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A B S T R A C T   

Miniaturized optical spectrometers have been realized by exploiting conventional working principles and 
advanced nanofabrication technology. Especially in the mid-infrared (MIR) range, chip-scale optical spectrom-
eters enable fast and on-site detection of molecular fingerprints for selective chemical sensing in healthcare and 
environmental monitoring. This miniaturization is also highly desirable for the wearable devices where the tiny 
functional parts remain on rigid substrates but the electronics are flexible. In the last decade, the triboelectric 
nanogenerator (TENG) technology has been proven as an indispensable and enabling technology for wearable 
self-powered sensors, energy harvesters and voltage sources, etc. Although a few TENG based gas sensors have 
been demonstrated, each of these sensors can detect a particular gas other than diversified gases. Infrared 
spectrometer is known as an instrument which can investigate the infrared absorption characteristics of gas 
molecules. It is the best generic technology to sense multiple gases on the same instrument, or device. In this 
study, we demonstrate a TENG enabled tunable Fabry-Pérot (FP) photonic-crystal-slab filter aiming for the 
computational spectrometer in the MIR range. The textile-triboelectric nanogenerator (T-TENG) provides high 
open-circuit voltage to shift the resonance wavelengths of the electrostatically actuated FP-filter, where this 
feature provides the sampling bases required for the computational spectrometer. Furthermore, the FP-filter is 
fabricated by a new transfer-printing method and shows a large wavelength tunability. As a proof of concept, the 
transmission spectrum of acetone vapor is reconstructed from 5 to 6.5 µm using this TENG enabled FP-filter. The 
molecular fingerprint of acetone is identified at 5.75 µm. This work paves the way towards the wearable MIR 
miniaturized optical spectrometer.   

1. Introduction 

Miniaturized optical spectrometers offer unique advantages over 
laboratory benchtop spectrometers for in-situ and instantaneous mea-
surements, where the portability, low power consumption and reduced 
size are more critical than the resolution [1]. Leveraging conventional 
working principles and advanced nanofabrication technology, compact 
spectrometers have been realized by shrinking the size of their bulky 
counterparts, including dispersive optics [2,3], Fourier-transform [4–6] 
and narrowband filter [7,8]. While these works are mostly demonstrated 

in the visible and near-infrared range, mid-infrared (MIR, 2–20 µm) has 
emerged in the last decade as a promising wavelength range for selective 
chemical sensing because it contains characteristic absorption peaks 
resulted from the vibration, rotation and stretching of chemical bonds of 
molecules under test. These spectral absorption peaks are also called 
molecular fingerprints because their wavelengths can be correlated to 
certain chemical bonds unambiguously. Recently, the MIR photonic 
sensors operating at single wavelength are reported to detect a partic-
ular gas, certain analyte and thus enable selective detection [9–14]. The 
miniaturized optical spectrometers are more preferred to make full use 
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of MIR spectral information for a higher detection accuracy and simul-
taneous monitoring of multi-analyte [15]. By having the miniaturized 
optical spectrometers or even the wearable spectrometers in future, 
wide range of applications including counterfeit medicines screening, 
factory automation and inspection, airport inspection, healthcare, and 
environmental monitoring will become possible, where only moderate 
resolution is required for molecular fingerprints but fast response and 
on-site testing are more important. 

With the advance of Internet of Things (IoT) technology, wearable 
devices have garnered extensive research attention in the past decade 
for their potentials in healthcare [16–18], smart displays [19–21], ro-
botics [22–24] and energy harvesting [25–29]. By thinning down the 
bulk material [30], fabricating the whole device on polymer substrate 
[31], shrinking the size of rigid functional part while making electronic 
interconnection flexible [32], various electronic devices are unleashed 
from conventional rigid substrates and become flexible and attachable. 
Hence these devices are conformal to the human skin and/or human 
body. Among them, the wearable gas sensor is a prominent category 
with an increasing demand for personal healthcare monitoring and 
environmental monitoring. Metal nanoparticles [33], two-dimensional 
materials such as graphene [34,35] and metal-organic-frameworks 
[36,37] are fabricated on the flexible substrate as wearable gas sen-
sors. The advance in the wearable gas sensors has been made by using 
triboelectric nanogenerators (TENG) technology in the past few years. 
TENG technology was firstly reported by Z. L. Wang et al., in 2012 [38] 
and has advanced rapidly and played an important role in wearable 
devices since then. Thanks to the advantages of flexible/stretchable 
compatibility, widely available materials, high output performance, low 
cost, simple fabrication and high scalability [39–42], TENG has pro-
moted various wearable/implantable devices including energy har-
vesters, self-sustainable human-machine-interface (HMI), implantable 
healthcare monitoring devices, as well as gas sensors [43–49]. Although 
there have been several demonstrations of TENG-based gas sensors 
[50–53], these sensors suffer from the common disadvantage of elec-
tronic gas sensors, which is the poor selectivity [45,54]. Instead, 
leveraging TENGs for wearable optical spectrometers might provide a 
solution, since optical spectrometers inherently possess selectivity. 
Recently, there are several research efforts on combing TENG with op-
tics or photonics [55–59]. In most of these demonstrations, TENGs are 
used to provide self-generated high voltage to perform simple control in 
optical systems, such as optical modulation and light scanning. How-
ever, the TENG enabled optical spectrometer has not been investigated 
and reported. 

