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Abstract

The quantum dot spectrometer, fabricated by integrating different quantum dots with an image sensor to reconstruct
the target spectrum from spectral-coupled measurements, is an emerging and promising hyperspectrometry
technology with high resolution and a compact size. The spectral resolution and spectral range of quantum dot
spectrometers have been limited by the spectral variety of the available quantum dots and the robustness of
algorithmic reconstruction. Moreover, the spectrometer integration of quantum dots also suffers from inherent
photoluminescence emission and poor batch-to-batch repeatability. In this work, we developed nonemissive in situ
fabricated MA3Bi>Xg and Cs,SnXg (MA = CH3NHs; X = CJ, Br, ) perovskite-quantum-dot-embedded films (PQDFs) with
precisely tunable transmittance spectra for quantum dot spectrometer applications. The resulting PQDFs contain

in situ fabricated perovskite nanocrystals with homogenous dispersion in a polymeric matrix, giving them
advantageous features such as high transmittance efficiency and good batch-to-batch repeatability. By integrating a
filter array of 361 kinds of PQDFs with a silicon-based photodetector array, we successfully demonstrated the
construction of a perovskite quantum dot spectrometer combined with a compressive-sensing-based total-variation
optimization algorithm. A spectral resolution of ~1.6 nm was achieved in the broadband of 250-1000 nm. The
performance of the perovskite quantum dot spectrometer is well beyond that of human eyes in terms of both the
spectral range and spectral resolution. This advancement will not only pave the way for using quantum dot
spectrometers for practical applications but also significantly impact the development of artificial intelligence
products, clinical treatment equipment, scientific instruments, etc.

Introduction

The comparison of cameras with human eyes has been
frequently discussed and has motivated the development
of advanced detection instruments beyond human visua-
lization'. One of the primary goals in artificial intelligence
is to expand the light detectivity of cameras in terms of the
spectral range, spectral resolution, polarization, and spatial
resolution® ®. The hyperspectrometer integrates imaging
sensors with spectral filters or spectral splitters, providing
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a promising route toward improving both the spectral
resolution and spectral range’ . Because the spectral
resolution is mainly determined by the variety of spectral
filters and spectral splitters, it has been of great interest to
develop novel nanophotonic materials for spectral filter
applications'’, including photonic crystal arrays'"'?, plas-
monic arrays'®>™"7, grating arrays'®'®, and nanowires™.

In 2015, the concept of a quantum dot (QD) spectro-
meter was proposed by Bao and Bawendi*'. By integrating
195 kinds of CdSe QDs or CdS QDs as spectral filters with
a CCD camera, a convenient compact hyperspectrometer
was demonstrated to operate in the whole visible range
(390-690 nm). Compared with the abovementioned
nanophotonic materials, QDs are highly demanded
spectral filters, the absorption properties of which can be
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precisely tuned by varying their size and composition®*~
** However, the spectral resolution of the QD spectro-
meter approaches only 3.2 nm, which is still not com-
parable to the human visual resolution for most visible
light*. Based on the linear measurement formation
model, the spectral resolution of the QD spectrometer
correlates with the absorption spectral variety of QDs, and
the spectral range is determined by the wavelength
response of photodetectors and spectrum-matched QDs.
Because silicon-based CCD cameras can respond to
ultraviolet (UV), visible (Vis) and near-infrared (NIR) light
with wavelengths ranging from 200 to 1000 nm, the desire
is to develop precise spectra-controllable, nonemissive
and environmentally friendly QDs with matched spectral
ranges in the UV-Vis—NIR region, which could offer
much flexibility and lead to the development of various
spectrometry applications, such as flame observation***’
and mineral detection®®.

