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Recent studies have revealed that atomically thin two-dimensional (2D) materials exhibit outstanding
nonlinear optical (NLO) properties compared with traditional NLO crystals, which provides great potential
in numerous photonic devices such as integrated nonlinear photonic chips and modulators. However,
the evolution of NLO response with layer number and pump intensity of various 2D materials remains
unclear, but offers a basis for hunting powerful NLO materials. Herein, controllable synthesis of a series
of ReX; (X =Se, S) films with different numbers of layers is achieved by chemical vapor deposition. Z-
scan techniques are used to investigate the nonlinear absorption coefficient (8) and nonlinear refractive
index (ny). Empirically, the absolute values of both 8 and n, show a downtrend as the power exponential
function with the layer and pump intensity. The NLO parameters of ReSe; film are § ~4156 cm/GW
and 7, ~ 1.819 x 1071° ¢cm?/W, which are more significant than those of ReS; film (8 ~ 806 cm/GW and
ny ~2.22 x 1071 cm?/W). This result is ascribed to the smaller band gap, higher carrier density, and
larger ground-state absorption of ReSe; than that of ReS;, which is confirmed by the theoretical analysis
of the band structure and a three-energy-level system. It is worth pointing out that the g values for ReX,
films are 10—100 times larger than those of WS;, MoSe,, and MoTe,. The n, values for ReX, films are
3—4 orders of magnitude larger than for traditional semiconductors such as GaAs and Si. Our results
suggest that ReX; semiconductors are greatly anticipated in designing high-performance on-chip photonic

devices.

DOI: 10.1103/PhysRevApplied.18.034050

I. INTRODUCTION

Compared with traditional optical materials, two-
dimensional (2D) materials demonstrate superior opti-
cal and electronic properties, including ultrafast carrier
dynamics (interband in the picosecond range, intra-
band in the femtosecond range), long lifetimes (greater
than nanoseconds), and high electron mobility [1].
Furthermore, 2D materials have demonstrated stronger
nonlinear optical (NLO) effects than traditional NLO
crystals, such as S-BaB,04, LiB3Os;, LiNbOj;, and
KTiOPOy4 [2-5]. In particular, a large nonlinear absorp-
tion coefficient (8) and nonlinear refractive index (n;)
are greatly anticipated in the continual miniaturization
of photonic and optoelectronic devices [6,7]. Among
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these 2D materials, graphene [8,9], black phospho-
rus (BP) [10,11], and transition metal dichalcogenides
(TMDs) [12,13] have been mostly investigated for their
NLO properties. Graphene as a saturable absorber shows
a broadband and intensity-dependent NLO absorption,
but the relatively low nonlinear absorption coefficient
(B~ —1.16 x 10> cm/GW at 800 nm) [14] and zero-band-
gap feature severely prevent its application in optical
switching [15]. As a powerful substitute for graphene, BP
also exhibits a narrow and tunable band gap (0.3-2.2 eV)
and giant NLO response (8 ~ —3460 cm/GW at 800 nm)
[10], but the poor air stability hinders its applications in
ultrafast lasers [16]. With the great advancement in the
synthesis of 2D materials, group VI TMDs, such as MoS,
and WS,, have shown a strong 8 in the approximately
10? cm/GW scale [9,13,14] and were successfully applied
in mode lockers in ultrafast lasers at 1, 1.5, and 2 um
[17—-19]. Despite the strong potential for multifunctional
photonic devices, the manufacturing difficulty regarding
size and layer is largely increased due to the band gap
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variation from indirect to direct when the thickness is
reduced from bulk counterpart to monolayer [20,21].

