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Computational spectrometers with small footprints can be integrated

with other devices for use in applications such as chemical analysis,
medical diagnosis and environmental monitoring. However, their spectral
resolution is limited because conventional photoelectric detectors only
measure an amplitude-dependent response to incident light. Here we
show that a deformable two-dimensional homojunction can be used to
create amicrospectrometer with dual-signal spectral reconstruction.

The semifloating molybdenum disulfide homojunction exhibits a giant
electrostriction effect through which the kinetics of photo-generated
carriers can be manipulated via anin-plane electric field generated by gate
voltage. By leveraging the tunability of both amplitude and relaxation time
of the photoelectric response, a dual-signal response can be used with a
deep neural network algorithm to reconstruct anincident spectrum. Our
dual-signal microspectrometer has a footprint of 20 x 25 pm?, offers a
resolution of 1.2 nm and has a spectral waveband number of 380, which s
comparable to benchtop spectrometers.

Optical spectroscopy is used for real-time analysis and non-destructive
samplinginmany fields, including material science, analytical chemis-
try and medical imaging'~. Conventional spectrometers are based on
the principles of optical dispersion and combine optical components
to measure the intensity of each wavelength. Because the linear dimen-
sions of these components determine the spectral resolution, they
tend to be bulky. However, there is a demand for highly integrated,
miniaturized spectrometers for use in applications that require port-
ability, small sizes and low cost®™.

One strategy is to reconstruct the incident spectrum through
matrix computation?™. Inthis case, optical components are replaced
by wavelength-sensitive photodetectors inside the spectrometer to
achieve a small footprint and good integrability. Recent work has
suggested that photodetector arrays on a compositionally graded
nanowire can reduce the size of a spectrometer to 0.5 x 100 pm?
with aresolution as high as 15 nm (ref. 15). Other approaches include

engineeringthe electronicstructure of black phosphorus to create an
on-chipsingle-device spectrometer with afootprint and resolution of
9 x16 pm*and 40 nm, respectively'®, and aligning the band structure of
aWSe,~MoS, van der Waals junction device (footprint of 8 x 22 pm?)".

Despite the progress in miniaturized reconstructive spectrom-
eters, their resolving performance does not match that of conven-
tional dispersion-based spectrometers. The photodetectors produce
an amplitude-dependent response to incident light, which is used
to reconstruct the original spectra. The finite number of photo-
detector arrays or states leads to restricted dimensions for the
wavelength-dependent response matrix that such spectrometers
can produce™ ™. Increasing the sampling depth of the photoelectric
response can expand the matrix dimension, but there is substantial
multicollinearity inthe conventional response matrix that comprises
only amplitude content (thatis, photosensitivity) in the photoelectric
response (Supplementary Note 1). The resolution could be improved
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Fig.1| Architecture and property of the deformable 2D homojunction.

a, Illlustration of the in-plane electric field induces electrostriction (E) effect on
monolayer MoS, (right), with a side view (right) showing the lattice deformation
during this process. b, Comparison of the band structure (lowest conduction
band and highest valence band) with and without (w/o) applying an electric field.
¢, Schematic of our deformable homojunction device with drain (D) and source
(S) electrode at the two sides of MoS, (right). The cross-section shows that the
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in-plane electric field induces strain in the floating region of monolayer MoS,
(left). d, Band structure schematic of the homojunction. e, Raman mappings of
the MoS, E,, peak at different electric field intensities. The field-induced lattice
deformation can cause the bathochromic shift (blue to orange in mapping
colour) of the E,, peak at the floating region. g represents gate-gate orientation;
ds represents drain-source orientation. Scale bar, 1 pm.

by including extra information that does not have a multicollinearity
issue, such as relaxation time, to create an expanded response matrix
(Supplementary Fig.1).

