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Integrated computational spectrometers with gate-tunable nano
heterostructures and reconstruction algorithms are attractive for on-chip
gas-sensing spectrometers and have enabled versatile spectrum detectors.
However, they require the selective and optical filtering capabilities of
wavelengths, restricting their efficient i mplementation i n narrow-band
photodetection. In this study, a printable spectral phototransistor is developed
with high dynamic detectivity (1012 J ones and 105 Hz at −3 db bandwidth)
modulated by a GeS2 nanosheet heterostructure at short-wave infrared (SWIR)
regime. Using the transport mode switching of carriers i n a heterostructure
and the polarization-sensitivity of the GeS2 two-dimension (2-D) nanosheet,
this SWIR spectral phototransistor demonstrates an accurate narrow-band
selective (96.7% accuracy) spectrum detector and performed a deep-learning
analysis of an artificial neural network (ANN). Furthermore, this GeS2 2-D
based spectral phototransistor, characterized by i ts high i n-plane anisotropy
and electrically reconfigurable properties, extends the applicability of
narrow-band photodetection with 15 nm Full Width at Half Maximum
(FWHM) to the recognition of trace-gases at the parts per billion (ppb) l evel.

1. Introduction

Integrated spectrometers, which incorporate a 2D nanosheet het-
erostructure spectrum detector,[1] have attracted significant at-
tention i n t he field of spectral i maging[2–5] a nd r ecognition.[6]

However, nanotechniques for t he i mplementation of i ntegrated
spectrometers, such as metasurfaces,[7,8] and photonic crystals,[9]

have predominantly been applied i n broadband spectrometers
utilizing globar l ight sources or halogen t ungsten l amps. Cur-
rently, these spectrometers featuring miniaturized core spectrum
detectors have been innovatively employed in the realm of broad-
band spectrometers f or gas and solid characterization, such as
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Fourier t       ransform i       nfrared
(FTIR)[10,11] a   nd n   ondispersive i   n-
frared (     NDIR)[12] s     pectrometers.

Narrow-band s pectrometer t echniques,
such as tunable diode laser absorption spec-
troscopy ( TDLAS),[13–18] i ntegrated c avity
output spectroscopy (ICOS),[19,20] and cavity
ring-down spectroscopy ( CRDS),[21] enable
the effective suppression of l ow-frequency
noise a nd t he e nhanced non-linear l aser
absorption signals at harmonics, attracting
significant i nterest f or m olecular-level
trace analysis. However, t hese mainstream
narrow-band l aser s pectrometers are l im-
ited b y t he s ingle-component d etection
properties o f c onventional o ptoelectronic
photodetectors ( OE-PDs). E fforts h ave
been d edicated t o f abricating s pectrum-
selective photodetectors ( SPE-PDs) aimed
at achieving narrow-band detection using
perovskite[22] a  nd p  olymer[23] s  pectro-
scopic material systems. Nevertheless, t he
challenge l ies i n t he i ntricate c hemical
manipulation required to modify the

material c onstituents, r endering direct modulation of t he de-
vices a f ormidable difficulty. Furthermore, t he broad a bsorp-
tion s pectra o f c onventional p hotoelectric materials r equire
additional b ulk o ptic modules,[24] s uch a s o ptical g ratings,
color filters,[25–27] a nd c ascade s witching l asers,[28,29] t o s plit
and distinguish different wavelengths. By c ontrast, e merging
SPE-PDs offer on-chip s pectral r ecognition and address capa-
bilities t hrough gate-dependent s pectral c oupling with photo-
sensing heterostructures.[30,31] Specifically, current SPE-PDs face
challenges i n c ombining narrowband s pectral s electivity with
the wide f requency r ange r equired f or multi-wavelength l aser
sensing. There has been a s ignificant development i n c om-
mercial narrow-band SPE-PDs t hat l everage microelectrome-
chanical s ystem ( MEMS)-based i nterferometer[32] o r o ut-of-
plane diffractive optics.[33] They are employed t o i solate specific
wavelengths while e ffectively s uppressing unwanted s pectral
interferences. I n t he p ast d ecade, n ovel p aradigm o f S PE-
PDs utilizing 2-D optoelectrical materials[34,35] a nd “ computa-
tional” processing have emerged.[1,6] These advancements en-
able t he s ensing a nd r econstruction of i ncident l ight s pectra
through i ntricate a lgorithms a nd machine l earning. Van der
Waals (VDW) heterostructures[36–38] i ncorporating 2-D optoelec-
trical materials have been demonstrated as a promising candi-
date not only i n gate-selective hardware applications but also i n

http://www.afm-journal.de
mailto:002821@nuist.edu.cn
mailto:20211218037@nuist.edu.cn
mailto:huh@nanoctr.cn
https://doi.org/10.1002/adfm.202404000
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202404000&domain=pdf&date_stamp=2024-05-13


computational methodologies.[33,34] By modulating the gate volt-
age, t he t ransport mode o f c arriers within t he heterostruc-
tures’ channel of these SPE-PDs can be altered, allowing for ad-
justments i n t he spectral r esponse.[35] Meanwhile, some l and-
mark breakthroughs have been documented i n t he r ealm of
germanium-based 2-D semiconductors and t heir detectors ex-
hibiting i n-plane anisotropic properties,[39–41] which enable t he
attainment of s pectral-resolved c apabilities a cross v arious po-
larization angles. GeS2 i s a 2-D s emiconductor with i n-plane
anisotropic p roperties a nd a wide b andgap a nd i t h appens
that 2 -D s emiconductors with a nisotropy within t he b road
bandgap typically exhibit very strong nonlinear optical absorption
characteristics.[41–43]

