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Abstract: Although laser technology brings convenience to production and daily life, it also causes
high-energy damage. Therefore, there is an urgent need to develop optical limiting materials for
laser protection. In this study, a novel nonlinear optical material, red/black phosphorus lateral
heterojunction, is successfully prepared through solvothermal and ultrasonic treatment. Using the
Z—scan method, the nonlinear optical properties of the red /black phosphorus heterojunction are
determined at wavelengths of 532 and 1064 nm. These results indicate that the red /black phosphorus
heterojunction exhibits reverse saturable absorption properties in 1.2.3-glycerol. Interestingly, the
red /black phosphorus heterojunction shows an enhanced performance over red phosphorus by in-
troducing the black phosphorus phase. Moreover, the red/black phosphorus heterojunction is doped
into organically modified silicate gel glass with excellent broadband optical limiting performance.
This study highlights the promising prospect of the red/black phosphorus heterojunction in the
nonlinear optical and optical limiting fields.

Keywords: red/black phosphorus; lateral heterojunction; reverse saturable absorption; optical
limiting; nonlinear optics

1. Introduction

Since the invention of the first ruby laser in 1960, laser technology has made rapid
progress [1]. In recent years, many laser technologies have emerged and brought great
convenience to humanity, such as laser ranging [2], laser processing [3], laser display [4],
and laser sensing [5]. However, high-energy damage to the human eyes or optical system
also occurs at the same time [6,7]. For example, the laser radar used for intelligent assisted
driving can cause luminous flux overloading in optical sensor devices, which consequently
causes irreversible damage to the camera [8]. These types of laser damage seriously hinder
production and human life, cause economic losses, or endanger physical health. The heavy
demand for laser safety has rapidly driven the development of optical limiting (OL) technol-
ogy [9]. OL based on third-order nonlinear optics (NLO) can effectively block high-energy
light while allowing low-energy light to pass through, which can precisely address this
issue. The transmittance of the medium decreases with the power density of incident light
so that the laser energy can be limited to below the laser damage threshold [10]. As carriers,
the NLO materials play an important role in achieving OL functionality [11]. There is a
wide range of materials that can be used for optical limiting, such as organic polymers [12],
inorganic metal compounds [13], and composites [14]. For several years, researchers have
been attempting to explore new NLO materials with larger modulation depths, lower
initial limiting thresholds, faster response times, and wider response wavebands. Usually,
materials with multiple photon absorption [15,16], excited state absorption [17,18], and
free carrier absorption [19,20] properties exhibit excellent OL performance. For example,
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Lim et al. observed that the excited state absorption of small -electron systems plays an
important role in the giant broadband nonlinear optical absorption of dispersed graphene
single sheets [21]. In another study, He et al. reported the two-photon absorption processes
of yttrium lithium fluoride doped thulium crystals and emphasized their potential applica-
tion prospect in solid-state OL [22]. OL based on the excited state absorption mechanism
requires NLO materials with stronger excited state absorptions, compared to ground state
absorptions. The excited state absorption can be enhanced by increasing the excited state
absorption cross-section and the population of excited state charge carriers. It is an effec-
tive method for realizing both the above aspects by forming heterojunctions to generate
electron transfer.

Two-dimensional (2D) heterojunctions exhibit remarkable carrier transfer properties,
making them excellent candidates for NLO [23,24], photocatalysis [25,26], and photodetec-
tion [27,28]. 2D heterojunctions can be divided into two types, lateral heterostructure and
vertical heterostructure (stacked layer by layer) [29]. Lateral heterostructure has attracted
much attention due to its lower charge delocalized barrier and better charge transport
pathways. This material structure provides significant advantages for OL. On the one hand,
the charge lifetime of intersystem crossing between phases in heterojunction is longer,
compared with that of vibration relaxation, which can increase the population of excited
state electrons. On the other hand, the absorption cross-section of the introduced second
phase has a strong influence on the excited state absorption of the heterojunction. A larger
absorption cross-section of the second phase results in a stronger OL performance [30].
Phosphorus-based materials are excellent choices for 2D heterojunctions used in OL due to
their strong visible light absorptions and tunable bandwidths. Black phosphorus (BP) is
known for its giant third-order NLO broadband response, serving as an excellent second
phase of the heterojunction with strong absorption.

In this study, we successfully prepared a red /black phosphorus (RP/BP) lateral hetero-
junction by solvothermal and ultrasonic methods. During the solvothermal process, the phase
transition was induced through ethylenediamine under high pressure. Under 532 and 1064 nm
nanosecond laser excitation, the nonlinear optical performance of the RP/BP lateral heterojunc-
tion was characterized by a Z—scan system. The results indicate that the RP/BP heterojunction
exhibits reverse saturable absorption characteristics in 1.2.3-glycerol (GI). Compared to red
phosphorus (RP), the RP/BP heterojunction shows a significant enhancement in reverse
saturable absorption due to the charge transfer. This material was doped into organically
modified silicate (ormosil) gel glass as an OL device. The results indicate that the RP/BP
heterojunction doped ormosil gel glass exhibits excellent reverse saturable absorption
performance, applicable in the OL field.