Compared with the typical group VI TMDs, ReX,
(X =S, Se) shows a stable distorted 17 phase, which
leads to a weak layer-dependent band gap (ReS, approx-
imately 1.4 eV; ReSe; approximately 1.29 eV) [22]. This
suggests that ReX, provides a platform to study nonlin-
ear response and design corresponding nonlinear devices
without the limitation of the monolayer. Up to now, the sat-
urable absorption (SA) of both ReSe, and ReS; has been
verified in various laser systems. For ReSe;, mode-locking
lasers have been achieved at the wavelength of 0.52 [23],
1.03 [23], 1.06 [24], 1.9 [25], and 2.0 um [26]; passively
QO-switched lasers were obtained at around 1.05 [27], 1.06
[28,29], 1.9 [22,30], and 2.0 um [31]. For ReS,, mode-
locking lasers were obtained at the wavelength of 1.55
[32] and 1.56 um [33-35]; O-switched lasers have been
obtained at 0.95 [36], 1.06 [36-38], 1.3 [38,39], 1.53 [40],
and 1.55 um [32]. These reports suggest a huge demand
for the clarification of the nonlinear properties of ReX; as
2D NLO materials based on the following three key rea-
sons: (I) Most of the reported ReX, saturable absorbers
are prepared by liquid-phase exfoliation, which is usu-
ally accompanied by a larger nonlinear scattering and a
stronger thermal effect. Compared with liquid-phase exfo-
liation, chemical vapor deposition (CVD) is a promising
route for growing large-area and high-uniformity films. (II)
The layer effect of ReX,, considering the slightly variable
band gap, is seldom included in the previous NLO studies.
It is interesting to verify if these materials have an evo-
lution of NLO response with different numbers of layers.
(III) Previous works are mainly the proof-of-principle SA
application at a below band-gap excitation. However, both
nonlinear absorption and refractive index contrastive anal-
ysis of 2D NLO materials and the NLO mechanisms have
rarely been explored.

Herein, a series of high-quality ReX; films with different
numbers of layers are prepared by the CVD method, and
the effects of the pump intensity and sample layer on the
NLO absorption and refraction of ReX, are systematically
studied by the Z-scan system. Under the excitation light
of 800 nm, the 8 and n, of ReX; films decrease with the
pump intensity and sample layer by a power-law function.
For the NLO absorption, the 8 values of ReSe, and ReS;
are —4156 cm/GW and —806 ¢cm/GW, which are 10—-100
times larger than those of WS,, MoSe,, and MoTe,. For
the NLO refractive index, the calculated n, of ReX; in a
10711—10712 ¢cm?/W scale is 3—4 orders larger than those
of Si and GaAs. Moreover, the absolute values of 8 and n,
of ReSe, are more significant than those of ReS,. Combin-
ing density functional theory and three-level analysis, it is
verified that ReSe; has a smaller band gap, a higher carrier
density, and a larger ground-state absorption. These results
provide a guide of ReX, for the design and manufacture of
high-performance nonlinear photonic devices.

II. ReX; FILM SYNTHESIS

The bottom-up synthesis of ReX, is carried out by
the CVD method under a low-pressure atmosphere, as
shown in Fig. 1(a). C-plane sapphires (1 x 1 cm?) are
chosen as substrates because of the high surface clean-
liness and low energy barrier for the nucleation of 2D
materials [41]. ReOs (Alfa Aesar, 99.9%) is selected as
the Re precursor due to its fast nucleation rate and high
crystal quality compared with Re metal and NH4ReO4
precursor [42]. Se and S powders are introduced to grow
ReSe, and ReS,, respectively. ReO3; and Se (S) pow-
ders are located at the first and second temperature zones,
respectively. The growth temperatures of the first and sec-
ond zones are 600 and 300 °C (200 °C) to prepare ReSe,
(ReS;) films in a double-temperature furnace. Ar (80 sccm)
and H; (10 sccm) act as the carrier gas to transport the
vapor of ReO; and Se (S). The reaction time is 3 min
at 600 °C. Here, the growth process can be divided into
the following parts: (I) ReO; decomposes into Re,O; and
ReO; over 400 °C, which can be described by ReO; —
Re; 07 + ReO; [42]. (IT) The vapor of Re;O; and ReO,
absorb and diffuse on the substrate till kinetic energy is
lost [41]. (IIT) The S (Se) vapor is transferred by the carrier
gas (Ar and Hj;) and reacts with Re,O; and ReO,, which
can be described by Re,0;+ ReO;+ H; + Se(S) —
ReSe; (ReS;) + H,O + H,Se(H;S). (IV) The ReSe; (ReS;)
films grow layer by layer rapidly, and the layer number
of the samples can be tuned by the vapor concentration
at different deposition temperatures (more growth parame-
ters for ReX; films are given in the Supplemental Material
[43]).

Therefore, from an application perspective, 2D ReX; is
more suitable for miniaturized photonic and optoelectronic
devices compared with traditional NLO crystals. Although
Re is expensive, the CVD method can prepare large-scale
2D layered ReX; films with only a little consumption of the
precursor ReOs. As a result, 2D ReX, still has advantages
in NLO performance and cost for practical applications.