However, to the best of our knowledge, there has been no re-
port about narrow-band phototransistors based on anisotropic 2-
D semiconductors, which can be attributed to the high precision
narrow-band spectrometers. To combat i mprecise l aser i nterfer-
ence, an anisotropic GeS2 2D nanosheet/PbSe heterostructures
were adopted t o enable a polarized l ight response and t he pre-
treatment of the spectral signals by varying the incident light po-
larization in this research. A deep-learning method using a mul-
tilayer artificial neural network (ANN) for recognizing different
wavelengths was implemented, assisted by electrical gate modu-
lation. Our as-fabricated SPE-PD revealed that the phototransis-
tor with excellent dynamic performances ( 1012 J ones detectivity
and 105 Hz at −3 db bandwidth) at short-wave i nfrared (SWIR)
regime (900–2000 nm), in conjunction with the strong non-linear
light i nteraction with t he harmonics, i s c ritical f or effectively
detecting and i dentifying gas molecules. I n addition, t he con-
structed GeS2 nanosheet l aser spectral phototransistor enables
the extraction of multicomponent spectral absorption signatures,
paving t he way f or i ntegrated platforms f or accurate t race gas
identification at future hyperspectral laser photodetection.

2. Experimental Section

2.1. Preparation of GeS2 Nanosheet Dispersions

GeS2 was a low-symmetry material that crystallizes into a layered
orthogonal structure, resulting in an anisotropic in-plane crystal
structure.[42–44] Figure 1b shows the X-Ray Diffraction (XRD) pat-
terns of PbSe, 10-nm GeS2/PbSe, 40-nm GeS2/PbSe, and GeS2,
respectively. The gray curve of t he XRD pattern exhibits t hree
strong diffraction peaks at 15.37°, 26.48°, and 39.07°, which can
be indexed to GeS2. The red curve (10-nm GeS2/PbSe) shows in-
conspicuous diffraction peaks corresponding t o GeS2, whereas
the green one ( 40-nm GeS2/PbSe) displays f airly sharp relative
peaks. As shown i n Figure 1h, t he xz- and yz-planes may have
different optical properties f rom t he external i n-plane polariza-
tion, r esulting i n f avorable polarization-sensitive properties of
GeS2.

Liquid e xfoliation was used t o obtain GeS2 nanosheet dis-
persion. I t d ispersed 5 0 mg o f b ulk GeS2 i n a 1 00-mL
ethanol/distilled water mixed solvent, followed by sonication at
200 W f or 2 h and 50 W f or 12 h. The ultrasonic process uses
a cyclic device t o equilibrium t he t emperature between 25 and
30 °C. The dispersion was transferred to a centrifuge device and
precipitated by centrifugation at 7500 rpm for 20 min; 2/3 of the
supernatant in the centrifuge tube was eventually collected.

2.2. Device Fabrication

Figure 1c shows the step-by-step fabrication process of the gate-
tunable heterojunction SPE PD on an Al2O3-glass substrate. The
electrodes were printed with a silver nanoparticle (AgNP)-based
ink using an electrohydrodynamic (EHD) jet printer (Guangzhou
SYGOLE Co.). The 2 00-nm t hick d ielectric material ( poly(4-
vinylphenol)) was transferred onto the printed bottom-gate elec-
trode using a dispensing process (Shanghai Mi Fang Electronic
Technology Co.) and subsequently baked at 115 °C f or 30 min.
The device was t hen s ubjected t o UV exposure t o adjust t he
hydrophilicity of t he i nsulation l ayer. The source electrode was
printed on one side of the bottom gate. Amorphous n-type PbSe
was deposited to a thickness of 60 nm using an alternating cur-
rent (AC) magnetron sputtering system in a high-vacuum cham-
ber of 0.5 Pa.