2. Results and Discussion

The RP/BP heterojunction is prepared by solvothermal and ultrasonic methods. As
shown in Figure 1, the preparation process includes the phase transition of the bulk RP
by solvothermal treatment, the purification process of the bulk RP/BP heterojunction by
centrifugal treatment, and the exfoliation process of the bulk RP/BP heterojunction by
ultrasonic treatment. Under high temperature and pressure conditions, bulk red phos-
phorus is intercalated and activated by ethylenediamine to produce phase transition [31].
Other solvents, such as water and ethanol, cannot induce phase transition of bulk red
phosphorus under the same high temperature and pressure conditions [31]. The bulk
RP/BP heterojunction obtained from solvothermal treatment is black in color. Through
ultrasonic treatment, the bulk RP/BP heterojunction transforms into a layered-structured
RP/BP heterojunction, and the color of the sample transforms into yellow.
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Figure 1. Schematic illustration of the preparation of the RP/BP heterojunction.

Transmission electron microscopy (TEM) is used to characterize the morphology and
structure of the RP/BP heterojunction (Figure 2). The RP/BP heterojunction has a distinct
sheet-like structure and an irregular edge shape (Figure 2a). The high-resolution TEM
(HRTEM) image proves that this material belongs to a lateral heterostructure (Figure 2b).
The partial areas of this material are crystalline phase (within the dashed circle in Figure 2b),
while the remaining areas are amorphous phase (outside the dashed circle in Figure 2b). The
spacing between the lattice fringe of the RP/BP heterojunction is 0.264 nm, corresponding
to an (0 4 0) crystal plane of BP (Figure 2c) [32]. The thickness of the RP/BP heterojunction
is ~1.5 nm, evidenced by an atomic force microscopy (AFM) image (Figure 2d). The
scanning electron microscopy (SEM) image shows that the RP/BP heterojunction has a
homogeneous morphology and a uniform size (Figure 2e). The RP/BP heterojunction is
stacked together in layers. The energy dispersive spectrometer (EDS) mappings display the
elemental composition of the RP/BP heterojunction (Figure 2f). The RP/BP heterojunction is
composed of P, O, and C elements, among which the P element is dominant. The O element
is related to the oxidation state of the RP/BP heterojunction at the structural edge and gas
adsorption. Since the RP/BP heterojunction is attached to a carbon film for characterization,
there is also a distribution of C elements around the RP/BP heterojunction sample.

Figure 2. Morphology characterization of the RP/BP heterojunction. (a) TEM image; (b,c) HRTEM
images; (d) AFM image; (e) SEM image; (f) EDS mappings of P, O, and C.

The phase structure of the RP/BP heterojunction and the bulk RP is studied by
X-ray diffraction (XRD) (Figure 3a). The broad diffraction peak from 10 to 40° suggests
a disordered structure of RP. The sharp diffraction peak of bulk RP at 15° is ascribed to
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a medium-range ordered structure. The peak positions match well with the PDF card
(ID: 44-0906) of RP. The RP/BP heterojunction does not have this peak at 15°, as the thick-
ness and size of the RP/BP heterojunction are reduced by ultrasonic treatment. The peaks at
17.6° and 27.4° correspond to (0 2 0) and (0 2 1) planes of the BP phase, respectively. These
peak positions match well with the PDF card (ID: 76-1967) of BP. The molecular vibrations
of the RP/BP heterojunction are characterized by Raman spectroscopy (Figure 3b). The
characteristic peaks of the RP/BP heterojunction at 350 and 395 cm ™! are attributed to
Bl fundamental mode and Al symmetric stretching modes of RP, respectively [33]. The
characteristic peaks of the RP/BP heterojunction at 363, 439, and 467 cm™! belong to
Ag! (out-of-plane mode), By? and A, (in-plane mode) of BP, respectively [34]. The func-
tional groups of the RP/BP heterojunction are characterized by Fourier transform infrared
(FT—IR) spectroscopy (Figure 3c). The peaks located at 1635, 1165, and 1019 cm ™! are
assigned to P=0, P-O, and P-P-O stretching vibrations, respectively [35]. Due to the weak
infrared activity and low content of BP, the FT—IR result only shows the peaks of the main
RP. The peaks from left to right in X-ray photoelectron spectroscopy (XPS) survey spectra
are O 1s, C 1s, P 1s, and P 2p of the RP/BP heterojunction (Figure 3d). The C element is
related to the adsorbed carbon dioxide. As shown in Figure 3e, the high-resolution XPS
spectrum of the P element is divided into zero-valence-state main body (P 1s and P 2p)
and high-valence-state surface oxides (P05, O-P=0, and P-O-P). As the binding energy
moves towards higher fields, the oxidation state of P also increases continuously. The
high-resolution XPS spectrum of the O element indicates that the surface oxides in the
RP/BP heterojunction contain P and C (Figure 3f). The ground state absorption proper-
ties of the RP/BP heterojunction are characterized by the ultraviolet-visible-near infrared
(UV-vis-NIR) absorption spectrum (Figure 4). This material has a wide absorption range in
the visible region. According to the Kubelka—-Munk theory [36] and Tauc plot equation [37],
the bandgap of the RP/BP heterojunction is confirmed to be ~1.1 eV.
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Figure 3. Spectroscopic characterization of the RP/BP heterojunction and bulk RP. (a) XRD spectra;
(b) Raman spectra; (¢) FT—IR spectra; (d) XPS survey spectrum; High-resolution XPS spectra of
(e) P2pand (f) O 1s.
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Figure 4. UV-vis-NIR absorption spectrum of the RP/BP heterojunction with the inset showing the
band gap spectrum converted from it.