Perovskite quantum dots (PQDs) are emerging as easily
processed materials that can be alternated with conven-
tional QDs in photonic and optoelectronic applications
due to their superior optical properties and easy fabrica-
tion process’*'. In particular, the in situ fabricated
PQD-embedded films (PQDFs) possess wide spectral
tunability, high transparency, and easy processability for
device integration®** These features make them
potential alternatives to the previously mentioned CdSe-
and CdS-based QDs for spectrometer integration. Con-
sidering its utilization in the QD spectrometer, the
nonemissive absorption feature is highly demanded,
though it has seldom been investigated. In this work, we
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developed nonemissive lead-free MA3Bi»Xo and Cs,SnXg
(MA = CH3NH3; X = Cl, Br, I)-based PQDFs with tunable
transmittance spectra ranging from 250 nm to 1000 nm
and demonstrated their use in constructing a compact
hyperspectrometer. Considering the ill-posed under-
determination of the hyperspectral reconstruction model,
we developed a compressive-sensing-based total-variation
optimization algorithm to enhance the reconstruction
quality. As a demonstration, a spectral resolution of
~1.6 nm in a broadband of 250—-1000 nm was achieved by
integrating a filter array of 361 PQDFs with a CCD
camera, which is superior to human visualization in terms
of both the spectral resolution and spectral range.

Results

A large number of spectra-tunable PQDFs were fabri-
cated through in situ fabrication methods. Polyacrylonitrile
(PAN) was selected as the polymeric matrix due to its good
solubility in N,N-dimethylformamide (DMF) and good
transmittance in the visible and near-infrared regions (Fig.
S1a)**. MA3Bi,Xy and Cs,SnXs were chosen as absorber
materials due to their tunable bandgap features®**’. The
good optical transparency can be well preserved in these as-
fabricated PQDFs (Fig. S1b). As shown in Fig. 1a, the as-
fabricated MA3Bi,Xo/PAN- and Cs,SnXgs/PAN-based
PQDFs show tunable colors from colorless to deep red with
the conspicuous characteristic of high transparency. As
described by Bao’s previous work, the photoluminescence
(PL) property is not needed for QD spectrometer integra-
tion.”! Herein, the PL properties of MA3Bi,Xo/PAN- and
Cs,SnXg/PAN-based PQDFs are first investigated. As
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Fig. 1 Photographs and transmittance spectra of PQDFs. a, b Photographs and transmittance spectra for MA3Bi;Xg- and Cs,SnXe-based PQDFs. ¢
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shown in Fig. S2, these as-fabricated PQDFs are not lumi-
nescent under UV-365nm lamp excitation. The none-
missive feature can be explained by the intrinsic in-direct
bandgap and the presence of unpassivated defects on the
surface of these in situ fabricated PQDs>®. Figure 1b shows
the transmittance spectra of spectra-tunable MA;Bi)Xo/
PAN- and Cs;SnX¢/PAN-based PQDFs. By varying the
halides, the transmittance spectra can be precisely varied
from 250 to 550 nm and 550 to 1000 nm for the MA;Bi,Xo/
PAN- and Cs,SnXe/PAN-based PQDFs, respectively. The
transmittance of these PQDFs beyond the absorption band
edge approaches 90%, implying good transparency. To
illustrate the batch-to-batch repeatability, we determined
the batch-to-batch variability of the central wavelength at a
transmittance of ~45% for two series of samples of
MA;3Bi;Bro/PAN- and MA;Biylo/PAN-based PQDFs with a
content of 40wt.% and a thickness of 20 um. Figure 1lc
shows the results of the six batches. The deviation of the
central wavelength is within 1 nm, implying the good batch-
to-batch reproducibility of the in situ fabrication process.

The optical density (OD), denoted as the signal-to-noise
ratio of an optical filter, is usually applied to characterize
the light transmittance properties of spectral filters®. It
can be measured by determining the intensity ratio
between the excitation beam and signal beam, usually
described by the following equation: OD = —log;o(T) (T =
Iy/I, where 0 < T'< 1, where I, is the intensity of excitation
beam and [ is the signal beam). The transmittance prop-
erties of these as-fabricated PQDFs were determined by
using a home-constructed setup, as illustrated in Fig. S3a.
A 405 nm wavelength laser beam was used as the incident
excitation light source. The excitation beam was incident
on the PQDF sample, and the signal beam was received by
a spectrometer. To avoid the outrange signal of the
spectrometer, neutral-density (ND) filters with a certain
OD were used to obtain the intensity of the excitation
beam (Jp). To verify the reliability of the method, the OD
of commercialized ND filters was measured for compar-
ison (Fig. S3 and Tab. S1). As shown in Fig. S4 and Tab.
S1, the ODs of these as-fabricated 20 pum PQDFs are 6.83
at 405 nm for MA3Biy(Brggly2)o/PAN (content of 42 wt.
%), 6.70 for MA;3Bi;Brg/PAN (content of 40 wt.%) and 6.02
for MA3Biy(Brgolog)o/PAN (content of 39wt.%). The
precisely tunable transmittance spectra and high OD of
these PQDFs make them suitable as spectral filters.