III. CHARACTERIZATION OF ReX, FILMS

The photographs of a series of centimeter-scale ReSe;
films are shown at the bottom of Fig. 1(b). From left to
right, the color of the sample becomes darker, indicat-
ing the increase of layer number. The optical microscopy
image of the ultrathin ReSe, sample in Fig. 1(b) at the top
is provided to show the surface morphology. The result
indicates that the as-prepared large-area ReSe; film uni-
formly covers the sapphire substrate. Moreover, atomic
force microscopy (AFM, Bruker, Dimension Icon) is used
to measure the thicknesses of the ReSe, films. Figures 1(c)
and 1(d) show the AFM image and the height profile of
a ReSe, film approximately 1 nm thick. The thicknesses
of the other films, approximately 2, 3, 20, and 30 nm, are
also measured as shown in Fig. S1 (Supplemental Material
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(a) Schematic diagram of the preparation of ReX; films by CVD. (b) Bottom: photograph of the ReSe, films with different

numbers of layers. Top: optical microscopy image of the ultrathin ReSe; film. (c¢) AFM image and (d) height profile of 1-nm ReSe;
film. (e) Bottom: photograph of the ReS, films with different numbers of layers. Top: optical microscopy image of the 4L ReS, film.

(f) AFM image and (g) height profile of 3-nm ReS, film.

[43]). The thickness of monolayer ReSe, is 0.71 nm [42].
Correspondingly, the layers of as-grown ReSe, films are
1L, 3L, 4L, 28L, and 42L, respectively. Similarly, a series
of large-area uniform ReS, films with different numbers of
layers can also be observed from the photograph and the
optical microscopy image, as shown in Fig. 1(e). In addi-
tion, Fig. 1(f) shows the AFM image and the height profile
of a ReS, film approximately 3 nm thick in Fig. 1(g), and
more AFM results in Fig. S1 (Supplemental Material [43])
also confirm that the other films are approximately 3.7,
5, 9, and 40 nm thick. The corresponding layers of ReS,
films are 4L, 5L, 7L, 12L, and 55L, where monolayer
ReS; is approximately 0.73 nm [44]. These morphologic
characterization results demonstrate that the ReX, films
with different numbers of layers are all continuous and
uniform. Meanwhile, the synthesized ReX, films are poly-
crystalline structures with the triclinic phase, confirmed by

x-ray diffraction (XRD, Bruker, D8 Advance) as shown in
Fig. S2 in the Supplemental Material [43].

To characterize the element composition and content
information of ReX,, x-ray photoelectron spectroscopy
(XPS) is used. The full XPS spectrum of ReSe; is shown
in Fig. 2(a), where the main element signals are Al, O,
Re, and Se from both the sample and the sapphire sub-
strate. From Figs. 2(b) and 2(c), the core-level peaks of
Se 3d5/2, Se 3d3/2, Re 4f7/2, and Re 4f5/2 from divalent
selenide ions (Se?~) and tetravalent rhenium (Re*") are
located at 54.9, 55.85, 41.9, and 44.3 eV [45], respec-
tively. The calculated ratio of Re : Se is approximately
0.49, indicating that the ReSe, sample has a reasonable
stoichiometric ratio. Similarly, the XPS spectrum also
characterizes ReS, film, as shown in Fig. 2(d). Here, the
main element signals are O, Re, S, and Al from the sam-
ple and the sapphire substrate. From Figs. 2(e) and 2(f),
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FIG. 2. Compositional analysis: (a) XPS survey spectrum of the ReSe; film, (b) Re 4f, and (c) Se 3d spectra; (d) XPS survey
spectrum of ReS, film, (e) Re 4f, and (f) S 2p spectra.

the core level peaks of Re 4f7/, Re 4f5/2, S 2p15, and S 0.49, indicating that the grown ReS, has a reasonable stoi-
2p3,» from tetravalent rhenium (Re**) and divalent sulfide  chiometric characteristic. The XPS characterization further
ions (S?7) are located at 41.9, 44.3, 163.67, and 162.57 eV proves the successful preparation of ReX, without evident
[38], respectively. The ratio of Re : S is calculated to be  vacancies.
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FIG. 3. (a) Raman and (b) linear absorption spectra of ReSe, films. (c) Raman and (d) linear absorption spectra of ReS, films.
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FIG. 4. OA Z-scan traces for (a) 1L ReSe; and (b) 4L ReS; films at different pump intensities. The values of 8 for (c) ReSe, and
(d) ReS, films at different pump intensities. Layer dependent (e) 8 and (f) Imx ® values of ReX; films. The curves in (c)~(f) are fitted

by the power law.

