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Abstract: We demonstrate a mid-infrared (MIR) photothermoelectric (PTE) detector based
on a BiggSbjg thin film, a topological insulator with strong MIR absorption and a high Seebeck
coeflicient. BiSb films were deposited by magnetron sputtering, a scalable and cost-effective
method, on both sapphire and flexible Kapton substrates. The PTE response was systematically
evaluated for various device geometries. A maximum voltage of 27 uV was obtained for a
16 mm X 0.25 mm X 80 nm film on sapphire. A 3 X3 array of 4 mm X 0.25 mm elements
was demonstrated. Finally, we demonstrated a large PTE response of 170 uV with improved
detectivity D* of 1.1-10° cmVHz/W for a BiSb-based PTE device on a Kapton flexible substrate.
These results highlight the potential of sputtered BiSb thin films for large-area MIR detector
arrays with low fabrication cost.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The mid-infrared (MIR) region of electromagnetic spectrum is important for characterizing the
vibrational modes of various chemical and biomolecular compounds. As a result, this spectral
region is highly suitable for chemical or biological sensing, with many applications in various
fields, such as medical diagnostics, infrastructure monitoring, and security scanning [1]. There
are mainly two types of infrared detector; quantum detector and thermal detector [2]. Quantum
detector converts light directly into electrical signal, while thermal detector converts light into
heat and then heat into resistance (bolometer), pressure (Golay cell), and so on. Each type
of detectors has advantages and disadvantages. Quantum detector operates at high speed and
high sensitivity, however requires cooling setup. For an infrared quantum detectors’ material, a
narrow bandgap semiconductor such as HgCdTe is a good candidate [3,4]. However, HgCdTe is
known to take cost and time to grow an epitaxial thin film of this material using the molecular
beam epitaxy (MBE) method. Also, there is a restriction of substrate material on which a
film of HgCdTe semiconductor can be grown epitaxially. On the other hand, thermal detector
operates at room temperature but at low speed and low sensitivity. Thermal detector has a
potential to be a useful infrared detector operating at room temperature, if speed and sensitivity
are improved. One method of infrared thermal detector is photothermoelectric (PTE) effect
[5], which involves a conversion of light into heat, and heat into electrical signal. The former
conversion can be realized with absorbing material in infrared region. The latter conversion
can be achieved by the thermoelectric Seebeck effect. Seebeck effect is a phenomenon that a
voltage is generated along a temperature difference of a material, and it is expressed as V = SAT,
where V is a voltage, S is Seebeck coefficient, AT is a temperature difference. Recently, PTE
detector has been demonstrated using carbon nanotube (CNT) [6]. Furthermore, a camera with
an array of CNT-based PTE detectors deposited on a flexible substrate has been demonstrated [6],
which showcases the potential of this technology. However, CNT-based PTE detectors require
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solution-based processes [7], which may limit the spatial resolution and the size of the substrate.
As another candidate material, we have recently found that the narrow gap topological insulator
BiSb has high absorption in the MIR region (Figure S1) [8]. Also, BiSb has relatively large
Seebeck coeflicient [9,10,11]. Furthermore, high-quality BiSb can be deposited not only by the
MBE technique but also by the magnetron sputtering technique, which can significantly reduce
fabrication costs and increase the substrate size [12]. Therefore, BiSb has a potential to be a
good material for PTE MIR detection material with low fabrication costs and large substrate size.
This is especially important when the substrate is required to be large and flexible, such as large
non-intrusive cargo scanner, which can have size of ~ 1 m or larger.

In this work, we measured PTE voltage of a BiggSb;g film under MIR laser irradiation.
We first prepared BiggSbig film with size of I X w X ¢ (I: length=4 mm, 10 mm,16 mm, w:
width =0.25 mm, 0.5 mm, 2mm, #: thickness =80 nm) by magnetron sputtering and lift-off
process on rigid sapphire substrates, and conducted PTE measurement with MIR laser and digital
multimeter. The results show that PTE voltage increases with decreasing width and increasing
length of the film. The sample of 16 mm X 0.25 mm X 80 nm reached the maximum voltage
about 27 pV and the noise floor of 1 uV. Based on the results, a 3 X 3 array of 4 mm X 0.25 mm
elements was fabricated, assuming a spatial resolution of 5 mm X5 mm. The elements show
reasonable response around 7-10 puV, indicating that BiSb can be used as a large area detector.
Finally, we fabricated a BiSb PTE detector (4 mm X 0.5mm X 81 nm) on a flexible Kapton
(poly-oxydiphenylene-pyromellitimide) substrate, and demonstrated a large voltage of ~ 170 pV.
Our results show that BiSb can be used as a flexible MIR detector with high signal-to-noise ratio
for large area detector arrays with low fabrication cost.

