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Electrically tunable two-dimensional
heterojunctions for miniaturized
near-infrared spectrometers

Wenjie Deng1,2,3,9, Zilong Zheng 2,9, Jingzhen Li1,9, Rongkun Zhou2,
Xiaoqing Chen 1, Dehui Zhang4,5, Yue Lu 6, Chongwu Wang3, Congya You1,2,
Songyu Li1,2, Ling Sun 2, Yi Wu1,2, Xuhong Li1,2, Boxing An1,2, Zheng Liu 7,
Qi jie Wang 3,8, Xiangfeng Duan 4,5 & Yongzhe Zhang 1,2

Miniaturized spectrometers are of considerable interest for their portability.
Most designs to date employ a photodetector array with distinct spectral
responses or require elaborated integration of micro & nano optic modules,
typically with a centimeter-scale footprint. Here, we report a design of a
micron-sized near-infrared ultra-miniaturized spectrometer based on two-
dimensional van der Waals heterostructure (2D-vdWH). By introducing heavy
metal atoms with delocalized electronic orbitals between 2D-vdWHs, we
greatly enhance the interlayer coupling and realize electrically tunable infrared
photoresponse (1.15 to 1.47 μm). Combining the gate-tunable photoresponse
and regression algorithm, we achieve spectral reconstruction and spectral
imaging in a device with an active footprint < 10 μm. Considering the ultra-
small footprint and simple fabrication process, the 2D-vdWHs with designable
bandgap energy and enhanced photoresponse offer an attractive solution for
on-chip infrared spectroscopy.

Spectrometers are essential instruments in modern scientific research
and engineering production, for instance, geological prospecting,
medical examination, spectral imaging, and remote sensing. Most
spectrometers are bulky and expensive due to their complex
mechanical parts, including motorized optical gratings and
interferometers1,2. Miniaturized spectrometers with a significant cost
and footprint reduction are attractive for portable analytic tools, smart
wearable devices etc3–5. There are two typical underlying strategies for
compact spectrometers. One approach is to integrate photodetectors

with three types of separate optical elements6–12, including spatially
dispersive grating, tunable filter arrays, and Fourier transform
interferometers13–17. It has been shown that this strategy provides
excellent performancebut is difficult to scale below the sub-millimeter
scale due to the negative impact induced by fundamental physical
limitations in optical path length. The other approach is to employ
multifunctional photodetector arrays such as nanowire with spatial
compositional gradients18 and structural vertical silicon nanowire
arrays19, with special computational reconstructive algorithms. These
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reconstructive spectrometers require not optical components and can
be readily scale down to sub-millimeter footprints. However, infrared
(IR) band operation, precision manufacturing complexity, as well as
the trade-off between footprint and number of photodetectors
remains challenging.

The van der Waals heterojunctions (vdWH) formed between dis-
tinct 2D transition metal dichalcogenides (TMDs) with type II energy
band structure alignment provides a versatile platform for exploring
interlayer excitons20–23. With the conduction band minimum (CBM)
and valence band maximum (VBM) of the heterojunction localize in
different layers, such typical type II heterojunctions opens a tunable
degree of freedom to engineering interlayer optical transition in the IR
regime beyond the limit of the intrinsic optical band gap of the con-
stituent material24. Indeed, direct observation of interlayer optical
excitation (IEX) infrared photoresponse was reported25. Meanwhile,
with the strong electrically reconfigurable feature26–31, the type-II 2D-
vdWH offer an intriguing system for electrically tunable infrared
photoresponse. Unfortunately, the transition dipole moment of the
interlayer exciton, as well as oscillator strength of IEX is usually too
weak in 2D-vdWH to achieve effective photodetection and significant
photoresponse, because of the spatial separation between electron
wavefunctions (at CBM) and hole wavefunctions (at VBM) in different
layers32.

Herein we report a generic method to enhance the interlayer
transition dipole moment of IEX in 2D-vdWH, by intercalating heavy
metal atoms (e.g., Au atoms) at the interface of 2D-vdWH (ReS2/Au/
WSe2). Our first-principles calculations indicated that the transition
dipole moment of the interlayer exciton is enhanced significantly due
to the delocalized orbitals of Au atom bridging the heterobilayers,

which is confirmed by the strong photoresponsivity with roughly two-
times increasing. Furthermore, we show ReS2/Au/WSe2 exhibit a
unique gate-tunable near-infrared (NIR) photoresponse. Exploiting the
gate-tunable photoresponse and the ridge regression algorithm, we
realize an ultra-miniaturized NIR spectrometer and spectral imager
with a footprint of 6-microns.

Results
Device scheme and theoretical study
The schematic diagramof the 2D-vdWH spectrometer and its electrical
contact is shown in Fig. 1a. Figure 1b shows a typical Type II band
energy of the designed 2D-vdWH, depicting two types of transition
channels with (1, 2) intralayer transition and (3) interlayer transition,
where interlayer exciton holds low energy to IR band than that of the
intralayer exciton. Therefore, the heterojunction of WSe2/ReS2 could
be applied as the NIR materials since their IEX energy is less than
1.2 eV33. Furthermore, by coupling with a back-gate electrode to tune
the relative band alignment between the top and bottom-layer, theNIR
interlayer transition can be further tuned by the vertical gate field,
which is essential for constructing a single device spectrometer by
using regression algorithm.