The Raman spectra of ReX, samples with different num-
bers of layers are collected and shown in Figs. 3(a) and
3(c). For ReSe; in Fig. 3(a), the characteristic Raman peak
at 123 cm™! can be ascribed to the in-plane (E,-like) vibra-
tional mode, and the peaks at 160 and 174 cm~! are from
the out-of-plane (Ag-like) vibrational modes [42]. Note
that the other ten modes come from the low-symmetry
structure of the sample [42], which further confirms the
independence of band gap on layer. Similarly, for ReS,
in Fig. 3(c), the characteristic Raman peaks at 212 and
150 cm ™! correspond to the A,-like and E,-like vibrational
modes, respectively [46]. Compared with other TMDs, the
Raman peaks of ReX; films have only a slight variation
owing to the interlayer decoupling effect [42]. Moreover,
the linear optical absorption properties of ReX, films are
also studied using the ultraviolet-to-visible spectrometer
(Ideaoptics R1). The absorption spectra of ReSe, and ReS,

films with different numbers of layers are given in Figs.
3(b) and 3(d), respectively. Based on these results, the
absorption coefficients of the ReX, samples at the wave-
length of 800 nm are calculated and listed in Table S1 in
the Supplemental Material [43].

IV. RESULTS AND DISCUSSION

A. Experimental method

The NLO absorption and refraction properties of the as-
grown ReX, samples are explored by the Z-scan system
with open aperture (OA) and closed aperture (CA) con-
figurations, respectively. The self-built Z-scan system is
equipped with a 35-fs Ti:sapphire laser at 800 nm, and the
experimental setup is shown in Fig. S3 in the Supplemental
Material [43].
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TABLE I. NLO absorption parameters of 2D materials.
Number of FOM

Sample layers Laser Parameters B (cm/GW) Imy® (1078 esu) (10~1* esu cm) Ref.
ReSe; IL 800 nm 35 fs 1 kHz —4156 —11.5 17.5 This work

3L —3085 —8.51 15.8

4L —2182 —6.02 12.3

28L —1102 —3.04 253

421 —878 —2.42 16.1
ReS; 4L —806 —3.09 61.1

5L —679 —2.61 34.8

7L —668 —2.56 28.8

121 —575 —2.21 39.1

55L —561 —2.15 29.7
WS, 18L—20L 800 nm 40 fs 1 kHz —(397 £ 40) —(0.178 £0.016) 0.247+£0.023 [13]
WS, 27.7 nm 800 nm 100 fs —(314.67 £ 5.43) — - [15]
WS, 131 nm 800 nm 35 fs 1 kHz —76 —0.014 0.855 [14]
WS, 20 um 800 nm 35 fs 1 kHz —(5.1£0.26) —(1.754£0.11)x 1073 — [51]
Graphene 50 nm 800 nm 35 fs 1 kHz —961.57 —0.24 3.1 [9]
Graphene 140 nm 800 nm 35 fs 1 kHz —116 —0.028 1.36 [14]
MoS, 65 nm 800 nm 35 fs 1 kHz —136.13 —0.03 4.6 [9]
MoS, 25 um 1064 nm 25 ps 20 Hz —(3.8+0.59) —(1.5040.88) x 1073 — [51]
MoS, 68.98 nm 800 nm 1 kHz 35 fs —60.38 —34x1073 0.078 [52]
MoSe, 228 um 800 nm 100 fs 100 kHz —14 —9.1x 1075 8.2 [12]
MoTe, 64 nm 800 nm 1 kHz 35 fs —166.33 —9.6x 1073 0.287 [52]
BPNs 3.2-4.8 nm 800 nm 65 fs —3460 —(1.48£0.15) 16.3+2 [10]
BPNs 3.7 nm 800 nm 60 fs 1 kHz —(2.8840.06) x 1072 —6.57+0.15 7.24£0.17 [53]
PtSe; 0.5 nm 800 nm 150 fs —4890 —2.06 - [54]
Sb,Se; 84.3 nm 800 nm fs —782 — — [55]
In, Tes 43 nm 800 nm 100 fs 1 kHz —805.6 — — [56]
In, Tes 78 nm 800 nm 100 fs 1 kHz —616.2 — - [56]

BPNs, black phosphorus nanosheets.

