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Transition metal-doped Sb2Se3 has become a heated topic caused by the strong
nonlinear optical response and the ultrafast response time at high laser excitation. In
this paper, the Co-doped Sb2Se3 with different doping amount (0.5, 1.0, and 1.5W)
nanofilms were prepared by magnetron sputtering technology, and the nonlinear behavior
of Co-doped Sb2Se3 nanofilms at near infrared were systematically studied. The results of
the femtosecond Z-Scan experiment indicate that the Co-doped Sb2Se3 nanofilms exhibit
broadband nonlinear response properties owing to the free carrier absorption, the Kerr
refraction, the two-photon absorption, and the free carrier refraction. The nonlinear
absorption coefficients of Co-doped Sb2Se3 nanofilms are from 3.0 × 10−9 to 2.03 ×
10−8 m/W under excitation at 800, 980, and 1,030 nm, and the nonlinear refractive index
of the Co-doped Sb2Se3 nanofilms is from 4.0 × 10−16 to -3.89 × 10−15 m2/ W at 800, 980,
and 1,030 nm. More importantly, Co-doped Sb2Se3 (1.5 W) nanofilm exhibits ultrafast
carrier absorption (<1 ps) and a stronger transient absorption intensity of ΔOD > 6.3. The
Co-doping content can controllably tune the crystalline degree, the ultrafast carrier
absorption, the intensity of the reverse saturation absorption, the broadband nonlinear
optical response, and the carrier relaxation time of Co-doped Sb2Se3 nanofilms. These
results are sufficient to support their applications in broadband nonlinear photonic devices.

Keywords: Co-doped Sb2Se3 nanofilms, ultrafast broadband response, near-infrared, ultrafast carrier absorption,
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INTRODUCTION

The special interactions between light and matter in selenide materials are ideal applications for
interferometers, electrocatalysis, ultrathin transistors, sensors, and optoelectronic devices
(Radisavljevic and Kis, 2013; Medina et al., 2017; Ai et al., 2018; Jiang et al., 2019). In nonlinear
optics, the selenides, due to their unique reverse saturation absorption (RSA), which decreases
transmittance with the incident laser increase, have attracted much attention (Wang et al., 2012; Lin
et al., 2013). The RSA behavior occurs because the absorption cross-section of the excited state in the
substance is larger than the ground state, which leads to the ground state absorption being less than
that of the excited state (Henari and Dakhel, 2011; Tuhl et al., 2012). The RSA properties of selenides
can be widely used in optical information, nonlinear optoelectronic components, optical sensing, and
integrated optics (Djordjevic and Arabaci, 2010; Volz et al., 2012; Jia et al., 2018). For example, WSe2
in selenides exhibits RSA and optical limiting properties that can be applied to nonlinear
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optoelectronic components (Major et al., 2004; Andreev et al.,
2011). However, the selenides with RSA properties still face the
solution of the ultrafast broadband nonlinear optical response,
higher carrier absorption intensity, long carrier relaxation time,
and other problems.

In past decades, researchers have focused on Sb2Se3 (V–VI
group), which is widely used in optical devices due to its excellent
optical nonlinear properties (Molli et al., 2016; Liu et al., 2019).
To further improve the photoelectric properties of Sb2Se3, the
group IV, VII, and VI elements are frequently doped on Sb2Se3
(Choi et al., 2006; Lee et al., 2019; Ren et al., 2020). A variety of
metal elements have been selected for doping with Sb2Se3 due to
their excellent photoelectric properties (Cao et al., 2014; Ning
et al., 2021). In many metal elements, Co was selected to dope the
Sb2Se3 because it can effectively capture the photogenerated
carrier and promote free-carrier absorption (FCA) at near
infrared. The success of Co doping can effectively adjust the
optical bandgap and accelerate the FCA and two-photon
absorption (TPA) of Sb2Se3, making the nonlinear response
transfer to the broadband. It is of great significance for the
selection of a greater metal dopant to doped Sb2Se3 for
nonlinear optical devices and electronic devices due to
understanding the doping effect and nonlinear properties of
Co-doped Sb2Se3.