Consequently, a 40-nm GeS2 l ayer was prepared, c onsider-
ing both t he material properties and enabling an excellent het-
erojunction p erformance. The morphology o f t he GeS2 2 -D
nanosheet and deposited 𝛼-PbSe t hin film can be observed i n
Figure S1 (Supporting Information). The 40-μL GeS2 nanosheet
dispersions were transferred to the top of the PbSe thin film us-
ing EHD jet printing process (Figure 1e). The GeS2 2-D can also
be observed on top of PbSe substrate, which can be confirmed by
High Resolution Tunneling Electron Microscope ( HRTEM) i m-
age of t he specific crystal l attice of Figure 1g. Subsequently, t he
layer was annealed at 300 °C for 30 min to reduce the interlayer
distance and enhance the i nterlayer bonding within GeS2/PbSe
heterostructures, r esulting i n a good contact and high-quality
interface. After UV exposure, t he drain electrode was aligned
with the source electrode and printed onto the other side of the
bottom-gate electrode. The source, drain, and gate electrodes of
the device should be obtained by annealing at 150 °C for 30 min,
as illustrated in Figure 1f.

To quantitatively i nvestigate t he polarization c orrelation of
Raman i ntensities, t he i ntensities o f t ypical Raman modes
are p lotted i n a p olar c oordinate g raph a nd e xtracted f rom
the Raman c haracterization ( Figure 1 j). The Raman i ntensi-
ties at 252 c m−1 e xhibited a periodical v ariation by c hanging
the polarized a ngles, a s s hown i n Figure 1 i. This Ag mode
intensities c an be fitted and explained t o be demonstrated at
the orthogonal phase. The i nfrared a bsorption properties f or
GeS2/PbSe heterostructures c an b e c onfirmed i n Figure S2
(Supporting I nformation). Polarization-resolved nonlinear a b-
sorption s pectra were measured t o e xplore t he i n-plane opti-
cal a nisotropy o f GeS2/PbSe heterostructures a s depicted i n
Figure 1k. GeS2 2-D materials were i nherently superior wide-
band semiconductors, albeit challenging for utilization in SWIR
photodetection applications. However, t he i ntegration of GeS2
2-D with PbSe i n l arge-area heterostructures i ntroduces a sig-
nificant band offset, enhancing t he i nfrared s ensing c apabili-
ties by l everaging t he exceptional i nfrared properties of PbSe
materials.

The n onlinear a bsorption s pectra d epicted i n F igure 1 k
unveil a d istinct d ichroism a bsorption b ehavior within t he
SWIR regime ( 800–2000 nm). Notably, t he observed variations
in a bsorption c oefficients a cross d ifferent p olarized a ngles
below 1900 nm could be attributed t o t he structural anisotropy
inherent i n GeS2. It was evident t hat i nfrared l ight absorption
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Figure 1. a ) Schematic of the developed GeS2/PbSe heterostructure-based SPE PD. b) XRD pattern of PbSe, 10-nm GeS2/PbSe, 40-nm GeS2/PbSe, and
GeS2. c) EHD i nkjet printing process t o f abricate t he device. d) Step-by-step f abrication process of t he SPE PD. e) Atomic Force Microscope (AFM)
image of GeS2-2D/PbSe heterostructures. f) Illustration of the designed and fabricated device (scale bar = 50 μm). g) HRTEM image of the GeS2/PbSe
heterostructure-based SPE PD, scale bar: 10 nm. h) Crystal structure of orthorhombic GeS2. The yellow and purple atoms represent S and Ge, respectively.
i) Polar plot of angle-resolved Raman peak intensity of the GeS2 2-D materials at 252 cm−1. j) Raman characterization of GeS2 2-D materials for deferent
polarized angles. k) Absorption of the GeS2/PbSe heterostructures at different polarized angles.

predominantly occurs within t he bulk PbSe r egion, i ndicating
minimal i nteraction between t he GeS2 2-D materials and PbSe
beyond the 1950 nm threshold.

3. Results and Discussion

3.1. Photoelectric Characterization and Device Physics

To capture t he physics behind t he gate-dependent SPE-PD, we
investigated t he gate-varied t ransfer I V c haracteristics of t he

devices, a s s hown i n Figure 2 b. The t ransfer c urves o f t he
GeS2/PbSe 2D heterostructures were measured at a drain-source
voltage VDS of −1 V in the dark and under various infrared wave-
lengths of incident light. By contrast, Figure 2a presents the trans-
fer curves of a conventional planar OE-PD based on PbSe, with-
out the gate-dependent phenomenon. The SPE-PD exhibited an
intense photoresponse within t he 900–1700 nm near-infrared
regime, with more drastic fluctuations i n t he drain-source cur-
rent observed at a positive VG. Compared with t he OE-PD, t he
fabricated SPE-PD demonstrated superior modulation capability
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Figure 2. a ,b) Transfer c haracteristic curves of OE-PD ( PbSe) and SPE-PD ( GeS2/PbSe), r espectively c ) Output c haracteristic curves of SPE-PD
(GeS2/PbSe) (inset: microscopic image of the heterostructure, scale bar: 400 nm). d) Gate-tunable charge carrier transport mechanism in dark conditions
or under l ight i llumination. e) Fowler–Nordheim plot analysis under positive and negative gate bias voltage.

and more complex carrier migration dynamics regulated by the
gate voltage.