The B of the ReX; samples is measured by the OA Z-
scan configuration, where normalized transmittance (7pa)
can be fitted by [47]

 [—BloLew/(1 + 22/ ZD)]"
Toa = Z (m + 1)3/2 °

(m=1,2,3), ()

m=0

where Zj and [, are the Rayleigh length of the laser beam
and the on-focus incident intensity; Loy = (1 — e~%00) /g
is the effective thickness of the ReX; films. Here, o and L
are the linear optical absorption coefficient and thickness
of ReX; films, respectively.

Furthermore, the n, of ReX; films is obtained by the CA
Z-scan technique. After dividing the corresponding OA
signal to eliminate the influence of SA, the Tca can be
calculated by [47]

AANDy(Z/Zy)
[1+(Z/Z)1[9 + (Z/Z)*]

Tca(Z,ADg) =1+ 2

where A®y = (2 /A)nylyLeg represents the on-axis phase
shift and A is the central wavelength of the femtosecond
laser.

B. Nonlinear absorption properties of ReX; films

Firstly, the pump-intensity dependence of the nonlinear
absorption is studied. As representations, Figs. 4(a) and
4(b) show the OA Z-scan traces of 1L ReSe; and 4L ReS,;
films at different pump intensities, respectively. Note that
the reference sapphire substrate is also measured, and no
nonlinear response is observed below the pump intensity
of 1000 GW/cm?, as shown in Fig. S4 in the Supplemental
Material [43]. This suggests that the optical nonlinearity
observed in our experiment comes only from the ReX,
samples. For both 1. ReSe; and 4L ReS, films, the nor-
malized transmittance increases with the pump intensity at
the beam focus (Z=0), indicating strong SA responses.
Additionally, the NLO responses of the other ReSe; (3L,
4L, 28L, and 42L) and ReS; (5L, 7L, 12L, and 55L) films
are also proved to be SA in Fig. S5 in the Supplemental
Material [43]. Based on these Z-scan traces, the B val-
ues of ReSe; and ReS, films are calculated using Eq. (1)
and summarized in Figs. 4(c) and 4(d), respectively. The
absolute values of 8 decrease with pump intensity for both
ReSe; and ReS;, and the experimental data can be fitted
by the power law [48] 8 = 4 + B x (1/I) (4 and B are fit-
ting parameters). Because the photon energy (1.55 eV) is
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Electronic band structures of ReX,: (a) monolayer ReSe,, (b) bulk ReSe;,, (¢) monolayer ReS,, (d) bulk ReS,. The transition

metal Re is represented in blue and chalcogen X (X = Se, S) is represented in red.

larger than the band gap of ReX;, the SA process occurs
when the interband transitions are blocked due to the Pauli
exclusion principle (illustrated in Fig. S6 in the Supple-
mental Material [43]). Once the SA takes place (I > I,
where [ is the saturable absorption intensity), the total
absorption can be expressed by (/) = «g/(1 + 1/Is) [6].
Thus, the pump-intensity-dependent NLO absorption is
well explained.

Secondly, the layer dependence of the nonlinear absorp-
tion of ReX, is also investigated at a fixed pump intensity
of 393 GW/cm? (the Z-scan traces are shown in Fig. S7
in the Supplemental Material [43]). As the layer number
increases, the normalized transmittance at the beam focus
(Z=0) rises gradually. By fitting the experimental data
using Eq. (1), the 8 values of ReX; films are obtained and
shown in Fig. 4(e). The layer number dependence of § can
be fitted by the power law 8 = 4 + B x (1/L). Moreover,
the imaginary part of the third-order NLO susceptibility is
calculated by [49] Imy @ (esu) = 10~ "cAn?B/96m?, where
A represents incident light wavelength; ¢ and » stand for
the velocity of light in vacuum and linear refractive index,
respectively. Figure 4(f) shows that the values of Imy ®
exhibit a similar trend of change as 8. In this experi-
ment, the 1L ReSe; film has the most significant absolute

values of B (approximately 4156 cm/GW) and Imy®
(approximately 1.15 x 10~7 esu), which declines by more
than half at less than around 10 layers and then shows a sat-
uration trend. Similarly, the 4L ReS, film exhibits higher
B (approximately 806 cm/GW) and Imy ) (approximately
3.09 x 10~® esu) values than those of 55L ReS, film
(B~561 cm/GW, Imx® ~2.15 x 1073 esu). The weak-
ened nonlinear absorption in thicker films can be attributed
to increased defects on the grain boundaries, which trap
more photons and enhance the nonlinear scattering and
energy loss [50].