However, the spatial separation between electrons in CBM and
holes in VBM leads to a very small overlap between their wavefunc-
tions, resulting in the weak transition dipole moment <Ψ1|M|Ψ2>.
Hence, the interlayer oscillator strength is approximately at least 2
orders ofmagnitude smaller than that of intralayer transition24,25, and it
is thus difficult to subsequently measure the gate-voltage tunable
spectral photocurrents.Moreoverlaps between electronwavefunction
and hole wavefunction could enhance the transition dipolemoment as
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Fig. 1 | Design of 2D van der Waals heterojunction (vdWH) spectrometer.
a Schematic drawing of the 2D-vdWH spectrometer. The heterojunction is inter-
calated by heavy metal Au atoms to construct ReS2/Au/WSe2, where the junction
wouldpromote the separationofphoto-excited electrons andholes. Vds andVbg are
bias voltage and back gate voltage, respectively. ‘hv’ and the red arrow represent
the incident light. b Photo-excited transition path in the heterojunction, including
intralayer transition (1) & (2) and interlayer transition (3), where the path (3) cor-
responds to lower transition energy to near-infrared (IR) band than both band gaps
of ReS2 and WSe2 in visible (VIS) band. Atomic geometries, band structures, and
electron distribution of conduction band minimum in WSe2 layer (and hole dis-
tributionof valancebandmaximum inReS2 layer) forboth cpristineReS2/WSe2 and

d ReS2/Au/WSe2 with Au intercalation heterojunctions, respectively. In the opti-
mized geometry, intervals of S-Au and Se-Au are 2.47 and 2.56 Å, respectively. The
lighter dots ind representing the additional few densities of states in k-space by the
changed lattices of 2D-vdWHdue to the participation of Au atom. The black arrows
indicate the transition energy at Г point for the two heterojunctions. The top-view
atomic arrangements correspond to the region marked by black dash line in the
side-view atomic arrangement. The electron density distribution shows that the
electron wavefunctions in the ReS2 layer are delocalized and partially delivered to
theWSe2 layer through Au atoms. Red and blue represent the relative contribution
of the states from electrons in ReS2 and holes in WSe2, respectively.
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well, whichmay be achieved by reducing the interlayer distance34,35 by
using hydrostatic pressure in a diamond anvil cell36, which is not easy
to maintain for practical applications. Alternatively, intercalating het-
eroatomswith delocalize atomic orbitals37may offer another approach
to enhance the interlayer coupling to achieve higher transition dipole
moment of IEX. To explore this concept, we introduce heavy metal Au
atoms between 2D heterobilayers to form a ReS2/Au/WSe2 sandwich
structure, inwhichAu atomswith a large atomic radius anddelocalized
electronic orbital could enhance wavefunction overlaps between
electrons (in CBM) and holes (in VBM), respectively.

We have first conducted first-principles simulations of two mod-
eling structures, (i) ReS2/Au/WSe2 with Au intercalation, and (ii) pris-
tine ReS2/WSe2 as a control, to determine if the former one can
enhance the infrared absorption of the interlayer exciton in 2D-vdWH.
The electronic band structure calculations, including transition dipole
moment elements and partial charge distributions, were performed
using density functional theory (DFT). The band structure of pristine
2D ReS2/WSe2 heterostructure presents a standard type-II band align-
ment, where the CBM is localized on the ReS2 layer, and the VBM is
mainly contributed by the WSe2 layer (Fig. 1c), respectively. The
indirectbandgap (Γ to K) and the direct bandgap (Γ to Γ) wereobtained
as 0.7 eV and 1.14 eV in theory. Meanwhile, we also confirm the theo-
retical exciton energy of monolayer (ML) WSe2 (1.6 eV) and ReS2
(1.5 eV) (see Supplementary Fig. 1). The direct interlayer charge trans-
fer exciton should be weak at the ReS2/WSe2 interface since the VBM
and CBM are separated and localized at different layers. The indirect
ReS2/WSe2 bandgap transition also has to satisfy the momentum
conservation with the phonon-assisted exciton hopping, which lowers
the absorption of interlayer ReS2/WSe2 exciton. Therefore, such
indirect transition is also expected to be weak.

We then focus on enhancing the absorption of direct bandgap,
which is still basedon the interlayer transition in infrared spectroscopy
(1.14 eV). The d-orbital of heavy metal Au atom has a strong non-
locality effect, which could assist overlap between electron and hole of
charge transfer exciton and enhance the ReS2/WSe2 interlayer transi-
tion. Following the Au intercalation (ReS2/Au/WSe2), we obtained an
energy-stable structure by employing the DFT method (Fig. 1d). The
intercalation of Au atom is right in the center of the hexahedral cavity
consisting of three S of ReS2 and three Se of WSe2, The strength of
interlayer charge transfer exciton from the VBM (in WSe2) to the CBM
(in ReS2) at the Γ point can be derived by the transition dipolemoment
(MZ) as following equation38

MZ = ψin∣r̂Z∣ψf i

D E
ð1Þ

Where ∣ψini and ∣ψf ii are the wavefunction of the initial and final
states, respectively; and r̂Z is the position operator along the direction,
which is perpendicular to the ReS2/WSe2 interfacial surface (named as
Z direction). With the assistance by the delocalized electronic orbital
of Au atom, theMZ (between VBM and CBM) increases from 2.2 Debye
up to 2.7 Debye.More importantly, the Au atom significantly promotes
the wavefunction overlapping between holes and electrons (Fig. 1d). If
we consider the absorption is proportional to the square of transition
dipole moment, the absorption can be enhanced by ~1.5 times. Similar
delocalization is observed in the twisted heterojunction considering
the randomness of spatial alignment between ReS2 and WSe2 (See
Supplementary Fig. 2 for detail).