The NLO performance is characterized by the optical setup in Figure 5. The laser
and optical instrument parameters can be found in Section 3.4 on characterization. A laser
beam is incident on the beam splitter at an angle of 45°. One beam with half the energy of
the incident laser is reflected and perpendicular to the original beam. It is collected by a
reference detector to reduce laser noise. The other beam with half the energy of the incident
laser can pass through the splitter and exit parallel to the original laser beam. It is focused
through a convex lens. As the sample approaches the position of Z = 0, the laser power
density continuously increases. By detecting the input and output laser power densities, the
changes in transmittance of the sample are calculated and recorded on the Z—scan curves.
The solvent GI is used to adjust the transmittance of the dispersed sample to 60%. The
RP/BP heterojunction is uniformly dispersed into GI through ultrasonic treatment. At 532
and 1064 nm, the curves of the RP/BP heterojunction are both reverse saturable absorption
signals with downward orientations (Figure 6a,b). Additionally, the modulation depth
(defined as the difference between the maximum and minimum normalized transmittances)
increases with incident laser power density. At 532 nm, the modulation depths are 0.41, 0.51,
and 0.65 for power densities of 1.132, 1.698, and 2.264 GW /cm?, respectively (Figure 6a).
At 1064 nm, the modulation depths are 0.03, 0.05, and 0.08 for power densities of 0.217,
0.542, and 0.866 GW /cm?, respectively (Figure 6b). The overall absorption of the dispersion
sample of the RP/BP heterojunction can be expressed as:

1) = —2

V=175 TR

where (I) is the overall absorption coefficient, &g is the linear absorption coefficient,
I is the saturable absorption intensity, 3 is the nonlinear absorption coefficient, and I
is the incident laser intensity. The Z—scan curves can be non-linear fitted by using the
following expression:
T=[1-(I)1]/(1 —op-1)
__ D
1422/ Z%

where 1 is the sample thickness, Ij is the light intensity at the waist, and z, is the Rayleigh
length of the focused beams. The imaginary parts of third-order NLO susceptibilities are
calculated through the following expression:

(3) C2~né
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where Imy(®) is the imaginary part of the third order optical susceptibility, ¢ is the velocity
of light, ny is the linear refraction, and w is the angular frequency of light.

Splitter Lens Sample Aperture
>
Laser -Z +7Z  Lens Detector
Reference
Detector

Figure 5. Schematic illustration of optical setup for Z—scan.
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Figure 6. Nonlinear absorption performance of the RP/BP heterojunction in GI. Open aperture
Z—scan spectra at different waist power densities under (a) 532 nm and (b) 1064 nm; Laser transmit-
tance spectra converted from open aperture Z—scan spectra under (c) 532 nm (2.264 GW/cm?) and
(d) 1064 nm (0.866 GW /cm?).

The nonlinear absorption coefficients and the imaginary parts of third-order NLO
susceptibilities are calculated through fitted values. At 532 nm, the nonlinear absorption
coefficient of the RP/BP heterojunction is 3.47 cm/GW under 2.264 GW/ cm?. The imagi-
nary part of third-order NLO susceptibility is 2.34 x 10~ esu under 2.264 GW/cm?. At
1064 nm, the nonlinear absorption coefficient of the RP/BP heterojunction is 0.72 cm/GW
under 0.866 GW/cm?. The imaginary part of third-order NLO susceptibility is
9.72 x 10712 esu under 0.866 GW/cm?.

