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Platinum diselenide (PtSe2), a type-II Dirac semi-metal material, is a potential saturable absorber (SA) to

generate visible pulsed lasers due to its prominent optoelectronic properties. A high quality PtSe2 thin film

was fabricated by combining magnetron sputtering with chemical vapor deposition methods; then, its

microtopography was characterized by atomic force microscopy. The saturable absorption properties and

electron relaxation time in the visible region were measured via open-aperture Z-scan and femtosecond

pump probe technology, respectively. The modulation depth and saturable intensity are 39.9% and

256.6 GW cm−2, respectively. The relaxation time constants were fitted to be τ1 = (1.405 ± 0.024) ps, τ2 =

(99.03 ± 0.01) ps, and τ3 = (2.032 ± 0.27) ns. The as-prepared PtSe2 thin film was experimentally applied

as a novel SA to achieve a stable passively Q-switched (PQS) Pr:YLF visible laser. A shortest pulse width of

91.8 ns with a maximum repetition rate of 297.6 kHz was obtained. These results demonstrate that the

PtSe2 thin film has promising applications in generating visible pulsed lasers.

Introduction

Visible lasers have attracted considerable attention in various
application fields, such as colour projection, medical treat-
ment, complex reaction detection, ultrahigh data storage
density, and underwater communications.1–3 Due to their com-
pactness and good stability, solid-state Pr3+-doped crystal
lasers are an effective way to generate visible lasers. In 2004, A.
Richter et al. first reported a diode-pumped continuous-wave
(CW) Pr3+:LiYF4 (Pr:YLF) laser with a slope efficiency of 24%.4

Very recently, a 1.05 W CW Pr:YLF crystal visible laser pumped
by a blue LD, corresponding to a slope efficiency of 42.4%, was
obtained by Zhang et al.5

Although watt-level CW visible lasers have been achieved,
generating a pulsed laser at a visible waveband still faces
obstacles owing to the lack of suitable SAs. In 1995, J. R. Taylor
et al. reported a 8.5 ps Pr:YLF ultrafast laser with CdSe1−xSx
materials as an SA.6 The low thermal properties and damage

thresholds of CdSe1−xSx materials limit their application in
high power lasers. Therefore, great efforts have been paid to
explore novel SA materials with excellent optoelectronic pro-
perties. The emergence of low-dimensional materials, which
possess high carrier mobility, high optical absorption coeffi-
cients and picosecond or femtosecond photo-generated carrier
lifetimes,7,8 has initiated a new research trend. In 2017, Xu
et al. achieved a PQS Pr:YLF visible laser using CdTe/CdS
quantum dots as an SA with the shortest pulse duration of 226
ns.9 Owing to the outstanding saturable absorption properties
of 2D materials, such as black phosphorus (BP), topological
insulators (TIs), and transition metal dichalcogenides (TMDs),
the applications of these materials in visible lasers are poss-
ible. In 2015, Zhang et al. successfully realized a Q-switched
visible laser using BP SA, generating the shortest width of 189
ns.10 Furthermore, a diode-pumped PQS Pr:YLF laser was
demonstrated using a few-layer Bi2Se3 SA in 2018; the shortest
pulse width was 210 ns.11 As typical materials of TMDs, MoS2
and WS2 have also been applied in passively Q-switched Pr:
YLF lasers to generate shortest pulse widths of 403 ns and 630
ns, respectively.12,13 Very recently, Yang et al. applied SnS2 as
an SA to realize a PQS Pr:YLF visible laser with a shortest pulse
width of 164 ns.14 To the best of our knowledge, to date, the
PQS visible laser pulse width is still greater than 100 ns.

