Materials & Design 229 (2023) 111934

journal homepage: www.elsevier.com/locate/matdes

Contents lists available at ScienceDirect

Materials & Design

Extended wavelength and enhanced sensitivity of PbS colloidal quantum )
dots/Bi,Tes photodetector by band alignment engineering

Check for
updates

Lijing Yu®P<, Pin Tian >¢, Libin Tang *>“*, Qun Hao **, Kar Seng Teng “*, Hefu Zhong ¢, Wenbin Zuo "<,
Yulong Ji®, Hongfu Li®, Zhihua Li®, Qi Ma®, Min Yang®, Lianjie Yu"

2The Laboratory of Photonics Information Technology, Ministry of Industry and Information Technology, School of Optics and Photonics, Beijing Institute of Technology, Beijing

100081, China

b Kunming Institute of Physics, Kunming 650223, China

€Yunnan Key Laboratory of Advanced Photoelectric Materials & Devices, Kunming 650223, China
4 Department of Electronic and Electrical Engineering, Swansea University, Bay Campus, Fabian Way, Swansea SA1 8EN, United Kingdom
€School of Materials and Energy, Yunnan University, Kunming 650500, China

HIGHLIGHTS
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« High responsivity of ~161 A/W and
detectivity of ~3.2 x 10" Jones at
1050 nm are obtained by band
alignment engineering.
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ABSTRACT

The tunable band gap of PbS colloidal quantum dots (CQDs) from ultraviolet (UV) to short-wave infrared
(SWIR) bands provides many potential applications in optoelectronics. However, synthesis of large-sized
CQDs that exhibit good stability and sensitivity for extended wavelength still remains a technological
challenge. In this paper, a novel broadband photodetector based on small size PbS CQDs (with exciton
absorption peak at 927 nm) and Bi,Tes (with wide spectral sensitivity and high absorption) was devel-
oped and studied. The device, which comprised of ITO/AZO/PbS CQDs/Bi,Tes/Al, provided an excellent
band alignment that facilitated charge dissociation and transmission hence improving the device sensi-
tivity. Furthermore, wavelength extension was also realized through the synergistic effect of these mate-
rials, thus demonstrating broadband photodetection with high sensitivity. The heterostructure
photodetector demonstrated good performance in the visible and near infrared ranges, especially at a
wavelength of 1050 nm exhibiting a high responsivity (R) and detectivity (D*) of 161 A/W and
3.2 x 10" Jones, respectively. In addition, the device exhibited excellent stability and reversibility after
one month of storage without any encapsulation. This work lays a good foundation for the construction of
the next generation of highly sensitive broadband CQDs photodetectors.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Broadband photodetector is of great research interests due to
their potential applications in optical communication, medical
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diagnosis and environmental monitoring [1,2], etc. In order to
extend the operating wavelength and improve the performance
of the device, many device structures have been designed and
developed, for example, photodetector exhibiting high sensitivity
and wide spectrum can be realized by combining several different
functional materials (such as two-dimensional materials) [3].
However, its application is limited due to the complex production
process and the use of expensive equipment (such as chemical
vapor deposition and so on), hence rendering them commercially
unviable [4]. CQDs have attracted much research interests due to
their unique properties, such as adjustable band gap, quantum
confinement effect and solution processability, [5] etc. PbS CQD
is the most widely studied CQD. It has a high molar absorption
coefficient (=10° M~! cm™!) and a wide adjustable band gap range
(0.6-1.6 eV)[6], providing the possibility for low-cost broadband
photoelectric applications from UV to SWIR. So far, it has been used
in photoelectric detection [7], solar cells [8], and light-emitting
diodes [9], etc.

Band gap of the quantum dots can be tuned by adjusting its size,
structure and shape due to the quantum confinement effect [10].
For example, an increase in the quantum dot size would lead to
weakening of the confinement, hence resulting in the redshift of
the absorption spectrum (e.g., a larger dot size would result in sig-
nificant redshift). In order to synthesize large-sized CQDs, higher
growth temperature and longer growth duration are usually
required [11]. As uncontrollable nucleation process and Ostwald
ripening happened during the growth of the quantum dots, a pro-
longed growth duration can result in high defect density and poor
dispersion [12,13] that have detrimental effects on the optical
properties of the synthesized quantum dots. Therefore, it has been
difficult to synthesize PbS CQDs with size of up to ~ 3 pum [14].