The electrically tunable photoresponse is of great importance to
realize the function of a miniaturized spectrometer. Due to the
excellent gate controllability related to their atomic thickness, 2D
semiconductors usually are convenient to tune the bandgap energy by
applying an external gate voltage to control the electronic state dis-
tributions of the unfilled conduction band39. To confirm that the gate
voltage can better control the WSe2/ReS2 bandgap by redistributing
the electronic states in the conduction band, we apply a gate voltage to

the ML WSe2-ML ReS2 transistor (See Supplementary Fig. 3). We pre-
dict the device’s density of states (DDOS) with ab initio electronic
structure calculations and quantum transport simulations. DDOS is a
direct way to reflect the real space energy band distribution in tran-
sistors. The bandgaps Eg of the transistor are determined from the
energy difference between the CBM and VBM. The calculated band-
gaps are 1.05, 0.99, 0.92, 0.84, 0.82, and 0.78 eV with the gate voltage
at −17, −19, −21, −23, −25, and −28 V, respectively (Fig. 2).

Optical properties characterization
The Au intercalated 2D-vdWH was fabricated to further achieve
experimental demonstration (See method for fabrication detail). The
Raman spectra the ReS2/Au/WSe2 sample indicates that the 2D-vdWH
are constructed successfully (Fig. 3a)40,41, while the lattice vibration
modes of bothmaterials are barely affectedby the sandwichedAu. The
thickness of ReS2 and WSe2 are MLs (see Supplementary Figure 4).
Meanwhile, energy dispersive X-ray spectroscope (EDS) mapping
illustrates the existence of Au (Supplementary Fig. 5)42. Furthermore,
the high-angle annular dark field transmission electron microscope
(HADDF-TEM) image clearly resolves the Au atom right on the top of
wolfram (W) atom (Fig. 3b, c) at its energy favorable configuration,
which is consistentwith the theoretical calculation (Fig. 1d). Toconfirm
that Au atoms enhance the IEX photoresponse in the heterojunction,
we have investigated the absorption spectra of ReS2/Au/WSe2, ReS2/
WSe2, ReS2, and WSe2 at room temperature and 80K (Fig. 3d). Com-
pared with the single MLs with a cutoff wavelength below 900nm, the
heterojunctions show a broader absorption in the near-infrared range.
Notably, the heterojunction with Au exhibits a clearly enhanced
absorption (by nearly 2 times) in the infrared regime, which is con-
sistent with the theoretical calculation results.

Photoresponse characterization
Wehave further evaluated I-V curves of ReS2/Au/WSe2 device excitated
by different wavelength of light (Fig. 4a, b). When VIS light irradiates,
thedevice shows aphotovoltaic effectwith a large open-circuit voltage
of 0.3 V, which proves effective charge transfer and strong coupling of
the heterojunction usually appearing in a well-fabricated type II
heterostructure43. Moreover, the extra infrared photoresponse is
observed. Figure 4c shows the measured spectral photocurrents,
where the photoresponse in NIR range is deduced from the interlayer
transition according to the absorption spectrum. Photoresponsivity
comparison between pristine ReS2/WSe2 heterojunction and Au
intercalation ReS2/Au/WSe2 heterojunction is shown in Fig. 4d during
the full photoresponse range. Overall, we see a roughly two-time
higher photoresponse in ReS2/Au/WSe2 heterojunction when com-
pared that in ReS2/WSe2 within the IEX photoresponse range. The time
andpowerdependencesof IEXphotoresponse (Fig. 4e, f) illustrate that
this 2D-vdWH device exhibits fast response time (around 20ms) and a
linear relationship of photocurrent versus light intensity (slope
extremely close to 1). The fast temporal response and the well-defined
relationship is essential for the realization of spectral reconstruction,
especially in the scanning imaging by the designed device. We then
investigate the relationship between Vbg and spectral photoresponse.
Because the calibration of responsivities R as a function of wavelength
and Vbg is the precondition to realize the function of spectrometer18,44.
Finally, the responsivity matrix R (Vbgk, λ) related to wavelength and
gate voltage is obtained.With the increaseof negativeVbg from−17 V to
−29 V, the cut-off wavelengths are from 1150 nm (1.07 eV) to 1470 nm
(0.84 eV) (Fig. 4g, h). Interestingly, the experimentally measured
bandgaps reduce 0.23 eV, which is in good agreement with our theo-
retical prediction (0.27 eV, Fig. 2). The variable spectral photoresponse
range is the key point to realize this type of reconstructive spectro-
meter. Therefore, the operation range for this device could be deter-
mined as ~1150 to 1470 nm, where the spectral photoresponse of
the device could be well tuned by varying Vbg from −17 to −29 V.
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More details for the principle of this spectrometer are provided in
Method. In addition, more devices by randomly stacking the con-
stituent layers with no control on their orientation are fabricated and
characterized to demonstrate the reproducible mechanism (Supple-
mentary Figs. 6 and 7).

Spectroscopy and imaging demonstration
With the calibration of R (Vbgk, λ), the function of a spectrometer and
the spectral imager are demonstrated with this designed 2D-vdWH.
Figure 5a shows a schematic diagram of the active spectral imaging
system and its operational principle. To reconstruct an unknown
incident spectrum, there are two steps as shown in Fig. 5b. Firstly,
photocurrents matrix I= I1,I2, . . . ,Ik

� �
at different Vbg is probing under

the reflected spectra by the object. Secondly, spectra are recon-
structedby the regression algorithmbasedon the calibratedR (Vbgk, λ).

