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Mid-infrared (mid-IR) photodetection is important for various applications, including
biomedical diagnostics, security, chemical identification, and free-spacing optical commu-
nications. However, conventional “photon” mid-IR photodetectors require liquid nitrogen
cooling (i.e., MCT). Furthermore, acquiring mid-IR spectra usually involves a complex
and expensive Fourier Transform Infrared spectrometer, a tabletop instrument consist-
ing of a meter-long interferometer and MCT detectors, which is not suitable for mobile
and compact device applications. In this work, we present tunable photoresponsivity in
the mid-IR wavelength in palladium diselenide (PdSe2) – molybdenum disulfide (MoS2)
heterostructure field-effect transistors (FETs), operating at room temperature. Further-
more, we applied a tunable membrane cavity to modulate the Fabry–Pérot resonance
to modulate the absorption spectrum of the device layer. We used a robust polyether-
imide (PEI) membrane with CVD-grown graphene to electrically tune the membrane
structure. For the next step, we will integrate the PdSe2-based photodetector and tun-
able membrane to increase detection sensitivity and spectrum tunability to realize the
‘learning’-based spectroscopy.

Keywords: Photoresponse; palladium diselenide; mid-infrared; ‘learning’-based spec-
troscopy; Fabry–Pérot cavity.
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1. Introduction

Optical detection and spectroscopy in the mid-infrared (mid-IR) wavelength regime

are extensively investigated due to their importance in various applications, includ-

ing biomedical sensing, security, environmental monitoring, and free-space optical

communications. For example, most molecules have their vibrational resonances in

this wavelength range, so mid-IR spectroscopy has been widely used in chemical and

biomedical identification [1]. Additionally, the mid-IR range is also promising for

free-spacing optical communications because it contains an atmospheric transmis-

sion window (35μm and 813μm) where the absorption from air molecules is sup-

pressed [2]. Traditional mid-IR detection devices exploited the interband “photo”

absorption, such as mercury cadmium telluride (MCT) [3]. However, they usu-

ally require liquid nitrogen cooling, making their miniaturizing challenging. On the

other hand, microbolometers, leveraging a “thermal” detection mechanism, can be

used for room-temperature mid-IR detection [4]. However, due to their low oper-

ational speed, detection sensitivity, and spectrum tunability, their application in

spectroscopy is limited.

Recently, Yuan et al. [5]. demonstrated a single-device spectrometer that pro-

posed the concept of learning-based spectroscopy. The bandgap of the black phos-

phorus (BP) is tuned by the electric field, allowing for the reconfigurability of

spectral response in the infrared range. Researchers leveraged the reconfigurable

spectral response to “learn” the photoresponsivity matrix of the BP device. The

photoresponsivity matrix learned from multiple known spectra can be utilized to

reconstruct the unknown spectrum by sampling the photoresponse. This research

denotes that we can directly interpret the spectrum of light without cumbersome

components such as interferometer or grating with a single device. However, the

BP single-device spectrometer still requires liquid-nitrogen cooling. Thus, the room-

temperature operational principle needs to be investigated. Moreover, BP quickly

degrades in the air [6]. Thus additional encapsulating layers such as hexagonal boron

nitride (hBN) are necessary for its stable operation [7], which renders the fabrica-

tion of a spectrometer challenging. For this reason, air-stable materials are highly

preferred.

The newly rediscovered transition metal dichalcogenide (TMD) palladium dis-

elenide (PdSe2) has a widely tunable bandgap, depending on its thickness, and

it is stable in the air [8, 9]. Additionally, PdSe2 can be synthesized on a large

scale [10–12], which is important for applications. These recent progress and

properties make that PdSe2 is a promising material candidate for future mid-IR

spectroscopy.

In this work, we observed a negative temperature coefficient of resistivity

(TCR) and bolometric photoresponse with a mid-IR laser from a PdSe2-MoS2 het-

erostructure device. Furthermore, we fabricate a tunable membrane structure to

modulate the absorption of the device layer via Fabry–Pérot resonance. Finally,
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we suggest a new scheme for a tunable learning-based spectrometer operating

at room temperature by combining a PdSe2 device and a flexible membrane

structure.

