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Defect Engineering of T1Pt;S5 for Highly
Polarization-Sensitive Photodetector

Wenyue Wang
Xianping Wang

Abstract—Photodetectors based on two-dimensional materials
exhibit excellent performance including high specific detectivity
and fast response times. However, the polarization detection per-
formance remains to be improved. Here, we propose a strategy
to improve the polarization sensitivity of TIPt>S3-based photode-
tectors by defect engineering based on density functional theory
(DFT) calculations and investigate their optoelectronic properties
using quantum transport simulations at 0.2 V bias. Theoretical
calculations show that the monolayer TIPt,S3; achieves a multi-
functional output of the optoelectronic device and obtains a larger
photocurrent and high extinction ratio by defect engineering under
linearly polarized light irradiation. These results indicate that
TIPt>S5 is expected to be one of the candidate materials for future
optoelectronics and polarized light devices.

Index Terms—Extinction ratio, photodetectors, polarization
sensitivity, TIPt>S3.

1. INTRODUCTION

N RECENT years, the polarization-sensitive photodetectors
(PSPDs) has been widely used, such as remote sensing
imaging, polarization sensors, thermal imaging polarimetry, and
optical radar [1], [2], [3], [4]. However, conventional PSPDs usu-
ally require the additional optical filters to achieve polarization
detection [5], [6], which is detrimental to the device preparation
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and integration. To meet the requirements of high-performance
PSPDs, including high integration, miniaturization and large
extinction ratio [7], [8], [9], 2D semiconductors with anisotropy
are considered as promising candidates to meet these challenges.
These in-plane anisotropic 2D materials (like perovskite, black
phosphorus, GeSo, etc.) introduce a new degree of freedom [10],
[11], [12], which is of significant application for polarization
detection and neuromorphic hardware [13]. However, due to
low anisotropy ratio and air instability, the performance of these
2D semiconductor-based devices still do not reach the required
performance for practical applications. Additionally, with the
development of nanotechnology, the construction of heterojunc-
tions and one-dimensional (1D) nanowires have been proven to
be attractive approach to solve the above problem. For instance,
Li et al. firstly reported that CsCu,I3 nanowires-based photode-
tector exhibit excellent polarization-sensitive photodetection in
the ultraviolet range with an extinction ratio of ~3.16 [14], and
Zhao et al. demonstrated that the p-Te/n-MoSe, heterojunction
photodetector has a higher polarization sensitivity of 16.39
[15]. Similarly, by constructing the HgCdTe/black phosphours
heterojunction, a high-performance room temperature infrared
polarization-sensitive photodetector was achieved by Jiao et al.
[16]. Despite this progress, there is still room for improvement
in areas such as optical response and polarization sensitivity.

As a novel two-dimensional material, TIPtoS3 has unique
optoelectronic properties which are expected to be one of the
candidate materials for future optoelectronic devices. On the
one hand, existing theoretical studies have demonstrated that
TIPt5S3 has thermodynamic stability, high carrier mobility and
strong visible absorption coefficient [17]. The bulk TIPt;S3
was synthesized experimentally in 1973 [18], and when it was
exfoliated into a monolayer by mechanical peeling methods,
it was converted into an indirect semiconductor with 1.60 eV
[19]. On the other hand, recent investigations have suggested
that defect engineering enables simple and effective modula-
tion of the electronic structure of materials [20], [21], which
greatly affects their electronic, magnetic and optical properties.
Meanwhile, with technological advances in particle irradiation
and plasma treatment [22], [23], the exact location of defect
generation is controllable. Therefore, the optical properties of
monolayer TIPtsS3 based on defect engineering deserve further
investigation.

In this work, density functional theory (DFT) calculation was
adopted to explore the modulation of the monolayer TIPtyS3
electronic structure through defect engineering. The results
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Ilustration of a TIPtaS3 photodetector irradiated by linearly polarized

show that the electronic structure of monolayer TIPt;S3 can
be effectively tuned by defect engineering, especially for dif-
ferent Pt vacancy concentrations achieving a transformation
of the all-electrical properties of TIPtsSs. Further, we studied
the photoelectric properties of TIPtoSs monolayers based on
quantum transport simulations, where DFT combined with the
non-equilibrium Green’s functions (NEGF) form. Calculations
of extinction ratio and maximum optical response show that the
devices display extremely high polarization sensitivity extinc-
tion ratio as high as 16.6 at 2.4 eV, and the defects significantly
enhance the optical response and achieve special circuit system
signal output.