In this paper, the pure and Co-doped Sb2Se3 nanofilms with
different contents of Co dopant (0.5, 1.0, and 1.5 W) nanofilms
were successfully prepared by using magnetron sputtering
technology. The Co-doped Sb2Se3 (1.5 W) nanofilm exhibits
an excellent ultrafast broadband nonlinear response at the
near infrared, higher nonlinear absorption coefficients, higher
transient absorption intensity, ultrafast carrier absorption, and
high linear transmittance. By the precise control of magnetron
sputtering conditions (such as the temperature, deposition time
of the nanofilms, radio frequency, and direct current power),
smooth and uniform Co-doped Sb2Se3 nanofilms were
successfully prepared. The results of the transient absorption
experiment suggest that the ultrafast broadband nonlinear optical
response of Co-doped Sb2Se3 nanofilms is caused by FCA and
TPA, and the special nonlinear optical properties in Co-doped
Sb2Se3 nanofilms depend on the amount of Co dopant. We also
obtained the close-aperture (CA) Z-scan signals of the Co-doped
Sb2Se3 nanofilms by the CA Z-scan experiment. The composition
of nonlinear refraction of the Co-doped Sb2Se3 nanofilms can be
attributed to the free carrier refraction (FCR) and Kerr refraction.
In addition, the Co-doped Sb2Se3 nanofilms also exhibit ultrafast
carrier absorption, higher transient absorption intensity, and
longer carrier relaxation time. It has a new reference value for
the preparation of near-infrared broadband photonic devices.

EXPERIMENT

Materials
The magnetron sputtering target of Sb2Se3, with a purity of
99.99%, a diameter of 6.0 cm, a thickness of 0.3 cm, and a
0.2 cm thickness Cu back target, was purchased from Yitong
Technology Co., Ltd. The sputtering target of Co with a thickness

of 0.5 cm, a diameter of 6.0 cm, and a purity of 99.999% was
purchased from Beijing JHCC Vacuum Equipment Co., Ltd.

Sample Preparation
The pure Sb2Se3 and Co-doped Sb2Se3 nanofilms were prepared
by using magnetron sputtering technology. The sapphire
substrate was washed by anhydrous ethanol, deionized water,
and acetone for 30 min until the substrate was clean completely
and dried at room temperature. Figure 1 shows the diagram of
the process of the Co-doped Sb2Se3 nanofilms. To obtain the best
thickness uniformity of the film, the distance between the target
and the substrate was fixed at 10.2 cm. The sputtering power of
the radio frequency target in the deposition process was 50W,
and the sputtering powers of the direct current target were 0.5,
1.0, and 1.5 W. The vacuum of the sputtering room was 4.5 ×
10−5 Pa, the sputtering pressure was 3.0 Pa, Argon was employed
as a working gas with a gas flow rate of 20 sccm, the substrate
temperature was set to 150°C, and the sputtering time was 1 h to
prepare the pure and Co-doped Sb2Se3 nanofilms.

Instruments
The morphology and thickness of pure and Co-doped Sb2Se3
nanofilms were obtained by field-scanning electron microscope
(SU70, Hitachi, Japan), the X-ray diffraction analysis of pure and
Co-doped Sb2Se3 nanofilms was carried out by using an X-ray
diffractometer (XRD; D8, Bruker, Germany). The elemental
analysis of Co-doped Sb2Se3 nanofilms was tested by energy
dispersive spectroscopy (EDS; XM260S, AmetekGenesis,
United States). The transmittance and linear absorption
spectra of the pure and Co-doped Sb2Se3 nanofilms were
characterized by the spectrophotometer (Uv-Vis; Uv-3600i
PLUS, SHIMADZU, Japan).

In the transient absorption experiment, by changing the optical
path difference between the detecting and pumping light, a
variation of the white supercontinuum spectrum with different
delay times can be obtained. Thus, the frequency-doubled

FIGURE 1 | The process of preparing Co-doped Sb2Se3 by using
magnetron sputtering technology.
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Yb:KGW laser was selected for the transient absorption
experiment, and the laser can provide 190 femtosecond (fs)
laser pulses at 450 nm. In the fs transient absorption
experiment, the repetition rate, probe pulses, and specific pump
fluence were set at 137 Hz, 800–1,050 nm, and 82 μJ/ cm2,
respectively (Fang et al., 2015; Fang et al., 2016). The nonlinear
optical characteristics of the pure and Co-doped Sb2Se3 nanofilms
were tested by fs Z-Scan experiments. The light source used an
optical parameter amplifier (OPA, Light Conversion ORPHEUS),
which was pumped by a mode-locked Yb:KGW fiber laser. The
measurement parameters were set at 190 fs pulse and 20Hz, and
the waist radius of the laser was 33 µm. The energies of the laser
excitation were set at 300, 400, and 500 nJ, respectively.

