabrication process of a thermoelectric infrared radiation detector using a
suspended polyimide membrane. The research includes a comprehensive analysis of thermoelectric doped Bi,Te; thin films, comparing their
expected performance regarding noise and specific detectivity with other infrared detectors, particularly those in the silicon sector.
Experimental results and calculations shed light on responsivity and time constants. In the absence of absorption layers, specific detectivity
values for visible and near infrared radiation are measured at 9.2 x 10 and 2.9 x 10’ cm \/ﬁi/ W, respectively, with a time constant nearing
20 ms. Calculations show that introducing an optimized absorption layer with ¢=1 significantly improves specific detectivity, reaching
9.0 x 10% cm v/Hz/W. Subsequent calculations also show that further enhancement can be obtained by etching the polyimide membrane to a
1-micron thickness, resulting in an exceptional specific detectivity value of 8.4 x 10° cm v/Hz/W, placing it among the best in the current

state-of-the-art.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0213691

Infrared (IR) detectors have a wide range of applications, includ-
ing night vision cameras, thermography devices, gas detectors, and
various other equipment. They can be classified into two main types
based on their method of detecting infrared radiation: quantum infra-
red detectors,"” which directly absorb infrared rays using semiconduc-
tor materials, and thermal infrared detectors, which detect light by
converting it into heat.”™®

The first type of detectors boasts exceptional sensitivity but typi-
cally requires a cooling mechanism to function optimally. In contrast,
the second type of detector, while slightly less sensitive, offers a distinct
advantage in its non-cooling design, making thermal infrared detectors
particularly well suited for mobile devices.

Thermal infrared detectors can be further categorized into two
subgroups: resistive bolometers” and thermoelectric infrared detectors,
which are often called thermopiles.” ® Bolometers detect infrared radi-
ation by measuring changes in the electrical resistivity of the materials
used in the detector. They consume a minimal, continuous amount of
electrical energy to induce these changes. On the other hand, thermo-
piles detect infrared energy without the need for external electrical
power. However, they generally exhibit lower sensitivity compared to

bolometers, emphasizing the need for significant sensitivity improve-
ments in thermopile technology.

A material of the bismuth telluride type has already been used to
develop IR thermopiles of good quality.” '’ However, at that time, the
development of this family of materials in thin films was not perfectly
mastered, which limited thermoelectric (TE) performance. The figure
of merit ZT = S$*T/px (p electrical resistivity, x thermal conductivity, S
Seebeck coefficient, and T temperature) was not optimized with
ZT < 1.

Currently, the most sensitive focal plane arrays (FPA) type ther-
mopiles are made of doped poly-silicon” with a specific detectivity
D* = /Av/B/NEP (A absorbing surface, B frequency bandwidth, and
NEP noise equivalent power defined mathematically in the supple-
mentary material) higher than that of Ref. 10 or Ref. 11. Nevertheless,
the intrinsic physical properties of doped poly-silicon will never result
in a figure of merit equal to unity, like most of the TE-materials cur-
rently realizable and accessible.

In this study, we employed doped Bi,Te; thin films optimized in
previous research,' > with a TE figure of merit ZT of 0.6 and 0.1 for
n-type and p-type thin films, respectively. It is noteworthy that a
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higher ZT corresponds to a lower noise equivalent power.”'* The key
advantage of employing a material with ZT = 1 is the balance it strikes
between Johnson and temperature noises (see simulations in the sup-
plementary material). This equilibrium ensures that the detector is
finely tuned for minimal noise. Our approach involves depositing TE-
layers onto an ultra-thin, suspended polyimide membrane with low
thickness (25 um) and minimal thermal conductivity (0.2 W/mK).
This design induces a potential substantial thermal gradient between
the center and the periphery of the membrane'” and is consequently
very sensitive to IR radiations. We present the design and nanofabrica-
tion process of this innovative TE-detector, comparing its expected
performance in terms of noise and specific detectivity with other IR
detectors, particularly those within the silicon sector. Furthermore, we
provide initial results regarding responsivity and time constants
achieved in our experiments.