II. MODEL AND METHODS

The calculation process of modulating the electronic struc-
ture of the pristine monolayer TIPtsS3 via defect engineering
was completed by the Vienna Ab initio Simulation Package
(VASP) [24], [25], where the specific calculation method is
the Perdew-Burke-Ernzerhof (PBE) combined with generalized
gradient approximation (GGA) based on the first principle. In
the VASP calculation process, the electrons in the Tl (4f, 5d,
6s, 6p), Pt (4f, 5d, 6s), S (3s, 3p) orbitals are used as valence
electrons and the interaction between the valence electrons and
the atomic real is described by the projection augmented wave
(PAW) method. Furthermore, the two-probe simulation device
was constructed to investigate the photocurrent of monolayer
TIPtyS3 and its defect systems under linearly polarized light
irradiation, as shown in Fig. 1. To calculate the photocurrent of
these simulated devices, we adopted a theoretical method based
on density functional theory combined with nonequilibrium
Green’s functions, and achieved by the Nanodcal package [26],
[27]. Meanwhile, to obtain a continuous photocurrent, the bias of
0.2 Vis exerted between the leads so that it prevents photogener-
ated electron-hole pairs recombination. The specific simulation
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methods and calculation details are provided in Supplementary
Information (see Fig. S1).

III. RESULTS AND DISCUSSION

A. Crystal Structure and Stability

First, the crystal structure of the pristine monolayer T1PtyS3
and the associated defect systems are optimized, as presented in
Fig. S2. The plotted results indicate that there is no significant
deformation in all crystal structures. Then, in order to assess the
dynamic stability of the pristine monolayer T1Pt5Ss3, its phonon
spectrum is evaluated on the basis of the density functional
theory. Fig. S3, displays that no negative phonon frequency
is entirely detected in the phonon dispersion curve of the
pristine monolayer TIPt,S3, indicating that the corresponding
crystal structure is dynamically stable. Furthermore, the high-
temperature stability of monolayer TIPtsS3 and the pertinent
defect systems is explored by implementing molecular dynamics
simulations. The variation of the total potential energy of the
pristine monolayer TIPtsSs and the corresponding defective
system at 300-700 K is presented in Fig. S4. The aforementioned
total energy oscillates slightly around a certain value for a long
time without decay, and the pertinent standard deviation varies in
the interval of 0-0.1, revealing the exceptional thermal stability.
In addition, the average standard deviation of the potential
energy is lower for 0.08 Tl-vacancy and 0.08 S-vacancy (see
Fig. 2(a)), indicating that proper vacancy defects are capable of
enhancing high-temperature stability of monolayer T1PtsSs5.

B. Electronic Band Structure

To examine the influence of vacancy defects on the electronic
properties of the pristine monolayer TIPt,S3, the band structure
of the pristine monolayer TIPt2S3 and the associated defect
system is appropriately evaluated, as illustrated in Fig. 2(b)—(e).
Besides, the achieved results corresponding to the electronic
properties and band gaps are listed in Table I. These results
suggest that the bandgaps of the pristine monolayer TIPt,Ss,
0.08 Pt-vacancy (Pt-V) and 0.08 S-vacancy (S-V) are 1.63, 0.28
and 0.45 eV, respectively. More specifically, pristine monolayer
TIPt3S3 and 0.08 S-V systems exhibit indirect band gaps, with
the conduction band minimum (CBM) and the valence band
maximum (VBM located at the K-point and G-M directions,
while 0.08 Pt-V system has a direct bandgap, with the CBM
and VBM located at G point. The calculations demonstrate
that the occurrence of vacancy defects leads to the reduction
of the bandgap of pristine monolayer T1Pt,S3, which is similar
to the example of graphene. More interestingly, for the 0.08
Tl-vacancy (TI-V) system, the VBM crosses the Fermi level,
which demonstrates the metal properties (see Fig. 2(e)). Then,
the band structure is examined for a variety range of the Pt
vacancy concentrate (see Figs. S5 and S6). The depicted results
indicate that the growth of the Pt-vacancy concentration, makes
the material’s property transition from nonmagnetic semicon-
ductor to magnetic metal and semiconductor. In particular, it
transforms into the half-metallic material at a defective concen-
tration of 0.04 Pt (see Fig. 2(f)). These reveal the possibility
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Fig.2. (a) Standard deviation and average values of potential energy at different temperatures. (b—f) The band structure of monolayer TIPt2S3 and defect systems.