2. Methods

We prepared samples as shown in figure S2. We prepared ribbon-shaped BiggSbiq thin films
of I X w X ¢t (I: length=4mm, 10 mm,16 mm, w: width=0.25 mm, 0.5 mm, 2 mm, #: thickness
=80 nm) by magnetron sputtering and lift-off technique on sapphire substrates. Pt/Ta film was
then formed onto the edge of the BiSb film as electrodes. For fabrication of BigySbjq thin film
on a flexible Kapton substrate, we first attached the Kapton substrate to a rigid substrate, and
then use it for optical lithography, BiSb deposition, and lift-off. After that, the Kapton substrate
with BiSb PTE detector was peeled off from the rigid substrate for PTE measurement. We
measured the thickness of the BiggSbig film by using X-ray reflection (XRR) spectroscopy. For
PTE measurements, we used a quantum cascade laser with the wavelength of 4.33 um and the
power of 28.6 mW (L.12004-2310H-E, Hamamatsu Photonics) to irradiate the samples with a
1.5 mm spot size. The PTE voltage was measured by a digital multimeter (34980A, KEYSIGHT)
and recorded by 5 times a second. In addition, we evaluated the rise time of PTE voltage to reach
80% of the maximum from the light-on time and the fall time of the PTE voltage to reach 20%
from the light-off time, respectively. The measurement setup is shown in figure S3.

3. Results and discussion

Figure 1 shows an illustration of a BiggSbjo PTE detector on a sapphire substrate. The Pt/Ta
electrodes were formed to overlap the BiggSbo film with an area of 50 um X w (w: width of
BiggSbyg film). The electrodes were designed long enough to facilitate wire bonding. MIR was
irradiated onto the edge of each BiggSby¢ film. The spot position of MIR was adjusted with a
laser viewing card.

Figure 2(a)-2(c) show the PTE response of BigySby slabs on sapphire with a length of 4 mm,
10 mm, and 16 mm, respectively. At each length, we fabricated three types of devices with the
width w=2mm, 0.5 mm, and 0.25 mm. Figure 2(d) summarizes the PTE maximum voltages
of those devices. We observed the general trend that the PTE voltage is higher for longer / and
shorter w.
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Fig. 1. An illustration of a sample of BiggSby( film on a sapphire substrate. Pt/Ta electrodes
were formed to overlap the BiggSbyg film with an area of 50 pm X w.
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Fig. 2. PTE response of BiggSb;( films on a sapphire substrate with a length of (a) 4 mm,

(b) 10 mm, (c) 16 mm and different widths. (d) PTE maximum voltages of those samples.
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For I =4 mm samples, the maximum voltage is about 14 uV, 9 puV, and 6 uV, for w =0.25 mm,
0.5 mm, and 2 mm, respectively. For /= 10 mm samples, the maximum voltage is about 21 puV,
20 pV and 7 pV, for w=0.25 mm, 0.5 mm, 2 mm, respectively. For /=16 mm samples, the
maximum voltage is about 27 uV, 24 uV and 12 pV, for w =0.25 mm, 0.5 mm, 2 mm, respectively.
These experimental results can be explained qualitatively by the Fourier’s law for heat conduction
in a BiggSbjg slab with the length L,

where ¢ is the heat flux density, k is the thermal conductivity of BigySbjg, and AT is the
temperature difference between the two ends of the BiSb slab. At a fixed width, g is a constant,
thus AT and consequently the maximum PTE voltage increase with longer L. Meanwhile, at a
fixed length, ¢ depends on the area-averaged laser power density received by the edge. When the
width is 2 mm, which is larger than the laser spot size of about 1.5 mm, the area-averaged laser
power density received by the edge is lower because the laser beam is Gaussian. When the width
is reduced to 0.5 mm, the area-averaged laser power density received by the edge now approaches
the Gaussian center power density, and it reaches maximum when the width is 0.25 mm.

From the data in Figs. 2(a)-2(c), we evaluated the rise time #,, and the fall time 7, of the PTE
voltage. Table 1 shows t,, and fog for each sample. We found that PTE response becomes faster
with decreasing the size. However, not all the data follows the trend. In this measurement, as
the differences between the spot size and the widths are small, it is thought to be in the margin
of error, for /=4 mm, 10 mm. For /=16 mm, it takes more time to reach the max voltage and
the trend is clearer that the sample of the smallest width is the fastest to reach the max volage.
However, we note that there is a trend that, among the samples of a same length, a sample of the
smallest width is the fastest to reach a certain voltage. For example, for / =4 mm sample, the
fastest to reach 5 uV is w = 0.25 mm sample, the slowest is w =2 mm sample, and this is true for
[=10mm, 16 mm samples, too.