Figure 6¢,d shows laser transmittance spectra converted from open aperture Z—scan
spectra (Figure 6a,b). This conversion calculates the input power density based on the
position Z from the focus. The obtained input power density is used as the independent
variable. The input power density is multiplied by the transmittance to obtain the output
power density. The obtained output power density is used as the dependent variable.
By converting the Z—scan curves into laser transmittance curves, it is found that their
transmittances at 532 and 1064 nm decrease with the increase of laser energy. The slopes of
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the blue lines are both 0.6 at 532 and 1064 nm, indicating that the linear transmittance of
the dispersion sample is 60%. The conversion equations between Z—scan spectrum and
laser transmittance spectrum are as follows:

where w(z) is the radius of the laser beam, wy is the waist radius (in this work, wo= 13.55
and 27.11 pum for 532 and 1064 nm, respectively), z is the distance from the waist, z; is the
Rayleigh length, P(z) is the laser power density, E is the laser energy, and T is the pulse
duration (in this study, T = 6-7 and 8-10 ns for 532 and 1064 nm, respectively).

The RP/BP heterojunction exhibits better NLO performance than the bulk RP, whether
at 532 or 1064 nm. At the same laser power density (2.264 GW/cm?), the modulation depth
of the RP/BP heterojunction at 532 nm is 0.65, while the modulation depth of the bulk
RP is 0.50 (Figure 7a). At the same laser power density (0.866 GW /cm?), the modulation
depth of the RP/BP heterojunction at 1064 nm is 0.08, while the modulation depth of
the bulk RP is 0.07 (Figure 7b). Compared with the bulk RP, the modulation depths of
the RP/BP heterojunction increase by 28.8% and 32.6% at 532 and 1064 nm, respectively.
The reverse saturable absorption of the RP without the introduction of BP is weaker than
that of the RP/BP heterojunction with the introduction of BP. As shown in Figure 8, the
energy level of the bulk RP follows a three-level model. It is determined that the reverse
saturable absorption of bulk RP is not two-photon absorption. As shown in Figure 7b,
if it is two-photon absorption, a slightly upward signal cannot occur. Only when the
excited state absorption cross-section is larger than that of the ground state absorption
will the reverse saturable absorption of the bulk RP arise. The energy level of the RP/BP
heterojunction follows a five-level model [26]. In contrast to the bulk RP, the charge transfer
occurs in the RP/BP heterojunction due to the introduction of the BP phase [26]. Because
of the larger absorption cross-section of BP and longer carrier relaxation time, the excited
state absorption of the RP/BP heterojunction is enhanced. Therefore, its reverse saturable
absorption performance is stronger.

The RP/BP heterojunction is doped in ormosil gel glass for practical application in
OL. As shown in the inset of Figure 9a, the RP/BP heterojunction doped silicone gel glass
exhibits a transparent yellow color. As shown in Figure 9a,c, the RP/BP heterojunction
doped silicone gel glass has excellent broadband reverse saturable absorption performance.
At 532 nm, the modulation depth of the RP/BP heterojunction doped ormosil gel glass
reaches 0.78 at 1.132 GW /cm? (Figure 9a). At 1064 nm, the modulation depth of the RP/BP
heterojunction doped ormosil gel glass is 0.068 at 0.542 GW/cm? (Figure 9¢). By fitting
and calculating, the nonlinear absorption coefficients of the RP/BP heterojunction doped
ormosil gel glass at 532 and 1064 nm are 4.23 and 0.75 cm/GW, respectively. The imaginary
parts of third-order NLO susceptibilities of the RP/BP heterojunction doped ormosil gel
glass at 532 and 1064 nm are 2.85 x 107! and 1.01 x 107! esu, respectively. The laser
transmittance of the RP/BP heterojunction doped ormosil gel glass at different laser power
densities is characterized in Figure 9b,d. These spectra are obtained by placing the sample
at the waist of the laser beam of the optical system and recording the input and output
power densities. In instances where laser power density is low, the majority of data points
tend to cluster around the blue straight line (Figure 9b). This means that the absorption
of the RP/BP heterojunction in ormosil gel glass is linear at low laser power density. In
instances where laser power density is higher, the transmittance of the sample demonstrates
a continuous decrease as the laser power density increases. At 532 nm, the initial limiting
threshold of the RP/BP heterojunction doped ormosil gel glass is 0.71 GW/cm?. The laser
damage threshold is 2.06 GW/cm?. After this point, the transmittance of the Z—scan curve
starts to increase again. Similarly, at 1064 nm, the sample exhibits nonlinear absorption as
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the laser power density increases (Figure 9d). At 1064 nm, the initial limiting threshold
of the RP/BP heterojunction doped ormosil gel glass is 0.84 GW/cm?. The laser damage
threshold is 1.23 GW/cm?. At both wavelengths, this device shows capacity to regulate the
laser power density within a certain range, demonstrating the potential value of the RP/BP

heterojunction doped ormosil gel glass for OL applications.
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3. Materials and Methods
3.1. Materials

Bulk red phosphorus and ethylenediamine were purchased from Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). Black phosphorus was purchased from Zhongke
Experimental Materials Co., Ltd (Guangzhou, China). Methyltriethoxysilane and acetic
acid were purchased from InnoChem Science & Technology Co., Ltd (Beijing, China). All
chemicals were analytical grade.