In this work, we demonstrate a triboelectric-enabled tunable Fabry- 
Pérot (FP) photonic-crystal-slab (PCS) filter aiming for the MIR spec-
trometer applications. On the one hand, the textile-triboelectric nano-
generator (T-TENG) offers high open-circuit actuating voltages, which 
perfectly match the capacitive nature of electrostatically actuated Fabry- 
Pérot filter (FPF). It also serves as a flexible platform by realizing a 
seamless integration with daily wear and eliminating additional 
discomfort resulted from rigid or bulky components [60–65]. On the 
other hand, the tunable FPF offers the sampling bases for the compu-
tational spectroscopy with a single device, which is essential to minia-
turize rigid substrate for system flexibility. To achieve sufficient 
tunability, the FPF is fabricated by transfer-printing method to obtain a 
thick air cavity gap. To further integrate FPF and T-TENG into a wear-
able system, a capacitor is charged by T-TENG and then the gradually 
decreasing voltage due to discharge tunes the resonance spectra of FPF 
continuously, which form the sampling bases for the calibration of 
computational spectrometer. As a proof of concept, the transmission 
spectrum of acetone vapor is reconstructed from 5 to 6.5 µm, with its 
molecular fingerprint at 5.75 µm clearly identified. This work explores 
the new possibilities of T-TENG and paves the way towards the wearable 
miniaturized optical spectrometer. 

2. Computational spectrometer and system configuration 

Computational spectrometer emerges recently as the fourth category 
of spectrometer. Its core concept is to create multiple states with irrel-
evant spectral responses to sample the incident unknown spectrum for 
the computational reconstruction, which is based on compressive 
sensing and machine learning [66–68]. So far, the reported methods of 
creating these multiple sampling states mainly rely on either composi-
tional engineering such as compositionally graded semiconducting 
nanowire [66] and colloidal quantum dot [68], or structural engineering 
such as the photonic crystal slab [67], silicon nanowire [69], and met-
asurface [70]. However, these schemes demand several tens or hundreds 
of rigid pixels, hindering the miniaturization of rigid functional parts for 
flexibility. A single tunable device that can provide sufficient sampling 
states is more favored and the tunable FPF is a promising solution [71, 
72]. However, the large tuning range in the electrostatically actuated 
FPF requires a longer cavity length due to the pull-in effect, which is 
difficult to fabricate in the conventional surface micromachining 
method. This is because the deposition thickness of silicon dioxide 
(SiO2) sacrificial layer is limited by the accumulated stress. As an 
alternative, transfer-printing is leveraged to fabricate the air cavity in 
FPF. Transfer-printing has become a versatile process for heterogeneous 
integration [73]. Micro-and nanomaterials with distinctive natures and 
functions are deterministically assembled into a single device, including 
various flexible electronics [74,75] and hybrid photonics [76–78]. 

The proposed integration of T-TENG and FPF, as well as its equiva-
lent circuit diagram, is shown in Fig. 1(a) as a wearable system. The T- 
TENG is conformally attached to daily wear clothing as a wearable 
platform, while the miniaturized FPF and circuits for rectification and 
energy storage remain on a tiny rigid substrate. In the equivalent circuit 
diagram, T-TENG is treated as a serial connection of an alternating 
current (AC) voltage source and a capacitor, while the FPF is considered 
as a parallel plate capacitor. The schematic of the transfer-printed FPF is 
shown in Fig. 1(b-i). It consists of top silicon (Si) PCS, Si spacer and 
bottom Si PCS. These three parts are fabricated separately on silicon-on- 
insulator (SOI) wafers and are then assembled onto a calcium fluoride 
(CaF2) substrate, which possesses a transparent window in the wave-
length range up to 8 µm and a refractive index (RI) of 1.4. To avoid 
accumulated stress during thin film deposition for both distributed 
Bragg reflector (DBR) and sacrificial layer, two methods are employed. 
Firstly, the dielectric reflector is realized by PCS, which is fabricated by 
etching periodic holes on the top and bottom Si membranes. Unlike DBR 
that contains several alternating quarter-wavelength-thick layers, PCS is 
a single Si layer of 500 nm thickness. The reflectivity of PCS is enabled 
by guided resonance instead of Fresnel reflection that occurs on the 
boundaries of materials with different RI [79–81]. Secondly, the air 
cavity between the two PCS reflectors is realized by transferring the top 
and bottom Si membranes onto another thicker Si spacer and CaF2 
substrate respectively, while the conventional approach is to deposit and 
release SiO2 sacrificial layer. To electrostatically actuate the FPF, gold 
(Au) is deposited on Si spacer and CaF2 substrate as the top and bottom 
electrodes. The top electrode also serves as a bonding interface between 
Au and the top Si membrane. A trench is etched through the Si spacer to 
electrically isolate the top and bottom layers. When voltage is applied 
between the top and bottom electrodes, the electrostatic force pulls 
down the top Si membrane and is balanced by the restoring force from 
surrounding V-shaped beams, determining the final displacement. The 
decreased air cavity length introduces the blue-shifts of the resonance 
peak of FPF and creates a set of bases for spectral reconstruction. Fig. 1 
(b-ii) is the false-colored scanning electron microscopy (SEM) image of 
the transfer-printed FPF. The inset shows zoom-in of the double-layered 
PCS with an air cavity in between. 