In this Article, we report a photodetector-based reconstructive
spectrometer with a footprint of 20 x 25 um? based on a deformable
semifloating two-dimensional (2D) homojunction with atunable photo-
electricresponse tobothamplitude and relaxation time. The spectrom-
eter contains amonolayer of molybdenum disulfide (MoS,) transferred
ontoasubstrate withapre-etched vertical groove. The floating portion
ofthe MoS, monolayer hasagiant electrostriction effect that cantune
the bandgap and carrier kinetics of the material. Thus, while typical
photodetector-based reconstructive spectrometers modulate the
amplitude response due to abandgap change, this structure modulates
the amplitude and relaxation time simultaneously. Using the dual-signal
response from our miniaturized spectrometer, adeep neural network
(DNN) algorithm can be trained to reconstructincident spectrawitha
resolution of 1.2 nm and a waveband number of 380.

Deformable 2D homojunction with
electrostriction effect

The floating MoS, monolayer exhibits a giant electrostriction effect
under an in-plane electric field (Fig. 1a)'®". Electrostriction-induced
strain can reconfigure the MoS, electronic structure from a large
direct bandgap to a small indirect bandgap, as confirmed by density
functional theory simulations (Fig. 1b and Supplementary Fig. 2). The
deviceisfabricated by transferring epitaxially grown MoS, monolayers
to pre-etched U-groove regions on HfO,-SiO, substrates (Fig.1c). One
pair of Cr-Au electrodes contacts the channel material on both sides
ofthe U-groove as the source and/or drain electrodes, while the other
pairis oriented perpendicular to the source-drain direction to supply
in-planeelectricfields (Supplementary Fig.3). Notably, theelectricfield

caninduce lattice deformation in the floating region without effect-
ing the non-floating area, owing to strong interactions between the
substrate and the MoS, monolayer??. By applying an in-plane electric
field, a tunable 2D homojunction can be created (Fig. 1d).

The asymmetric strain distribution in the semifloating 2D homo-
junctionis confirmed by Raman mapping of the E,, peak over the active
monolayer on the U-groove region?, where a steep strain gradience
can be observed at the edge of the groove (Fig. 1e). The strain gradi-
ent, which is only strongly evident in the monolayer MoS,, becomes
more pronounced with an increasing electric field. Moreover, the
spectrometer with double- or multi-layer MoS, shows negligible Raman
E,, peak shift and electric transport modulation under gate voltage
(Supplementary Fig. 4). As supported by photoluminescence spectra,
the strain also causes anoticeable change in the optical bandgap of the
MoS, monolayer”* (Supplementary Fig. 5). The peak position gradu-
ally shifts from approximately 690 nm in the non-floating region to
775nminthe floating region as the in-plane electric field increases to
itsupper limitvalue of 60 V pm™ (Supplementary Fig. 6). Notably, the
strainand optical bandgap change are highly reversible over thousands
of cycles (Supplementary Fig. 7), and the transport characteristics of
the device show only a small variation (Supplementary Fig. 8), indi-
cating the potential of our processing technology to expand towards
large-scale array detectors.

Under anincreasingelectricfield, the side view of the semifloating
MoS, monolayerisillustrated in Fig. 2a. The corresponding energy band
diagram would gradually evolve into a type-1 homojunction, which is
expected to cause gradual increment of the photoelectric response in
the long wavelength range due to the bandgap reduction of the MoS,
monolayerinthe floating region (Fig. 2b). Further considering the inevi-
table defect states within the material, the strain gradientin the floating
regionwould drive the accumulation of holes at the junctionand reduce
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Fig.2|Photoelectric-response mechanism and characteristics of the
gate-tunable 2D homojunction. a, Schematic of the homojunction device
atinitial state (left) and under in-plane electric field modulation (middle and
right). b, Mechanistic diagram of spectral relaxation response regulation. The
photoelectric relaxation time (1) is dominated by the trapping and detrapping
process of electrons (e”) at energy levels of defect states. Particularly the
energetic depth of the defect (£,, equivalent to £ — E,) that affects the detrapping

rate exponentially (left). With the reductionin bandgap, £, is also reduced
synchronously, making the relaxation time of photocarriers sensitive to
electronic structure modulation (middle and right). ¢, Pulsed-light-induced
transient current response. It is obtained by irradiating 20 ms monochromatic
light pulses with various wavelengths at initial state (left) and serials in-plane
electric field intensities (middle, 20 V pm™; right, 40 V um™).