The negative VDS stems from the rectification function of the
photosensing diode-structured channel. Figure 2c shows that the
drain-source current can be rectified by t he applied bias ( VDS),
which exhibits t he significant cutoff output I–V characteristics
of t he r everse r egion compared with t he f orward counterpart.
With t his rectifying j unction, t he static properties of t he device
can be optimized owing t o t he l imited dark current i n t he off-
state.

The gate modulation effects can be explained by t he band-
bending physics i n t he PbSe/GeS2 heterojunction, as shown i n
Figure 2d. The heterostructure combines infrared-sensitive PbSe
(0.27 eV bandgap)[45] with wide-bandgap GeS2 ( 3.7 eV).[46] The
dark current corresponds to the interlayer recombination of PbSe
electrons and GeS2 holes ( Figure 2d), l eft). Under positive gate
bias, t he PbSe Fermi l evel shifts upward, creating a staggered
(type II) band alignment at the interface. Increasing the forward
VG and i nverse VDS i nduces a straddling (type I) alignment, en-
abling Fowler-Nordheim ( FN) t unneling. The detailed mecha-
nism for explaining all t he band bending situations aroused by
gate-induced built-in field can be found in Supporting Informa-
tion (Figure S3, Supporting Information).

The proposed FN tunneling phenomenon[47] was experimen-
tally validated i n Figure 2e by examining t he gate voltage de-
pendence. This reveals t he Fowler–Nordheim plots t hat corrob-
orate the transition from direct tunneling (DT) to FN tunneling
through electrically tunable gate control. The changing electron
transport mechanisms at t he channel heterojunction r esult i n
the observed spectral response diversity and gate-selectable ca-

pabilities. This highlights the potential of engineered 2D hetero-
junctions f or realizing i ntegrated SPE-PD with electrically con-
trollable spectral selectivity for multiwavelength spectroscopy.

To f urther prove t he t ransport mechanism of t he heteroge-
neous device, t he output I–V curve of t he device was analyzed
by t he Fowler–Nordheim t unneling ( F–NT) model i n t he high
bias state. Under the large bias condition, the F–NT satisfies the
following model:

IFNT =
Aeff q3mVDS

2

8𝜋h𝜑Bd2m∗ exp
⎡⎢⎢⎣
−8𝜋

√
2 m∗𝜑

3          

2                     

B d

3hqVDS

⎤⎥⎥⎦
(1)

where Aeff, q, m, VDS,h, 𝜑B,d, m* represent t he effective contact
area, electron charge, f ree electron mass, applied bias, Planck
constant, barrier height, barrier width, a nd e ffective e lectron
mass, respectively. By translating the formulae into:

ln
IFNT

VDS
2
= l n

Aeff q3m
8𝜋h𝜑Bd2m∗ −

8𝜋
√

2m∗𝜑
3          

2
B d

3hq
1 

VDS
(2)

According to the deformed formula, the output characteristics
of the device were re-plotted in Figure 2e. It can be observed that
with the increase of the absolute value of VDS (VDS < 0), the slope
of the curve changes from positive to negative, and at high biases,
ln(IDS/VDS

2) shows a good linear relationship with 1/VDS, which
is consistent with t he F-NT t unneling model. This proves t hat
the carrier t ransport mechanism of t he device t ransforms from
DT-dominated at l ow biases to F–NT dominated at high biases,
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Figure 3. Characterization of the spectrum detector. a) Gate-dependent photocurrent under the on/off state of the i ncident l aser with wavelength (Pin
= 0.03 mW cm−2). b) Gate-dependent r esponsivity spectral r esponse versus t he wavelength of t he i ncident l aser ( Pin = 0.03 mW cm−2). Spectral
responsivity color contour plots of the c) OE-PD and d) SPE-PD. Polar plots of the relationship between photocurrent and polarization angle of GeS2/PbSe
based SPE-PD at VDS = −1 V under l aser wavelengths of 1100 nm e), and 1500 nm f), respectively.

and the barrier height 𝜑B can be derived from the fitting slope of
the F-NT curves. The variation i n charge t ransfer modes offers
the potential t o i nduce gate-selective bandgap bending with t he
applied VG.

3.2. Laser Spectrum Measurements

The photocurrent response was modulated by t he gate bias, re-
sulting in fluctuations in the optoelectrical conversion efficiency
at different wavelengths. Figure 3a presents t he extracted dy-
namic photoswitching behavior at 900 nm under varying gate
bias sections. The photocurrent (IPH = IDS – Idark) rises from 5.4 to
55.3 nA as VG i ncreases from 0 to 20 V. The rise and decline times
reach ≈80 ms, demonstrating abrupt photoresponse and excel-
lent reproducibility. To f urther demonstrate t he gate-controlled
spectral response, photocurrent measurements were performed
at wavelengths ranging from 900 to 1700 nm under varying gate
biases (Figure 3b). The measurements were performed using su-
percontinuum l asers and a monochromator at a fixed VDS and
incident l aser power (0.03 mW cm−2). The responsivity was cal-
culated using the following expression:R = IPH/Pin,[48] where Pin
is the incident light power and A is the laser irradiation area (Pin
= P × A = 0.03 mW cm−2 × 80 μm × 250 μm = 6 × 10−9 W).
The responsivity ranges from 10 to 320 A W−1 across the wave-
length spectrum of 900 t o 1600 nm, with VG varying from 0 t o
20 V. The resulting curves show distinct fluctuations, with pro-
nounced peaks modulated from 900, 1120, and 1540 nm at VG =
4.5 V t o 1000, 1340, and 1650 nm at VG = 12 V ( as depicted i n