To understand the high transparency of PQDFs, we then
characterized them by taking X-ray diffraction (XRD) and
transmission electron microscopy (TEM) measurements.
As shown in Fig. 2a—d, the XRD patterns of these PQDFs
match well with the reference powder XRD files (PDFs)*.
Figure 2e—i shows typical TEM images of the resulting
MA;Bi, X and Cs,SnXg PQDs in the PAN matrix as well
as their corresponding high-resolution TEM (HRTEM)
images. The resulting in situ fabricated PQDs are small
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nanocrystals with a homogeneous dispersion in the PAN
matrix, enabling their high transparency. The resulting
MA;Bi, X nanocrystals are nanoplatelets with a thickness
of less than 10 nm for the PQDF with a perovskite content
of approximately 40 wt.%, while the resulting Cs,SnXe
nanocrystals are spherical dots with a diameter of
approximately 9.5nm (Fig. S5). The good crystallinity of
these nanocrystals was further confirmed by HRTEM
observations. In addition, the observed lattice distances are
inconsistent with the expected values for bulk materials.

To illustrate the potential use of in situ fabricated
MA;3Biy Xy and Cs,SnXg PQDFs as spectral filters for QD
spectrometry, a prototype PQD spectrometer was con-
structed by integrating a series of PQDF-based filter
arrays with a CCD photodetector. The spectral range can
be extended to 250 nm at low solid content owing to the
strong exciton absorption of Bi-based perovskite (Fig.
S6a). As schematically shown in Fig. 3a, b, the key element
of the PQD spectrometer is the 7 x 7 cm-sized filter array
of 361 kinds of PQDFs with a spectral range
250-1000 nm. Their transmission spectra are shown in
Fig. Séb. By expanding the incident light to cover the
entire filter, the target spectrum of the incident light is
modulated by different PQDFs at different spatial posi-
tions. The photodetector array integrates the modulated
spectra over the spectrum dimensions. Mathematically,
given a spectrum r(l) to be measured, the formation
model of the sensor can be described by

bi = A d;(M)r(N)e(V)d) (1)

where b; is the measurement captured at the correspond-
ing pixel of the sensor, d;(1) is the transmission spectrum
of the ith PQDF (i=1,2,3,...,361), and c(1) is the
detection spectrum of the sensor. By discretizing d;(1), ¢
(A), and r(1) into d,(k), c(k), and r(k) (k=1,2,3,...,m), we
obtain

m

b= di(k)e(k)r(k) )
k=1
di(1)c(1) di(2)c(2) dy (m)c(m)
Assuming - A = dy(1)c(1)  dr(2)e(2) dy(m)c(m)
dn(1)c(1)  du(2)c(2) d,(m)c(m)

€R™"b = [V, b)... b]" € R™™,

and x = r(k) € R™*1, the discretized formation model can
be written as Ax = b.

Next, we aim to reconstruct the target spectrum x from
the measurement b. Considering that the measurement
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Fig. 2 XRD and TEM characterizations of PQDFs. a, e, i XRD patterns, TEM images and HRTEM images for MA3Bi,Clo/PAN-based PQDFs. b, f, j XRD
patterns, TEM images and HRTEM images for MA3Bi,Bro/PAN-based PQDFs. ¢, g, k XRD patterns, TEM images and HRTEM images for MA3Bi,lo/PAN-
based PQDFs. d, h, | XRD patterns, TEM images and HRTEM images for Cs,Snls/PAN-based PQDFs

formation model is underdetermined, which could
degrade the reconstruction quality, using the linear least
squares method (refer to Tab. S2 for more details),*" we
adapted the compressive-sensing (CS)-based total-
variation (TV) algorithm®"*? for spectral reconstruction,
which has been demonstrated to effectively recover latent
signals from a small number of measurements. With the
TV priori,* the gradient of spectrum x can be expressed
as g= Gx, where G is the gradient calculation matrix.
Using the /; norm to regularize g, the optimization model
of the spectrum reconstruction is given by

min ||g]|,
st.Gx=g (3)
Ax=0b

The augmented Lagrangian multiplier (ALM) algorithm
was used to solve the model considering its robustness
and efficiency™*®. The derivations of the algorithm are
described in detail in the methods section.