In Table I, we list the previously mentioned NLO param-
eters of ReX; together with the reported data of many other
2D materials. Additionally, the figure of merit (FOMpy),
defined as FOMy = [Imx® /oy, is introduced to remove
the discrepancy from linear absorption [10]. Compared
with the B of the other 2D materials, ReX; films show
giant nonlinear absorption properties. The FOMy, val-
ues of ReX, films are in the scale of 10713 esu cm,
which is 10100 times larger than those of many common
2D materials, such as approximately 3.1 x 1074 esu cm
for graphene, approximately 16.3 x 10~!* esu cm for BP,
approximately 8.55 x 10™!% esu cm for WS,, and approx-
imately 4.6 x 10~!* esu cm for MoS,. Note that the NLO
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absorption parameters of ReS, are much lower than those
of ReSe,. The reason could be related to the smaller band
gap [57,58], a higher carrier density [59], and a larger
ground-state absorption [60] in ReSe; than in ReS;.
Thirdly, to better understand the fundamental difference
in the nonlinear absorption between ReSe; and ReS,, the
electronic structures of monolayer and bulk ReX; are stud-
ied by the density functional theory. Figures 5(a) and 5(b)
show the band structures of monolayer and bulk ReSe,,
and Figs. 5(c) and 5(d) exhibit those of monolayer and bulk
ReS;. The bands are decomposed into transition metal (Re)
and chalcogen (Se or S) atoms, which are marked with blue
and red. For monolayer and bulk ReSe,, the conduction
band minimum is located at the high symmetry point "
and X, respectively. The valence band maximum is located
between the high symmetry point X and the high sym-
metry point I". The band gaps of ReSe, are 1.17 eV in

TABLE II. The physical parameters based on the slow sat-
urable absorber model.
Ogs Oes N
Absorber (1077 cm?) (1078 cm?) (102 ecm™3)  0es/ogs
ReSe; 1L 2.88 7.57 7.75 0.26
3L 1.66 0.29 7.47 0.02
4L 1.60 0.17 5.99 0.01
ReS, 4L 5.90 23.52 1.05 0.40
5L 2.11 10.42 2.48 0.49
7L 2.30 1.78 1.95 0.09

DOS of (a) bulk ReSe,, (b) Re, and (c) Se atoms. DOS of (d) bulk ReS,, (¢) Re, and (f) S atoms.

the monolayer structure and 1.04 eV in the bulk structure,
respectively. Unlike ReSe,, ReS, is a direct-band-gap
semiconductor where the conduction band minimum and
the valence band maximum are both located at the high
symmetry point I'. The band gaps of ReS, are 1.34 eV
in the monolayer structure and 1.10 eV in the bulk struc-
ture, respectively. The results demonstrate that ReSe; has
a smaller band gap than ReS; in monolayer or bulk, which
is consistent with previous reports [61,62]. Owing to the
lower band gap of ReSe; than ReS,, the valence band
electrons could be excited into higher conduction band
positions under the same pump photon energy of 1.55 eV.
Under the same pump power, more photoexcited electrons
in ReSe; can be provided than in ReS; due to the higher
absorption efficiency in ReSe,, as shown in Figs. 3(b) and
3(d), to fill the empty states of ReSe,, thus resulting in a
higher SA response.

Furthermore, the local density of states (DOS) for bulk
ReX; is calculated to analyze the carrier transition process.
The DOS results of ReSe, are shown in Figs. 6(a) and
6(c). The results suggest that the bottom of the conduc-
tion band is contributed by the Se s orbital and slightly
contributed by the Re d orbital. At the same time, the
valence band mainly consists of the Re d orbital. There-
fore, we could put forth the possible electron transition
pathways: After absorbing a photon with an energy of
1.55 eV, the electron leaps from the valence band com-
posed of Re d orbitals into the conduction band formed of
mixed Re d and Se s orbitals; subsequently, the electron
may leap into a higher Se s orbital by absorbing another
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photon, or decay to the valence band composed of Re d
orbitals.

A similar discussion is made for the DOS of bulk ReS,,
which is shown in Figs. 6(d) and 6(f). The results show
that the conduction band mainly comes from the S s orbital
and the Re d orbital, while the valence band is dominated
by the Re d orbital. Note that the S s orbital primarily con-
tributes to the higher states of the conduction band. Herein,
the transitions in bulk ReS; mainly occur from the valence
band composed of Re d orbitals to the conduction band
formed of mixed Re d and S s orbitals. Then, the electron
may leap into a higher S s orbital by absorbing another
photon or decay to the valence band composed of Re d
orbitals. In addition, we also investigate the DOS of mono-
layer ReX, in Fig. S8 (Supplemental Material [43]; for
the calculation method see Refs. [63—66]). The results of
monolayer sample imply the same transition processes as
those of bulk materials.