The performance of a TE device is connected to the figure of
merit ZT,

$? s?
ZT=>"T> 7T, = —T. (1)
pK RK

The first equality applies to the TE-materials, while the second applies
to the detector. The latter deals with the effective performance of the
detector. It should be noticed that the equality is valid only for thermo-
electric detector made of n-type and p-type materials with similar
physical properties (S, = Sp, pn = pp and «, = k). R is the total resis-
tance involving the resistivity p of the TE-materials, but also the con-
tact resistance between the different layers and also the resistances of
the electrical connections (contact surfaces and contact wires). S is the
Seebeck coefficient, an intrinsic property that is highly dependent on
the composition of the TE-materials. K is the total thermal conduc-
tance, or thermal exchange coefficient, between the sensitive detector-
area and the surroundings environment. It involves the thermal
conductivity x of the TE-materials, but also all the other thermal links
like TE-layers holder, gaseous loss, or spurious radiation links. A detec-
tor is perfectly optimized when ZT, = ZT. Since, in the better condi-
tions, the ZT of the Bi,Te; deposited thin films is close to one, our
principal task is to design a detector for which ZT tends to one. It is
known that for ZT,5 = 1, the two principal sources of noise (Johnson
noise and temperature noise) are equivalent™'” (see the supplementary
material for NEP definition and simulation in this ideal case).

In the real detector configuration, there is a crucial limiting
parameter, which is the thickness of the polyimide membrane that sus-
tains the TE-thin films. Despite the low value of the thermal conduc-
tivity of such a polymeric material, the current membrane thickness is
too high. The value of thickness (e) is 25 um. The targeted value is of e
= 1 um. The current thickness of 25 um ensures a high robustness of
the suspended membrane for the first experimental measurements
presented in the following section. The expected thickness of 1 ym will
be reached in a near future by classical plasma O, etching of the polyi-
mide, once all the previous tests will be done [see the supplementary
material for simulations of R. [Fig. S2(a)], NEP [Fig. S2(b)], 7w
[Fig. S2(c)], and D* [Fig. S2(d)] as a function of thickness e].
Calculations show that by reducing the thickness of the polyimide
membrane by a factor of 25, about one decade in performance may be
obtained for the total NEP, R., and D*, while the thermal relaxation
time is reduced by a factor of only about 1.4 (see Fig. S2 in the supple-
mentary material).
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The substrate used is a polyimide membrane (Upilex®) of 25 um
thickness bounded on a copper ring (see Fig. 1) of 28 mm external
diameter, with a 1 mm hole (D) in the center delimiting the sensitive
area. The TE-thin films were deposited using a home-made dc magne-
tron sputtering chamber. 50 mm hot pressed targets were used with
Bi,Te, ;Seq 5 stoichiometric compositions for n-type and Bij sSb sTe;
for p-type materials. Pressure in the chamber before deposition is
lower than 107 mbar, and then, the argon pressure is maintained
around 1.5 x 10~> mbar during deposition. The plasma power is set
to 10 W for a deposition time of 15min (335 nm of thickness t). Each
type of films is annealed in an oven under argon gas at atmospheric
pressure during 2 h at 543 K before the deposition of a nickel/platinum
layer for electrical contacts [Fig. 1(a)]. Such optimal annealing condi-
tions were determined in previous studies for the crystallization of n-
type and p-type Bi,Te; films.'>'°

Table I gives quantitative compositions of n-type and p-type films
analyzed by energy dispersive spectroscopy performed with an envi-
ronmental scanning electron microscope (ESEM FEI Quanta 200).
Three different regions of each film were analyzed with the same con-
ditions (accelerating voltage, beam current, magnification, and acquisi-
tion time). n-type and p-type films composition were, respectively,
Bi, 1 Tez655€0.25 = 0.0 and Big 555b1 ¢Tez 85 = 0.05.

Electrical contacts consist of a dual-layer structure comprising a
250 nm thick nickel layer and a 100 nm thick platinum layer. These
layers are deposited both at the detector central region, within a
100 um diameter circle (D,), and along the periphery, covering a
diameter ranging from 1 to 23mm. The deposition process is
realized through magnetron sputtering under an argon pressure of
102 mbar.