Since the top and bottom PCSs are electrically isolated with an air 
cavity in-between, the FPF can be treated as a capacitor and can take 
advantage of the high open-circuit voltage output from T-TENG. T-TENG 
transduces mechanical stimulations to electrical signals based on the 
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coupling of triboelectrification and electrostatic induction. It is sche-
matically shown in Fig. 1(c). Ecoflex and nitrile layers on conductive 
textiles are adopted as the negative and positive friction surface 
respectively. Upon physical contact, opposite charges with equal 
quantity are generated on the two surfaces due to their different electron 
affinities. Upon separation of the two charged surfaces, the built-up 
potential difference will induce an output voltage in the external cir-
cuit. A thin spacer is sandwiched between two functional layers for 
separation. The whole structure is encapsulated by two additional pieces 
of non-conductive textiles. The image of 4.5 cm × 4.5 cm wearable 
power source T-TENG and the SEM image of conductive textile are 
shown in Fig. S1(a-i) and S1(a-ii) respectively. 

To have a more repeatable T-TENG voltage output and to avoid the 
pull-in risk that may damage the FPF irreversibly, the generated voltage 
from T-TENG is used to charge a capacitor through a rectifiereer circuit, 
instead of connecting T-TENG directly to the FPF. During the subsequent 
discharge process that is caused by charge leakage, the voltage gradually 
decreases so that the FPF is tuned continuously to sweep through all the 
intermediate resonance states, forming the sampling bases. Fig. 1(d) 
illustrates the detailed mechanism of computational spectrometer. The 

spectra of the FPF at various voltages are measured firstly as the m × n 
calibration matrix F, where each row is the FPF spectrum at corre-
sponding voltage. These spectra are normalized to background so that 
the spectrum of light source and the responsivity of detector are 
canceled out. When the incident radiation T(λ) containing unknown 
information of molecular fingerprints illuminates FPF, the transmitted 
intensity can be described as I =

∫
F(λ)T(λ)dλ ≈

∑

i
F(λi)T(λi). The latter 

is the discrete format in measurement and F(λ) is the FPF spectrum. As 
voltage is applied to tune the gap and thus to shift the resonance peak of 
FPF, the transmitted intensity at each voltage can be described by IVm =
∑

i
F(λi, Vm)T(λi, Vm). Therefore, all intensity components at all tuning 

voltages can be depicted as FT = I. T is a n × 1 column vector of the 
transmission spectrum to be reconstructed. I is a m × 1 column vector of 
measured intensity at varying voltages. Ideally, the unknown spectrum 
can be reconstructed through the iterative least-square method to 
minimize ‖I − FT‖2

2. However, the inevitable noise in experiments will 
cause small deviations so that FT ±∆N = I. These measurement errors 
lead to instability in reconstruction, indicating the matrix F is ill- 

Fig. 1. (a) Envisioned wearable optical miniaturized spectrometer using triboelectric nanogenerator (TENG) enabled tunable Fabry-Pérot filter (FPF), and its 
equivalent circuit diagram. (b-i) Schematic of FPF, consisting of top photonic crystal slab (PCS), silicon (Si) spacer, bottom PCS, and calcium fluoride (CaF2) sub-
strate. (b-ii) False-colored scanning electron microscopy (SEM) image of the fabricated FPF. The zoom-in of the vertically stacked PCS reflectors with an air cavity in- 
between. (c) Schematic of T-TENG. (d) The working mechanism of computational reconstruction. The FPF spectra are firstly calibrated at varying actuating voltages 
as the filter matrix. Then it is measured again under the same voltages but with the presence of an analyte. Finally, the spectrum of the analyte is reconstructed from 
the filter matrix and recorded intensity. 
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conditioned. More sophisticated reconstruction schemes such as adap-
tive Tikhonov regularization and recursive least square are usually 
adopted [66,82]. 

3. Fabrication, design and characterization of transfer-printed 
FP PCS filters 

To fabricate the tunable FPF with a large air cavity length, the 
transfer-printing method is employed. In general, it involves the fabri-
cation of suspended ink membranes on a donor wafer, fabrication of 
receiver wafers, retrieval of the ink membranes and printing onto the 
receivers. The suspended ink membrane is mechanically supported by 
surrounding inverted trapezoid shape beams, whose widths and periods 
need to be designed not only to prevent stiction but also to be broken 
easily in the retrieval step. To retrieve and print a membrane, reversible 
surface adhesion is the most critical, which is enabled by a PDMS stamp 
with microstructured pyramids [83]. The process flow and geometric 
parameters of the PDMS stamp are shown in Figs. S2 and S3. In the 
retrieval step, the PDMS stamp is pressed into full contact with the 
membrane so that all the pyramids collapse, leading to the maximized 
contact area and surface adhesion. Then the stamp is retracted rapidly to 

break the supporting beams and to peel off the membrane. After the 
membrane is picked up, the collapsed pyramids quickly bounce back to 
initial states so that only the tips of pyramids contact the membrane due 
to the geometry of pyramids and elastomeric nature of PDMS. As a 
result, the surface adhesion between the stamp and the membrane is 
reduced. The membrane can be further aligned to any arbitrary target 
position. In the printing step, the retrieved membrane is pressed into 
contact with the receiver substrate but without collapsing the pyramids. 
Finally, the stamp is retracted slowly, leaving the membrane on the 
target position. 