2. Operational Principle

This section outlines the operational principles of the mid-IR spectrometer. Sec-

tion 2.1 explains the basic concept of a “learning-based” photodetection algorithm.

Section 2.2 describes the approach for tuning the photoresponse spectrum and in-

creasing the photoresponse sensitivity with a tunable membrane structure.

2.1. Learning based photodetection

Learning-based photodetection leverages the tunable photoresponses to acquire the

responsivity matrix, which is used to decode unknown optical information [5, 13].

Figure 1 shows the schematic of the learning-based photodetection mechanism. Fig-

ure 1(a) illustrates the learning process. The photoresponse (e.g., photocurrent or

photovoltage) of a spectrometer device can be tuned by a degree of freedom (e.g.,

electric displacement field). The responsivity vector Rλ,Di
of the spectrometer,

which depends on the incident light wavelength (λ) at the fixed degree of freedom

(Di), is “learned” from the photoresponses to multiple known spectra P T i
by uti-

lizing Eq. (1) [5]. Measurements through multiple values of degree of freedom (Di),

Fig. 1. Schematics of a ‘learning’-based photodetection mechanism. (a) The “Learning” process;
(b) The ‘Sampling’ process. Adapted from Ref. 5 with modifications.
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we can produce entire responsivity matrix Rλ,D.
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Figure 1(b) demonstrates the sampling process of the learning-based photode-

tection. For the incident light with an unknown spectrum, the photoresponse in the

spectrometer is sampled as a function of the degree of freedom. The sampling process

generates the measured photoresponse vector ID = 〈ID1
, ID2

, . . . , IDn
〉. Finally,

the unknown incident spectrum power density vector Pλ can be reconstructed by

the following equation [5]:
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In summary, by using a “learning-based” photodetection algorithm, the spec-

troscopy function can be realized without advanced optical components such as

interferometers or movable grating.

2.2. Tunable membrane structure

Photoresponse in PdSe2 at mid-IR regime mostly comes from the bolometric ef-

fect [9, 14]. Thus, reducing thermal conduction is one of the most important

keyframes when designing the device structure [15]. Therefore, suspending two-

dimensional materials on the membrane with low thermal conductance [16] largely

increases bolometric photoresponse since heat dissipation to the surroundings gets

suppressed.

Suspending two-dimensional materials on the membrane also enables tuning the

spectral response of the PdSe2 device. If the membrane is electrically conductive,

the electric field can easily tune the membrane height [17]. Tunable membrane

height changes the absorbance spectrum of the two-dimensional material device via

the Fabry–Pérot cavity [18]; thus, the bolometric photoresponsivity can be tuned.

This tuning mechanism is important since a bolometric photoresponse basically

detects the temperature dependence of the conductance, thus it is hard to tune

it electrically [4]. Figure 2 is the schematic of the Fabry–Pérot cavity of tunable

membrane structure.
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Fig. 2. Schematic of Fabry–Pérot cavity with tunable membrane.

3. Device Fabrication

This section describes the device fabrication process and method. Section 3.1 reports

the fabrication process of the PdSe2-MoS2 heterostructure. The process for tunable

membrane structure is described in Sec. 3.2.

3.1. Fabrication process for PdSe2-MoS2 heterostructure

Figure 3(a) is a schematic of the heterostructure device fabrication process. Af-

ter identifying the suitable PdSe2 and MoS2 flakes by the mechanical exfoliation

method [19], we used a polydimethylsiloxane (PDMS) stamp covered with polycar-

bonate (PC) to stack and transfer the PdSe2-MoS2 heterostructure [20, 21]. First,

we pick-up the PdSe2 flask, heating the substrate at 120◦C. Second, we pick-up

the MoS2 flake in the same way. Then, the heterostructure was transferred onto

a highly doped Si wafer covered with a 90 nm SiO2 layer at 180◦C. Finally, metal

electrodes (10 nm Ti/50 nm Au) were deposited by electron-beam lithography and

(a) (b)

Fig. 3. Schematics of PdSe2-MoS2 heterostructure device fabrication process. (b) Optical micro-
graph of fabricated heterostructure device.
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electron-beam evaporation process. Figure 3(b) is the optical microscope image of

the heterostructure device. The thickness of PdSe2 is around 65 nm, which is thick

enough to have a narrow band gap to absorb mid-IR light [8]. The overlapped area

between PdSe2 and MoS2 is around 165μm2.