The detector, similar to any typical thermopile, consists of a
sequence of TE-material, specifically n-type and p-type Bi,Te; thin
films in our particular configuration. Two distinct designs were formu-
lated in this work, one featuring a single junction, and the other incor-
porating dual-junctions [see Figs. 1(b) and 1(c)]. Connecting multiple
junctions electrically in series leads to a responsivity that is directly
proportional to the number of junctions. However, since the surface
covered by the TE layers is constant, the resistance is proportional to
the square of the number of junctions. Consequently, the specific
detectivity remains constant regardless of the number of junctions in
series. The key benefit of increasing the number of junctions is that the
impedance of the detector must be adapted to the impedance of the
measuring equipment with equality of their Johnson noises.

TE properties are summarized in Table I. Seebeck coefficient (S)
and electrical resistivity (p) have been measured with a home-made
setup and four point method on films deposited on a substrate of
25 x 25 mm®. The Seebeck coefficients for n-type and p-type TE-thin
films are —174 and +160 pV/K, respectively, at room temperature.
The electrical conductivities for these films are 2.8 and 9.75 mQ cm.
Referring to the thermal conductivity values provided in Table I and
measured on thin films with similar compositions, the corresponding
TE-figure of merit (ZT) values are found to be 0.6 for n-type and 0.1
for p-type TE-thin films. These values are lower than those obtained
by Parashchuk et al. and Maksymuk et al.'”'? These authors obtained
figures of merit of 1 for n-type and p-type thin films. It should be
noted that the detector developed in their study demonstrates a sensi-
tivity of approximately 10 V/W, making it highly effective for detecting
minimal heat flux levels as low as around 107 W.
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FIG. 1. Detector characteristics: principle of detector cross section (a) (scales are not respected) and optical pictures of Bi,Te; detectors constituted of single (b) and dual-

junctions (c).

The detector is fixed in a clamping ring, which is itself fixed to
the 3D pallet. Copper wires are then connected to the contacts at the
n-p junction terminals to measure the detector’s internal resistance
and the TE-voltage generated by the radiation.

An optical test bench allows to precisely focus a laser beam onto
the 100-um-wide active central region of the detector (see Fig. S3 in
the supplementary material). This setup facilitates the evaluation of
two essential performance criteria for the detector: responsivity
(R, = S/K; see simulations in the supplementary material) and ther-
mal relaxation time (t4,). The incident radiation creates a temperature
difference between the center and the boundaries of the detector,
which is then converted into voltage. This voltage is amplified, and the
signal is captured either on a low noise voltmeter or an oscilloscope. In
order to calibrate the incident power captured on the absorbing detec-
tor sensitive area, a photodiode is placed at the output of the objective
to collect the power variation resulting from the change in the angle of
the half-wave plate. For 74 measurement, a chopper has been inserted
in the optical bench between the half-wave plate and the objective.
Two laser sources were used for the detector characterization: one in
the visible part of the spectrum (671 nm) and a second one in the
near-infrared (NIR) range (1064 nm).

Figure 2 illustrates the voltage generated in relation to the inci-
dent power of visible and NIR radiation for both single [Fig. 2(a)] and
dual-junction [Fig. 2(b)] configurations. The corresponding responsiv-
ities (R.), determined from the slopes of the curves, are presented in
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) sl - %
15 S/ ] 7
= / 20} 4
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FIG. 2. Voltage generated vs laser’s incident power for visible (blue empty square)
and NIR radiation (red full disk) for single (a) and dual-junctions (b).

Table TI. It is crucial to note that R, is suboptimal (7.3 and 2.2 V/IW
for visible and IR radiation, respectively) when compared to the theo-
retical value calculated for a single junction (24 V/W, as indicated by
the black crosses in simulations in the supplementary material). This
suboptimal performance is attributed to the absence of a highly
absorptive layer.

The choice of Pt to mitigate Ni oxidation proves to be less than
ideal for absorbing infrared (IR) radiation. Research indicates that met-
als with high electrical conductivity exhibit low emissivity values, espe-
cially on polished deposition surfaces. Huang’s study, for instance,
measured values below 0.1 on polished Ni samples coated with a
500nm layer of Pt within the 3-14um wavelength range."”
Consequently, it is reasonable to assume that the emissivity of the Pt
layer in our detectors hovers around 0.1 for NIR radiation. This obser-
vation is consistent with values derived from the ratio of theoretical
and experimental responsivity, which stands at 2.4/2.2, approximating
a ratio of 10. For radiation in the visible range, the ratio of theoretical
and experimental responsivity, close to 4, is in agreement with the
emissivity values obtained in the literature for Pt films.*

The responsivity of the detector constituted of dual-junctions is
twice the value of single junction for visible as well as for IR radiation.