Table 1. On-time and off-time of each sample in Fig. 2.

N 4mm 10 mm 16 mm

0.25mm | ton~14s, to~0.2s ton~60.25, to~7.8s ton~10s, to~13s

0.5mm | ton~135, tor~125 | Eon~8.0s, tog~10s tou~255, to~32s

2 mm ton~1.35, Lo~l.4s Lon~6.25, Lop~5.08 ton~30s, Lo~39s

ton: time to reach 80% of the maximum voltage after light-on.
tofs: time to fall to 20% of the maximum voltage after light-off.

Overall, we found that the noise floor is about 1 pV. As this noise is independent of the width
and the length of the BiggSbj¢ slabs, this can be attributed to the measurement system with many
electrical wiring bonding. Further lowering of measurement noise can be possible by using a
dedicated measuring circuitry.

We estimated the noise (Vyise), Noise equivalent power (NEP), and detectivity (D*) of the
detectors. As the PTE detector operates under zero voltage and the effect of the flicker noise can
be avoided, the thermal noise (Johnson noise) is dominant [S]. The thermal noise (Vjise) and the
responsivity (R) were calculated as follows

Vhoise = Y, 4ksTR
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where kg is the Boltzmann constant, 7 is the temperature, R is the resistance, V is the PTE
voltage, and Pege; is the effective power of irradiated IR at the detector. NEP [13] and D* [14]
were calculated as follows

Vhoi V4kgTR
NEP = noise _ B Peﬁect
R \%
* Ae[‘f
NEP’

where A is the area of the detection. The detectivity D* and NEP are different in that D*
considers A.g while NEP does not. As the laser was Gaussian beam, we calculated A, Pesr as
shown in Fig. 3. These two parameters were calculated by the equation in Fig. 3(b) (numerical
calculation by MATLAB).

(a) (b)
Poyp =

2022 + 2
ff 1, exp(f%)dxdy
Aefs

BioiShu _ f f “’m;m ewp (_ 2(x* : y’)) dxdy
. gy Tl d
Electrode

Fig. 3. (a) Ilustration of how to calculate Peg for NEP, assuming that the effective area
Ay is the region of the Gaussian beam spot that overlaps with the film the area (Gaussian
intensity distribution). Py : total power of the laser (=28.6 mW), d : radius of the beam
spot (=0.75 mm). (b) The equation to calculate Peg.

The calculations were performed under the condition of 7 =300 K. The results are shown
in Table 2. Vyoise are ~nV/VHz, NEP are ~LLW/\/E, and D* are ~10* cmVHz/W. Vpise are
103 lower than the noise floor(~1 V), which further verifies the aforementioned discussion
of the cause of the noise floor. Comparing the D* with that of the recently reported IR PTE
detector of Graphene/PEDOT (operating wavelength = 4.3 um) [15], it is one order lower (6.95
-10° cmVHz/W).

Table 2. Vjises; Pets NEP and D* calculated under an assumption as shown in Fig. 3.

|
Voise Pegs | NEP D"

4 mm x 0.25 mm 7.7 nV/vHz 7.5 mW ‘ 4.1uW/VHz | 1.5 - 10* cmVHz/W

4mm x 0.5 mm 5.5nV/vHz 14 mW 8.5 uw/vHz 1.0 - 10* cmVHz/W

4 mm X 2 mm 3.1nV/VHz 29 mW 15 uW/Hz 9.0 - 10° cmvHz/W

Based on these results, we fabricated a 3 x 3 array of 4 mm X 0.25 mm elements, for a cell size
of 5 mm X 5 mm. Figure 4(a) shows an illustration of the array. We labelled each row by “A, B, C”
and each column by “1,2,3.” One edge of three elements in a row (e.g., A1, A2, A3) was connected
to a common ground pad for simplification of the measurement setup. Figures 4(b)—4(d) shows
the PTE response of the elements. Here, each element was illuminated individually to measure
its standalone performance. The timing of laser irradiation was manually aligned across the
measurements, as in Fig. 2. The maximum voltages are around 7-10 pV, which are smaller than
that of 14 uV observed for the single device with same size in Fig. 2. One possible explanation
for the reduction of PTE voltages in the array is that the extra common ground pads around the
elements may add extra heat sinks to the large sapphire heat sink, resulting in more heat diffusion
away from the edges. This leads to a smaller heat flow in the element and thus smaller PTE
response.