TABLE I
BAND GAPS, BAND TYPES AND ELECTRONIC PROPERTY AFTER STRUCTURAL OPTIMIZATION

Systems Ey(eV) Bandgap type Electronic property
Pristine T1Pt:S3 1.63 Indirect Non-magnetic semiconductor
0.08 Tl-vacancy \ \ Non-magnetic mental
0.08 Pt-vacancy 0.28 Direct Non-magnetic semiconductor
0.08 S-vacancy 0.45 Indirect Non-magnetic semiconductor
0.01 Pt-vacancy 1.37 Indirect Non-magnetic semiconductor
0.02 Pt-vacancy 0.19 Direct magnetic semiconductor
0.04 Pt-vacancy \ \ half-metal

0.06 Pt-vacancy 0.11 Direct magnetic semiconductor

of constructing a pristine TIPtyS3 monolayer with a tunable
band gap and magnetic properties through defect modulation.
This fact offers them a broad range of potential applications in
electronics, optoelectronics and spintronics.

In order to further explain the potential physical mechanisms
of defect regulation of electronic properties and magnetism, the
projected density of states (PDOS) and Molecular Projected
Self-Consistent Hamiltonian (MPSH) are scrutinized for all
defective systems, as presented in Figs. S7-S8. The results
indicate that the introduction of defects leads to the generation
of defect states near the Fermi level. In some cases, the defect
states cross the Fermi level to achieve the metallic transition,
which enhances the electron itinerant ability of the material. For
the generation of polarization, it can be seen from the MPSH that
the electronic states of the pristine monolayer TIPt>S3 in order
are concentrated around the Tl and Pt atoms on the CBM and
VBM. After introducing the Pt defect, the electronic states would

be mostly distributed near the S and Pt atoms on the CBM and
VBM, and the distribution asymmetry leads to the generation
of spin polarization. This fact is also consistent with the results
of PDOS, where the VBM and CBM are mainly contributed by
both the Pt-d and S-p orbitals.

C. Photoelectric Properties

In the next step, the photocurrent of the pristine monolayer
T1Pt,Ss photodetector at zero bias is evaluated, as shown in
Fig. S9. The results display that the photocurrent in terms of the
polarization angle (¢) qualitatively exhibits a sinusoidal shape;
however, the magnitude of the photocurrent is very small and
almost equal to zero. This is due to the fact that the inversion
symmetry of the system has been not broken yet. As a result,
to obtain a larger photocurrent, introducing an external bias
voltage to break the symmetry of the system is a simple choice.
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Fig.3. The photocurrent versus polarization angle for monolayer TIPt S3 and

defect systems. The lines denote the fitted results.

Afterward, the photocurrents of the pristine monolayer TIPtsS3
and its defect systems at 0.2 V bias are studied in the photon
energy interval of 1.6-2.8 eV (see Fig. S10). In Fig. 3(a)-(d),
the photocurrent in terms of the polarization angle has been
depicted as an example of several photon energies. These results
show that the corresponding plots mostly vary in the form of
cos(26), which is consistent with the photogalvanic effect
(PGE) phenomenological theory [28], [29]. Fascinatingly, the
photocurrent of monolayer T1PtoS3 is almost zero at 1.7 eV (see
Fig. 3(a)), which is because the photon energy is marginally
greater than the band gap (i.e., 1.63 eV), making the probability
of electron excitation from the VBM to the CBM is small.
In addition, it is discoverable that the photocurrents of the
0.08 Tl-vacancy and 0.08 Pt-vacancy systems have the same
phase in the polarization angle range of 0°-180°, while the
0.08 S-vacancy system exhibits the reverse phase. The diverse
phase transition properties of these defect systems enable
their potential for a variety of applications in optoelectronic
devices.

The maximum photocurrent (2, ) in terms of the photon en-
ergy for each system is shown in Fig. 4(a) (in which more specif-
ically, Ry ax represents the maximum value of the photocurrent
in the range of 0° to 180° polarization angle and the photon
energy could be converted to the corresponding wavelength).
Evidently, in the range of simulated photon energy, R,,.x of the
0.08 Tl-vacancy system is almost always larger than that of the
pristine monolayer TIPtsS3 system. In contrast, the maximum
photocurrents of the other defect systems are smaller than the
pristine monolayer TIPt2S3 system. These results suggest that
appropriate vacancy defects are capable of enhancing the pho-
tocurrent of optoelectronic devices, and provide a promising
method for improving the photoelectric response of photode-
tectors. This fact is essentially attributed to the vacancy defect
that reduces the symmetry of the pristine monolayer TIPt5S3,
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so that the electrons are unevenly distributed in the valence and
conduction bands to obtain larger photocurrents.