Stability of the quantum dots is important to its application. The
performance of the quantum dots can degrade due to oxidation,
especially for PbX (X =S, Se, Te) quantum dots. The oxidation of
PbS quantum dots is greatly affected by its surface properties,
which are related to its crystal structure. PbX is a semiconductor
with rock-salt cubic structure, of which [111] and [100] planes
are the main crystal planes. The proportion of [100] and [111]
facets on the CQDs surface plays a vital role in the overall stability
of the material. Small-sized PbX nanoparticles usually have an
octahedral shape with a higher ratio of [111] to [100] facets. As
the size of quantum dots increases, the shape of the dots first
evolves into truncated octahedrons and then into cuboctahedron,
which causes the proportion of [100] facets to increase. As ligands
preferentially bind to the [111] facets of PbX quantum dots, the
higher proportion of [100] facets would reduce the ligand cover-
age hence lowering the inoxidizability of the quantum dots
[15,16]. Therefore, large-sized PbS quantum dots oxidize easily
and are difficult to synthesize. Broadening the response band by
increasing the size of quantum dots remains a technological chal-
lenge to produce device that exhibits good and stable perfor-
mances. To date, most methods to improve the performance of
CQDs photodetectors have been focused mainly on enhancing car-
rier mobility but they did not result in significant improvement in
device performance (e.g., responsivity was less than 1 AW™'). The
combination of CQDs with topological materials has demonstrated
moderate improvement in the device performance [17], which
attributed to the high mobility and unique surface states of the
topological materials (such as BiTes).

In this work, a novel broadband photodetector based on small-
sized PbS CQDs/Bi,Tes heterostructure was fabricated by spin coat-
ing and magnetron sputtering techniques. The photoelectric prop-
erties of UV-visible to near-infrared (365, 400, 500, 660, 940 and
1050 nm) broadband photodetectors have been studied in detail.
The device exhibits a maximum responsivity and detectivity of
161 A/W and 3.2 x 103 Jones, respectively, at a wavelength of
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1050 nm. In addition, the device demonstrates excellent stability
after one month of storage without packaging. The mechanisms
of enhanced light response and wavelength extension of the PbS
CQDs/Bi,Te; heterostructure are discussed.

2. Experimental section
2.1. Materials

Indium tin oxide (ITO) grown on quartz substrate was obtained
from Beijing Jinji Aomeng Technology Co. Ltd. PbS CQDs were syn-
thesized by thermal injection as previously reported by Hines Ma
et al [18]. A mixture, consisting of 1.2 g of PbO, 4 mL of oleic acid
(OA) and 20 mL of octadecene (ODE), was heated to 100 °C and
subsequently increased to 130 °C to form lead oleate, which was
rapidly injected into the sulfur source. The flask was then cooled
to room temperature in a cold bath. N-octane was purchased from
Tianjin Zhiyuan Chemical Reagent Co. Ltd. The as-prepared PbS
CQDs were dissolved in an n-octane solvent with a concentration
of 30 mg/mL-NH3-H,0, H,0, and methanol were obtained from
Tianjin Fengchuan Chemical Reagent Co. Ltd. Tetrabutyl-
ammonium iodide (TBAI) was obtained from Shanghai Titan Scien-
tific Co. Ltd. Sputtering targets, such as BiyTes (99.99 %),
Aluminum-doped zinc oxide (AZO) (99.99 %) and Al (99.99 %), were
purchased from Zhongnuo Advanced Material (Beijing) Technology
Co. Ltd. The dispersed quantum dots were stored in a vacuum
chamber for future use. All chemicals were used without further
purification.

2.2. Fabrication of photodetector

The ITO substrate was cleaned by chemical bath in NH3-H,0:
H,0,: H,0 (1:1:3) mixed solution for 30 min, rinsed with deionized
water, blown dry with nitrogen and then transferred into the mag-
netron sputtering chamber. AZO functional layer was deposited
under a pressure of 0.6 Pa and sputtering power of 100 W, and
the growth duration was 1 h. Using a layer-by-layer (LBL) method
[19], PbS CQDs was spin coated on AZO layer at 2500 rpm and TBAI
ligand exchange was then performed for 60 s. This spin coating
process was repeated eight times to form a layer of PbS CQDs film.
After spin coating of the PbS CQDs, the Bi,Tes film was deposited
using magnetron sputtering under a pressure of 0.6 Pa and power
of 200 W, and the growth duration was 1 s. Finally, aluminum elec-
trode was deposited using physical vapor deposition (PVD) tech-
nique on to a pre-masked surface of the Bi,Tes film. The effective
photosensitive area of the device was 1.0 mm?.