RESULTS AND DISCUSSION

Structural and Compositional Analysis
Figure 2 shows the XRD patterns of the Sb2Se3 and the Co-doped
Sb2Se3 nanofilms. It can be seen from the XRD patterns that Co-
doped Sb2Se3 nanofilms were successfully prepared and exhibited
a polycrystalline structure. According to the XRD pattern,
compared with the Sb2Se3 nanofilm (PDF#15-0816) (Zhou
et al., 2015; Liu et al., 2019), the diffraction characteristic peak
(310) of Co-doped Sb2Se3 nanofilms increased, and the lattice
spacing of the (310) is 3.669 nm. In addition, the diffraction
characteristic peaks of the Co-doped Sb2Se3 films exhibit an
increasing trend with the increase of Co dopant. It can be
clearly seen from the XRD patterns that the diffraction
characteristic peaks of the Co-doped Sb2Se3 nanofilms are
located at 24.575 (0.5 W), 24.441 (1.0 W), and 24.296 (1.5 W),
respectively, which are all offset compared with the diffraction
characteristic peaks of the pure Sb2Se3 nanofilm (24.987). In
addition, the lattice constants of the Co-doped Sb2Se3 nanofilms

are also calculated as 11.839 (0.5 W), 11.853 (1 W), and 11.891
(1.5 W), respectively, which are all smaller than the lattice
constant of pure Sb2Se3 (11.902). In past reports, Co dopants
in the Sb2Se3 system can be used as a substitute site of Sb or Se as
well as interstitial atoms (Li et al., 2016; Mahani and El-Sayad,
2019). Under the premise that Se and Sb are abundant enough, Co
can effectively replace Sb to form the most favorable structure. If
the Sb position in Sb2Se3 is successfully replaced by some dopant,
the homologous diffraction characteristic peaks are shifted and
exhibited in the XRD pattern. The shift of the characteristic
diffraction peaks was observed in the Co-doped Sb2Se3 nanofilms,
confirming that the Co doping is at the grain boundary of Sb2Se3
rather than entering its lattice and that the Co dopant may also
enter the substitution site of Sb. The supercell of Co-doped Sb2Se3
was shown in Figure 3.

The elemental composition of the Co-doped Sb2Se3 nanofilms
was detected by EDS. The results of the EDS show that, with the
increase of DC sputtering power in the Co target, the Co content
of the Co-doped Sb2Se3 nanofilms increases, but the peak
positions of the Se and Sb in the film have not shifted, and
the content of Co in the Co-doped Sb2Se3 nanofilms was 0.63%
(0.5 W), 1.61% (1.0 W), and 3.35% (1.5W), respectively. The
results of the EDS provide strong evidence for Co successfully
doping at grain boundaries of Sb2Se3. Although the Co doping
amount increases, the resistance of the Sb2Se3 grain boundary
gradually decreases, which leads to the formation of a space
charge region near the grain boundary.

Morphological and Optical Analysis
To study the morphology and thickness of pure and Co-doped
Sb2Se3 nanofilms, the nanofilms were characterized by SEM, and
the results are shown in Figure 4. The nanofilms that were
prepared by magnetron sputtering are smooth uniform and
free of cracks. In addition, we also characterize the thickness

FIGURE 2 | (A) The XRD patterns of Co-doped and pure Sb2Se3 nanofilms. (B) The EDS of Co-doped Sb2Se3.
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of the pure and Co-doped Sb2Se3 nanofilms. The thicknesses of
the pure and Co-doped Sb2Se3 nanofilms are both 150 nm.
According to previous reports (Cattaruzza et al., 2009; Wu
et al., 2015; Hymavathi et al., 2017), the morphology of doped
films is determined by the deposition conditions, particularly the
power of direct current magnetron sputtering. In accordance with
the result of the elemental mapping (Figure 4(f ∼ h)), the
elements of Sb, Se, and Co are uniformly dispersed in the
entire Co-doped Sb2Se3 nanofilms.