The time response 7 is estimated from Fig. 3 showing the volt-
age generated by a radiation pulse at a frequency of 3 Hz. In the
supplementary material, Fig. S4(a) shows an enlargement revealing
the voltage increase during the pulse of NIR radiation, with a fit-
ting curve following the law A + B(1-e V%). The voltage decrease
after the radiation pulse [Fig. S4(b)] follows an exponential decay
law. Experimental (1) and theoretical response times (1) for sin-
gle and dual-junctions TE detectors exposed to visible and NIR
radiation are summarized in Table II. The time constants are not
dependent on the radiations and are close to the theoretical value
Ty, calculated from C/K =20 ms.

The resistances of the single and double junctions were measured
and found to be 415 and 1409 Q, respectively. Calculated values based
on electrical resistivity properties from Table I and geometry yielded
275 and 1100 Q, respectively. Discrepancies are attributed to contact
resistance. Considering the surface area contributing to carrier injec-
tion (S=7.85 x 10~ cm? at the central area), the contact resistivity is
approximately 11 mQ cm?. This value exceeds those reported in the lit-
erature, typically in the range of a few p-Q cm?°"** and necessitates
improvement to reduce detector resistance.
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TABLE I. Thermoelectric properties of n- and p-type thin films. The thermal conduc-
tivity is taken from Ref. 12.

Pr power
factor K
S (uV/K) p (mQ cm) (mW/K*m) (W/mK) ZT

n-type Bi,Te,,Seq; —174 2.8 1.08 055 0.6
p-type BisSbsTe; -+160 9.75 0.26 079 0.1
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FIG. 3. Voltage generated for dual-junctions plotted against time at a frequency of
3Hz, with NIR radiation of 1.35 mW.

According to Eq. (S2) in the supplementary material, NEPypop
obtained for single or dual-junctions is 8.5 x 10~'* W/+/Hz. The
value is comparable to those found for Si TE detectors.” NEP),, for sin-
gle or dual-junctions is, respectively, of 3.59 x 10~ "% and 3.47 x 10~ '°
W /v/Hz for visible radiation, respectively. These values increase to
1.19 x 10~ % and 1.27 x 10° W /+/Hz for NIR radiation. Significantly,
these results deviate from the anticipated values outlined in simula-
tions in the supplementary material, where a high figure of merit close
to one was expected. The enhancement of transport electronic proper-
ties (S and p), coupled with the deposition of an efficient absorption
layer, is anticipated to lead to a reduction in NEP),,.

D* values are summarized in Table III. The single couple gives a
D* of 9.2 x 10" and 2.9 x 10” cm v/Hz/W for, respectively, visible and
NIR radiations.

These measurements are difficult to compare with values
obtained for detectors measured in the LWIR, but given that emissivity

pubs.aip.org/aip/apl

TABLE Ill. Specific detectivity D* for single and dual-junctions.

D* single D* dual-junctions
junction (cm vHz/W) (cm Hz/W)
Visible 671 nm 9.2 x 107 9.0 x 107
NIR 1064 nm 2.9 x 107 2.3 %107

in the visible and IR range is well below 1, the values obtained are very
encouraging for operation in the LWIR. To this end, we estimated the
responsivity and D* by assuming both a maximal emissivity of 1 and a
realistic emissivity of 0.7, while also reducing the thickness of the polyi-
mide membrane. The detailed calculations are provided in the supple-
mentary materials, where the parameters K, Cyo, R, NEP, 7, and D*
are plotted as a function of polyimide thickness. For these simulations,
only the conductive thermal conductance associated with the polyi-
mide and the thermoelectric layers was considered because of the low
estimated values of the convective (K..,) and radiative (Kg) thermal
conductance quantities of 4.65x 10~® and 4.8 x 10~® W/K, respec-
tively (see the supplementary material).