At the end of this section, we provide a deeper insight
into the SA mechanism of ReX, with more parameters
such as carrier density and absorption cross section. A
three-level system is established according to the previ-
ously mentioned electron transition process of ReX,, as
shown in Figs. 7(a) and 7(b). S©, S(1), and S(2) mark
the ground state, first excited state, and high excited state

of ReXj,, respectively. The probabilities of the electron
transition from S© into S and from SO into S® are
determined by the absorption cross section of the ground
state (0 4) and excited state (o), respectively. The effec-
tive spontaneous decay time v of ReX, is reported to be
in the picosecond scale [61,67], which is far longer than
the excitation pulse duration (35 fs). Therefore, the SA
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FIG. 8. n; values of (a) ReSe; and (b) ReS, films fitted by a
power law.
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responses of ReX, can be analyzed by the slow saturable
absorber model [60]. Figures 7(c) and 7(d) show the fitting
results of ReX, using the Frantz-Nodvik equation [60,68]
based on the slow saturable absorber model (calculation
details are in the Supplemental Material [43]). Table II
lists the calculated physical parameters. The obtained car-
rier density N of ReSe, is 3—6 times larger than that of
ReS,, and the ratios of ocs/0 s for ReSe, are smaller than
those of ReS; films according to the three-level model.
These results demonstrate a higher carrier density and a
more substantial ground-state absorption in ReSe, than in
ReS;, which could be responsible for the stronger NLO
absorption of ReSe; [59,60].

C. Nonlinear refraction properties of ReX; films

The nonlinear refraction properties of ReX, films are
characterized by the CA Z-scan method. Firstly, the nor-
malized Z-scan results for ReSe, and ReS, films at differ-
ent pump intensities are shown in Figs. S9 and S10 in the
Supplemental Material [43]. All the Z-scan traces of these
ReX, films exhibit a similar shape transition from valley
to peak, indicating the optical self-focusing phenomena
(corresponding to positive n, values). By fitting the CA
data with Eq. (2), the pump-intensity-dependence of n, for
ReSe; and ReS; films are obtained and shown in Figs. 8(a)
and 8(b), respectively. For both ReSe, and ReS, films, the
values of n, decrease with the pump intensity, which can be
phenomenologically fitted by the power law n, = A + B x
(1/I). For ReSe; films with 1L, 3L, 4L, 28L, and 42L, the
values of 1, are 1.82 x 10719, 1.08 x 1071°, 5.25 x 10—,
1.04 x 107", and 1.52x 107" cm?/W, respectively.
Similarly, the values of n, are 9.61 x 10712, 2.22 x 10711,

1.67 x 107, 1.64 x 107!, and 8.65 x 1072 cm?/W for
4L, 5L, 7L, 12L, and 55L ReS; films, respectively.

The pump-intensity-dependent n, of ReX, films is
related to the free carrier and bound electron by n, =
n5+o,N(¥)/1 [69], where n} represents the effective non-
linear refractive index; N(f) and o, stand for photoex-
cited carrier density and free-carrier refraction coefficient,
respectively. Therefore, when the pump intensities for
ReSe; (ReS,) are larger than approximately 110 GW/cm?
(210 GW/cm?), electrons in the valence band would be
depleted because of SA, thus weakening the influence of
bound electrons on the nonlinearity [70]. At the same time,
the free-carrier density remains relatively stable [70], so
the nonlinear refractive index decreases with the increase
of incident light intensity.

The CA Z-scan results for ReSe, and ReS, films with
different numbers of layers at a fixed pump intensity are
shown in Figs. 9(a) and 9(b). As the layer of ReX, films
increases, the self-focusing phenomenon gets stronger.
The values of n, for ReX, films are obtained by using
Eq. (2) and shown in Fig. 9(c). The fitting curves show
that the values of n, for both ReSe, and ReS, decrease
with the increased layer number as the power law n, =
A+ B x (1/L). The reduction of n; in the multilayer film
could be related to the increased number of defects in
the grain boundaries, which could capture more photons
and decrease the number of photoexcited carriers. More-
over, compared with ReS,, ReSe, exhibits a much stronger
nonlinear refraction property. The n, value of ReSe; is
23 times larger than that of ReS; with a similar number
of layers. This difference may be attributed to the higher
carrier density in ReSe; than in ReS, [59]. Additionally,
Fig. 9(d) shows the calculated real part of the third-order
NLO susceptibility (Rex ) of these ReX; films according
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TABLEIIL.  n, and Rex® of various 2D layered materials.