Figure 5 shows that the transmittance and absorption
spectrum of pure and Co-doped Sb2Se3 nanofilms were
obtained by spectrophotometer. The linear absorption edge of
the optical bandwidths of the pure and Co-doped Sb2Se3
nanofilms at near infrared can be found. Compared with the
pure Sb2Se3 nanofilms, the red shift of the linear absorption edge
of the Co-doped Sb2Se3 nanofilms can be attributed to the
different ionic radius of Co than that of Sb, which changes the
bond length with Se at replacement Sb, thus leading to a change in

FIGURE 4 | (A–D) The SEM of pure and Co-doped Sb2Se3 nanofilms. (E) The thickness of pure and Co-doped Sb2Se3 nanofilms. (F–H) The elemental mapping of
Co-doped Sb2Se3 (1.5 W) nanofilms.

FIGURE 3 | The structures of Sb2Se3 with Co on (I) Sb (II) Se, and (III) interstitial site.
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the eigenfrequency. The change of the eigenfrequency moves the
linear absorption edge of the Co-doped Sb2Se3 nanofilms and,
hence, the red shift (Tian and Liu, 2006). Furthermore, the
increase in Co dopant content leads to increasing the
deficiency, which leads to an increase in the average atomic
distance, thus leading to a decrease in the energy level spacing.
For linear absorption, we have Tacu’s formulation, which is given
as follows (Filipchenko and Naurizbaev, 1976):

α � A

hv
(hv − Eg)

n
(1)

where the coefficient of linear absorption is denoted by α, A
represents a constant, Eg represents the optical band gap, n
represents an index (n � 1, 2, 3), and the incident photon
energy is denoted by h]. The optical band gap (Eg) values of
the pure and Co-doped Sb2Se3 nanofilms (0.5, 1.0, and 1.5 W) are,

respectively, calculated as 1.93, 1.83, 1.80, and 1.77 eV. Figures
5C,D exhibit the transmission spectrum of the pure and Co-
doped Sb2Se3 nanofilms. It can be clearly seen that the A and B
thin films both exhibit more than 80% transmission in the range
of 800–1,100 nm, and the dopant of Co has no effect on the
transmittance at near infrared.

Nonlinear Optical Properties
The nonlinear signals of the pure and Co-doped Sb2Se3
nanofilms, which were obtained by fs Z-scan experiment at
800, 980, and 1,030 nm, are used to understand the
mechanism of the nonlinear response and regulation. The
open-aperture (OA) Z-scan results of the pure and Co-doped
Sb2Se3 nanofilms are shown in Figure 6(a∼c). For the pure and
Co-doped Sb2Se3 nanofilms, the RSA phenomenon was observed
at 800 nm, and no signals were obtained at 980 and 1,030 nm for

FIGURE 5 | (A, B) The linear absorption spectrum of pure and Co-doped Sb2Se3 nanofilms. The inset shows the relationship between the incident photon energy
and absorbance. (C) and (D) exhibit the transmittance spectrum of pure and Co-doped Sb2Se3 nanofilms.
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the pure Sb2Se3 nanofilm. Through the linear absorption
spectroscopy of the pure and Co-doped Sb2Se3 nanofilms, it
can be seen that the Eg of the pure and Co-doped Sb2Se3
nanofilms are greater than hv but less than 2hv, which
indicates that the pure and Co-doped Sb2Se3 nanofilms both
exhibit a TPA. For the Co-doped Sb2Se3 nanofilms, the OA

Z-scan signals were exhibited at 980 and 1,030 nm, and it also
shows that, with the increase of the doping concentration, the
amplitude of the OA Z-scan signals exhibited the
corresponding increase. In addition, we also obtained the
OA Z-scan signals of the pure and Co-doped Sb2Se3
nanofilms (1.5 W) under different excitation energy at

FIGURE 6 | The OA Z-scan signals of pure and Co-doped Sb2Se3 nanofilms at 800 (A), 980, (B), and 1,030 nm (C). The OA Z-scan signal of Co-doped Sb2Se3
nanofilm (1.5 W) thin films at 800 nm under different excitation conditions (D).