3.2. Fabrication processes for membrane structure

Figure 4(a) is a schematic of the process to construct the electrically modulated

membrane structure. We used a flexible polyetherimide (PEI) membrane with a

chemical vapor deposition (CVD) grown graphene [22]. PEI has a low thermal con-

ductivity [23]. Thus, it is appropriate to integrate with a bolometric photodetector.

However, an additional conducting layer (e.g., graphene) is necessary to modulate

the height because of the insulating behavior of the PEI.

We first prepare the substrate with a cavity for the PEI membrane. The cavity

at the center of the substrate is patterned by electron-beam lithography and then

etched using buffered oxide etchant (BOE). For the next step, a thermal evaporator

deposits the gold mirror in the cavity and the electrode in contact with CVD-grown

graphene for tuning the membrane.

On the other hand, we spin-coated PEI (3 wt%) CVD-grown graphene on the Cu

foil. Then, we used the APS-100 solution to etch the Cu, floating the PEI/Graphene

Fig. 4. (a) Schematic of the tunable membrane structure fabrication processes. (b) and (c) Optical
microscope images of cavity structure after the BOE process (b) and transferring of PEI membrane
(c). (d) Photo of the final device.
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membrane. Finally, the PEI/Graphene membrane was transferred to the substrate

we described above.

Figures 4(b) and 4(c) illustrate the device after the BOE process and transferring

PEI membrane, respectively. The final fabricated device is shown in Fig. 4(d).

4. Experimental Results at Room-Temperature

This section describes the experimental results of the PdSe2-MoS2 heterostructure

(Sec. 4.1) and electrically modulated membrane (Sec. 4.2). All the experiments were

conducted at room temperature.

4.1. Electrical and optoelectrical measurements of the PdSe2-MoS2

heterostructure

Figure 5(a) shows the schematics of the electrical connection of the heterostructure

device. Global back gate voltage is biased through the highly doped silicon substrate.

Both PdSe2 and MoS2 show n-type behavior in Figs. 5(b) and 5(c). PdSe2-MoS2
heterostructure device (drain-source bias is connected through the two different

materials) also shows n-type dominant behavior, but current increase (VG from

−12 to −9V ) and decrease (VG from −9 to 0V ) can be observed in Fig. 5(d).

The energy barrier at the heterostructure tuned by the gate voltage causes those

changes.

Fig. 5. (a) Schematic of device connection for electrical measurements. (b)–(d) Transfer curves of
PdSe2 (b) and MoS2 (c) with Vds = 10mV . (d) Transfer curve of heterostructure device with
Vds = 3V .

2440063-7
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(a) (b)

(c)

Fig. 6. (a) Transfer curves of heterostructure device measured from 25◦C to 70◦C. (b) Darin-source
current as a function of the temperature when VG = 20V . (c) Temperature coefficient of resistance
(TCR) as a function of gate voltage.

4.1.1. Negative temperature coefficient of resistance (TCR)

To study the transport properties of the PdSe2-MoS2 heterostructure, temperature-

dependent transfer curves were measured from 25◦C to 70◦C in Fig. 6(a). The

current increased with increasing temperature overall, indicating that temperature

increases the conductance of the heterostructure device (Fig. 6(b)). Since mid-IR

light heats the device, changing its conductance, incident mid-IR light can be de-

tected with the change of the current. Bolometric photoresponsivity Rbolo can be

described as shown in Eq. (3), where Pdev is the incident power on the device, Iph is

the output photocurrent, G is thermal conductance, αR is temperature coefficient of

resistance (TCR), Ids is device bias current, η is absorbance of the device, ω is an-

gular frequency of modulation of the radiation, and τ is thermal response time [15].