In addition, both the spatial and Vbg dependences of photocurrents
need to be recorded to complete spectral imaging, i. e., the data cube.
The crucial formula follows,

Ik =
Z λmax

λmin

F λð ÞR Vbgk ,λ
� �

dλ, k = 1, 2, . . . ,N ð2Þ

which can be transformed into a matrix Ik = RT[Vbgk, λ]·F[λ] by dis-
cretized approximation. To verify the capability to reconstruct varied
incident-light spectra, two types of modulated input light are
irradiated and spectral responsivity values at 25 different Vbg are
applied (i.e., N = 25).

For the first case, three monochromatic lasers around 1220, 1310,
and 1410 nm modulated by monochromator are measured, respec-
tively. FromFig. 5c, it can be seen that the reconstruction spectra for all
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the three monochromatic lasers with approximate resolution of
~20 nm are of excellent agreement with the actual situation, which
demonstrates that the applied regression algorithmworkswell. For the
second case, broadband incident light modulated by optical filters is
measured. Simultaneously, scanning spectral imaging is demonstrated
in this stage. The imaging target is the combination of the graphical
logo “B” and abbreviations “BJUT” of Beijing University of Technology,
as shown in Fig. 5a. For each spatial position (X,Y), spectral information
can be reconstructed to obtain the final spectral data cube (X, Y, λ),
according to the principle shown in Fig. 5b. Then, the practical scan-
ning image under broadband light is displayed in Fig. 5d. Obviously,
the shape and edge in the image are very clear, consistent with the
target. Picking up the spectral information of position A, of which the
spectrum is shown in Fig. 5e. It is in good agreementwith the reference
result by conventional commercial equipment. If false colors are
endowed during the NIR wavelength range between 1300 to 1470 nm,
spatial distribution at some selected monochromatic wavelengths
would be able to be extracted as schematically shown in Fig. 5f.

Furthermore, a comparison of this 2D-vdWH spectrometer or
spectral imager with some other typical miniaturized spectrometers
for their footprints, operational spectral ranges, and mechanisms is
summarized in Fig. 6 (see Supplementary Table 1 for more detail).
Bounding free with those detector arrays or complex mechanical
compositions, the demonstrated electrically tunable 2D heterojunc-
tion spectrometer has a distinct advantage in footprint with only 6μm.
In fact, it can be scaled-down to sub-micron further for this type of
miniaturized spectrometer. Moreover, a designable energy band
structure by different material combinations could easily extend the
operational spectral range to IR wavelengths. Specially, a compact
reconstructive spectrometer with a single black phosphorus photo-
detector was reported recently44, taking advantage of the tunable
energy band of black phosphorus in the mid-infrared band. It further

illustrates the possibilities for designing a micro-spectrometer avail-
able with an electrical tunable method. Although the example of the
scheme here is a NIR 2D-vdWH spectrometer, it could be further
extended to the MIR band by selecting other materials depending on
the energy band engineering, such as HfS2/WS2

45. Notably, the pro-
posed strategy with Au atoms enhanced interlayer coupling and
transition in this work possesses the potential for designing an IR
spectrometer and spectral imager in terms of the material ambient
stability.

Discussion
In conclusion, we designed an electrically tunable 2D materials
heterojunction-based near-infrared spectrometer and spectral imager.
To demonstrate the spectroscopy function, a universal approach with
heavy metallic atoms enhancing interlayer excited state transition
dipole moment in 2D heterojunction is proposed. Following theore-
tical simulation prediction, experimentalmeasurement confirmed that
intercalating heavy metallic atoms can enhance the IEX photo-
responsivity, enabling the efficient probing of an electrically tunable
infraredphotoresponse. Sinceour designdoes nothave any integrated
precise optical components or closely packed detector array struc-
tures, the footprint scales down to 6μm. Considering the advantages
of interlayer exciton absorption, i.e., designable interlayer transition
energy by different materials combination and strong electrical tun-
ability, the demonstration of this ultra-miniaturized near-infrared
spectrometer shows an alternative way towards on-chip spectroscopy
instruments over an extremely wide spectral range in future.

Simultaneously, we have to pay attention to photoresponsivity.
The little wave function overlap between electrons and holes for
interlayer exciton becomes the most critical limiting factor for light
absorption, further the photoresponsivity. Although we have pro-
posed an effective strategy by introducingmetal intercalated vdWH to
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40W/cm2. Inset: Power dependence of photocurrents under 1250-nm illumination.
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α, where the exponent α = 1.00. f One
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g Calibrated spectral photoresponse modulated by different Vbg experimentally.
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realize enhancement of optical absorption of interlayer exciton, it is
still finite. More experimental efforts are required to solve this issue.
First of all, more metal species such as Pt, Pd, etc. are valuable to be
explored in order to achieve higher enhancement of the absorption in
view of the latest developedmetal single atom fabrication technique46.

Next, enhancement of light matter interaction by the micro-nano
optical component, e.g., plasmon, cavity or metasurface, is another
potential way to increase optical absorption of interlayer exciton,
which is inspiredby the effective tuningof organic charge transfer (CT)
state by opticalmicrocavity coupling47. In addition, the constructionof
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polar janus 2Dmaterial heterostructure with brokenmirror symmetry,
reduced layer spacing and an intrinsic vertical dipole moment may be
potential to strongly enhance the interlayer coupling48. Moving for-
ward, it is necessary to contribute more efforts to better reflect the
advantages of optical absorption of interlayer exciton in future
optoelectronic applications.