TABLE 1 | Nonlinear absorption parameters of the Co-doped and pure Sb2Se3 nanofilms under different excitation conditions.

Pure Sb2Se3
nanofilm

Co-doped Sb2Se3 nanofilms

0.5 W 1.0 W 1.5 W (300 nJ) 1.5 W (400 nJ) 1.5 W (500 nJ)

Wavelength
(nm)

β
( × 10−9 m/ W)

β ( ×
10−9 m/ W)

γ ( ×
10−16 cm3/

W2)

β ( ×
10−9 m/ W)

γ ( ×
10−16 cm3/

W2)

β ( ×
10−9 m/

W)

γ ( ×
10−16 cm3/

W2)

β ( ×
10−9 m/

W)

γ ( ×
10−16 cm3/

W2)

β ( ×
10−9 m/

W)

γ ( ×
10−16 cm3/

W2)

800 10.2 11.6 27.6 16.9 31.3 19.4 57.4 19.9 58.5 20.3 58.7
980 2.3 13.4 3.0 15.6 3.9 18.1
1,030 1.5 4.2 2.6 8.7 3.0 11.9
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800 nm. For the pure Sb2Se3 nanofilm, with the increase of the
excitation energy, the OA Z-scan signals did not change;
therefore, it can be inferred that the pure Sb2Se3 is a pure
third-order nonlinear effect, and the OA Z-scan signal
amplitude of the Co-doped Sb2Se3 nanofilms (1.5 W)

increased with the increase of the excitation energy.
Therefore, we infer that the Co-doped Sb2Se3 nanofilms
have a higher-order nonlinear absorption phenomenon, that
is, FCA. For the higher-order nonlinear absorption
phenomenon, we have (Lakhwani et al., 2010)

FIGURE 7 | The CA Z-scan signals of the Co-doped Sb2Se3 nanofilms at 800 (A), 980 (B), and 1,030 nm (C). (D) The CA Z-scan signals of Co-doped Sb2Se3
nanofilms (1.5 W) at 800 nm under different excitation conditions (300, 400, and 500 nJ).

TABLE 2 | Nonlinear refractive index of pure and Co-doped Sb2Se3 nanofilms under different excitation conditions.

Sample Pure Sb2Se3 nanofilm Co-doped Sb2Se3 nanofilms

0.5 W 1.0 W 1.5 W (300 nJ) 1.5 W (400 nJ) 1.5 W (500 nJ)

Wavelength (nm) n2 ( × 10−16 m2/ W) n2 ( × 10−16 m2/ W) n2 ( × 10−16 m2/ W) n2 ( × 10−16 m2/ W) n2 ( × 10−16 m2/ W) n2 ( × 10−16 m2/ W)
800 −6.3 −13.1 −20.4 −24.4 −36.6 −38.9
980 −4.1 −6.0 −8.0
1,030 −4.0 −4.7 −6.4
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α(I) � α0 + βI + cI2 (2)

T(z) � ∑
∞

m�0

(−αILeff
1+z2/z02)
m + 1

(3)

Here, α represents the global absorption coefficient, γ stands for
the fifth-order nonlinear absorption coefficient, T(z) stands for
the normalized transmittance, β represents the third nonlinear
absorption coefficient of the thin films, and I0 stands for the light
intensity at the focus. The effective thickness of the nanofilms is
denoted by Leff, and Leff � 1 − e−α0L/α0, where α0 is the linear
absorption coefficient of the thin film, L represents the thickness
of the samples, z is the distance between the sample and the focal
point, and z0 is the derived length of the beam. The β and the γ of
the pure and Co-doped Sb2Se3 nanofilms are exhibited in Table 1.