The process flow of transfer-printed FPF is illustrated schematically 
in Fig. 2, where the four components, including two ink membranes and 
two receivers, are fabricated separately and then assembled. The two ink 
membranes are the top and bottom PCSs that are patterned from SOI 
wafers with 500 nm thick device layer. Then the 2 µm thick buried oxide 
is wet-etched in diluted hydrofluoric acid (DHF), followed by a drying 
process in critical point dryer for suspension. After the suspension, these 
two inks are transferred onto their corresponding receiver substrates, 
which are suspended Si spacer and CaF2 substrate with bottom elec-
trode, respectively. The Si spacer is patterned from a heavily doped SOI 
wafer with 5.2 µm device layer andAu is deposited on its surface as 

Fig. 2. Schematic diagram of the fabrication process of the tunable FPF. The top and bottom PCS are fabricated as ink membranes, while their receivers are the Si 
spacer and CaF2 substrate respectively. These components are assembled into the tunable FPF with the microstructured polydimethylsiloxane (PDMS) stamp. 
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bonding interface. After the top PCS is transferred onto the suspended Si 
spacer, they are annealed in a furnace at 360 ◦C for half an hour to 
diffuse Au particles into Si and form Au-Si alloy [84]. The bonding be-
tween the top PCS and the Si spacer is crucial because it can not only fix 
the membrane but also reduce their contact resistance, enabling effec-
tive electrostatic actuation. This annealing is performed before the 
whole device is assembled on the CaF2 substrate because there is a 
mismatch between thermal expansion coefficient of CaF2 
(18.85 ×10− 6/◦C) and Si (2.6 ×10− 6/◦C) [85]. Such mismatch will 
crack the Si spacer and induce warpage on the top Si membrane. After 
the annealing, the top PCS and the Si spacer beneath are retrieved 
together by another hollow-core PDMS stamp, in order not to damage 
the suspended top PCS in the center. They are finally printed onto a CaF2 
substrate with the bottom PCS and the bottom electrode, completing the 
whole transfer process. 

Currently, transfer-printing is done with a manual micropositioner 
under a 50x optical microscope so that the alignment accuracy is limited 
to micrometer level. However, it does not affect the optical performance 
of the FPF because the two PCSs are placed vertically far away from each 
other and they show only far-field behaviors as two individual reflectors. 
Fano resonance may occur only when two PCSs are closely placed. In 
such case, the lateral displacements between air holes of two PCSs can 
tune near field coupling and the Fano resonance [86]. The wafer-level 

transfer is also feasible with ± 1.5 µm alignment accuracy if motorized 
stages are involved [87]. 

The design of the PCS reflectors and the V-beam electrostatic actu-
ators employed in the tunable FPF are depicted in Fig. 3. Fig. 3(a-i) is the 
simulated transmission spectrum of the suspended PCS in air (period a =
1.8 µm, radius r = 0.67 µm), whose unit cell is shown schematically in 
the inset. The transmission of the suspended PCS reaches zero at 3.37 µm 
wavelength and gradually increases to 0.57 at 8 µm. This behavior is 
attributed to the guided resonance[81]. The incident light is coupled 
into PCS through the phase matching conditions that are created by the 
periodic air holes and then leaks back to free space. The destructive 
interference between this guided light and directly transmitted light 
eliminates the transmission. Fig. 3(a-ii) is the on-resonance electric field 
distribution at the cross section of the suspended PCS unit cell, which is 
indicated by the blue line in Fig. 3(a-i). Two hot spots appear at the edge 
of the air hole along the polarization of incident light, indicating a strong 
resonance. The transmission spectrum of the bottom PCS on CaF2 in 
Fig. 3(b-i) is slightly red-shifted compared to that of the suspended PCS 
due to the presence of the low-index substrate. The schematic of the 
simulated unit cell is indicated as the inset. Its on-resonance electrical 
field distribution at the same cross-section is shown in Fig. 3(b-ii). With 
two PCS reflectors stacked vertically by transfer-printing, a FP cavity 
forms. Its spectrum under a cavity length of 3.4 µm are described in 

Fig. 3. Optical and mechanical design of the tunable FPF. (a-i) Simulated transmission spectrum of the suspended PCS in air and its (a-ii) electric field distribution at 
the plane indicated by blue dashed line and at shaded wavelength point corresponding to zero transmission. Similar transmission spectrum and the electric field 
distribution for the PCS on CaF2 are shown in (b-i) and (b-ii). (c-i) Simulated FPF spectrum with 3.4 µm cavity length and its (c-ii) electrical field distributions at 
shaded wavelength point of 1st order FP resonance. (d-i) SEM image of the suspended top PCS membrane on the donor wafer and its (d-ii) simulated displacements 
under 80 V. The black dashed box in the center represents the photonic crystal area. The negative sign indicates downward displacement. (d-iii) Displacement 
profiles along the white dashed line in (d-ii) under actuating voltages from 10 to 80 V. 
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Fig. 3(c-i). Both 1st and 2nd order FP resonances are observed. Although 
the 2nd order FP resonances possess a much higher quality (Q) factor, 
they require demanding measurement conditions to be detected, such as 
two perfectly parallel PCS reflectors, and a plane wave as incident light. 
However, such non-ideals are inevitable in the experiment, making the 
high Q challenging to measure. In addition, the tuning range of the 
higher order FP resonance is also smaller than that of the lower order 
mode. Therefore, 1st order FP resonance is selected for the feasibility in 
measurement and a broader tuning range. Its electrical field distribution 
simulated at the wavelength corresponding to the shaded point in Fig. 3 
(c-i), is shown in Fig. 3(c-ii). 