Following the above workflow, we first validated the
effectiveness of the PQD spectrometer and calibrated
its spectral resolution. Figure 3¢ shows a comparison
between the reconstructed spectra of an X-Rite color

checker and their corresponding ground truth. The
solid curves are measured relative to the ground truth
using a commercial spectrometer (Thorlabs CCS100),
and the dotted curves are the reconstructed data. Note
that the reconstructed results are consistent with the
ground truth. To calibrate the spectral resolution at
different wavelengths, we sequentially placed a set of
narrow bandpass filters (Thorlabs FL series) in front of
the PQD filter, which enables filtering of the incident
light with a full width at half maximum (FWHM) of
1nm. By applying the PQD spectrometer to measure
the filtered light, we used the FWHM of the recon-
structed spectrum as the calibrated spectral resolution
at the corresponding wavelength. Figure 3d shows the
calibrated spectral resolution of the PQD spectrometer
at different wavelengths ranging from 250nm to
1000 nm. An average spectral resolution of ~1.6 nm was
realized, which is beyond the range of human color
vision in the whole visible region®’. Generally, the
spectral resolution can be further increased by
increasing the number of QD-based filters. Herein, the
spectral resolution of the PQD spectrometer can be
further improved by using more PQD filters with well-
designed transmittance spectra.



Zhu et al. Light: Science & Applications (2020)9:73

Page 5 of 9

p
a b
PQDF array
o
H
E
DY 1 Ly
) ! o] o
)
4 c +
T E
)il ;
e
: 090209 )¢
spectrum / s
p @.g)
Photodetector array
c d
1.0 1.0 GD
« RE Human color vision
0.5 0.5 w 6
0.0 0.0
1.0 1.0 =
@b E 4t
* RE e
0.5 0.5 2
=)
o
&
0.0] 0.0 -
1.0 1.0 0.05 T
. J———— . GD . Error
" *  RE
05k 05 0.0 hessscnndmatel
GD or
0.0 * RE 0.0 1 1 1 1
450 600 450 600 450 600 300 500 700 900
Wavelength (nm) Wavelength (nm)
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Discussion

To illustrate the practical applications, the prototype of
the PQD spectrometer was further applied to measure the
spectra of different commercial light sources, including
light-emitting diodes (LEDs) (blue LEDs, green LEDs, red
LEDs, NIR LEDs and white LEDs) and halogen lamps.
Figure 4 shows the reconstructed spectra from the PQD
spectrometer (black solid curves) and the corresponding
measured spectra (solid curves with filled shading color)
using the commercial spectrometer. We can see that all of
the spectra reconstructed at different ranges (including
UV, Vis and NIR) match well with the measured spectra.
The good agreement implies the potential use of the PQD
spectrometer as a broadband and high-resolution mea-
surement instrument in practical applications. In

addition, the recent advance in the in situ fabrication of
micrometer-sized PQD patterns makes the fabrication of
miniature PQD spectrometers possible.