Rbolo =
Iph
Pdev

=
IdsαRη

G(1 + ω2τ2)1/2
(A/W ). (3)

2440063-8
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Since the sign of Ids is determined by the measurement condition and all other

elements in Eq. (3) are positive, the sign of the bolometric photoresponsivity Rbolo

is determined by the sign of TCR.

Generally, TCR (αR) is defined as

αR =
1

R

dR

dT
. (4)

According to the definition, the TCR as a function of the gate voltage is shown in

Fig. 6(c). The TCR can be tuned from 0% to −0.5%K−1 by the gate voltage with

the two dips. Negative TCR (reduction of resistance with increased temperature)

means the bolometric photocurrent produced by mid-IR light, which is discussed in

the following section, has a positive value.

4.1.2. Photoresponses in PdSe2-MoS2 heterostructure device

The tunable TCR of heterostructure makes it desirable for bolometric photodetec-

tion to use spectroscopy of mid-IR light. To evince the tunability of the PdSe2-MoS2
bolometer via gate bias, we measured photocurrent as a function of gate voltage with

5μm, 7.7μm and 10μm lasers. The schematic of the set-up for the photocurrent

measurement is illustrated in Fig. 7(a). The Lock-in amplifier collects the voltage in-

puts Vph, synchronized with chopper frequency, and it is converted to photocurrent

with pre-amplifier gain Ggain as shown in the following equation [24]:

Iph = 2π
√
2Vph/4Ggain. (5)

Photoresponsivity, then, calculated with photocurrent with Eq. (3), where incident

power on the device Pdev is 58μW (5μm), 66μW (7.7μm), or 34μW (10μm) and

presented in Fig. 7(b). The photoresponses generally increase as larger drain-source

current Ids is utilized, because of the relatively small TCR of the heterostructure

device. However, the photoresponsivity is highly dependent on the gate voltage.

Fig. 7. (a) Schematic of the photocurrent measurement set-up. Adapted from [24] with modifica-
tions. (b) Photoresponsivity of PdSe2-MoS2 heterostructure device depends on the gate voltage
with 5µm, 7.7µm, and 10 µm lasers.
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4.2. Membrane modulation by electrical field

From Eq. (3), bolometric photoresponsivity is affected by the optical absorbance of

the device. Therefore, the photoresponse of the bolometer can be tuned by modulat-

ing the cavity height between the membrane and gold mirror because of the Fabry–

Pérot interference. The membrane structure we rendered in Fig. 4(d) is largely

tunable by the electrical field applied to the cavity [22]. We observed that Newton’s

rings moved when we applied the electric field; thus, we noticed that the membrane

was modulated electrically [25] (Fig. 8).

Since we used 2μm SiO2 layer and deposited 100 nm gold in cavity fabrication,

the Fabry–Pérot resonance wavelength λ = 4d is in the mid-IR range (d is cavity

height between the gold mirror and PEI membrane) [26]. Therefore, this electrically

tunable membrane structure is appropriate to establish a “learning-based” mid-IR

photodetector.

Fig. 8. Optical microscope images showing the change of Newton’s rings on the PEI membrane.
These indicate the PEI membrane is modulated by biased voltage.

Fig. 9. Schematic of PdSe2-based photodetector integrated with tunable Fabry–Pérot membrane
cavity structure.
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5. Conclusion and Future Works

This work reports the gate-tunable photoresponses in a PdSe2-based photodetector

in a mid-IR regime and proposes a method to tune the bolometric photoresponse

using the Fabry–Pérot cavity with an electrically modulated membrane. We fab-

ricated the PdSe2-MoS2 heterostructure device and PEI membrane cavity. All the

measurements were conducted at the room-temperature or higher (∼70◦C). We

observed the gate-tunable bolometric photoresponses and membrane height mod-

ulation, laying the foundation for the realization of sensitive and largely tunable

mid-IR photodetector for spectroscopy applications.

In the next steps, we will combine a PdSe2-based photodetector and membrane

structure to increase the photoresponse by suppressing heat dissipation to surround-

ings and widening the modulation range by using a tunable Fabry–Pérot membrane

cavity, as illustrated in Fig. 9.
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