Photoresponsivity is significant metric for evaluating pho-
todetectors. In our simulations, the results calculated by using
Nanodcal is the normalized photocurrent R, while the real pho-
tocurrent can be written as,

Jon = Rxex I, xaj x ?,
B

Where the specific conversion details have been given in Section
S1 of the supplementary material. We obtain a photoresponsivity
of ~10 mA/W. Which is superior to several other 2D photode-
tectors on the basis of the black phosphorous [28]; nevertheless,
it is much lower than the photodetectors based on the perovskite
and PdTe, [30], [31].

Fig. 4(a) illustrates that the maximum photocurrent of each
system exhibits multiple peaks in the photon energy range. For
instance, the pristine monolayer TIPtyS3 photodetector takes
its maximum photoresponse (PR) peak at 2.7 eV, while the
maximum PR peak of the 0.08 Tl-vacancy system takes place
at 2.6 eV. In addition, the peak of maximum PR is located at
2.4 eV for the 0.08 Pt-vacancy and 0.08 S-vacancy systems. To
explain the reason for the generation of PR peaks, the density of
states (DOS) is calculated for each defect system, as presented
in Fig. 2(b)—(e). There plots assist us in effectively realizing
the process of electron transition. As shown in Fig. 2(b), for
the pristine monolayer TPt S3 system, there exists a significant
DOS peak located at —0.9 eV in the valence band portion, and
another significantly DOS peak observed located at 1.8 eV in
the conduction band portion (the peaks have been marked by the
orange-colored rectangles). According to Fermi’s golden rule,
the probability of electron transitions between these two peaks
is proportional to the density of the state’s peak, which results in
a photocurrent peak by absorption of 2.7 eV of photon energy.
Similarly, for other defect systems, there is a larger probability
of electron transition at the maximum photocurrent peak.

The polarization sensitivity is vital prameter in measuring the
polarization performance of the photodetector. Since the pho-
tocurrent of each defect system demonstrates a trend similar to
the function cos (26) about the polarization angle, which makes
possible the polarization detection [28], [32]. We introduce an
extinction ratio (ER) to describe the sensitivity, which is defined
as Rj/R, or Ry /R). Here, R| and R, stands for the pho-
tocurrents at the polarization angles of 0° and 90°, respectively.
The variation of the ER versus photon energy for each system is
presented in Fig. 4(b). The results display that for the monolayer
TIPtsSs photodetector, the corresponding ER fluctuates as a
function of the photon energy around 1. This is because the pris-
tine monolayer TPty S3 is an isotropic material. It is also worth
mentioning that the 0.08S-vacancy has an extinction ratio of up
to 16.6 at 2.4 eV, which is superior to other photodetectors. For
example, the extinction ratio of the photodetector of the black
phosphorus is 8.7 [3], while the experimentally measured ER of
the PbS photodetector is 2.38 [33]. These results indicate that
proper vacancy defects are capable of enhancing the polarization
sensitivity of optoelectronic devices.
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versus photon energy. (e) SET as a function of polarization angle 6.

As mentioned earlier, we further investigated whether the
0.04 Pt vacancy is employed as a candidate material for future
spin photodetector devices. The variation of photocurrent is still
similar to function cos(26), with the polarization angle of 6 (see

Figs. 5 and S11). The

photocurrent in terms of polarization angle for three levels of

results in Fig. 5(a)—(c) reveal that the

(a) The variation of the maximum photocurrent with the photon energy for the monolayer TIPt2S3 and defect systems. (b) The extinction ratio of the

0.04 Pt-vacancy photodetector with a bias of 0.2 V between the two electrodes. (a—c) Photocurrent versus polarization angle . (d) Maximum photocurrent

the photon energy (i.e., 0.3 eV, 0.6 eV, and 0.9 eV). It can be
also found that the spin-down current is almost the same as the
total current, while the spin-up current is very trivial and nearly
zero. The maximum photoelectric response of Fig. 5(d) shows
that T1Pt, S with this system achieves a special triangular wave
circuit signal, while also filtering to obtain a spin-down current.
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The spin-injection efficiency (SIE) measures the degree of spin
polarization in the transport current, and the SIE is defined as
n = “2;2\ . Therefore, the SIE of the spin current is plotted at a
bias of 0.2 V (see Fig. 5(e)). It can be observed that near-perfect
spin filtering effect and the full spin-polarized photocurrent
(FSPC) can be obtained at full photon energy. These results
indicate that the concentration of defects could also modulate the
electronic structure of the material, which potentially provides
it for a diverse range of applications in spintronic devices.