In the tunable FPF, it is critical to maintain the flatness of the 
membrane and thus the performance of the FPF during the actuation. To 
evaluate the membrane deformation, the displacement of the FPF is 
simulated with initial cavity length set as 3.4 µm. The SEM image of the 
fabricated top PCS membrane with V-shaped beams is shown in Fig. 3(d- 
i) while Fig. 3 (d-ii) is the simulated displacement profile under applied 
voltage of 80 V. The photonic crystal area, which is within the 200 µm 
× 200 µm black dashed box in the center, is left out to save the simu-
lation memory. Under a bias of 80 V, a displacement of 1.03 µm is 
achieved. Fig. 3 (d-iii) demonstrates the displacement profiles along the 
white dashed line in Fig. 3 (d-ii) with actuating voltages increasing from 
10 to 80 V. At 80 V, the displacement variation across the whole pho-
tonic crystal region is 200 nm while it can be improved to 20 nm if the 
measurement aperture is reduced to 100 µm × 100 µm. Although cur-
rent V-shaped beams are stiff and lead to higher actuating voltage, it can 
be retrieved intactly. Longer and narrower beams, such as the ones of 
meander shape, are easily broken in the retrieval. 

After fabrication, the FPF is characterized by Fourier-transform 
infrared (FTIR, Agilent Cary 620) spectrometer with Keithley SCS 
4200. The whole testing setup, inducing the gas supply, is illustrated in  
Fig. 4(a) and S4. The measured FPF spectra under actuated voltages 
from 0 to 70 V are normalized and plotted in Fig. 4(b). The displacement 
is decided by varying the cavity length to fit simulated resonance 
wavelength with measured results. Although the thickness of the Si 
spacer is around 5.2 µm, the initial gap of the fabricated FPF is decided 
to be 3.4 µm. This is attributed to the imperfection of transfer process 
and potential membrane deformation during the annealing. Fig. 4(c) is 

the intensity map of the spectra measured in Fig. 4(b). Compared with 
simulated spectra (Fig. S5), broadening of resonance peaks is observed, 
which can be caused by the tilt of the FPF membrane. Another reason is 
that the incident light from FTIR is a light cone with incident angles up 
to 45◦, instead of a collimated beam. The relationship between their 
peak wavelength/displacement and applied voltages is summarized in 
Fig. 4(d). Under applied voltage of 70 V, the position of the resonance 
peak is tuned from 5.61 to 4.13 µm. The maximum tunable displacement 
1.1 µm is nearly 1/3 of the gap, beyond which the pull-in effect will 
occur. The actuating voltage is also slightly smaller than the simulation 
results, which is attributed to the presence of a full-etched photonic 
crystal area in the center. By optimizing the actuator design and 
annealing conditions to reduce the contact resistance, the actuating 
voltage can be further reduced. Meanwhile, full width at half maximum 
(FWHM) decreases from 1.09 to 0.41 µm. This trend agrees with the 
simulated reflectivity spectra for the PCS on CaF2 and the suspended PCS 
in Fig. 3(a-i) and (b-i), where reflectivity increases at shorter wave-
lengths. When FPF spectra are tuned under 0 and 68 V, a resonance peak 
shift of 1.48 µm covers the major molecular fingerprints of CO2 and 
acetone at 4.26 and 5.75 µm respectively as shown in Fig. 4(e). These 
two gases can be monitored in human exhaled breathe for healthcare 
applications. 

To verify the feasibility of using the tunable FPF as computational 
spectrometer and to theoretically analyze its potential in spectral 
reconstruction, the FPF is firstly actuated by a commercial voltage 
source within Keithley SCS 4200 before its integration with T-TENG. The 
transmission spectrum of CO2 is reconstructed from 4 to 5 µm. CO2 is an 
ideal target analyte because it contains a single and strong absorption 
peak in the wide MIR range. Meanwhile, RI of the gas is almost 1 so that 
it introduces no extra reflection, making the reconstruction possible. In  
Fig. 5(a), the matrix F for reconstruction is firstly measured, which 
consists of 25 tuning states of FPF spectra. Here, a sub-set of bases is 
selected instead of the full tuning spectra in Fig. 4(b). This is because 
when the FPF resonant peaks are away from the characteristic peak of 
CO2, weak CO2 absorption induces less intensity change and hence the 
measured intensity vector I is more sensitive to the noise. However, as 
demonstrated later, 25 states provide sufficient information for spectral 
reconstruction. 

Fig. 4. Characterization of the tunable FPF. (a) Testing setup including gas supply system. (b) Measured FPF transmission spectra under drive voltages from 0 to 70 V 
and its (c) intensity map. (d) Peak wavelength and fitted displacement of the FPF under varying drive voltages. (e) Measured FPF transmission spectra at 0 and 68 V 
with carbon dioxide (CO2) and acetone as analytes, showing the coverage of their major molecular fingerprints at 4.26 and 5.75 µm. 
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After a mixture of N2 and CO2 gas is sent into the gas cell, the FPF is 
tuned to the same resonance states as those in Fig. 5(a) and measured by 
FTIR again. These spectra are shown in Fig. 5(b). The transmission from 
4 to 5 µm is added up as the intensity vector I to emulate an integrated 
system where wavelength-insensitive detectors such as thermopiles or 
bolometers are used. The reconstruction is performed using an iterative 
Tikhonov regularization method with generalized cross validation [88]. 
An additional boundary constraint with value between 0 and 1 is 
imposed to the magnitude of the recovered spectrum, which can hold 
here to reconstruct CO2 fingerprints in transmission mode. The details 
about this reconstruction method are illustrated in Fig. S6. Fig. 5(c) 
shows the recovered spectrum with the measured reference spectrum. A 
dip with 170 nm FWHM matches the fingerprint of CO2 at 4.26 µm. 