2.3. Characterization

Transmission electron microscopy (TEM), high-resolution trans-
mission electron microscopy (HRTEM) and fast Fourier transform
(FFT) characterizations were performed using a high-resolution
transmission microscope (JEM-2100) operating at 200 kV. The
phase structures of the materials were characterized by X-ray
diffractometer (XRD) (Rigaku D/Max-RA) with Cu radiation source.
The optical properties of the materials were studied using an ultra-
violet-visible spectrophotometer (UV-VIS-NIR 3600). Fourier
transform infrared (FTIR) spectra were acquired using a Bruker
Tensor spectrometer. Raman spectroscopy was performed using a
Raman microscope with an argon-ion laser at an excitation wave-
length of 514.5 nm. X-ray photoelectron spectroscopy (XPS) (PHI
Versa Probe II) was used to study the chemical bonds and elemen-
tal composition of the materials. The cross-sectional image of the
device was obtained by scanning electron microscope (SEM, FEI
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Quanta 200). C-V characteristics of the device were analyzed by the
semiconductor device analyzer (Keysight B1500A).

To characterize the device performance, LEDs with different
wavelengths (365, 400, 500, 660, 940 and 1050 nm) were used
as light sources. The LEDs were driven by a signal generator (Agi-
lent 33210A) and the test results were collected via a digital source
meter (Keithley 2400). The light intensity of LEDs was calibrated
using silicon optical power meter (FZ400).

3. Results and discussion
3.1. Characterization of PbS CQDs

Fig. 1(a) shows TEM, HRTEM and FFT (inset) images of the syn-
thesized PbS CQDs with size of ~ 3 nm and exhibit good monodis-
persity. According to the FFT pattern, PbS CQDs have excellent
crystallinity. Lattice fringes correspond to (111) and (200) lattice
planes of the PbS CQDs can be observed from the HRTEM image,
hence indicating a high crystallinity of the nanomaterials. Surface
topography of the spin-coated PbS CQDs film was characterized
with a profilometer in the range of 417 x 417 pm? (as shown in
Fig. 1(b)), and the measured surface roughness (SA) of the film
is ~ 0.6 nm. The results show good uniformity of the PbS CQDs
film, which is critical to the formation of high-quality film by
spin-coating. Fig. 1(c) shows the X-ray diffraction (XRD) pattern
of PbS CQDs, and all peaks are conformed to the PbS standard
PDF card (JCPDS# 02-1431). Fig. 1(d) shows the absorption spec-
trum of PbS CQDs, which reveals strong absorption in UV-NIR
(1000 nm) range, thus indicating that the PbS CQDs are potential
candidate materials for the preparation of UV-NIR photodetectors.
The absorption peak of the first exciton of the PbS CQDs is located
at 927 nm. According to Moreels equation [20], the size of PbS
CQDs is ~ 3 nm, which is consistent with the TEM results. Fig. 1
(e) shows the Tauc diagram (obtained from Fig. 1(d)) and is used
to determine the band gap of PbS CQDs. The calculated band gap
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of PbS nanocrystals is 1.24 eV using the Tauc relationship as
described below [21]:

a(hv) = A(hy — Ep)'/? (1)

where A is the absorption coefficient (cm™!), hv is the photon
energy, o is a constant, and E, is the optical band gap.