Methods
Device fabrication
Construction of the ReS2/Au/WSe2 heterojunction includes three
steps. ML WSe2 sample is firstly exfoliated on the Si/SiO2 (285 nm)
substrate by polydimethylsiloxane (PDMS) assisted dry transfer
methods49. Then Au atoms are deposited on the WSe2 by a classical
photocatalysis method50,51. A solid particle of HAuCl4·xH2O (Aladdin,
0.03 g) was dissolved in mixed solvent of 9.5ml deionized water fixed
with 0.5ml methanol. The sample was immersed in the Au3+ solution
and subject to ultraviolet (UV) light with 365 nm irradiation for 1min,
followed by a deionized water cleaning process and drying process at
80 °C for 6 h. The detailed chemical reaction process is below:

WSe2 +hv ! WSe2 + e +h ð3Þ

AuCl4
� �� + e ! Au0 +Cl� ð4Þ

After that, ReS2 ML is exfoliated and overlapped on the WSe2. To
enhance the interlayer coupling, mild vacuum annealing at 250 °C for
5 h was processed. Electrical contacts Ti/Au (10 nm/70 nm) were fab-
ricated by the UV lithography technology (SUSS MJB4) and e-beam
evaporation (HHV FL400), followed by a lift-off process.

Materials characterization
The morphology of heterojunction is characterized by optical micro-
scopy (Olympus BX 51). To verify the molecular vibration modes and
the optical band gaps of the applied 2D materials, a confocal Raman
spectroscope (WItec alpha 300) is used tomeasure the Raman spectra
and PL spectra at room temperature. To further characterize the
thickness of the heterojunction, finer surface topography is performed
by atomic force microscope (Bruker Multi-Mode 8). To prove the
existence of Au atoms, scanning transmission electron microscope &
energy dispersive X-ray spectroscope (Titan-G2) operated at 200 kV
accelerating voltage is employed to observe the atoms arrangements
and obtain the distribution of elements. To calculate the Fermi level of
each material in heterojunction, surface potential of the components
of heterojunction is tested by a Kelvin probe forcemicroscope (Bruker
Multi-Mode 8).

The absorbance was measured by Fourier-transform infrared
(FTIR) spectrometer (Bruker Vertex 80v and Hyperion 2000 micro-
scope). Quartz was used for the substrate. As is known, the absorbance
for extra-thin film on transparent substrate is related to the differential
reflectance spectra ΔR/R 52,

ΔR
R

=
Rsam � Rsub

Rsub
=

4
n2
s � 1

A ð5Þ

where Rsam and Rsub is reflection spectrum for the sample on the
substrate and bare substrate, respectively. ns is the reflective index of
the substrate. A is absorbance of sample.

Photoresponse characterization
The heterojunction device was encapsulated in the low-temperature
chamber (Linkam, HFS600E-PB4) for the photoresponse character-
ization at80K. All the electrical andoptoelectricalmeasurementswere
processed by a semiconductor parameter analyzer (Agilent B1500A).
The light source for calibration of responsivities R (Vbg, λ) is a

supercontinuum light source (SuperK Extreme, NKT Photonics), of
which the light ismodulatedby themonochromator (SOL Instruments,
MS 2004i) and optical chopper. In addition, the power at each wave-
length was equalized by an adjustable attenuator during the
calibration.

DFT calculation
The first principles calculations based on density functional theory
(DFT) were performed on a 6 × 6 × 1 supercell. The calculations were
implemented in Vienna Ab-initio Simulation Package (VASP)53 code
with Perdew, Burke, and Ernzerhof (PBE) generalized gradient
approximation (GGA)54 for exchange-correlation. Since the two layers
ofmaterials are combined through vanderWaals force, theD3method
was employed for structure optimization, which was developed by
Grimme et al55. The cut-off energy was set to 450eV. The atomic
structures were relaxed until the forces on each atom are below
10−2eV/Å and the convergence of total energy is lower than 10−5eV. The
vacuum layer thickness is larger than 15 Å and the Brillouin zone was
sampled by a set of 1 × 1 × 1 K-mesh. The transition dipole moment
elements MZ and the unfolded band structures are obtained by
Vaspkit56. The highest occupied energy levels in band structures were
set as 0 eV.

Electrical tunability calculation
Two-terminal model of the heterostructure device is built with
6.86 nmML 2 × 2 WSe2−1 × 1ML ReS2 as channel and the doped ML
WSe2-ML ReS2 as electrodes. A vacuum space at least 16 Å is set per-
pendicular to the surface of the device to avoid the spurious interac-
tion between periodic unit. According to our experiences in previous
work, a 5 nm channel is enough to present CBM and VBM of 2D
semiconductor FETs. The lengths of the left and right electrodes are
semi-infinite. Thedevicedensity of states (DDOS) is calculatedbyusing
DFT coupled with the non-equilibrium Green′s function (NEGF)
method, which are implemented in the Quantum ATK 2020
package57–59. Transmission coefficient Tkk Eð Þ (kk is a reciprocal lattice
vector point along a surface-parallel direction (orthogonal to the
transmission direction) in the irreducible Brillouin zone (IBZ)) is cal-
culated as