The calculated results show that, with the increase of
excitation energy, the values of β and γ of the Co-doped
Sb2Se3 nanofilms increase correspondingly, thus confirming
that there is FCA in the Co-doped Sb2Se3 nanofilms. As is
known to all, the interaction between matter and light can be
effectively increased by Co nanoparticles, which can also illustrate

the high carrier mobility (Han et al., 2006; Ahlam et al., 2012). In
addition, Co nanoparticles can effectively capture
photogenerated carriers and can also inhibit the combination
of carriers and holes in the local electric field (Li et al., 2017;
Nasir et al., 2017). The formation of the space charge region
formed by the Co dopant leads to a larger electron base, so the
probability of transition becomes larger during the absorption
of photon energy and the increase of the Co dopant content can
provide more free carriers; thus, the increment of the free
carriers leads to the enhancement of the nonlinear effect.
Owing to the increase of excited state absorption and high
carrier mobility brought by Co nanoparticles, FCA and TPA are
successfully set up in the Co-doped Sb2Se3 nanofilms with the
successful doping of Co into Sb2Se3. Therefore, the RSA
behavior of the Co-doped Sb2Se3 nanofilms was observed at
980 and 1,030 nm. As the content of the Co dopant increases,
the intensity of RSA behavior exhibits a corresponding increase.
This phenomenon is because the increase of the content of Co
dopant can provide more Co nanoparticles, thus providing
more free carriers, which can further promote faster and
stronger absorption in the excited state.

FIGURE 8 | (A) The results of the transient absorption experiment of the pure Sb2Se3 nanofilm at near infrared. (C–D) The results of the transient absorption
experiment of Co-doped Sb2Se3 (0.5, 1, and 1.5 W) nanofilms at near infrared.
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The CA Z-scan signals (800, 980, and 1,030 nm) of the pure
and Co-doped Sb2Se3 nanofilms were obtained by using the CA fs
Z-scan experiment as shown in Figure 7. For the pure Sb2Se3
nanofilm, the CA Z-scan signal was observed at 800 nm, which
can be attributed to Kerr refraction caused by the nonlinear
systematic dispersion of bound electrons appearing near the
intrinsic absorption edge although there was no CA Z-scan
signal observed at 980 and 1,030 nm, and it can be caused by
the weak Kerr refraction. For the Co-doped Sb2Se3 nanofilms, the
CA Z-scan signals were observed at 800, 980, and 1,030 nm,
which indicates the existence of high-order nonlinear refraction
(FCR). In addition, with the increase of the Co dopant content,
the amplitude of the CA Z-scan signals increased
correspondingly. According to the results of the OA Z-scan
signals of the Co-doped Sb2Se3 nanofilms, with the increase of

the Co dopant content, more Co nanoparticles can be provided,
which led to the increase of photogenerated carriers. Therefore, it can
be concluded that the content of photogenerated carriers in the Co-
doped Sb2Se3 nanofilms is relatively high, and the excess carriers can
participate in the refraction of free carriers. Thus, it can be concluded
that there are FCR at 980 and 1,030 nm, and the FCR is dominant.
According to the plasma dispersion effect of carriers, the refraction
effect of free carriers increases with the increase of incident
wavelength (Soref and Bennett, 1987; Gao et al., 2005). Therefore,
the Co-doped Sb2Se3 nanofilms exhibit a self-defocusing behavior at
980 and 1,030 nm, which are constructed by the FCR and Kerr
refraction. In addition, we also obtained the CA Z-scan signals of the
Co-doped Sb2Se3 nanofilm (1.5W) and pure Sb2Se3 nanofilm, which
were excited under different excitation energy at 800 nm as shown in
Figure 7D. For the pure Sb2Se3 nanofilm, there was no change in CA

FIGURE 9 | (A) The transient nonlinear curve of pure Sb2Se3 nanofilm at different time scales. (B–D) The transient nonlinear curve of Co-doped Sb2Se3 (0.5, 1.0,
and 1.5 W) thin films at different time scales.
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Z-scan signals. For the Co-doped Sb2Se3 nanofilm (1.5W), the
signals of the CA Z-scan indicate that the amplitude of the
nonlinear signal increases with the increase of the excitation
energy. The reason for the phenomenon is that, with the increase
of the excitation energy, excess carriers, which can participate in the
refraction of the free carriers, are generated, thus leading to the
enhancement of the refraction of the free carriers (Fang et al., 2013).