From the data in Figs. 4(b)—4(d), we evaluated the rise time 7., and the fall time #,¢ of the
PTE voltage. Table 3 shows #,, and #.g for each element. There can be seen a rough trend that
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Fig. 4. BiSb PTE array with 3 x 3 elements. (a) An illustration of the array. (b)-(d) PTE
responses of each three elements in the same column.

elements with longer ground pads operate slower. For example, the element Al operates slower
than the element A3. This can be attributed to the size of the heat sink in the same way as the

voltage.

Table 3. On-time and off-time of each sample in Fig. 3.

oo i 2 3
row ~—
A ton~1.55, ly~1.65s ton~1.258, to~1.5s ton~0.8s, ty~1.0s
B ton~1.5s, to~1.2s ton~0.75, Eo~1.25 ton~0.7 s, top~0.6 5
C ton~1.4s, top~1.0s ton~1.7s, Lop~1.75s ton~0.7s, Lop~0.9s

| tyn: time to reach 80% of the maximum voltage after light-on.
| Eof¢: time to fall to 20% of the maximum voltage after light-off.

Despite the smaller PTE voltages, the array can be used as an array detector for MIR imaging
when the D* is good enough.

To further increase the D*, we fabricated a BiggSb;y PTE detector (4 mm X 0.5 mm X 81 nm)
on a Kapton substrate. The Kapton substrate [16] has a significant lower thermal conductivity
than the sapphire substrate [17]. The lower thermal conductivity of Kapton helps reduce the heat
diffusion away from the edge and increase the heat flux in the BiSb slab, and leads to higher AT
and PTE response. Figure 5(a) shows the illustration of a sample. We applied Ag paste to both
ends of the slab as electrodes. Figure 5(b) shows the PTE response of the detector, which shows a
significantly higher maximum voltage of 170 pV, lower NEP of 0.81uW/VHz, and higher D* of
1.1-10° cmVHz/W. The D* improved by one order and became the same order as that of the IR
PTE detector of Graphene/PEDOT (6.95 -10° cmVHz /W) [15]. The response times were fo,~ 1
s and #,¢~1.2s, which are almost the same as that of BiSb/sapphire sample. The response time
(thermal time constant) can be evaluated as follows [14]:

where Cr is the total thermal capacitance (J K1), Gr is the total thermal conductance (WK™1),
of the detector. Representative values of thermal capacity are 0.77 Jg~'K~!(sapphire [18]),
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1.09 Jg~'K~!(Kapton [19]), and those of thermal conductivity are 30 Wm~'K~!(sapphire [17]),
0.20 Wm~'K~!(Kapton [19]), respectively. The ratios of thermal capacity/thermal conductivity
are 0.026(sapphire), 5.45 (Kapton), respectively. From this calculation, it is estimated that
BiSb/Kapton detector operates slower than BiSb/Sapphire detector. The mismatch between this
calculated ratio and the actual ratio(~1) can be attributed to the conditions such as the contacts
between BiSb and substrate(sapphire, Kapton), the difference of electrodes(Pt/Ta and Ag paste).

(a) BisoSbio Ag paste

QI

(b) Kapton tape

PTE voltage (mV)
S

0 L L 1
0 10 20 30 40 50

Time (s)

Fig. 5. BiggSbjg PTE detector on a flexible Kapton substrate. (a) An illustration of a
BiggSbq slab with a size of 4 mm X 0.5 mm on a Kapton substrate. (b) PTE response of the
detector.

The large D* of our BiSb PTE detector on the Kapton substrate and the recent development
of organic semiconductor-based amplifier circuitries [20] indicate that BiSb can be used for a
flexible MIR detector with large area and low fabrication costs.

4. Conclusions

We have demonstrated that BiggSbig thin films fabricated by magnetron sputtering exhibit strong
photothermoelectric responses in the MIR region. The device performance was optimized by
adjusting length and width, which followed the thermal transport behavior. A 3 X 3 detector array
confirmed that BiSb devices can function as individual elements within an array configuration,
suggesting practical applicability for imaging systems. The use of sputtering enables fabrication
on large-area and flexible substrates with lower cost and higher throughput compared to epitaxial
growth methods. The key advantage lies in BiSb’s suitability for scalable array-type MIR detectors
using standard thin-film processing techniques. Finally, we note that BiSb is a topological
insulator with a giant spin Hall effect [21,22,23], thus new MIR detector concept utilizing the
photothermal and spin Seebeck effects [24] is possible in BiSb / ferromagnetic bilayers.
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