To determine what poses a limit on the spectral resolution, two in-
vestigations are performed. Firstly, the number of minimum tuning 
states required is investigated under the ideal case without any noise. In 
Fig. 5(d), a gaussian dip with 30 nm FWHM is reconstructed with 
different numbers of input states. While the reconstructed spectrum 
from 10 states shows some errors, those from 25 states can fit the 
gaussian dip with good accuracy. To evaluate reconstruction fidelity, 
mean-square-error (MSE) is defined as 

⃦
⃦Tr − Tref

⃦
⃦2

2/N, where Tr and Tref 

are the reconstructed and reference spectra respectively. N is the num-
ber of wavelength points. The MSEs for reconstruction with 10, 25, 50, 
100 states are 9.8 × 10− 3, 7 × 10− 5, 1.1 × 10− 4 and 6 × 10− 5 respec-
tively. MSE has been improved by two orders of magnitude when 
number of input states is increased from 10 to 25, but cannot be further 
reduced when it is more than 25. The minimum number of states may 
also be predicted by sampling theory [89]. 

Secondly, how measurement noise distort the reconstruction is 
studied. In Fig. 5(e), CO2 spectrum is reconstructed with filter matrix in 
Fig. 5(a) while different percentages of random noise are added to the 
intensity vector. As the noise level decreases from 2.5% to 0%, the 
recovered spectrum gradually converges to the measured CO2 spectrum, 
with MSE decreased from 0.017 to 1.1 × 10− 4. Fig. 5(f) reveals the noise 
levels at 25 measured tuning states by comparing the measured intensity 

with the ideal intensity. The ideal intensity is summed from the product 
of filter matrix and reference CO2 spectrum. To further determine the 
overall noise level in this reconstruction, Fig. 5(e) is leveraged as the 
calibration curve. Fig. S7 summarized the relationship between the dip 
transmission at 4.26 µm and the corresponding noise level from Fig. 5 
(e). Because the reconstructed dip transmission in Fig. 5(c) is 0.56, the 
experimental noise level can be extracted as 0.4%. This 0.4% noise is 
mainly attributed to the measurement noise from FTIR. Another po-
tential cause is the small displacement variation each time when voltage 
is applied, leading to an inconsistency in resonance peak positions. 
Therefore, current reconstruction resolution is not limited by the num-
ber of tuning stages but by the measurement noise. 

4. System integration and characterization 

The T-TENG used as wearable energy source has been proposed in 
our previous work [65]. It is composed of two conductive textiles layers 
covered with electrification materials. The used positively triboelectric 
material is a wrinkled nitrile film, which is attached to the adhesive 
conductive textile to create the irregular curvature on the contact sur-
face. Another conductive textile is coated with silicone rubber and then 
stitched together with the nitrile-coated textile face to face. The whole 
device is sealed with nonconductive textiles on the top and bottom 
surface. To evaluate voltage output from T-TENG and its potential for 
FPF electrostatic actuation, the fundamental characterization of T-TENG 
is conducted using a force gauge testing system, where periodic impact 
forces is applied with controllable magnitudes. The characterization 
results, including open-circuit voltage, short-circuit current, and 
generated power, are shown in Fig. S1. The open-circuit voltage of this 
T-TENG, which is the most critical to actuate the FPF, saturates around 
250 V under 120 N force and then remains stable around 280 V beyond 
250 N. 

After the characterization of T-TENG, we demonstrate the integra-
tion of T-TENG and FPF into a wearable system. The 4.7 μF capacitor is 
firstly charged to 55 V by T-TENG. During its discharge process, the 

Fig. 5. Spectral reconstruction for CO2 and analysis. (a) Measured filter matrix from 4 to 5 µm. (b) Measured tuning spectra of the FPF with CO2 as analyte. (c) 
Comparison between the measured reference spectra (black line) and reconstructed spectrum (orange dots) for CO2 absorption. (d) Gaussian dips that are recon-
structed with 10, 25, 50 and 100 input states in ideal cases without measurement noise. (e) CO2 transmission spectra reconstructed with different levels of random 
noise from 2.5% to 0%. The number of tuning states involved is 25. (f) The measured noise at 25 tuning states and the overall noise extracted is 0.4%. 
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resonance peaks of the FPF are shifted continuously by the decreasing 
output voltages. The charging curve is shown in Fig. 6(a). The top-left 
inset is the zoom-in of this curve, showing a step profile that is resul-
ted from periodic external force. The bottom-right inset is the equivalent 
circuit diagram when T-TENG is charging the capacitor. Fig. 6(b) shows 
the discharge curves for calibration and sensing. The inset shows 
equivalent circuit diagram when the voltage across the capacitor is 
actuating FPF. The voltage decreases from 55 V to 14.8 V in 1400 s 
because of the leakage current from the FPF device. When the voltage 
decreases further below 14 V, the resonance peak shift can hardly be 
observed due to the non-linear relationship between displacement and 
actuating voltage as shown in Fig. 4(c). The top figure in Fig. 6(c) shows 
the zoom-in of the shaded area on the discharge curve. The voltage can 
remain as nearly constant in 10 s, which is ideal for FTIR to collect a 
spectrum without shifting the resonance peaks significantly. Meanwhile, 
two discharge curves for calibration and sensing overlap with each other 
well and the maximum voltage difference between two discharge pro-
files is less than 0.5 V. This is crucial for matching the calibration with 
sensing results by time sequence for the subsequent spectral recon-
struction. The bottom figure in Fig. 6(c) is the measured FPF spectra at 
this actuating voltage without/with acetone as analyte, which are for 
the calibration and sensing respectively. Fig. 6(d) plots the measured 
FPF spectra during the capacitor discharge, which is used as the filter 
matrix for calibration. 25 states are selected to provide sufficient spec-
tral information for reconstruction based on conclusion derived from 
Fig. 5(d). Such a process is repeated with the presence of acetone vapor 
as analyte and the spectra are measured again in Fig. 6(e). The ab-
sorption of acetone can be clearly observed at 5.75 µm. Adopting the 
same Tikhonov regularization method with boundary constraint, the 
transmission spectrum of acetone is reconstructed from 5 to 6.5 µm in 
Fig. 6(f) and the molecular fingerprint at 5.75 µm is recovered with 
FWHM of 360 nm. The MSEs of reconstructed spectra using bulky 