the activation energy for electrons detrapped from defect states, thus
accelerating the decay process of photocarriers®, asshownintheinset
of Fig.2b and Supplementary Note 2. This is verified by measuring the
photoelectric response of the device under aseries of pulsed-lightillu-
mination. Both the relaxation time and amplitude in the photoelectric
response are effectively modulated by in-plane electric fields and are
dependent on the wavelength of the monochromatic light (Fig. 2c). In
the short-wavelength range with stronger electricfields, both the relaxa-
tiontime and amplitude decrease. A continuous gradient of bandgaps
spansfrom1.8to1.6 eV, corresponding to aresponse cut-offextending
from 700 to 800 nm. The relaxation time is dominated by the detrap-
ping process or Shockley-Read-Hall recombination of photocarriers
indeep-level defectsin our device, whichis manifested by the ultra-slow
decay with first-order kinetics in the photocurrent response.

Dual-signal spectral reconstruction strategy

Foranyincidentspectrum,our device canproduce twodistinctresponse
signals, one is a photocurrent signal and one is a relaxation time sig-
nal. Under tunable gate voltage (V;), the two signals form the basis for
dual-signal spectral reconstruction, as indicated by /(V;) and T(V;) in
Fig. 3a. To collect both relaxation time and photocurrent information
asafunction of monochromatic light wavelength under different gate
voltages, we use chopped incident light through a mechanical chop-
per at afixed frequency while scanning the in-plane gate voltages and
extracting the photocurrent response signal through a transconduct-
ance amplifier, asillustrated inthe equivalent circuit (Fig. 3b and Supple-
mentary Fig.9). The original photoelectric-response waveformis then
converted to the photocurrent signal via an envelope discriminator.
The chopper’s reference signal with the photocurrent response signal
is obtained by low-pass filtering and hysteresis comparison, in which

the time delay (At) between the photoelectric-response waveform wave
andthe chopper’s reference signalis extracted as the lumped relaxation
time and further converted by a phase discriminator to the relaxation
time signal. This method enables high-precision photocurrent and
relaxation time measurement at a low temporal sampling frequency.
We find that the wavelength-dependent response patterns of relaxa-
tiontime and amplitude are distinct from each other within the detec-
tion range (Supplementary Fig. 10). Therefore, our device features an
additional set of relaxation time dimensions in the response matrix
compared to conventional photoelectric devices used for reconstruc-
tive spectrometers'>'** ! Froma physical perspective, reconstructive
spectrometers with tunable relaxation time are advantageous owing
to their inherently different physical mechanism of tunability, highly
sensitive response to external stimuliand synchronized signal collection
withamplitude. These advantages are expected toincrease the spectral
resolution of such a reconstructive spectrometer while maintaining a
similar operating speed and power consumption to conventional ones.

With the above dual response matrix, we canreconstruct theinci-
dent spectrum from a set of signals composed of relaxation time and
amplitude under different gate voltages. In contrast to the conventional
reconstruction process, this dual response matrix with relaxation time
cannotbereduced analytically to aset of linear equations as functions
ofanunknownvector (Supplementary Note 3). Here, we develop a DNN
with five hiddenlayers tolearnthe mapping relation between signaland
original spectral vectors®. Several incident spectra, precalibrated by a
commercial spectrometer, are used as target output and the response
signals of the device at different electrical states are used as input to
train the DNN for the spectral reconstruction (Fig. 3b).

The dual signals giverise to abetter resolution for spectral recon-
struction, compared to amplitude-only signals (Supplementary Note1).
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Fig. 3| Dual-signal spectral reconstruction using the gate-tunable 2D
homojunction. a, Dual-signal construction illustration. By adjusting the gate
voltage (V) the photocurrent and relaxation time exhibit varying trends for the
same incident spectrum (S), thereby yielding the dual signal. I, and T, are the raw
photocurrent and relaxation time data, respectively. i, and t, are normalized
data. p/o;, 0,/ represent the mean/variance value of the normalized
photocurrent and relaxation time. b, Dual-signal spectral reconstruction
illustration. The incident light is directed onto the photosensitive region through
achopper. The dual signal is then detected separately by demodulating the
transient photoelectric-response signal using a low-pass filter (LPF), envelope