Figure 3b). This demonstrates a substantial redshift in the spec-
tral selectivity peaks owing to the applied gate voltage.

The gate-dependent spectral selectivity is further illustrated by
the color contour plots of t he photocurrent responsivity matrix
in Figure 3c,d. The detailed photocurrent captured collections
can be i nvestigated i n Figure S4 ( Supporting Information). As
the gate voltage i ncreases, t he photogenerated carriers can be
tuned t hrough t he bent heterojunction band structure between
2D GeS2 and PbSe, resulting i n a red-shifted absorption spec-
trum. This highlights the capability of electrically controlling the
spectral selectivity of t he SPE-PD. Additionally, t he obtained re-
sponsivity of the SPE-PD is nearly one order of magnitude higher
than that of the OE-PD.

The s pectral properties of t he SPE-PD were c haracterized,
demonstrating e ffective g ate-modulation c apability f or l asers
with different wavelengths. However, the device should combine
the reconstruction and spectral antijamming capabilities of wave-
lengths for i ts adoption i n t unable applications t hat require t he
selection of laser wavelengths. Previous studies have extensively
investigated the anisotropic photocurrent ratios of Ge-based 2D
materials and their photodetectors. This knowledge provides an
opportunity for additional wavelengths of incident lasers through
the modulation of the addressing gate voltage.

The anisotropic structure of GeS2 allows it to function as a grat-
ing film when attached to a PbSe surface, enabling polarization-
sensitive performance i n t he near-infrared region. Single near-
infrared wavelength lasers were converted into linearly polarized
light after passing t hrough a polarizer and subsequently i rradi-
ated with the GeS2/PbSe SPE-PD. The relationship between the

http://www.advancedsciencenews.com
http://www.afm-journal.de


polarization angle, gate voltage, and photocurrent under different
wavelength l asers was measured and fitted using t he f ollowing
expression: IPH(𝛿) = IPxsin 2(𝛿 + 𝜑) + IPycos2(𝛿 + 𝜑), where 𝛿 i s
the polarization angle, 𝜑 is the fixed angle between the y-axis and
0°, IPH(𝛿) i s the photocurrent along the 𝛿 direction, and IPx and
IPy r epresent t he minimum and maximum photocurrent along
the x- and y-axes, respectively.[49]

As i llustrated i n Figure 3e,f, t he GeS2-based PDs have dif-
ferent polarization-sensitive properties at different wavelengths.
The a nisotropic photocurrent r atios o f t he GeS2/PbSe-based
polarization-sensitive SPE-PD were 2.68, 3.36, and 1.78 at 1100,
1300, and 1500 nm, respectively (extra polar plots of photocurrent
at other different angles can be observed at Figure S5 (Support-
ing Information)). According t o Figure 1k, t he GeS2/PbSe het-
erojunction exhibits distinct anisotropic light absorption features
at wavelengths of 1100, 1300, and 1500 nm, with t he polariza-
tion angles associated with the peak nonlinear absorption inten-
sity varying with wavelength. The polarization angle dependence
of t he photocurrent varied substantially with t he i ncident l ight
wavelength. These differences i n t he polarization-resolved pho-
tocurrent trends demonstrate that the polarization angle can be
used to selectively detect specific wavelengths using GeS2-based
SPE-PD.

3.3. Multiband Spectral Reconstruction

To utilize t he l aser spectral selection and antijamming capabil-
ities, t he gate-selected spectral response matrix can be encoded
for deep l earning processes to address different absorbed peaks
of the multicomponent gas mixture. The spectral reconstruction
process consists of t hree steps: l earning, sampling, and recon-
struction. The spectral characteristic curves change under vary-
ing i nfrared l aser i rradiation at a given gate bias VG. By record-
ing the corresponding photocurrent, the gate-selected spectral re-
sponse matrix can be calibrated, facilitating the inverse solution
for obtaining the incident light spectrum.