Sample Number of layers Laser Parameters ny (10712 cm?/W) Rex® (1078 esu) Ref.
ReSe, 1L 800 nm 35 fs 1 kHz 59.5 16.4 This work

3L 39.8 11

4L 29.6 8.2

28L 8.24 23

421 5.72 1.6
ReS, 4L 8.97 3.44

5L 8.07 3.1

7L 6.49 2.49

12L 5.96 2.29

55L 5.50 2.11
Si - 1540 nm 220 fs 0.045 - [71]
GaAs - 0.159 - [71]
WS, 0.75 nm 1040 nm 340 fs 100 Hz 128+3 0.48+£0.012 [72]
\WAY) 20 ym 1064 nm 25 ps 20 Hz 583+£1.8 2.314+0.21 [51]
WS,/PMMA 0.27 mm 800 nm 130 fs 0.334 47 %1074 [73]
MoS; ~25 um 1064 nm 25 ps 20 Hz 1.88£0.48 (8.714£1.59) x 102 [51]
MoS, — 800 nm 100 fs 1 kHz (45+03)x 1074 — [74]
MoSe, 2L-3L 1064 nm 4 ns 10 Hz 0.2 82 x 107 [75]
MoSe, /graphene - 532 nm 30 ps 10 Hz 1.34 x 1072 7.84 x 107 [76]
Bi,Se; 50 nm 800 nm 100 fs 1 kHz 226 — [69]
1% Bi,S;/glass — 770 nm fs 2.56 0.0142 [77]
Sb,S;3 - 532nm4.5 ns 0.632 - [78]
Bi,S; - 532 nm 4.5 ns 0.855 — [78]
NbS, 1.36 £ 0.5 nm 800 nm 100 fs 1 kHz (34+0.2)x 10~ — [74]
Glass — 800 nm 150 fs 80 MHz 0.1324+0.013 - [79]
CsPbBr; — 800 nm 70 fs 1 kHz 3.52 — [80]
BiOCl 20140 nm 800 nm 100 fs 1 kHz 38 — [70]
Graphene SL-7L 1150 nm 100 fs 1 kHz ~10° — [8]
GO 1 um 1150 nm 67 fs 20 MHz 450 — [81]
GO 2 yum 800 nm 100 fs 1250 - [82]
BP 3060 nm 800 nm 100 fs 6800 — [11]
BiOBr 140 nm 1550 nm 140 fs 382.4 — [82]

GO, graphene oxide.

to Re x® (esu) = [1077 cn? /487w %]ny(cm?/W). The layer
dependence of Rex® shows a similar trend as 7,.

Finally, we list the nonlinear refraction parameters of
these ReX; films with different numbers of layers in Table
III, combined with the previously reported parameters of
other 2D materials. The results show that ReX, has a con-
siderable nonlinear refraction response. The values of 7,
are 3—4 orders of magnitude larger than conventional semi-
conductors such as Si and GaAs [71]. Compared with
many other layered materials, such as Bi;S; [78], MoS;
[51,74], MoSe; [75], and NbS, [74], the parameters of n,
and Rex® are also 1-2 orders of magnitude higher. As a
result, ReX) films may also be promising for self-focusing
applications in nanophotonic devices such as the all-optical
switch.

V. CONCLUSIONS

A series of high-quality ReX, films with controllable
numbers of layers are prepared by the CVD method. In

the Z-scan experiment, these films exhibit giant NLO
responses at 800 nm. The absolute values of 8 and n;
decrease with the increase of layer number and pump
intensity as the power exponential function. The abso-
lute value of B for ReSe, (—4156 cm/GW) is larger
than that of ReS, (—806 cm/GW), and the n, of ReSe;
(1.819 x 1071% ¢cm?/W) is also larger than that of ReS,
(2.22 x 107" cm?/W). The detailed theoretical analysis
suggests that the larger NLO response of ReSe, films is
due to a smaller band gap, a higher carrier density, and
a higher ground-state absorption of ReSe, films. These
results pave the way for selecting suitable NLO mate-
rials and appropriate layers for future photonic device
applications.
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