Wavelength (nm)

Footprint (um)

discriminator (ED) and phase discriminator (PD). The /(V;;) and T(V;) are used as
theinput features of the trained DNN, and the network output is the
reconstructed spectrum (S). ¢, The reconstructed spectra of a range of
monochromatic peaks and the corresponding full-width at half-maximum over
the entire operational waveband. d, The dual- and single-signal reconstructed
spectra of the dichromatic light with a1.2 nm wavelength spacing. e, Spectral
waveband number (defined as the ratio of operational waveband width to
wavelength resolution) versus spectrometer footprint of reported
reconstruction spectrometers.

For monochromatic light, the spectrometer can effectively reconstruct
the spectrawith a full-width at half-maximum of approximately 0.6 nm
intheentire operating wavelength range (Fig. 3c). The resolution of the
microspectrometer is slightly different at different wavebands from
450 to 800 nm. In addition, at the edge of the operation waveband
(wavelength lessthan 450 nm and greater than 800 nm) the measure-
ment of relaxation time and amplitude in photoelectric response are
more susceptible to non-negligible errors owing to alower signal-noise
ratio, due to the attenuation of the specific detectivity (Supplementary
Figs.11and 12). Considering the presence of multicollinearity features

inthereconstruction process, this error could be further transmitted
into the reconstruction results. For dichromatic light, the dual-signal
reconstruction can clearly distinguish a difference of 1.2 nm in the
peak position and shows a higher resolution than the single-signal
reconstructionresult (Fig. 3d). From Fig. 3e and Supplementary Fig.13,
itis found that the spectrometer with dual-signal response breaks
the tradeoff between footprint and waveband number in previous
spectrometers. The spectral resolving power is now comparable to
that of conventional centimetre-scale spectrometers and even some
benchtop spectrometers.
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Fig. 4| Practical applications of dual-signal spectral reconstruction. a, The
incorporated spectrometer in a chip package. Scale bar, 10 mm. b, Wavelength-
division multiplexing optical communication diagram. The transmitter consists
of multiple independently modulated monochromatic light sources, and

the mixed light is coupled into a multimode fibre. At the receiving end, our
spectrometer acts as ademultiplexer for the wavelength-division multiplexing
signals, to reconstruct the original modulation information. The right

panel shows our decoupling result of three-waveband wavelength-division
multiplexing signals continuous transmission parallel increasing binary. ¢, The
bio-slice sample HSI measurements. We have transmission mapping the HSI of

asquamous epithelium slide sample based on a translation stage and obtain

the transmittance spatial distribution at different wavelengths. Compared to
opticalimages, HSI allows for the observation of more pronounced subregions
of contrast (red dashed area) in areas that are difficult to distinguish in optical
image (green dashed area). d, The time-resolved absorbance spectra of iodine
clock reaction solution. The profile tendency of absorbance at 597.5 nmis
independently plotted on the upper panel. The I;” (colourless) and ICH(COOH),
(amber) first oscillate, and the solution gradually becomes blue as accumulative
iodine (I,) is coloured violet by starch. Last, the oscillation is gradually attenuated
by the consumption of oxidant.

Practical applications of the spectrometer

Assembling the device into a chip package is promising for applications
invarious scenarios (Fig.4a). Thereliability of this microspectrometer,
examined by more than10,000 incident spectra, is exhibited by alow
coefficient of variation of about 0.2% (Supplementary Fig. 14). Given
astandard specimen of KMnO, solution and artificial mixed light, our
reconstruction results are also highly consistent with commercial
spectrometers (Supplementary Figs. 15 and 16). Such high reliability
of spectral reconstruction opens opportunitiesin high-capacity optical
communication systems with wavelength-division multiplexing. We
use several independently modulated monochromatic light sources
as the transmitter, coupling them into a multimode fibre via abeam
combiner, and directing them onto the spectrometer to decode the