For nonlinear refraction, we assume that the incident laser has
a Gaussian distribution, and then the sample transmittance on
the far-field axis is proportional to the phase shift (Gao et al.,
2005).

Δ∅ � 2π
λ
Leffn2I0 (4)

The effective thickness of the samples is denoted by Leff, and
Leff � 1 − e−α0L/α0, where n2 represents the nonlinear refractive
index, L stands for the thickness of the samples, I0 represents the
light intensity at the focus, λ stands for the excitation wavelength,
and α0 represents the linear absorption coefficient of the thin film.
For the Kerr system, the peak intensity of the incident laser and
the nonlinear refractive index have the same radial profile. The
interpolation formulas for the normalized peak-valley
transmittance (ΔTp–v) and peak-valley separation in z (ΔZp–v)
are shown in Eqs 5, 6; (Gao et al., 2005).

ΔTP−V � 0.406Δ∅ (5)

ΔZP−V � 1.7z0 (6)

The values of n2 can be calculated by using Eqs 4–6 and are
shown in Table 2.

Transient Absorption Analysis
The nonlinear optical properties of pure and Co-doped Sb2Se3
nanofilms were studied by transient absorption experiment. To
ensure the excitation efficiency, the pumping light was set at

450 nm. The change of absorption intensity at a specific
wavelength can be represented as the variation of the optical
density (ΔOD), which is obtained by transient absorption
spectroscopy. For the transient absorption experiment, ΔOD
can be calculated as (Li et al., 2014)

ΔOD(λp, t) � −log10(Ton/Toff) (7)

where λp represents the wavelength of probing light, Ton
represents the light of the probe, t stands for the delay time
and the total transmittance of pumping, and the transmittance of
probing light is denoted by Toff.

For the pure Sb2Se3 nanofilms, the RSA phenomenon was
observed at 780–830 nm (ΔOD>0), but no nonlinear signal was
detected in other probe regions (Figures 8A,B), which is in
synchrony with the result of the fs Z-scan signal of the pure
Sb2Se3 nanofilms. According to the results of linear absorption of
the pure Sb2Se3 nanofilm, TPA occurs when the optical bandgap
(Eg) is greater than h] and less than 2h]. With the successful
doping of Co into Sb2Se3, TPA and FCA are successfully
established in the Co-doped Sb2Se3 nanofilms, which is due to
the increase of carrier mobility and excited-state absorption
brought by Co nanoparticles. Co-doped Sb2Se3 nanofilms
exhibit the RSA phenomenon with high transient absorption
(ΔOD > 6.5), broadband nonlinear response (800–1,030 nm), and
ultrafast carrier absorption (<1 picoseconds) at near infrared at
Figures 8C,D compared with Sb2Se3 nanofilms.

Although the content of Co dopant increases, the carrier
absorption rate and intensity of RSA of the Co-doped Sb2Se3
nanofilms exhibit a corresponding increase. In addition, the
increase in the doping amount of Co can provide more Co
nanoparticles, which can further promote the absorption of
the excited state faster and stronger. When the DC sputtering
power was increased to 1.5 W, the Co-doped Sb2Se3 nanofilm
exhibited the strongest transient absorption (ΔOD > 15) and

FIGURE 10 | (A) The process of pure Sb2Se3 nanofilm carrier relaxation time, OPA, and band. (B) The illustration of Co-doped Sb2Se3 nanofilm carrier relaxation
time, OPA, and band.
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ultrafast carrier absorption (<1 picoseconds) as shown in
Figure 8D. Through the analysis of the transient spectrum, it
can be seen that the transient absorption intensity of all Co-
doped Sb2Se3 nanofilm is 800 < 980 < 1,030 nm; according to
the plasma dispersion effect of carriers, the absorption and
refraction effects of free carriers increase with the increase of
incident wavelength. It is further confirmed that FCA and
FCR play a dominant role in the nonlinear response at 980
and 1,030 nm. In all the transient absorption spectra, it can be
found that the signal has no obvious movement during the
whole delay time, which suggests that the TPA and FCA may
be from the uniform energy level during the whole delay time
(He et al., 2010). In addition, the sapphire substrate has no
influence on the transient absorption experiment of the Co-
doped and pure Sb2Se3 nanofilms. Moreover, the differences
between Co-doped and pure Sb2Se3 nanofilms were measured
by the Gaussian beam focal plane, which proves that the Co-
doped and pure Sb2Se3 nanofilms do not suffer optical
damage in the transient absorption experiment. Figure 10
exhibits the schematic diagram of the energy levels of the Co-
doped and pure Sb2Se3 nanofilms, one-photon absorption,
and FCR.