In summary, we have demonstrated the use of spectra-
tunable and nonemissive PQDFs to tackle the material
challenge for QD spectrometers. Specifically, a number of
nonemissive MA3Bi,Xo/PAN- and Cs,SnXs/PAN-based
PQDFs with transmittance spectra ranging from 250 to
1000 nm were fabricated by controlling the in situ fabri-
cation progress in the PAN matrix. The as-fabricated
PQDF contains homogenous dispersed MA3Bi,Xy and
Cs,SnXg PQDs in the PAN matrix, which gives them a
deep blocking ability at absorbing wavelengths and high
transparency at non-absorbing wavelengths. By integrat-
ing 361 kinds of PQDFs with a CCD photodetector array,
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a compact PQD spectrometer with a spectral resolution of
~1.6 nm and spectral range from 250 nm to 1000 nm was
achieved using the developed compressive-sensing-based
optimization algorithm. The performance of the PQD
spectrometer is superior to that of human visualization in
terms of both the spectral resolution and spectral range.
This advancement provides a practical way to fabricate a
low-cost, compact hyperspectrometer with a visual reso-
lution beyond that of humans for sensing applications
(Tables S3 and S4). To the best of our knowledge, this
work is the first to extend the spectral range of a compact
hyperspectrometer into the UV region. It is also expected
that the expanded spectral range of the PQD spectro-
meter will have a great impact on the development of
artificial intelligence products, clinical treatment equip-
ment, scientific instruments, etc.

Methods
Material fabrication process

The PQD filters were fabricated following the in situ
formation process. The fabrication of MA3Bi,Bry/PAN
was as follows. A precursor solution was prepared by
mixing 72.6 mg MABr, 194 mg BiBr;, and 400 mg PAN
powder in 3 mL DMF. The precursor solution was drop-
ped onto a smooth glass substrate to form a uniform

thickness using the doctor blade method. After 20 min, a
uniform and transparent MA3Bi,Bro/PAN-based PQDF
was formed. The transmittance spectra of these
MA3Bi;Bro/PAN-based PQDFs can be varied by control-
ling the components, contents and thickness.
MA;Bi,(ClBr;_,)o/PAN and MA;Biy(Br,l;_,)e/PAN
were fabricated by varying the halogens following a
similar strategy. MACI was dissolved with the addition of
HCl at 1vol.%. The fabrication of Cs,SnXs/PAN was
achieved by the addition of phenethylammonium halide
(PEA-X) and 3,3-diphenylpropylamine halide (DPPA-X)
following a similar strategy. DPPA-X was prepared by the
reaction of DPPA with HBr.

PQDF characterization

XRD characterizations were analyzed on a Bruker D8
Focus X-ray diffractometer using a Cu Ka radiation
source (wavelength of 1.5405A). TEM measurements
were carried out using a JEOL-JEM 2100 F TEM machine
operating at an acceleration voltage of 200 kV. The XRD
and TEM results are shown in Fig. 2. Fig. S5 shows the
size statistics of the corresponding films. The average
diameter of the PQD was 17.9 nm for MA3Bi,Clg/PAN,
24.8 nm for MA;Bi,Clo/PAN, 33.1 nm for MA3Bi,Cly/
PAN and 9.5 nm for Cs,Snlg/PAN. UV-Vis—NIR spectra
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were recorded using a UV-6100 UV-Vis spectro-
photometer (Shanghai Mapada Instruments Co., Ltd.,
China, range: 200-1000nm) and a UV-3600 spectro-
photometer (Shimadzu, Japan, range: 300—2500 nm). The
thickness of the filters was characterized by a surface
profiler (Alpha-Step IQ) and ellipsometer (M-2000D).
The OD properties of the PQDFs were measured by using a
home-constructed setup, as illustrated in Fig. S3a. It contains a
405 nm wavelength laser beam (Lasever Inc., Ningbo, China),
ND filters (Daheng Optics, Beijing, China), a PG2000 high-
speed spectrometer (ideaoptics, China, range: 200—1000 nm)
and a PQDF. The laser beam was transmitted through the
samples, and the signal beam was received by a spectrometer.
ND filters with a certain OD were used to obtain the intensity
of the excitation beam (f). To verify the reliability of the
experimental setup, the OD of the ND filters was measured.
The OD results for the measurement of the ND filters are
shown in Fig. S3b, Fig. S3c and Table S1. The measured ODs
for the ND filters of OD1 (0.94), OD2 (2.14) and OD3 (3.06)
were not significantly different from those given by the pro-
ducer, indicating that the experimental setup was accurate and
reliable. We used the setup to measure the OD of selected
PQDFs with high solid content and a thickness of 20 um, and
the results are shown in Fig. S4 and Table S1. The OD of a
PQDF can be up to 6.83 at 405nm owing to the high
absorption coefficient of perovskite. The inset of Fig. S4b
shows the weak luminescence under intense excitation light,
while nonemission was observed under the same excitation
light, indicating the poor luminescence of Bi-based PQD.