original modulationinformation. By configuring the appropriate spec-
tral sampling accuracy for the target bands, the acquisition time for
each frame of spectrais reduced to 200 ms. Even in this high-speed
spectral acquisition mode, the spectrometer retains precise resolution
of spectralintensity and central wavelengths for various bands such as
660, 720 and 780 nm. This proficiency allows for accurate decoding
of transmission spectral features, presenting the microspectrometer
as a potentially effective decoder for an optical wavelength-division
multiplexing network (Fig. 4b). The microspectrometer with large
dynamicrange canalsobe usedin constructing a hyperspectralimag-
ing (HSI) microscope that could have alarge impact on bioinformat-
ics (Supplementary Fig.17). Here, we present the HSI of a squamous
epitheliumslide sample. By performing linear operations on the data
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from different wavelengthsin HSI, we obtain an HSI-derived image that
contains more information than a metallurgical microscope (Fig. 4c).
We further evaluate the spatial transmission spectra of a colour Alta,
showing the capability of distinguishing subtle differences between
coloursthatareindiscernible to the human eye (Supplementary Fig. 18).
Besides its applications in communications and medical imaging, its
fast spectral measurement is also helpful in tracking certain kinetics
of chemicalreactions, for instance, a classic oscillation chemical reac-
tion (Fig.4d). The time-resolved absorption spectra show the periodic
changesin solutions with aniodine clock reaction.

Conclusions

We have reported a reconstructive microspectrometer with a foot-
print of 20 x 25 pm?, nanometre-level spectral resolution and a high
waveband number by using a deformable 2D homojunction with a
tunable photoelectric response. A high spectral resolutionis achieved
using a dual-signal spectral reconstruction method that leverages a
feature of the photoelectric response of our homojunction, where
the bandgap (amplitude) and carrier kinetics (relaxation time) can
be tunedviaanin-plane electric field due to the giant electrostriction
effect in the floating MoS, monolayer. The advantage of this method
liesinits dual sampling depth and reduces the multicollinearity of the
response matrix. At the same time, the electrically tunable homojunc-
tionis compatible with large-scale hyperspectral array fabrication and
integration. In the future, the wavelength range could be expanded
from ultraviolet to infrared and the spectra resolution improved to
sub-1nm by combining various 2D semiconductors and modulation
strategies. Such microspectrometers could help accelerate the devel-
opment of advanced spectral imaging for portable devices, in situ
characterization and lab-on-a-chip appliances.

Methods

Spectrometer fabrication

The preparation of vertical groovesinthe SiO, layer of Si-SiO, substrates
was achieved by reactive ion etching (RIE). Specifically, the target flake
wasselected, and the size of the available region of the MoS, nanoflakes
was calibrated. Then the sizes and arrangements of the vertical grooves
were customized on the basis of the calibrated region of the MoS, nano-
flake. The customized patternwas then exposed to the substrate coated
with AZ4620 (Microchemicals GmbH) photoresist (substrate baked
at 200 °C for 10 min, cooled and spin-coated at 500 rpm for 10 s and
3,000 rpm for 30 s) by contact ultraviolet lithography. Next, the sub-
strate was developed and baked at 120 °C for 5 min to remove water
vapour from the surface and to allow the photoresist to bond more
firmly to the substrate. In the RIE processing, the etching gas was amix-
ture of CHF; and CF, (8:1), and the etching gas flow rate was controlled
at 10 sccm. The chamber pressure was controlled at 1x 107 torr, and
the etching power was set to 120 W. The etching rate of SiO, was about
23 nm min™, so the vertical grooves were -460 nm deep after 20 min of
etching. The substrate surface was cleaned with acetone, alcohol and
isopropyl alcohol to remove the AZ4620 photoresist. Subsequently, a
5-nm-thick HfO, insulating layer was grown on the surface by atomic layer
deposition. The CVD-grown MoS, nanoflakes were delicately transferred
to the previously fabricated substrates by dry transfer. The detailed
procedure was tofirst paste the polyvinylalcohol (PVA) onto the target
MoS, nanoflakes by polydimethylsiloxane (PDMS)-loaded PVAundera
microscope. The substrate was then heated to tightly engage the PVA
andthesubstrate, separating the PVA from the PDMS. After the substrate
cooled, the PVA was carefully peeled off from the substrate. The PVA
was thenloaded onto a new slice of PDMS. We continued to finely align
the MoS, nanoflakes on the PVA with the etched areas on the substrate
on the transfer table (to ensure no mechanical breakage of the MoS,
nanoflakes, the substrate mustbe prewarmed and the PVAkeptingentle
contact with the substrate). The substrate was then stood in deionized
water to remove the PVA. Next, the first electron-beam lithography