Tkk ðEÞ=Tr½Γkk
L ðEÞGkk ðEÞΓkk

R ðEÞGkkyðEÞ� ð6Þ

where, Gkk is the retarded (advanced) Green′s function and
Γ
kk
L=RðEÞ= ið∑

r,kk
L=R �∑

a,kk
L=R Þ represents the level broadening due to the left

electrodes and the right electrodes expressed in termsof the electrode
self-energies∑

kk
L=R, which reflects the influenceof the electrodes on the

scattering region. Doble- ζ Polarized (DZP) basis set is employed. The
real-space mesh cutoff is of 520 eV, and the temperature is set at
300K. The electronic structures of electrodes and central region are
calculated with a Monkhorst–Pack60 50 × 1 × 50 and 50 × 1 × 1 k-point
grid, respectively. GGA of the PBE form to the exchange-correlation
functional is applied in both the electronic structure calculations and
the quantum transport simulations.

Spectrum reconstruction
For an unknown incident spectrum F(λ), the corresponding photo-
current Ik in a fixed device is expressed as the followed integral from
the available photodetectors array scheme10,18

Ik =
Z λmax

λmin

F λð ÞR λð Þdλ, k = 1, 2, . . . ,N ð7Þ

which can be transformed into a matrix Ik =RT[λ] × F[λ] by discretized
approximation. In this work, a series of unique spectral photoresponse
with different cut-off wavelength is achieved in a 2D heterojunction by
electrical field instead of the complex design for a number of
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photodetector units. It means that all the detector units with different
photoresponse spectral ranges are superimposed to a single unit by its
electrically tunable feature. In another words, the signal probing shifts
from space to time. When the incident light focuses on the active area
of this device, sweep Iph-Vbg is processed to obtain the I = <I(Vbg1),
I(Vbg2), …, I(VbgN)>. Then, the formula can be expressed as

Ik =
Z λmax

λmin

F λð ÞR Vbgk ,λ
� �

dλ, k = 1, 2, . . . ,N ð8Þ

Finally, we utilized recursive least-squares algorithm and ‘ridge’
regression to complete reconstruction process.

Spectral imaging
To achieve spectral imaging, home-building active imaging systemwas
used, where a white light laser source is applied for illumination and
our 2Dheterojunctiondevice is acting asdetection element. TheNikon
Ni optical microscope are used and act as beam splitter andmirror. All
the optical accessories in this systemhave goodNIR band applicability.
The input illumination is reflected by the mirror and focused by the
objective lens on the target surface. Then, the light can be reflected by
the target. The 2D heterojunction device plays the role of “eye” to
collect light information reflected by the target object through this
optical system. In addition, an automatic stepping stage is applied for
scanning imaging, which enables the detection for reflected light with
different intensities or wavelength by the different position of the
target object surface. The imaging target is the metal logo with shape
of graphical “B” and “BJUT” based on quartz substrate. To ensure that
the incident spectrum fits with the operational wavelength range of
this device, optical filter (Thorlabs FEL 1300) was used. The spatial
scanning steps at both X and Y axis are set as 1μm considering the
focused spot with diameter about 1μm. With the termination of
scanning process, initial photocurrent data cube (X, Y, Vbg) can be
established. In the initial data cube, each spatial position contains
photocurrent values from each Vbg. After reconstruction, spectrum
information at fixed spatial position can be obtained, i.e., spectral
imaging data cube (X, Y, λ). The reference spectrum at point A is
measured by a commercial spectrometer (Princeton SpectraPro 500i).

Data availability
The data that support the findings of this study are available within the
main text of this article and its Supplementary Information. Any other
relevant data are available from the corresponding author upon rea-
sonable request. Source data are provided with this paper.

Code availability
The algorithm code is available from the corresponding author upon
request.

References
1. Bacon, C. P., Mattley, Y. & DeFrece, R. Miniature spectroscopic

instrumentation: Applications to biology and chemistry. Rev. Sci.
Instrum. 75, 1–16 (2003).

2. Uhmann, W., Becker, A., Taran, C. & Siebert, F. Time-resolved FT-IR
absorption spectroscopy using a step-scan interferometer. Appl.
Spectrosc. 45, 390–397 (1991).

3. Yang, Z., Albrow-Owen, T., Cai, W. & Hasan, T. Miniaturization of
optical spectrometers. Science 371, eabe0722 (2021).

4. Cadusch, J. J., Meng, J., Craig, B. J., Shrestha, V. R. & Crozier, K. B.
Visible to long-wave infrared chip-scale spectrometers based on
photodetectors with tailored responsivities and multispectral fil-
ters. Nanophotonics 9, 3197–3208 (2020).

5. Deng,W., You, C. &Zhang, Y. Spectral discrimination sensors based
on nanomaterials and nanostructures: a review. IEEE Sens. J. 21,
4044–4060 (2021).

6. Lo, S.-C. et al. A concave blazed-grating-based smartphone spec-
trometer for multichannel sensing. IEEE Sens. J. 19,
11134–11141 (2019).

7. Zhu, A. Y. et al. Ultra-compact visible chiral spectrometer with
meta-lenses. APL Photonics 2, 036103 (2017).

8. Gatkine, P., Veilleux, S., Hu, Y., Bland-Hawthorn, J. & Dagenais, M.
Arrayed waveguide grating spectrometers for astronomical appli-
cations: new results. Opt. Express 25, 17918–17935 (2017).