For our detector with ZT,, = 0.6 and ZT,=0.1 and with an opti-
mized absorption coefficient (¢ ~1), we present expected values of
3.4 x 10%and 4.1 x 10° cm v/Hz/W [refer to the supplementary mate-
rial, Fig. S2(d) curves red] for polyimide thickness of 25 and 1 um,
respectively. For a realistic absorbing layer like TiN (¢=0.7), as used by
A. Varpula et al,’ the calculated values are slightly reduced to
2.4 x 10%cm +/Hz/W for a 25 um thickness and 3.0 x 10° cm +/Hz/W
for a 1 um thickness [see Fig. S2(d), blue curves]. These values are fur-
ther compared to those obtained for state-of-the-art thermoelectric
detectors in Fig. 4. These adjustments enhance the overall performance
of our detectors, demonstrating their potential in the field of nano-TE-
infrared detection.

It is important to note that, besides the polyimide etching and the
addition of a highly absorbing layer, improvements in the electronic
transport properties (S and p) of both n-type and p-type thin films are
essential. In our current study, the figure of merit ZT is only 0.1 for the
p-type and 0.6 for the n-type. Enhancing these values is crucial to
approach the optimal value of 1, ensuring balanced Johnson and ther-
mal noise. This enhancement will substantially decrease the noise
equivalent power and improve specific detectivity (see Fig. S2 in the
supplementary material). In Fig. 4, we have incorporated data points
derived from simulated curves (refer to Fig. S2 of the supplementary
material) corresponding to optimized n-type and p-type Bi,Te; thin
films with ZT = 1. These simulations yield expected values of 9.0 x 10°®
and 8.4 x 10° cm v/Hz/W for polyimide thicknesses of 25 and 1 um,
respectively.

In conclusion, this study has presented the design and nanofabri-
cation process of a groundbreaking innovative thermoelectric infrared

TABLE II. Experimental (R, and t) and theoretical (R, and 7,,) responsivity and response time for single and dual-junctions TE detectors for visible and NIR radiation.

R. (and Ry,) single

R. (and Ryy,) dual-junctions

7 (and t4,) single 7 (and 74,)

junction (V/W) (VIW) junction (ms) dual-junctions (ms)
Visible 671 nm 73(24e=1) 139 (48e¢=1) 18 (20) 20 (20)
NIR 1064 nm 22024e=1) 3.8 (48 =1) 17 (20) 24 (20)
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FIG. 4. Time constants = and specific detectivities D* of TE-bolometers developed
with poly-Si** #92034540 " (green  symbols) and Bi-Sb-Te-Se'******" (blue
squares) thin films. Estimated specific detectivities on our detector with single junc-
tion have been added in the figure (red squares). The estimated values are calcu-
lated with ZT,=0.6 and ZT,=0.1 and for an absorption coefficient of & ~1 (full
square), with ZT,=0.6 and ZT,=0.1 and ¢=0.7 (semi-full square) and with
ZT =1 and of ¢ =1 (empty square).

radiation detector utilizing a suspended polyimide membrane. The
comparative analysis of thermoelectric doped Bi,Te; thin films, evalu-
ating their anticipated performance in terms of noise and specific
detectivity against other IR detectors, particularly those in the silicon
sector, has been elucidated. Our experimental findings have provided
valuable insights into responsivity and time constants.

In the absence of absorption layers, the measured D* values for
visible and NIR radiation stand at 92 x 10" and 29 x 10
cm+/Hz/W, respectively, with a time constant approaching 20 ms.
Calculations shown in the supplementary material indicate that the
introduction of an optimized absorption layer with £ =1 and the opti-
mization of Bi,Te; thermoelectric thin films to ZT = 1 result in a note-
worthy improvement, yielding a D* value of 9.0 x 10° cm v/Hz/W.
Further enhancement can be achieved through polyimide membrane
etching to a thickness of 1 um, leading to a remarkable D* value of
8.4 x 10° cm v/Hz/W, positioning it among the best values in the cur-
rent state-of-the-art.

This work underscores the considerable potential of thermoelec-
tric detectors, specifically those incorporating doped Bi,Te; in con-
junction with a suspended polyimide membrane, for infrared
detection. The achieved performance metrics highlight the promising
advancements and contributions of this innovative detector design to
the field of IR sensing technology.

See the supplementary material for the phonon, Johnson, and
photon noise equivalent power calculations, simulation of R., NEP,
T4 and D simulations as a function of the polyimide thickness, and
optical test bench description.
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