(using polymethyl methacrylate photoresist) was performed, and RIE
etching was applied to separate MoS, channel regions from the intact
MoS, nanoflakes. The second electron-beamlithography was performed
to fabricate customized electrode structures. After development, Cr,
Au and Al electrodes (5, 50 and 2 nm) were prepared using thermal
vapour deposition. Finally, aiming to make the high-voltage-driven elec-
trodes less susceptible to vacuum breakdown caused by field emission,
a5-nm-thick layer of HfO, was grown on the surface of the Al,O,, which
was formed by natural oxidation at ambient conditions.

Material characterization

The morphology of as-synthesized MoS, nanosheets was characterized
by an OLYMPUS microscope and Hitachi E-sweep atomic force micro-
scope. Thevibration modes and of the MoS, were obtained from Raman
spectra collected usinga WiITec Alpha 300 confocal Raman microscope
with an excitation source of a continuous wave 532 nm laser. To avoid
laser heating, which often results in broadening and shifting of the Raman
peaks or damaging the sample, the laser power was adjusted tobe assmall
aspossible within the signal detection limit. Here, we used a laser power
of about 8.6-1,000 pW for Ramanimaging and photoluminescence.

Photoelectric measurement

The as-prepared spectrometer circuit system was connected to
source measure units (Keithley 2604B) through the rear interface.
Thelock-in amplifier (Moku:Lab) and dataacquisition card measured
the time-resolved photocurrent and voltage signals passing through
the envelope detector. At the same time, the field-programmable
gate array (FPGA) collected the phase detector output as the relaxa-
tion time signal and synchronously controlled the voltage scan of the
high-voltage power supply and the chopper frequency. The incident
light source came from white-light lasers (SuperK COMPACT) and
two cascaded variable bandwidth single-line tunable filters (SuperK
LLTF Contrast, tunable wavelength range 400-1,000 nm, wavelength
resolution <0.32 nm) to control the wavelength and a programmable
optical attenuator to control the light intensity. Before testing, the pho-
tomultiplier tube was used to calibrate the base attenuation intensity at
different wavelengthsto ensure that the power density of the emitted
light was equal. Cascaded monochromators were assembled to obtain
narrower monochromatic light. Polychromatic light was introduced
through a beam-splitting system with multiple monochrome lasers.

Spectral reconstruction method

Our machine learning model was implemented by using Keras. The
photocurrent and relaxation signals were concatenated and fed into a
DNN of five hiddenlayers. Theinput vectors were first normalized to the
standard normal distributionand simultaneously generated correspond-
ing means and variances, which were added to the initial vectors. Then,
the data stream passed through hidden layers with sigmoid activation
functions and, finally, reconstructed intensities were predicted at each
preinstalled wavelength in the output layer. DNN training was done by
adaptive moment estimation on the mean-squared error for training
epochs with a mini-batch size of 32. The learning rate was optimized
dynamically by adopting warmup and cosine annealing strategies. Ten-
fold cross-validation and Gaussian noise disturbance were used to prevent
overfitting during training. The test set of unseen data was used to esti-
mate thereconstructive performanceincluding the generalization error.

Data availability

The datathatsupport the findings of this study are available viaZenodo
at https://doi.org/10.5281/zenodo.10052205 (ref. 33). Other data are
available from the corresponding author upon reasonable request.

Code availability
The custom code used for dual-signal spectral reconstructionis avail-
able at https://github.com/iCalculate/Dual-spectral-reconstruction.
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