The surface of PbS CQDs synthesized by heat injection method
was coated with long chain organics, such as oleic acid (OA). In
order to improve the charge transfer efficiency at the surface of
quantum dots, there is a need to replace these long chain ligands
with short chain ligands. Typically, short chain ligands, such as
3-mercaptopropionic acid (MPA) or ethane dithiol (EDT) are used
[22]. Since PbS CQD films treated with TBAI demonstrate high
charge mobility and good stability in air [23,24], TBAI is selected
for short chain ligand exchange in this work. Organic ligand coated
at the surface of quantum dots often contain functional groups,
such as carbon-carbon double bond, carboxyl group, hydroxyl
group and carbonyl group. The existence of these groups can be
determined by Fourier infrared transform (FTIR) spectrometer,
which is used to investigate the vibration of different bonds from
these functional groups [25]. After TBAI ligand exchange, the sur-
face of PbS CQDs was characterized by FTIR spectroscopy to deter-
mine whether oleic acid is completely replaced by short-chain
ligands, as shown in Fig. 1(f). Comparing the FTIR spectra of as-
synthesized PbS CQDs with those after ligand exchange, the CH,
stretching peaks (i.e., 2852 cm~! and 2920 cm™') disappear after
ligand exchange hence suggesting that the oleic acid ligands are
completely replaced.

3.2. Characterization of Bi,Tes film

The preparation of Bi,Tes films by magnetron sputtering is
depicted in Fig. 2(a). Bi;Tes film was grown at sputtering power
of 200 W, sputtering pressure of 5 Pa, gas flow of 60 standard cubic
centimeters per minute (sccm), and sputtering duration of 1 s. Dur-
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Fig. 1. Structural characterization of PbS CQDs. (a) TEM image of PbS CQDs (Inset: HRTEM and FFT images). (b) Surface topography of PbS CQDs film characterized by
profilometry. (c) XRD pattern of PbS CQDs film. (d) UV-vis absorption spectrum of PbS CQDs. (e) Plot of o versus photon energy (hv) of PbS CQDs film. (f) FTIR spectra of PbS
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Fig. 2. Characterization of the Bi,Te; film. (a) Schematic diagram depicting the preparation of Bi,Te; film by magnetron sputtering. (b) HRTEM image and lattice structure
(inset) of Bi,Te; film. (c) FFT pattern of Bi,Tes film. (d) UV-vis absorption spectrum of Bi;Tes film.(e) Raman spectrum of Bi,Tes film. (f) Raman mapping of Bi,Tes film at
131 cm™. (g) XPS survey scan of Bi,Tes film. (h) XPS spectrum of Bi 4f core level. (i) XPS spectrum of Te 3d core level.

ing sputtering, argon gas (Ar,) is ionized to argon ion (Ar") and
then accelerated to the Bi,Te; target under an electric field. These
argon ions bombard the surface of the target with high energy
resulting in the sputtering of the target material onto the sub-
strate. Fig. 2 (b) shows the HRTEM image of the deposited Bi,Tes
film. It can be seen that the Bi,Te; film prepared by magnetron
sputtering exhibits good crystallinity quality even without any
annealing treatment. The HRTEM image of Bi,Tes film reveals three
different crystal faces with spacing of 0.177, 0.22 and 0.325 nm,
corresponding to (205), (110) and (015) lattice planes, respec-
tively. The observed lattice structures correspond to the theoretical
lattice structures as shown in the insets of Fig. 2 (b). Fig. 2(c) shows
the fast Fourier Transform (FFT) image of Bi,Tes film, and the cor-
responding indices of crystal plane from Fig. 2(b) are marked on
the image.

Bi,Tes is a quintuple structure. Among the fifteen vibrational
modes of Bi,Tes, the optical modes that can be detected by Raman
spectroscopy are Ajg, Eg, E, and A;,. Among them, E, originates
from in-plane vibration of the five-layer structure, Ag is from
out-of-plane vibration, and A, is caused by the defects of the quin-
tuple structure [26]. The Raman spectrum of Bi,Te; is shown in
Fig. 2(e). It consists of three Raman peaks at 61.1, 101.1 and
131.6 cm™', which correspond to Alg, Ez and A%, of BiTes, respec-
tively. It is worth noting that A;, peak is not observed in the spec-
trum, thus suggesting that the prepared Bi,Tes film has a relatively
low defect concentration. Fig. 3(f) shows the Raman mapping of
the film at 131.6 cm™! indicating the formation of a uniform film.