(i) Learning process: The gate-tunable spectral responses were
measured with multiple known i ncident spectra (Rij =

Iph(𝜆i ,VGj)

P
)      

at a fixed voltage and power; t he l aser’ power of t he multiwave-
length was also fitted at a power Pout of 10 mW for the super con-
tinuous laser at 1000 nm (Figure 4c). The supercontinuous laser
(900–1700 nm, step increments of 20 nm, Pin = 0.03 mW cm−2) il-
luminates the heterojunction, activating each element in the ma-
trix and establishing complex one-to-many mapping when t he
gate voltage remains constant. After completing a f ull cycle of
wavelengths, t he voltage was adjusted i ncrementally i n step of
0.5 V (from 0 to 20 V), establishing a 41 × 41 gate voltage-tunable
spectral response matrix, as depicted in Figure 4a.

(ii) Sampling process: IPH with different i ncident l ights was
measured at a fixed gate bias for an unknown incident spectrum,
thereby obtaining I⃗PH .

(iii) Reconstruction process: According to the relationship be-
tween ∫ 𝜆n

𝜆1 S(𝜆) ⋅ Ri(𝜆)d𝜆 = Ii,
[50] where S(𝜆) is an unknown inci-

dent spectrum, S(𝜆) ≈
∑m

j=1 𝛼    j  𝜑j  (𝜆) (prediction function).
A t ypical artificial neural network ( ANN) was adopted, and

the s pecific flow i s s hown i n Figure 4b. Cross-validation and
Tikhonov regularization were required to train the adopted clas-
sification model, and an appropriate𝛼j was selected to minimize

the objective f unction, t hereby s olving t he unknown i ncident
spectrum S(𝜆).

It is worth noting that by using the polarization characteristics
of GeS2, we can select a specific band and adjust the polarization
angle corresponding t o t he specific modulated VG t o enhance
the signal strength and i mprove the antijamming performance.
The r esponsivity curves of SPE-PD i llustrated i n Figure 4d ef-
fectively reconstruct the incident supercontinuous laser. This re-
construction i s achieved by utilizing t he fitting coefficients ob-
tained f rom t he previous l aser power fitting analysis. Certain
wavelengths are addressed and regulated by the polarized angles
(𝛿) and VG, which is presented in Figure 4e. The detailed data-set
size, deep-learning sources, and validation metrics to access this
ANN model can be found in Figure S4 (Supporting Information).

Each scatter i n Figure 4f,g r epresents t he r ecognition prob-
ability of t he wavelength of t he c orresponding c olor, and t he
sum of the recognition probabilities of the five categories is one.
The neural network paired with polarization spectral preprocess-
ing achieved i mproved multi-wavelength r ecognition accuracy
(82.3% → 96.7%) with ≈15 nm Full Width at Half Maximum
(FWHM). Finally, investigated by different types of spectrometers
in Figure 4h, The Polarization-enhanced significantly i ncreased
reconstruction capability in the SWIR regime for the incident su-
percontinuous l aser compared t o t he SPE-PD without polariza-
tion.

As listed in Table 1, many efforts have been dedicated to achiev-
ing integrated multi-wavelength spectral-selective spectrometers.
Many innovative methods, such as Charge Collection Narrowing
(CCN),[51,52] Exciton Diffusion Narrowing (CDN),[53] and Narrow
Absorption Material (NAM),[54] can achieve similar functions of
narrowband spectral detection. The downside i s t hat t hese nar-
rowband spectral detectors can only respond t o a specific spec-
trum, and when multi-wavelength acquisition is required, multi-
ple devices need to be cascaded, resulting in low integration, in-
convenient control, and no promising future in hyperspectral de-
tection applications. While spectral detectors composed of VDW
2-D heterostructures controlled by gate voltage can reconstruct
spectral signals, t hey are unable t o efficiently filter out i nterfer-
ence from unwanted wavelengths, making i t difficult to directly
achieve narrowband multi-spectral detection with a single device.
More importantly, this state-of-the-art SWIR phototransistor en-
ables narrowband-selective spectral detection across almost t he
entire SWIR band and an FWHM of 15 nm, which is highly valu-
able in practical multi-wavelength applications.

3.4. Dynamic Characteristics of Laser Signal Modulation

The dynamic photocurrent-induced signal can be captured by the
trans-impedance amplifying circuit and monitored in Figure 5a.
Due t o t he smaller geometry capacitance at high frequency, t he
phototransistor can achieve a short laser response, which can be
observed in Figure S6 (Supporting Information). Fortunately, the
3.84 kHz bandwidth of the phototransistor (at −3 db) can be in-
vestigated to meet the demand for 3 kHz high-frequency l ight’s
driving, which can be observed i n t he i nset i mage of Figure 5a
and Figure S9 ( Supporting I nformation). Utilizing t his high-
frequency carrier signal effectively minimizes t he i nfluence of
low-frequency 1/f noise.
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Figure 4. a ) Schematic of t he l earning and t esting processes. b) Schematic diagram of t he artificial neural network structure used i n spectral recon-
struction. c) I ncident l aser spectra by Supercontinuum l aser. d) Normalized reconstructed l aser spectra obtained by t his SPE-PD. e) Corresponding
addressing wavelengths recognized by different VG and polarized angles. Partial graph of the responsivity spectral response versus the wavelength of
the incident laser after the polarization process. f,g) Probability of spectral reconstruction (900, 1100, 1300, 1500, 1700 nm) before and after the polariza-
tion process. h) Reconstructed supercontinuum l aser measured by this SPE-PD (with and without polarization) and commercial machines (Near SWIR
grating spectrometer, PbSe commercial detectors with optical filter and mechanical grating, mini-spectrometer with i nfrared Charge Coupled Device,
MEMS-SPI spectrum sensor).