3.2. Preparation of RP/BP Heterojunction

Preparation of the RP/BP heterojunction followed the method described previously [26].
Firstly, red phosphorus was purified by hydrothermal treatment to remove the oxide layer.
Next, bulk red phosphorus (3 g) was dispersed in deionized water (80 mL). Then, the
mixture was transferred to a Teflon-lined stainless autoclave (100 mL) and maintained at
200 °C for 12 h. Secondly, the purified red phosphorus was dispersed in ethylenediamine
(30 mL). The mixture was then transferred to a Teflon-lined stainless autoclave (50 mL) and
maintained at 140 °C for 12 h. After cooling down to room temperature, black precipitate
was collected by centrifugation and washing with deionized water and ethanol. The
precipitate was placed in an oven (50 °C) for drying. The precipitate (150 mg) was added
into deionized water (200 mL). Under ice bath conditions, the dispersion was treated with
ultrasound for 1 h to exfoliate layers. Finally, the RP/BP heterojunction was obtained by
centrifugation, washing, and drying as described above.

3.3. Preparation of RP/BP Heterojunction Doped Ormosil Gel Glass

Firstly, methyltriethoxysilane (21.25 mL), deionized water (6.75 mL), ethanol (75 mL),
and acetic acid (0.4 mL) were mixed in a beaker (200 mL) and stirred for 24 h. Then, a portion
of the solvents (~50 mL) in the mixture was removed by a vacuum distillation device. The
remaining mixture was stirred continuously for 6 d. The RP/BP heterojunction (0.005 g)
was fully dispersed in the as-prepared prepolymer solution (11.03 mL). Subsequently, the
dispersion was transferred to a mold and dried at room temperature for about 6 d. After
demolding, the RP/BP heterojunction doped ormosil gel glass was obtained.

3.4. Characterization

The TEM images were characterized by a Hitachi HT7700 (Hitachi Energy,
Tokyo, Japan). The HRTEM and EDS elemental mappings were characterized by a FEI
Tecnai G2 F20 (DEI, Hillsboro, OR, USA). The AFM image was characterized by a Bruker
Multimode 8 (Bruker, Berlin, Germany). The SEM image was characterized by a Hitachi
5-4800 (Japan). The XRD spectra were characterized by a Bruker D8 focus (Germany). The
Raman spectra were characterized by a Renishaw inVia-Qontor (Renishawm London, UK).
The FT—IR spectra were characterized by a Varian Excalibur 3100 (Varian, Washington,
DC, USA). The XPS spectra were characterized by a ThermoFisher Scientific Escalib 250Xi
(Thermo Fisher, London, UK). The UV-vis-NIR absorption spectrum was characterized by
a Varian Cary 7000 (United States of America). The Z—scan spectra and laser transmittance
spectra were characterized by a Spectra Physics Premiscan/240/MB-ULD (Spectra Physics,
Milpitas, CA, USA). An Nd: YAG laser was used in the system with pulse durations of
6-7 ns (for 532 nm) and 8-10 ns (for 1064 nm) and a repetition rate of 10 Hz. The focal
length of the convex lens in the optical path was 200 mm. The Rayleigh lengths of the
focused beams were 1.08 mm (for 532 nm) and 2.17 mm (for 1064 nm). The detector used
was a dual channel energy meter.

4. Conclusions

By using bulk RP as the precursor, an RP/BP heterojunction (with a thickness of
~1.5 nm) has been successfully prepared by solvothermal and ultrasonic methods. The
solvent ethylenediamine plays an important role in inducing the phase transition. At 532
and 1064 nm, the reverse saturable absorption of the RP/BP heterojunction is observed in
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GI. The nonlinear absorption coefficient of the RP/BP heterojunction in Gl is 3.47 (532 nm,
2.264 GW/cm?) and 0.72 cm/GW (1064 nm, 0.866 GW /cm?), respectively. The imaginary
parts of third-order NLO susceptibility of the RP/BP heterojunction in GI are 2.34 x 10711
(532 nm, 2.264 GW/cm?) and 9.72 x 10712 esu (1064 nm, 0.866 GW /cm?), respectively. Due
to charge transfer, the RP/BP heterojunction exhibits obvious enhancement in nonlinear
absorption compared to RP (by 28.8% and 32.6% at 532 and 1064 nm, respectively). For
practical application in a device, an RP/BP heterojunction doped ormosil gel glass has
been prepared, which has excellent broadband NLO performance. The imaginary part
of third-order NLO susceptibility of this device reaches 2.85 x 10~ esu at 532 nm. The
initial limiting threshold of this device is 0.71 GW/cm? at 532 nm. This device can limit the
output laser power density within a certain range at 532 and 1064 nm, demonstrating a
great potential for application in OL or many other fields.