commercial voltage source and T-TENG are 5.08 × 10− 3 and 
9.58 × 10− 3 respectively, demonstrating that similar reconstruction fi-
delity can be achieved with T-TENG as an alternative wearable energy 
source. It should be pointed out that the current long time to reconstruct 
a spectrum is mainly limited by the integration time of FTIR. To obtain a 
stable spectrum, a nearly constant actuating voltage is needed during 
the integration window so a capacitor that discharges slowly is selected. 
However, if the intensity of the transmitted light can be detected by a 
monitor with short response time, the scanning time can be significantly 
reduced. 

5. Conclusion 

In this work, we develop a TENG enabled tunable FPF in MIR for 
selective gas sensing and prove its feasibility towards the wearable 
computational spectrometer. First of all, the tunable FPF enables the 
miniaturization of the spectrometer by providing the sampling bases for 
computational spectroscopy with a single device. This is for the first time 
the computational spectrometer is realized by a MEMS tunable FPF 
device, while the previously reported works are mostly based on pixe-
lated filter arrays. On the other hand, the T-TENG provides a high 
voltage as the energy source to drive the electrostatically actuated FPF. 
Specifically, a capacitor is firstly charged to 55 V by the T-TENG. Then, 
the voltage continuously drops due to the charge release process of the 
capacitor. As a result, the FPF resonance peak is tuned from 5.65 to 
5.33 µm, forming the sampling bases. In addition to the high voltage 
source, the T-TENG can also serve as the wearable power source for the 
data processing and wireless transmission units in the future [65,90,91]. 
As a proof of concept, the transmission spectra of CO2 and acetone are 
reconstructed respectively from 4–5 µm and 5–6.5 µm with their mo-
lecular fingerprints identified at 4.26 µm and 5.75 µm, demonstrating 
the capability of detecting multiple gases. Our work demonstrates the 

Fig. 6. T-TENG enabled FPF for computational spectroscopy. (a) T-TENG charging curve. The top-left inset is zoom-in of the charging curve, showing a step profile. 
The bottom right inset is the equivalent circuit diagram for charging. (b) T-TENG discharging curve for FPF at calibration and sensing steps. The inset is the circuit 
diagram for discharge. (c) Top: Actuating voltage of shaded green area. Bottom: Measured FPF spectra at corresponding actuating voltage without/with the presence 
of acetone as analyte. (d) Measured FPF spectra as filter matrix from 5 to 6.5 µm. (e) Measured tuned spectra of FPF with acetone as analyte. The green line in (d) and 
(e) corresponds to the spectra plotted in (c). (f) Comparison between the measured reference spectra (black line) and reconstructed spectrum (orange dots) for 
acetone absorption. 
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potentials of TENG-enabled tunable FPF as an indispensable technology 
for the realization of the wearable optical spectrometer in the future. 
The future endeavors include the integration of light source and 
photodetector, where the graphene could be a promising solution for its 
zero bandgap and low noise under zero bias operation [92–94]. 

6. Experimental section 

6.1. Simulation method 

The PCS reflector and FPF are simulated with commercial software 
Lumerical, which is based on finite-difference-time-domain (FDTD) 
method. For PCS reflector, a single unit cell is simulated with periodic 
boundary conditions to save simulation memory and time. For FPF, two 
unit cells of PCS are vertically stacked with an air cavity in between. 
Periodic boundary conditions are also applied. The light source is a 
normal incident plane wave in both cases. 

6.2. Fabrication of ink membranes 

SOI wafer with 500 nm thick device layer and 2 µm thick buried 
oxide layer is firstly cleaned by acetone, IPA and DI water. After being 
spin coated with ZEP520A at 6500 rpm and baked at 200◦ for 4 min, it is 
exposed by electron beam lithography (JEOL 6300FS) and developed in 
amyl acetate for 2 min. The proximity correction effect file is applied for 
the uniformity of photonic crystal region. The pattern is then transferred 
by deep reactive ion etching. After ZEP520A is removed, the buried 
oxide is wet-etched in diluted hydrofluoric acid (ratio of 1:2 for HF to DI 
water) at room temperature. Finally, samples are placed into critical 
point dryer (Leica CPD 300) for suspension. 

6.3. Fabrication of receiver substrates 

A heavily doped SOI wafer with 5.2 µm thick device layer and 2 µm 
buried oxide layer is firstly cleaned by acetone, IPA and DI water. After 
being etched and suspended by the methods as in the ink membrane 
fabrication above, a Ti/Au bilayer of 3/50 nm thickness is evaporated on 
the surface. As the bottom receiver substrate, the CaF2 substrate is 
patterned with bottom electrode of Ti/Au bilayer by a single lift-off 
process. 