The chemical bond and surface oxidation state in Bi,Te; film
were studied by XPS. Fig. 2(g) shows the XPS survey spectrum of
the film. Elements of Bi and Te, as well as O and C are observed
in the spectrum. The presence of O 1s peak indicate surface oxida-
tion of the film. The Bi 4f core level peak consists of doublet peaks,
namely Bi 4f;); and Bi 4fs, at the binding energies of 157.7 eV and
163 eV, respectively, as shown in Fig. 2(h). Similarly, the core level
peak of Te 3d also consists of doublet peaks (as shown in Fig. 2(i)),
namely Te 3dsj, and Te 3ds), at the binding energies of 572.2 eV
and 582.4 eV, respectively. All the doublet peaks are deconvoluted
into two components, such as the main and oxide-related peaks.
The fitted Bi 4f and Te 3d core level peaks indicate that BiTes
phase is formed [27]. The other four peaks at relatively higher
binding energy (i.e., 159 and 164.3 eV of Bi 4f, and 575.9 and
586.2 eV of Te 3d) correspond to oxidation states and represent
surface oxides at the Bi,Tes film.

3.3. Characterization of photodetector

Fig. 3(a) shows the device structure of the photodetector, which
comprises of ITO/AZO/PbS CQDs layer/Bi,Te; /Al Cross-sectional
SEM image of the device is shown in Fig. 3(b). The layers (from
top to bottom) are Al, Bi,Tes, PbS CQDs, AZO and ITO, with thick-
ness of ~ 90, 6, 172, 210 and 254 nm, respectively. An obvious
boundary between the different materials can be seen from the
SEM image, hence suggesting good interfaces are formed, which
is favorable for fast transport of carriers.
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Fig. 3. (a) Schematic diagram illustrating the device structure. (b) Cross-sectional SEM image of the photodetector. (¢) C-V characteristic of the photodetector. (d) Energy
band diagram of the device. (e) I-V measurements under dark and different light wavelengths (740, 850, 940 and 1050 nm). (f) Plot of responsivity (R). (g) Plot of detectivity
(D*). (h) Photoresponse under different light wavelengths (365, 400, 500, 660, 940 and 1050 nm). (i) Spectral response of the photodetector.

Capacitance-voltage (C-V) measurement is an effective method
to study the doping concentration and barrier width of a p-n junc-
tion. Fig. 3(c) shows a 1/C2-V plot of the device. It is assumed that
the depletion zone is entirely within the PbS CQD layer. In this
case, the following formulas are used for analysis [28]:

1 2 (@-V)
? gqs N @

e (@-V)
T ®)

where ¢ is the electron charge, @ is the built-in potential, Na is
the doping concentration, and & is the effective dielectric constant
of CQD film. Using formula (1) and Fig. 3(c), @ has a value of ~ 0.
9 V. Taking & = 15 [29], the calculated values of Na and depletion
width (W) of the device are 2.99 x 10'® cm~3 and 228 nm, respec-
tively. As the thickness of the PbS CQD film is ~ 172 nm (from the
SEM image), this suggests that the depletion width of the device
cover the entire CQD layer.

Fig. 3(d) shows the energy band diagram of the photodetector.
Since the surface state density of the topological insulator (TI) Bi,-
Tes is much less than that of its bulk, the main focus is on the bulk
state of Bi,Tes. According to the energy level position in the band
diagram, the conduction band of AZO is lower than PbS CQDs,
while the work function of ITO is lower than the conduction band
of AZO, therefore there is no barrier to hinder the transport of elec-
trons. The valence band of Bi,Tes is higher than that of PbS CQDs,
and the work function of Al is higher than that of Bi;Tes, which is
conducive to the rapid transfer of holes.

Performance of the photodetector was studied using different
wavelengths of incident light at room temperature. Fig. 3(e) shows
that the optical response of the photodetector under 740, 850, 940
and 1050 nm wavelengths of incident light. Responsivity (R) and
detectivity (D*) can be calculated using the following equations:

L

R= LPoptD (4)
. R

7 ) ®

where J; is the current density under incident light, Jp is the
dark current density, P, is the optical power density, and g is
the unit charge. The device exhibits high responsivity (R) and
detectivity (D*) under illumination of 1050 nm light source at dif-
ferent power densities as shown in Fig. 3(f) and 3(g), respectively.
An increase in both R and D* of the device is evident as the power
density of the incident light increases. The photodetector has a
maximum R and D* of 161 A/W and 3.2 x 10' Jones, respectively.
Compared with other PbS CQDs based photodetectors (Table 1), the
device from this work exhibits excellent performance. Fig. 3(h)
shows the transient response of the device under illumination at
different wavelengths (365, 400, 500, 660, 940 and 1050 nm).
Fig. 3(i) shows the spectral response of the device, which is beyond
the absorption range of quantum dots. Even after one month of
storage without packaging, the photodetector still demonstrates
stable optical response at 740, 850, 940 and 1050 nm as shown
in Fig. S1(a). According to the results in Fig. S1(b) and S1(c), there
is no degradation in the responsivity (R) and detectivity (D*) of the
device at 1050 nm. In addition, the time-dependent response of the
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Table 1