Author Contributions: Conceptualization, Y.C., H.Z. and Z.X.; methodology, ] W., EL., Y.L. and
L.C.; writing—original draft preparation, ].W.; writing—review and editing, Y.C., H.Z. and Z.X.;
supervision, Z.X. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
numbers 22275202 and 21971250.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The dataset is available on request from the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Maiman, T.H. Stimulated optical radiation in ruby. Nature 1960, 187, 493-494. [CrossRef]

2. Tao, M,; Guan, J.; Peng, T; Li, S;; Yu, S.; Song, J.; Song, Z.; Gao, L.; Gao, F. Simultaneous Realization of Laser Ranging and
Communication Based on Dual-Pulse Interval Modulation. IEEE Trans. Instrum. Meas. 2021, 70, 2004610. [CrossRef]

3. Audouard, E.; Mottay, E. High efficiency GHz laser processing with long bursts. Int. |. Extreme Manuf. 2023, 5, 015003. [CrossRef]

4. Zhao,]; Yan, Y,; Gao, Z.; Du, Y;; Dong, H.; Yao, J.; Zhao, Y.S. Full-color laser displays based on organic printed microlaser arrays.
Nat. Commun. 2019, 10, 870. [CrossRef]

5. Goldenstein, C.S.; Spearrin, R.M.; Jeffries, ].B.; Hanson, R.K. Infrared laser-absorption sensing for combustion gases. Prog. Energy
Combust. Sci. 2017, 60, 132-176. [CrossRef]

6.  Chen, B,; Fang, D.; Chen, L.; Shen, X.; Wei, ].; Wang, D.; Zhang, Q.; Ouyang, Q.; Fang, X.; Chen, X. Adjusting the nonlinear optical
and optical limiting properties of MAPbBr3 /PMMA by doping with Zn. Mater. Chem. Phys. 2023, 309, 128310. [CrossRef]

7. Chen, Y; Bai, T.; Dong, N.; Fan, F,; Zhang, S.; Zhuang, X; Sun, J.; Zhang, B.; Zhang, X.; Wang, J.; et al. Graphene and its derivatives
for laser protection. Prog. Mater. Sci. 2016, 84, 118-157. [CrossRef]

8. Alig, T,; Bartels, N.; Allenspacher, P.; Balasa, I.; Bontgen, T.; Ristau, D.; Jensen, L. Prevention of laser damage precursors in
spaceborne ultraviolet antireflection coatings. Opt. Express 2021, 29, 14189-14200. [CrossRef]

9. Deena, D.M.; Anushya, S.A.; Dhanusha, A.; Girisun, T.C.S.; Philominal, A. Peculiar nonlinear optical absorption and optical
limiting behaviors of bismuth-based binary and ternary nanostructures. Diam. Relat. Mater. 2024, 141, 110656. [CrossRef]

10. Wan, C.; Zhang, Z.; Salman, J.; King, J.; Xiao, Y.; Yu, Z.; Shahsafi, A.; Wambold, R.; Ramanathan, S.; Kats, M.A. Ultrathin
broadband reflective optical limiter. Laser Photonics Rev. 2021, 15, 2100001. [CrossRef]

11.  Sun, Y.; Li, H,; Gao, X.; Humphrey, M.G.; Zhang, C.; Huang, Z. Promoting the nonlinear optical absorption of conjugated
polymers by in-gap states modulation via chemical dedoping. Mater. Today Phys. 2023, 32, 101024. [CrossRef]

12.  Gheorghe, P; Petris, A.; Anton, A.M. Optical limiting properties of DNA biopolymer doped with natural dyes. Polymers 2024,
16, 96. [CrossRef]

13. Petris, A.; Gheorghe, P.S.; Vlad, V.I; Rusu, E.; Ursaki, V.V,; Tiginyanu, .M. Ultrafast third-order optical nonlinearity in SnS,
layered compound for photonic applications. Opt. Mater. 2018, 76, 69-74. [CrossRef]

14. Petris, A.; Vasiliu, I.C.; Gheorghe, P; Iordache, A.M.; Ionel, L.; Rusen, L.; Iordache, S.; Elisa, M.; Trusca, R.; Ulieru, D.; et al.
Graphene oxide-based silico-phosphate composite films for optical limiting of ultrashort near-infrared laser pulses. Nanomaterials
2020, 10, 1638. [CrossRef]