IV. CONCLUSION

In summary, the modulation of the electronic structure of
pristine monolayers of TIPtyS3 by defect engineering was in-
vestigated both from the perspective of different atoms types
and concentrations of defects. Different atoms types of defects
achieved a tunable band gap in the material, while further
variations in the concentration of Pt atomic defects introduced
magnetic properties. In addition, the obtained results from the
molecular dynamics simulations revealed that the defective sys-
tem exhibits better high temperature stability than that of the
pristine T1Pt5S3. The quantum transport simulations based on
TIPtyS3 optoelectronic devices also showed an extremely high
polarization sensitivity of 16.6, with significant enhancement of
photoelectric response, and realization of 100% spin filtering
effect. We demonstrated that defect engineering could achieve
high polarization sensitivity and strong photoelectric response
output of TIPt S3-based optoelectronic devices. This issue effec-
tively suggests that defect engineering could be implemented as
an effective strategy to enhance the optoelectronic performance
of photoelectric detectors in the future.

REFERENCES

[1] Z.Lietal., “Broadband GaAsSb nanowire array photodetectors for filter-
free multispectral imaging,” Nano Lett., vol. 21, no. 17, pp. 7388-7395,
2021.

[2] J. Xiong et al., “High performance self-driven polarization-sensitive pho-
todetectors based on GeAs/InSe heterojunction,” Adv. Opt. Mater., vol. 9,
no. 20, 2021, Art. no. 2101017.

[3] P. K. Venuthurumilli et al., “Plasmonic resonance enhanced polarization-
sensitive photodetection by black phosphorus in near infrared,” ACS Nano,
vol. 12, no. 5, pp. 48614867, 2018.

[4] Y. Liu et al., “Intrinsic strong linear dichroism of multilayered 2D hybrid
perovskite crystals toward highly polarized-sensitive photodetection,” Adv.
Opt. Mater., vol. 7, no. 23, 2019, Art. no. 1901049.

[5] Y. Yu et al., “Tunable alloying improved wide spectrum UV-vis-NIR and
polarization-sensitive photodetector based on SB—S—Se nanowires,” IEEE
Trans. Electron Devices, vol. 68, no. 8, pp. 3887-3893, Aug. 2021.

[6] Z. Guo et al., “High-performance polarization-sensitive photodetec-
tors on two-dimensional 3-InSe,” Nat. Sci. Rev., vol. 9, no. 5, 2022,
Art. no. nwab098.

[7] R.Maitietal., “Strain-engineered high-responsivity MoTex photodetector
for silicon photonic integrated circuits,” Nature Photon., vol. 14, no. 9,
pp. 578-584, 2020.

[8] P. Li and Z. Zhang, “Self-powered 2D material-based pH sensor and
photodetector driven by monolayer MoSes2 piezoelectric nanogenerator,”
ACS Appl. Mater. Interfaces, vol. 12, no. 52, pp. 58132-58139, 2020.

[9] Y. W. Zhou et al., “High extinction ratio super pixel for long wavelength
infrared polarization imaging detection based on plasmonic microcavity
quantum well infrared photodetectors,” Sci. Rep., vol. 8, no. 1, 2018,
Art. no. 15070.

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 1, FEBRUARY 2023

[10] Y. Yang et al., “Polarization-sensitive ultraviolet photodetection of
anisotropic 2D GeSa,” Adv. Funct. Mater., vol. 29, no. 16, 2019,
Art. no. 1900411.

[11] L. Ye et al., “Highly polarization sensitive infrared photodetector based
on black phosphorus-on-WSez photogate vertical heterostructure,” Nano
Energy, vol. 37, pp. 53-60, 2017.

[12] Y. Ping et al., “Polarization sensitive solar-blind ultraviolet photodetectors
based on ultrawide bandgap KNb3Og nanobelt with fringe-like atomic
lattice,” Adv. Funct. Mater., vol. 32, no. 24, 2022, Art. no. 2111673.

[13] L. Tong et al., “2D materials—based homogeneous transistor-memory
architecture for neuromorphic hardware,” Science, vol. 373, no. 6561,
pp. 1353-1358, 2021.