9. Bao, J. & Bawendi, M. G. A colloidal quantum dot spectrometer.
Nature 523, 67–70 (2015).

10. Wang, Z. et al. Single-shot on-chip spectral sensors based on
photonic crystal slabs. Nat. Commun. 10, 1020 (2019).

11. Carmo, J. P. et al. A review of visible-range Fabry–Perot micro-
spectrometers in silicon for the industry. Opt. Laser Technol. 44,
2312–2320 (2012).

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

13. Sandner, T., Kenda, A., Drabe, C., Schenk, H. & Scherf, W. Minia-
turized FTIR-spectrometer based on an optical MEMS translatory
actuator. MOEMS-MEMS 2007 Micro and Nanofabrication 6466,
https://doi.org/10.1117/12.697898 (2007).

14. Zheng, S. N. et al. Microring resonator-assisted Fourier transform
spectrometer with enhanced resolution and large bandwidth in
single chip solution. Nat. Commun. 10, 2349 (2019).

15. Kita, D. M. et al. High-performance and scalable on-chip digital
Fourier transform spectroscopy. Nat. Commun. 9, 4405 (2018).

16. le Coarer, E. et al. Wavelength-scale stationary-wave integrated
Fourier-transform spectrometry. Nat. Photonics 1, 473–478 (2007).

17. Pohl, D. et al. An integrated broadband spectrometer on thin-film
lithium niobate. Nat. Photonics 14, 24–29 (2020).

18. Yang, Z. et al. Single-nanowire spectrometers. Science 365,
1017–1020 (2019).

19. Meng, J., Cadusch, J. J. & Crozier, K. B. Detector-only spectrometer
based on structurally colored silicon nanowires and a reconstruc-
tion algorithm. Nano Lett. 20, 320–328 (2020).

20. Rivera, P. et al. Interlayer valley excitons in heterobilayers of tran-
sition metal dichalcogenides. Nat. Nanotechnol. 13,
1004–1015 (2018).

21. Jiang, Y., Chen, S., Zheng,W., Zheng, B. & Pan, A. Interlayer exciton
formation, relaxation, and transport in TMD van der Waals hetero-
structures. Light Sci. Appl. 10, 72 (2021).

22. Barati, F. et al. Hot carrier-enhanced interlayer electron–hole pair
multiplication in 2D semiconductor heterostructure photocells.
Nat. Nanotechnol. 12, 1134–1139 (2017).

23. Li, X. et al. Graphene and related two-dimensional materials:
Structure-property relationships for electronics and optoelec-
tronics. Appl. Phys. Rev. 4, 021306 (2017).

24. Barré, E. et al. Optical absorption of interlayer excitons in transition-
metal dichalcogenide heterostructures. Science 376,
406–410 (2022).

25. Ross, J. S. et al. Interlayer exciton optoelectronics in a 2D Hetero-
structure p-n Junction. Nano Lett. 17, 638–643 (2017).

26. Rivera, P. et al. Observation of long-lived interlayer excitons in
monolayer MoSe2-WSe2 heterostructures. Nat. Commun. 6,
6242 (2015).

27. Jauregui, L. A. et al. Electrical control of interlayer exciton
dynamics in atomically thin heterostructures. Science 366,
870–875 (2019).

28. Ciarrocchi, A. et al. Polarization switching and electrical control of
interlayer excitons in two-dimensional van der Waals hetero-
structures. Nat. Photonics 13, 131–136 (2019).

29. Jariwala, D. et al. Gate-tunable carbon nanotube-MoS2 hetero-
junction p-n diode. Proc. Natl Acad. Sci. USA 110,
18076–18080 (2013).

Article https://doi.org/10.1038/s41467-022-32306-z

Nature Communications |         (2022) 13:4627 8

https://doi.org/10.1117/12.697898


30. Qiu, Z. et al. Giant gate-tunable bandgap renormalization and
excitonic effects in a 2D semiconductor. Sci. Adv. 5,
eaaw2347 (2019).

31. Chernikov, A. et al. Electrical tuning of exciton binding energies in
monolayer WS2. Phys. Rev. Lett. 115, 126802 (2015).

32. Yu, H., Wang, Y., Tong, Q., Xu, X. & Yao, W. Anomalous light cones
and valley optical selection rules of interlayer excitons in twisted
heterobilayers. Phys. Rev. Lett. 115, 187002 (2015).

33. Varghese, A. et al. Near-direct bandgap WSe2/ReS2 Type-II pn het-
erojunction for enhanced ultrafast photodetection and high-
performance photovoltaics. Nano Lett. 20, 1707–1717 (2020).

34. Yu, Y. et al. Equally efficient interlayer exciton relaxation and
improved absorption in epitaxial and nonepitaxial MoS2/WS2 het-
erostructures. Nano Lett. 15, 486–491 (2015).

35. Luong, D. H. et al. Tunneling photocurrent assisted by interlayer
excitons in staggered van derwaals hetero-bilayers.Adv.Mater. 29,
1701512 (2017).

36. Xia, J. et al. Strong coupling and pressure engineering in
WSe2–MoSe2 heterobilayers. Nat. Phys. 17, 92–98 (2020).

37. Pauling, L. General chemistry, (Courier Corporation, 1988).
38. Zhang, J. et al. Interlayer-state-couplingdependent ultrafast charge

transfer in MoS2/WS2 bilayers. Adv. Sci. 4, 1700086 (2017).
39. Fiori, G. et al. Electronics based on two-dimensional materials. Nat.