Comparison the photoelectric properties with other PbS CQDs based photodetectors.
Materials Excitation Wavelength (nm) Responsivity (A/W) Detectivity (Jones) Ref.
PbS/ Bi,Tes 927 32 x 10"3 This work
PbS/graphene 1200 8 x 10° 10° [30]
PbS/MoS, 635 6 x 10° 5 x 10" [31]
PbS/SnS, 970 22 % 102 [32]
PbS/Si 1236 0.4 1.5 x 10" [33]
PbS / WSe, 970 2 x 10° ~10'3 [34]

incident light at 365 nm (UV), 740 nm (visible) and 1050 nm (near
infrared) are shown in Fig. S1(d)-(f), the results show that the
device demonstrate good stability during repeated measurements
and has a broad response from ultraviolet to near-infrared.

Many researchers have studied the relationship between the
absorption spectrum of quantum dots and the response of the pho-
toelectric device. For example, Keke Qiao [35] et al. fabricated a PbS
CQDs based photodetector, which performance was attributed to
the first excitonic absorption peak of the nanomaterial at
980 nm, and reported that the photocurrent dropped sharply to a
level similar to that of dark current once the incident light
exceeded its absorption range. Therefore, it can be concluded that
the quantum dots with 927 nm exciton absorption peak would not
result in an optical response at 1050 nm, and the excellent perfor-
mance of the device achieved at 1050 nm must be due to the com-
bination with Bi,Te; material in this work.

The observed enhancement in performance and wavelength
extension of the PbS CQDs/Bi,Tes; heterostructure photodetector
can be explained as follows. The photosensitive layer absorbs pho-
tons resulting in the generation of excitons (i.e., hole-electron
pairs). The holes are rapidly transferred from Bi,Tes to Al electrode,
while the electrons are transferred from AZO to ITO electrode. The
rapid separation and extraction of carriers lead to the effective con-
version of incident light to photocurrent, thus improving the per-
formance of the device [36]. This transmission mechanism would
explain the high responsivity of the device. In addition, a reason-
ably design of hybrid quantum dots/Bi,Te; device can realize a
high-performance CQDs photodetector through the internal gain
phenomenon due to the large gap in carrier mobility between Bi,-
Tes and quantum dots [37,38].

The photodetector consists of two active parts, namely the PbS
CQDs and Bi,Te; material. If the wavelength of incident light is
within the absorption range of PbS CQDs, such as 927 nm, the
PbS CQDs would play a dominant role because of its larger thick-
ness producing stronger absorbance. If the wavelength of incident
light is beyond the absorption range of PbS CQDs but within the
absorption range of Bi,Tes, such as 1050 nm, Bi,Tez would play a
dominant role instead. The Bi,Tes acts as a functional layer as well
as broadens the absorption spectrum of the active layer of Bi,Tes/
PbS CQDs to 1050 nm by introducing an extra absorption peak at
the near infrared (1050 nm) leading to strong absorption and
broadband response.

4. Conclusion

In this work, a hybrid structure of AZO/Bi,Te3/PbS CQDs was
designed and fabricated for use as photodetector, which exhibits
excellent performance and wavelength extension. Compared with
PbS CQDs photodetector, the synergistic action of PbS CQDs and
BiTe; material results in a broadband response of up to
1050 nm that is beyond the absorption range of PbS CQDs. In addi-
tion, the well-designed energy band alignment of AZO/Bi,Te3/PbS
CQDs hybrid structure would accelerate carrier transmission,
hence enhancing the performance of the device between visible
light and near infrared with ultra-high responsivity and detectivity

of 161 A/W and 3.2 x 10'3 Jones at 1050 nm, respectively. The
hybrid structure has great potential in the development of next
generation optoelectronic devices.
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