6.4 Fabrication of microstructured PDMS stamp 

See Section 2 in supplementary. 

CRediT authorship contribution statement 

Yuhua Chang: Conceptualization, Methodology, Software, Valida-
tion, Data curation, Formal analysis, Investigation, Visualization, 
Writing – original draft, Writing – review & editing. Siyu Xu: Method-
ology, Software, Validation, Data curation, Formal analysis, Investiga-
tion, Visualization, Writing – original draft, Writing – review & editing. 
Bowei Dong: Conceptualization, Methodology, Formal analysis, Inves-
tigation, Writing – review & editing, Project administration. Jingxuan 
Wei: Methodology, Formal analysis, Writing – review & editing. Xian-
hao Le: Methodology, Formal analysis, Investigation. Yiming Ma: 
Methodology, Formal analysis, Investigation. Guangya Zhou: Concep-
tualization, Methodology, Investigation, Writing – review & editing, 
Supervision, Project administration, Funding acquisition. Chengkuo 
Lee: Conceptualization, Methodology, Investigation, Writing – review & 
editing, Supervision, Project administration, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

the work reported in this paper. 

Acknowledgements 

The work is supported by National Key Research and Development 
Program of China (Grant No. 2019YFB2004800, Project No. R-2020-S- 
002) at NUSRI, Suzhou, China. This work is sponsored by NRF- 
CRP15–2015-02 “Piezoelectric Photonics Using CMOS Compatible AlN 
Technology for Enabling The Next Generation Photonics ICs and 
Nanosensors” (WBS: R-263000C24281) at NUS. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.nanoen.2021.106446. 

References 

[1] Z. Yang, T. Albrow-Owen, W. Cai, T. Hasan, Molecular mechanism of cytokinin- 
activated cell division in arabidopsis, Science 371 (2021) 1350–1355. 
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[5] D. Pohl, M.R. Escalé, M. Madi, F. Kaufmann, P. Brotzer, A. Sergeyev, B. Guldimann, 
P. Giaccari, E. Alberti, U. Meier, An integrated broadband spectrometer on thin- 
film lithium niobate, Nat. Photonics 14 (2020) 24–29. 

[6] S.N. Zheng, J. Zou, H. Cai, J. Song, L. Chin, P. Liu, Z. Lin, D. Kwong, A. Liu, Double- 
slit photoelectron interference in strong-field ionization of the neon dimer, Nat. 
Commun. 10 (2019) 1–8. 

[7] A. Emadi, H. Wu, G. de Graaf, R. Wolffenbuttel, Design and implementation of a 
sub-nm resolution microspectrometer based on a linear-variable optical filter, Opt. 
Express 20 (2012) 489–507. 

[8] A. Tittl, A. Leitis, M. Liu, F. Yesilkoy, D.-Y. Choi, D.N. Neshev, Y.S. Kivshar, 
H. Altug, Imaging-based molecular barcoding with pixelated dielectric 
metasurfaces, Science 360 (2018) 1105–1109. 

[9] Y. Ma, Y. Chang, B. Dong, J. Wei, W. Liu, C. Lee, Heterogeneously integrated 
graphene/silicon/halide waveguide photodetectors toward chip-scale zero-bias 
long-wave infrared spectroscopic sensing, ACS Nano 15 (2021) 10084–10094. 

[10] J. Xu, Z. Ren, B. Dong, X. Liu, C. Wang, Y. Tian, C. Lee, Nanometer-scale 
heterogeneous interfacial sapphire wafer bonding for enabling plasmonic- 
enhanced nanofluidic mid-infrared spectroscopy, ACS Nano 14 (2020) 
12159–12172. 

[11] W. Liu, Y. Ma, Y. Chang, B. Dong, J. Wei, Z. Ren, C. Lee, Suspended silicon 
waveguide platform with subwavelength grating metamaterial cladding for long- 
wave infrared sensing applications, Nanophotonics 10 (2021) 1861–1870. 

[12] M.S. Yazici, B. Dong, D. Hasan, F. Sun, C. Lee, Integration of MEMS IR detectors 
with MIR waveguides for sensing applications, Opt. Express 28 (2020) 
11524–11537. 

[13] Y. Chang, B. Dong, Y. Ma, J. Wei, Z. Ren, C. Lee, Vernier effect-based tunable mid- 
infrared sensor using silicon-on-insulator cascaded rings, Opt. Express 28 (2020) 
6251–6260. 

[14] Q. Qiao, M.S. Yazici, B. Dong, X. Liu, C. Lee, G. Zhou, Multifunctional mid-infrared 
photonic switch using a MEMS-based tunable waveguide coupler, Opt. Lett. 45 
(2020) 5620–5623. 

[15] J. Wei, Z. Ren, C. Lee, Metamaterial technologies for miniaturized infrared 
spectroscopy: Light sources, sensors, filters, detectors, and integration, J. Appl. 
Phys. 128 (2020), 240901. 

[16] M. Bariya, H.Y.Y. Nyein, A. Javey, Wearable sweat sensors, Nat. Electron. 1 (2018) 
160–171. 

[17] Y. Yang, W. Gao, Wearable and flexible electronics for continuous molecular 
monitoring, Chem. Soc. Rev. 48 (2019) 1465–1491. 

[18] J. Kim, A.S. Campbell, B.E.-F. de Ávila, J. Wang, Wearable biosensors for 
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