15.  Xiang, W.; Zhu, B; Bai, C.; Gu, B.; Lv, C.; Zhang, J. Thickness-modulated optical nonlinearity of colloidal CdSe-CdS core-shell
nanoplatelets: Large two-photon absorption and self-focusing effects. Nanoscale 2023, 15, 17996-18003. [CrossRef]

16. Li, L; Shang, X.; Wang, S.; Dong, N.; Ji, C.; Chen, X.; Zhao, S.; Wang, ].; Sun, Z.; Hong, M.; et al. Bilayered hybrid perovskite

ferroelectric with giant two-photon absorption. J. Am. Chem. Soc. 2018, 140, 6806-6809. [CrossRef]


https://doi.org/10.1038/187493a0
https://doi.org/10.1109/TIM.2021.3082990
https://doi.org/10.1088/2631-7990/aca79f
https://doi.org/10.1038/s41467-019-08834-6
https://doi.org/10.1016/j.pecs.2016.12.002
https://doi.org/10.1016/j.matchemphys.2023.128310
https://doi.org/10.1016/j.pmatsci.2016.09.003
https://doi.org/10.1364/OE.418368
https://doi.org/10.1016/j.diamond.2023.110656
https://doi.org/10.1002/lpor.202100001
https://doi.org/10.1016/j.mtphys.2023.101024
https://doi.org/10.3390/polym16010096
https://doi.org/10.1016/j.optmat.2017.12.023
https://doi.org/10.3390/nano10091638
https://doi.org/10.1039/D3NR04532C
https://doi.org/10.1021/jacs.8b04014

Molecules 2024, 29, 1271 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Tian, X.; Wei, R.; Guo, Q.; Zhao, Y.; Qiu, J. Reverse saturable absorption induced by phonon-assisted anti-stokes processes. Adv.
Mater. 2018, 30, 1801638. [CrossRef]

Wu, W,; Zhou, Y.; Wang, J.; Shao, Y.; Kong, D.; Gao, Y.; Wang, Y. The pump fluence and wavelength-dependent ultrafast carrier
dynamics and optical nonlinear absorption in black phosphorus nanosheets. Nanophotonics 2020, 9, 2033-2043. [CrossRef]
Acharyya, ].N.; Mishra, A K.; Rao, D.N.; Kumar, A.; Prakash, G.V. Ultrafast nonlinear pulse propagation dynamics in metal-
dielectric periodic photonic architectures. Adv. Mater. Interfaces 2021, 8, 2100757. [CrossRef]

Tilmann, B.; Grinblat, G.; Berté, R.; Ozcan, M.; Kunzelmann, V.F.; Nickel, B.; Sharp, I.D.; Cortés, E.; Maier, S.A.; Li, Y. Nanostruc-
tured amorphous gallium phosphide on silica for nonlinear and ultrafast nanophotonics. Nanoscale Horiz. 2020, 5, 1500-1508.
[CrossRef]

Lim, GK,; Chen, Z.L.; Clark, J.; Goh, R.G.S.; Ng, WH.; Tan, HW.; Friend, R.H.; Ho, PK.H.; Chua, L.L. Giant broadband nonlinear
optical absorption response in dispersed graphene single sheets. Nat. Photonics 2011, 5, 554-560. [CrossRef]

He, Y;; He, C.; Dong, B.; Fang, Y.; Zhou, K.; Deng, C.; Li, Q.; Lu, Y. Investigation on nonlinear absorption and optical limiting
properties of Tm:YLF crystals. Opt. Mater. 2024, 147, 114786. [CrossRef]

Lu, C.; Yang, D.; Ma, J.; Luo, M,; Jin, Y.; Xu, X. Effect of surface oxidation on nonlinear optical absorption in WS; nanosheets. Appl.
Surf. Sci. 2020, 532, 147409. [CrossRef]

Liu, Y,; Li, H.; Cao, H.; Zheng, X,; Shi, B.; Yin, H. Defect and interface/surface engineering synergistically modulated electron
transfer and nonlinear absorption properties in MoX; (X = Se, S, Te)@ZnO heterojunction. Nanoscale 2024, 16, 1865-1879.
[CrossRef]

Low, J.; Yu, J.; Jaroniec, M.; Wageh, S.; Al-Ghamdi, A.A. Heterojunction photocatalysts. Adv. Mater. 2017, 29, 1601694. [CrossRef]
Liu, F; Shi, R.; Wang, Z.; Weng, Y.; Che, C.; Chen, Y. Direct Z-scheme hetero-phase junction of black/red phosphorus for
photocatalytic water splitting. Angew. Chem. Inter. Ed. 2019, 58, 11791-11795. [CrossRef]