Spectrometer measurements

(i) QD spectral calibration. The experimental setup for
the QD spectral calibration is shown in Fig. S7. The
source light was concentrated into a dot light source by
the two diaphragms. The size of the dot light was similar
to the size of the dot in the printed film. In the experi-
ments, the light source for calibration was a halogen lamp
(Thorlabs SL301, range: 360—3800 nm), and the spectro-
meter we used was a fiber spectrometer (Thorlabs
CCS200/M). By shifting the translation stage, the spec-
trometer swept the whole printed film dot by dot and
measured the corresponding transmitted spectrum of
each QD. The calibrated transmission spectrum of the
QD was obtained by dividing the measured transmitted
spectrum by the spectrum of the light source. In the
experiments, we calibrated only the spectrum ranging
from 400 to 950 nm. The transmittance spectra of the
filter array of PQDFs are shown in Fig. S8.

(ii) Light source spectral reconstruction. The light source
spectrum reconstruction was similar to the QD spectral
calibration. First, we used the spectrometer to measure the
transmitted spectrum dot by dot by shifting the translation
stage. Then, we integrated each measured transmitted
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spectrum with respect to the wavelength and acquired the
corresponding coupled measurements. Finally, the light
source spectra were reconstructed by the derived algorithm
based on compressive sensing. The light sources we used in
the experiments included blue LEDs, green LEDs, red LEDs,
near-infrared LEDs, white LEDs and tungsten lamps.

Algorithm derivation

The ALM method was utilized to solve the model in Eq.
(3). By introducing a Lagrangian multiplier y to incorpo-
rate the equality constraints into the objective function,
we obtain the following Lagrangian function:

minL = |lgl|, + (., Gx —g) +%|Gx —g|?

Hy 2 (Sl)
5, A% = b) + 7 ||[Ax — b]|,

where () is the inner product and y; and p, are the
parameters used to balance different optimization items.
This equation can be rewritten as

2 2
+% Ax —b+22

N
Gx—g+—
:MZ

. [
L= a1
min’ = ||, +4 A

I3 b

(s2)

Following the iterative reconstruction scheme of the
ALM, the updating principle of each variable is to
minimize the Lagrangian function while keeping the
other variables constant. The detailed derivations are as
follows:

Optimize g. Removing the items irrelevant to g, the
objective function becomes

2
N
Gx—g+=—
“1

(s3)

. u
minL(g) = [lgll, +%5
Iy

According to the ALM derivation, the updating rule of g is

g=T1 (Gx + y_1> (s4)
at /_,{1
where T (-) is the thsholding operator, defined as
1
x—L x>L
#1 1
To(w) = xt L, xc— 1 (55)
0 others

)

Optimize x. Removing the items irrelevant to «, the
objective function becomes

2w
2
+5
2

2
Axberyf2

N
Gx—g+—
ﬂ2

: H#1
minL(x) =—
2 #1

(s6)

Iy
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and the gradient is

oL(x) T < yl) T ( Y2
=G |Gx—g+— | +uA |Ax—b+—=
ox ! 1 2 )
(s7)
Setting aLagf) = 0, the closed-form solution of « is

S ()
1 2

(s8)

Optimize y and p. Following the ALM derivation, the
Lagrangian multiplier y and weight parameter y are
updated as

Yy =y +u(Gx—g)
¥y =¥, + py(Ax — b)
#y = min(ppy s fimay)
Ho, = Min(phy, Py )

where p, f1max and gomay are set by the users to adjust the
growing speed and maximum of y.

(9)

Based on the above derivations, the spectral recon-
struction algorithm is as follows.

Algorithm for spectral reconstruction

Input: measurement vector b, sampling matrix A, gra-
dient calculation matrix G;

algorithm parameters p, #1max Homax;

Initialization y; =0, y, = 0;

while not converged do

1. update g according to Eq. (s4);

2. update x according to Eq. (s8);

3. update yy, Vo, t1, 2 according to Egs. (s9);

end

Output: target spectrum x;
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