Nanotechnol. 9, 768–779 (2014).
40. Chenet, D. A. et al. In-plane anisotropy inmono- and few-layer ReS2

probedby raman spectroscopyand scanning transmission electron
microscopy. Nano Lett. 15, 5667–5672 (2015).

41. Xu, Z.-Q. et al. Atomically thin lateral p–n junction photodetector
with large effective detection area. 2D Mater. 3, 041001 (2016).

42. Sylvestre, J.-P. et al. Surface chemistry of gold nanoparticles pro-
duced by laser ablation in aqueous media. J. Phys. Chem. B 108,
16864–16869 (2004).

43. Wang, L. et al. 2D photovoltaic devices: progress and prospects.
Small Methods 2, 1700294 (2018).

44. Yuan, S., Naveh, D., Watanabe, K., Taniguchi, T. & Xia, F. A
wavelength-scale black phosphorus spectrometer. Nat. Photonics
15, 601–607 (2021).

45. Lukman, S. et al. High oscillator strength interlayer excitons in two-
dimensional heterostructures formid-infrared photodetection.Nat.
Nanotechnol. 15, 675–682 (2020).

46. Han, L. et al. A single-atom library for guided monometallic and
concentration-complex multimetallic designs. Nat. Mater. 21,
681–688 (2022).

47. Siegmund, B. et al. Organic narrowband near-infrared photo-
detectors based on intermolecular charge-transfer absorption.Nat.
Commun. 8, 15421 (2017).

48. Zhang, K. et al. Enhancement of van der Waals interlayer coupling
through polar janus MoSSe. J. Am. Chem. Soc. 142,
17499–17507 (2020).

49. Fan, S., Vu, Q. A., Tran, M. D., Adhikari, S. & Lee, Y. H. Transfer
assembly for two-dimensional van der Waals heterostructures. 2D
Mater. 7, 022005 (2020).

50. Wang, B., Cai, H. &Shen, S. Singlemetal atomphotocatalysis.Small
Methods 3, 1800447 (2019).

51. Liu, P. et al. Photochemical route for synthesizing atomically dis-
persed palladium catalysts. Science 352, 797–801 (2016).

52. Mak, K. F. et al. Measurement of the optical conductivity of gra-
phene. Phys. Rev. Lett. 101, 196405 (2008).

53. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169–11186 (1996).

54. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

55. Grimme, S. Semiempirical GGA-type density functional con-
structed with a long-range dispersion correction. J. Computational
Chem. 27, 1787–1799 (2006).

56. Wang, V., Xu, N., Liu, J.-C., Tang, G. & Geng, W.-T. VASPKIT: a user-
friendly interface facilitating high-throughput computing and ana-
lysis using VASP code. Computer Phys. Commun. 267,
108033 (2021).

57. Taylor, J., Guo, H. & Wang, J. Ab initio modeling of quantum trans-
port properties of molecular electronic devices. Phys. Rev. B 63,
245407 (2001).

58. Smith, D. R., Schultz, S.,Markoš, P. &Soukoulis, C.M.Determination
of effective permittivity and permeability of metamaterials from
reflection and transmission coefficients. Phys. Rev. B 65,
195104 (2002).

59. Smidstrup, S. et al. QuantumATK: an integrated platform of elec-
tronic and atomic-scale modelling tools. J. Phys.: Condens. Matter
32, 015901 (2019).

60. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone
integrations. Phys. Rev. B 13, 5188–5192 (1976).

Acknowledgements
The authors are grateful for the financial support from National Natural
Science Foundation of China and Beijing Municipal Education Com-
mission. Y.Z. acknowledges the support by the National Natural Science
Foundation of China (NSFC, Grants 61922005 and U1930105), Beijing
Natural Science Foundation (BNSF, Grants JQ20027). X. Chen
acknowledges the support by the General Program of Science and
Technology Development Project of Beijing Municipal Education Com-
mission (Grant No. KM202010005005).

Author contributions
Y.Z. conceived the idea. W.D. carried out most of the experiments with
the help of Y.Lu., C.W., L.S., C.Y., S.Li., Y.Wu., X.Li., and B.An. Z.Z., J.Li.,
and R.Z. performed the theoretical study. X.C. and D.Z. developed the
analyzing computer programs. Q.W. and Z.L. provides assistances for
materials characterizations and discussion. W.D., Y.Z., X.D., Z.Z., Q.W.,
X.C., D.Z., and J.Li. analyzed the data. W.D., Y.Z., and X.D. co-write
the paper with input from all authors. Y.Z. and X.D. supervised this
project. All the authors discussed the results and commented on
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains

supplementary material available at
https://doi.org/10.1038/s41467-022-32306-z.

Correspondence and requests for materials should be addressed to
Xiangfeng Duan or Yongzhe Zhang.

Peer review information Nature Communications thanks Shi-Jin Ding
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-022-32306-z

Nature Communications |         (2022) 13:4627 9

https://doi.org/10.1038/s41467-022-32306-z
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-32306-z

Nature Communications |         (2022) 13:4627 10

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Electrically tunable two-dimensional �hetero�junctions for miniaturized near-�infrared spectrometers
	Results
	Device scheme and theoretical study
	Optical properties characterization
	Photoresponse characterization
	Spectroscopy and imaging demonstration

	Discussion
	Methods
	Device fabrication
	Materials characterization
	Photoresponse characterization
	DFT calculation
	Electrical tunability calculation
	Spectrum reconstruction
	Spectral imaging

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