Thus, t he d ynamic p erformance o f t he d evice was e val-
uated u sing a c ircuit a t a f requency o f 3 k Hz. T he r e-
sults i ndicate t hat t he d evice e xhibits r obust f requency-
response c haracteristics a t t he o perating f requency o f t he
3-kHz l aser a cross v arious positive g ate v oltages. The noise

equivalent power (NEP =
√

s

R
(W∕Hz1∕2))[57] and detectivity

(D∗ =
√

A  ∕NEP(cm ⋅ W−1Hz−1∕2))[58,59] s pectra o f t he SPE-PD
are shown i n Figure 5b,c, r espectively. This phototransistor i s
packaged inside of metal cube cap and CaF window to avoid a hu-
mid and oxidizing environment, which can be seen in Figure 5d
and Figure S8 (Supporting Information). The extreme D* value

of t he as-fabricated SPE-PD approaches 1012 J ones. The high
detectivity demonstrated by this technique has potential applica-
tions i n f requency-dependent i nfrared t race gas-sensing circuit
systems to pursue an intense non-linear dynamic absorption.

Compared t o c ommercial MEMS-based s ensors a nd o ther
narrow-band SPE-PDs (as shown in Table 1), our SPE-PD offers
more effective signal extraction f rom multiwavelengths despite
the incomplete filtering of unwanted bands. Furthermore, these
two detectors are integrated to measure and compare their rapid
response characteristics as depicted i n t he curves of Figure 5e.
The r ed curve r epresents t he r esponse t o t he modulation of a
1300 nm l aser signal, while t he blue curve corresponds t o t he
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eTable 1. Comparison of different miniaturized spectrometers.

Physics or method (Material or device) D* (Jones) R [A W−1] FWHM [ nm] Spectral range
[nm]

References

Narrowband absorption effect (Si Schottky structure) 1011 13.6 107 1060 [55]

Junction-controlled CCN (Si Au/n-type Si/Au photodetector) - ≈0.8 ≈90 365–605
938–970

[56]

Defect-assisted CCN (Methylammonium l ead i odide) 1.27 × 1012 ≈0.0637 9 625–800 [52]

Photogenerated Frenkel excitons (Organic photodetector) 1013 0.48 30 860, 910940 [53]

Tunable i nterlayer transport (MoS2/WSe2 vdW
heterojunction)

- 0.007 3 405–845 [1]

Polarized with tunable (GeS2/PbSe heterojunction) 1012 320 ≈15 900–1700 This work

modulation of a 1700 nm l aser signal. This SPE-PD (working at
130° polarized angles and 13 V) with 1300 nm incident laser pulse
have a better response at this high frequency in Figure 5f.

3.5. Multicomponent Gas Detection by Dynamic Non-Linear
Absorption

In t he present s tudy, we have effectively s howcased l abel-free
molecular identification of a mixture of gases including C3H6O,
H2, O2    , NH3      , and CH4            . This was achieved by i ntegrating gate-
selective capabilities with exceptional dynamic optoelectric per-
formances. The non-linear absorption of gas molecules on t he

harmonics combined with the ultra-confined 1/f noise’s interfer-
ence was critical for overcoming the extremely narrow absorbing
peak and complex interaction between different components. As
shown i n Figures 6a and S11 (Supporting Information), the su-
percontinuum laser, which is of modulated frequency character-
istics, was divided i nto t wo components: one directed t oward a
reference SPE-PD, and the other toward a gas cell (10 m) before
reaching another functional SPE-PD.

The first f actor t hat could l imit t he r ecognition of t he mul-
ticomponent gases i s t he sensitivity of our SPE-PD. Compared
to direct s pectrum r eading, t he high-frequency measurement
can simultaneously avoid l ow-frequency 1/f noise and achieve

Figure 5. a ) The SWIR laser-induced response for the phototransistor-cored detecting system and the −3 db bandwidth for this phototransistor (inset).
b) Frequency-dependent spectrum with different gate voltage (under 3-kHz l aser frequency). c) Extracted NEP and detectivity (D*) curve versus varied
controllable laser frequency (VG = 3 V). d) Physical diagram of our SPE-PD and commercial MEMS-SPI SPE-PD. e) Frequency band selection abilities of
our SPE-PD (left) and commercial SPE-PD (right) for 1300 and 1700 nm at VG = 10 V and 𝛿 = 80°. f) Output signals of the differential circuit from the
functional and reference channels of our device and a commercial SPE-PD.
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Figure 6. a ) Schematic of the supercontinuum l aser gas-sensing system modulated by SPE-PD with GeS2/PbSe infrared photosensing heterostructure.
2f-harmonic signals of SPE-PD with GeS2/PbSe corresponding to different concentrations of NH3 b) and O2 c) gases after FFT. d) Gas-sensing method
to read the directly reconstructed spectrum at SWIR region by SPE-PD. e) Schematic of the multicomponent trace-gas sensing method by the polarized
and gate-selected SPE-PD. f) The fitted results of SPE-PD i ntensity-concentration relationship for C3H6O, H2, O2, NH3, and CH4 gases.