Figure 9 shows the transient absorption fitting curves of
pure and Co-doped Sb2Se3 (0.5, 1, and 1.5 W) nanofilms at
different time scales under 450 nm laser excitation. For the
pure and Co-doped Sb2Se3 nanofilms, there was no influence
between the pump light and the carrier relaxation, which
proves that the transient absorption experiment was carried
out under steady conditions. Multiple exponential functions
are selected to fit the transient absorption curve of the pure and
Co-doped Sb2Se3 nanofilms, and the formula is as follows
(Fang et al., 2017):

ΔT
T

� C1 exp(−t/τ1) + C2 exp(−t/τ2) (8)

ΔT
T

� C1 exp(−t/τ1) + C2 exp(−t/τ2) + C3 exp(−t/τ3) (9)

where C3, C2, and C1 represent the amplitudes of the third,
second, and first components, respectively. For the pure Sb2Se3
nanofilm, which was excited by 450 nm, the carrier relaxation
time values (τ1 and τ2) were calculated as 1.74 ± 0.74 ps and
3.89 ± 0.73 ns. The values of transient absorption (τ1, τ2, and τ3)
of the Co-doped Sb2Se3 nanofilms under the same laser excitation
were calculated as 1.58 ± 0.9 ps, 12.39 ± 0.21 ps, and 4.42 ±
0.82 ns (0.5 W); 1.32 ± 0.49 ps, 13.35 ± 0.4 ps, and 4.63
± 0.81 ns (1.0 W); and 1.73 ± 0.99 ps, 12.03 ± 0.26 ps, and
4.89 ± 0.79 ns (1.5 W), respectively. The calculated results
show that the doping amount of Co can adjust the carrier
relaxation time of the Sb2Se3 nanofilms. In addition, the
results also confirm that Co nanoparticles can effectively
inhibit the composite process of carrier and hole, thus
improving the FCA efficiency. The carrier relaxation processes
for the pure and Co-doped Sb2Se3 nanofilms are shown in
Figure 10. In the whole relaxation process of pure and Co-
doped Sb2Se3 nanofilms, the different relaxation mechanisms
determine the relaxation time of carriers at different steps. For

the pure Sb2Se3 nanofilms, the τ1 is caused by the cooling of
thermal carriers, and the τ2 is caused by the relaxation of
nonradiative transition of carriers in the optical bandgap.
Although for the Co-doped Sb2Se3 nanofilms, τ3 is caused by
the relaxation of nonradiative transition of carriers from CB to
VB, the τ2 is caused by the relaxation of nonradiative transition of
carriers from CB to doping level, and the τ1 is caused by the
electron-phonon scattering.

CONCLUSION

In conclusion, this study confirms that the enhancement of excited
state absorption at near infrared caused by FCA, FCR, TPA, and
Kerr refraction is the main mechanism of the broadband nonlinear
response of Co-doped Sb2Se3 films, which were prepared by
magnetron sputtering. Compared with the pure Sb2Se3 nanofilm,
the Co-doped Sb2Se3 nanofilms exhibit the following superior
nonlinear optical properties. (I) Co-doped Sb2Se3 nanofilms
exhibit ultrafast carrier absorption (ps) at near infrared and
excellent broadband nonlinear response (800–1,030 nm). (II)
High nonlinear absorption coefficients, high nonlinear refraction
index, long carrier relaxation time, and the ultrafast carrier
absorption of Co-doped Sb2Se3 nanofilms are determined by the
content of the Co dopant. (III) The transient absorption intensity of
Co-doped Sb2Se3 nanofilms (1.5W) is achieved ΔOD>15. Finally,
the Co-doped Sb2Se3 nanofilms provide more reference value for
selecting more suitable elements as the dopants of Sb2Se3 to prepare
the broadband nonlinear optical devices.
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