Halge, D.I,; Narwade, V.N.; Kaawash, N.M.S.; Khanzode, PM.; Shaikh, S.J.; Dadge, ] W.; Alegaonkar, P.S.; Hyam, R.S.; Bogle, K.A.
High-performance blue light photodetector based on PANI/CdS heterojunction. Mater. Sci. Semicon. Proc. 2024, 171, 108020.
[CrossRef]

Trung, T.Q.; Dang, V.Q.; Lee, H.B.; Kim, D.I.; Moon, S.; Lee, N.E.; Lee, H. An omnidirectionally stretchable photodetector based
on organic-inorganic heterojunctions. ACS Appl. Mater. Interfaces 2017, 9, 35958-35967. [CrossRef]

Wang, J.; Li, Z.; Chen, H.; Deng, G.; Niu, X. Recent advances in 2D lateral heterostructures. Nano-Micro Lett. 2019, 11, 48.
[CrossRef]

Mani, K.P,; Sreekanth, P; Vimal, G.; Biju, PR.; Unnikrishnan, N.V.; Ittyachen, M.A.; Philip, R.; Joseph, C. Tunable emission and
excited state absorption induced optical limiting in Tby(MoOy)s: Sm3*+ /Eu®* nanophosphors. Opt. Mater. 2016, 62, 110-118.
[CrossRef]

Li, Y; Jiang, S.; Qian, Y;; Han, Y.; Zhou, J; Li, T,; Xi, L.; Lin, N.; Qian, Y. Amine-induced phase transition from white phosphorus
to red /black phosphorus for Li/K-ion storage. Chem. Commun. 2019, 55, 6751-6754. [CrossRef] [PubMed]

Luo, Z.; Zhang, Y.; Zhang, C.; Tan, H; Li, Z.; Abutaha, A.; Wu, X.; Xiong, Q.; Khor, K.A.; Hippalgaonkar, K.; et al. Multifunctional
0D-2D Ni, P nanocrystals-black phosphorus heterostructure. Adv. Energy Mater. 2017, 7, 1601285. [CrossRef]

Rissi, E.N.; Soignard, E.; McKiernan, K.A.; Benmore, C.J.; Yarger, J.L. Pressure-induced crystallization of amorphous red
phosphorus. Solid State Commun. 2012, 152, 390-394. [CrossRef]

Lu, W.; Nan, H.; Hong, J.; Chen, Y.; Zhu, C.; Liang, Z.; Ma, X.; Ni, Z,; Jin, C.; Zhang, Z. Plasma-assisted fabrication of monolayer
phosphorene and its Raman characterization. Nano Res. 2014, 7, 853-859. [CrossRef]

Hu, Z.; Yuan, L,; Liu, Z.; Shen, Z.; Yu, J.C. An elemental phosphorus photocatalyst with a record high hydrogen evolution
efficiency. Angew. Chem. Inter. Ed. 2016, 55, 9580-9585. [CrossRef]

Gnanasekaran, L.; Pachaiappan, R.; Kumar, P.S.; Hoang, TK.A.; Rajendran, S.; Durgalakshmi, D.; Soto-Moscoso, M.; Cornejo-
Ponce, L.; Gracia, F. Visible light driven exotic p (CuO)-n (TiO;) heterojunction for the photodegradation of 4-chlorophenol and
antibacterial activity. Environ. Pollut. 2021, 287, 117304. [CrossRef]

Tauc, J.; Grigorovici, R.; Vancu, A. Optical properties and electronic structure of amorphous Germanium. Phys. Status Solidi B
1966, 15, 627-637. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/adma.201801638
https://doi.org/10.1515/nanoph-2020-0025
https://doi.org/10.1002/admi.202100757
https://doi.org/10.1039/D0NH00461H
https://doi.org/10.1038/nphoton.2011.177
https://doi.org/10.1016/j.optmat.2023.114786
https://doi.org/10.1016/j.apsusc.2020.147409
https://doi.org/10.1039/D3NR05766F
https://doi.org/10.1002/adma.201601694
https://doi.org/10.1002/anie.201906416
https://doi.org/10.1016/j.mssp.2023.108020
https://doi.org/10.1021/acsami.7b09411
https://doi.org/10.1007/s40820-019-0276-y
https://doi.org/10.1016/j.optmat.2016.09.009
https://doi.org/10.1039/C9CC02971K
https://www.ncbi.nlm.nih.gov/pubmed/31119232
https://doi.org/10.1002/aenm.201601285
https://doi.org/10.1016/j.ssc.2011.12.003
https://doi.org/10.1007/s12274-014-0446-7
https://doi.org/10.1002/anie.201603331
https://doi.org/10.1016/j.envpol.2021.117304
https://doi.org/10.1002/pssb.19660150224

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Preparation of RP/BP Heterojunction 
	Preparation of RP/BP Heterojunction Doped Ormosil Gel Glass 
	Characterization 

	Conclusions 
	References