strong molecular absorption. This i s because when t he l aser’s
input signals are modulated with high “f” f requency, t he non-
linear absorption of t he gas molecular can occur at a harmonic
wave. Figure 6b,c demonstrate t he concentration-dependent 2f-
harmonic signals for NH3 and O2 gases, respectively. Addition-
ally, t he extra concentration-dependent 2f-harmonic signals f or
C3H6O, H2, and CH4 are presented i n Figure S12 ( Supporting
Information).

The second practical factor limiting the trace gases’ identifica-
tion could be the exquisite spectral-scanning property of the mul-
ticomponent gases’ fingerprints. When t he photoresponse dis-
parity between adjacent absorption peaks is diminishingly small,
the accurate addressing of the specific wavelength and matched
FWHM become highly correlated. This could make the spectrum
ir-conditioned, l eading t o difficulty i n distinguishing different
components. Figure 6e illustrates that polarization preprocessing
and gate-selective spectral reconstruction are utilized to address
the specific center wavelengths for mixed gases. As demonstrated
in Figure 6d, the SPE-PD can also reconstruct the spectrum near
the center peak and exhibit certain gases’ recognition and mea-
surement at high concentrations (100 ppm).

Furthermore, t o determine t he l owest detection l imits (LOD)
for t he c oncentrations o f t hese multicomponent g ases, nor-

malized fitted concentration-intensity curves are i llustrated i n
Figure 6f. The LOD values acquired were ≈320, 230, 12, 45, and
35 ppb f or C3H6O, H2, NH3, O2, and CH4 gases, respectively.
When compared with a direct read from the reconstructed spec-
trum i n Figure 6d, this study presents novel empirical evidence
elucidating t he robust dynamic non-linear absorption behavior
of gas molecules. Notably, this phenomenon i s prominently ob-
served f or values exceedingly at l east 1000 t imes f or t he LOD.
The detection of high-frequency harmonic signals amplifies the
laser’s non-linear absorption properties while concurrently miti-
gating 1/f noises, thereby enhancing the overall detection sensi-
tivity and accuracy of the system.

Traditionally, a t rade-off exists between t he detection r egion
and the LOD, which hampers their application in distinguishing
mixed trace gases. In this case, by carefully balancing the num-
ber of detected components and l everaging dynamic non-linear
absorption phenomena, i t i s possible t o address t his challenge
effectively. Through p roper t raining, d eep l earning s ystems
can potentially enhance t he real-time reconstruction of specific
wavelengths, t hereby s ignificantly a dvancing multispectral
laser sensing t oward hyperspectral l aser detection capabilities.
Moreover, a dvancements i n heterostructures c an be pursued
to i mprove performance by r educing t he absorbed dimension
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and i mplementing periodic structures. This approach can l ead
to t he creation of more spectral-sensitive VDW heterojunctions
and acoustic plasmons, ultimately enhancing t he r esponsivity
and r esolution of t he SPE-PD. This i ntegrated s trategy holds
promise for pushing the boundaries of multispectral l aser sens-
ing technologies toward achieving higher l evels of accuracy and
sensitivity in gas detection applications.

4. Conclusion

Contemporary i ntegrated multi-spectral detectors f ace s everal
challenges and limitations in their design and performance, such
as l ow wavelength-selective precision, wide FWHM, difficulty
in i ncreasing t he number of band channels, and weak spectral-
feature signals. By employing polarization-sensitive preprocess-
ing combined with the coupling tuning of carrier-driven modes
in VDW heterojunction l ayers of GeS2/PbSe, we have success-
fully engineered a SWIR Spectral phototransistor that achieves a
spectral selection accuracy of 96.7% and i s capable of at l east 8
multi-wavelengths’ channels and narrow FWHM (15 nm). Addi-
tionally, this gate-tunable phototransistor can achieve high VG-𝜆
dependent responsivity (10–270 A W−1) and excellent 1012 Jones
detectivity. The device cooperates with an ANN to reconstruct the
infrared spectral signal (900–1700 nm) using a tunable VG, which
can correspond to a charge transfer modes’ switch within this het-
erostructure. The analysis of the non-linear 2f-harmonic absorp-
tion signals allows high-precision ppb-level multi-components
laser detection to distinguish gas mixtures. Our device paves the
way f or f uture i ntegrated platforms f or accurate hyperspectral
trace multicomponent gas identification.
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