[14] Y. Li et al., “Solution-processed one-dimensional CsCusls nanowires

for polarization-sensitive and flexible ultraviolet photodetectors,” Mater:

Horiz., vol. 7, no. 6, pp. 1613-1622, 2020.

Q. Zhao et al., “High performance polarization-sensitive self-powered

imaging photodetectors based on a p-Te/n-MoSe2 van der Waals hetero-

junction with strong interlayer transition,” Mater. Horiz., vol. 8, no. 11,

pp. 3113-3123,2021.

[16] H.Jiaoetal., “HgCdTe/black phosphorus van der Waals heterojunction for
high-performance polarization-sensitive midwave infrared photodetector,”
Sci. Adv., vol. 8, no. 19, 2022, Art. no. eabn1811.

[17] X. Yang et al, “Electronic and optical properties of a novel
two-dimensional semiconductor material TIPt3S3: A first-principles
study,” Phys. Chem. Chem. Phys., vol. 24, no. 13, pp. 7642-7652,
2022.

[18] W. Bronger and B. Bonsmann, “Terndre Thalliumplatin- und Thal-
liumpalladiumchalkogenide TloMyXg. Synthesen, kristallstruktur und
bindungsverhiltnisse,” Zeitschrift fiir Anorganische und Allgemeine
Chemie, vol. 621, no. 12, pp. 2083-2088, 1995.

[19] V. Wang et al., “High-throughput computational screening of two-
dimensional semiconductors,” J. Phys. Chem. Lett., vol. 13, no. 50,
pp. 11581-11594, 2022.

[20] J.Lahiri et al., “An extended defect in graphene as a metallic wire,” Nature
Nanotechnol., vol. 5, no. 5, pp. 326-329, 2010.

[21] Z.-H.Xuetal., “Effects of doping Ti, Nb, Ni on the photoelectric properties
of monolayer 2H-WSe2,” Physica E: Low-Dimensional Syst. Nanostruct.,
vol. 133, 2021, Art. no. 114846.

[22] J. Jadwiszczak et al., “MoS2 memtransistors fabricated by localized he-
lium ion beam irradiation,” ACS Nano, vol. 13, no. 12, pp. 14262-14273,
2019.

[23] M. U. Rothmann et al., “Structural and chemical changes to CH3NH3Pbl3
induced by electron and gallium ion beams,” Adv. Mater., vol. 30, no. 25,
2018, Art. no. 1800629.

[24] G. Kresse and J. Hafner, “Ab initio molecular dynamics for liquid metals,”
Phys. Rev. B, vol. 47, no. 1, pp. 558-561, 1993.

[25] G.Kresse andJ. Furthmiiller, “Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set,” Phys. Rev. B, vol. 54,
no. 16, pp. 11169-11186, 1996.

[26] J. Taylor et al., “Ab initio modeling of quantum transport properties
of molecular electronic devices,” Phys. Rev. B, vol. 63, no. 24, 2001,
Art. no. 245407.

[27] Z. Xu et al., “Enhanced photogalvanic effects in the two-dimensional

WTes monolayer by vacancy- and substitution-doping,” Appl. Surf. Sci.,

vol. 548, 2021, Art. no. 148751.

S.Lietal., “Self-powered photogalvanic phosphorene photodetectors with

high polarization sensitivity and suppressed dark current,” Nanoscale,

vol. 10, no. 16, pp. 7694-7701, 2018.

S. Gao et al., “Monolayer InSe photodetector with strong anisotropy

and surface-bound excitons,” Phys. Chem. Chem. Phys., vol. 23, no. 10,

pp. 6075-6083, 2021.

S. Li et al., “2D Perovskite SroNb3O1g for high-performance UV pho-

todetectors,” Adv. Mater., vol. 32, no. 7, 2020, Art. no. 1905443.

[31] C. Guo et al., “Anisotropic ultrasensitive PDTE2-based phototransistor
for room-temperature long-wavelength detection,” Sci. Adv., vol. 6, no. 36,
2020, Art. no. eabb6500.

[32] J. Hu et al., “Optical response of Te-based monolayer materials from first
principles,” Appl. Phys. Lett., vol. 115, no. 15,2019, Art. no. 151104.

[33] R. Graham et al., “Electric field dependent photocurrent decay length in
single lead sulfide nanowire field effect transistors,” Nano Lett., vol. 11,
no. 2, pp. 717-722, 2011.

[15]

[28]

[29]

[30]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