Recently, a new material, PtSe2, which is classified as a
type-II Dirac semi-metal material, has emerged as a great
potential SA in visible pulsed lasers due to its excellent non-†These authors contributed equally to this work.
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linear optical characteristics. Previous research showed that
PtSe2 possesses type-II Dirac fermions; this breaks Lorentz
invariance, leading to unique properties.15,16 Compared to
other TMD materials, PtSe2 has higher carrier mobility (larger
than 1500 cm2 V−1 s−1) which surpasses those of WS2 (about
1100 cm2 V−1 s−1) and MoS2 (about 340 cm2 V−1 s−1).17,18 Due
to these excellent properties, the PtSe2 material offers rapid
nonlinear response to the incident beam and is a good candi-
date to generate ultra-short pulses. Additionally, PtSe2 pos-
sesses an indirect band gap of 1.2 eV in the monolayer, which
decreases to 0.21 eV in the bilayer and becomes zero eV in
multilayers.19–21 This widely tunable bandgap feature suggests
that PtSe2 has potential applications as an optical modulator
in an extensive wavelength range, from visible to mid-infrared.
In 2018, a passively mode-locked Nd:LuVO4 laser with a PtSe2
SA was achieved by Tao et al.; which had a pulse width of
15.8 ps and a repetition rate of 61.3 MHz.22 Meanwhile, Zhang
et al. reported a 1.02 ps PQS and mode-locked erbium-doped
fiber laser based on a PtSe2 SA.23 Recently, Yan et al. experi-
mentally demonstrated an all-solid-state 2.0 μm Q-switched
laser with a bilayer PtSe2 SA; it generated a shortest pulse
width and maximum average output power of 244 ns and 1.14
W, respectively.24 However, to our knowledge, the nonlinear
optical properties and laser applications of the PtSe2 material
in the visible region have not been explored.

In this letter, the saturable absorption properties and elec-
tron relaxation time of a PtSe2 thin film were measured via
open-aperture Z-scan and femtosecond pump probe techno-
logy. When the as-prepared PtSe2 SA was employed in a stable
all-solid-state PQS Pr:YLF laser, a shortest pulse duration
of 91.8 ns was obtained with a maximum repetition rate of
297.6 kHz.

Synthesis and characterization of the PtSe2 SA

The PtSe2 film was fabricated by combining magnetron sput-
tering precipitation with chemical vapour deposition methods.
The fabrication process can be briefly described as follows.
Platinum (Pt) film was firstly deposited on a SiO2/Si substrate
with a deposition time of 20 s. The SiO2/Si substrate coated
with platinum was fixed at the center zone of a furnace, and
selenium (Se) powder was placed at the upstream side. To
favor selenium evaporation, the powder was heated to its
melting point (about 220 °C) in flowing Ar (50 sccm), which
carries the selenium gas to the canter zone of the furnace. The
temperature of the center zone of the furnace was set to
380 °C. After selenization for 2 h, a PtSe2 thin film was
obtained on the substrate. Finally, the PtSe2 film was success-
fully transferred to a pure YAG substrate. To characterize the
micromorphology of the as-prepared PtSe2 film, atomic force
microscopy (AFM) was applied, and the results are shown in
Fig. 1(a) and (b). From the height profile, the average thickness
of the PtSe2 film is about 8.1 nm, indicating that the layer
number of the PtSe2 film is about 13.24 Meanwhile, Fig. 1(c)
demonstrates the Raman spectra of the as-prepared PtSe2 SA
and a pure YAG crystal, which were recorded by an HR800 con-
focal Raman microscope spectrometer (Horiba JY HR800,

France HORIBA JobinYvon Company, 100 to 400 cm−1 spec-
trum range, 0.65 cm−1 spectrum resolution). Compared with
the Raman spectrum of pure YAG, two pronounced peaks
around 178.7 cm−1 and 207.1 cm−1 are observed. The peaks
located at 178.7 cm−1 and 207.1 cm−1 are the Eg and A1g
Raman active modes, which are relevant to the in-plane and
out-of-plane vibration modes of selenium atoms, respectively.
The linear transmittance of the PtSe2 film ranging from 300 to
1080 nm was measured by a UV-3600 UV-VIS-NIR spectro-
photometer (UV3600, Shimadzu Corporation, 185–3300 nm
wavelength range, 0.1 nm resolution), as shown in Fig. 1(d).
Simultaneously, the transmittance of the pure YAG substrate
was measured for comparison. As can be seen from this figure,
the transmittances of the PtSe2 film are 61.1% for 639 nm and
63.9% for 720 nm, respectively. Similar experimental results
were acquired in different spatial positions, which indicates
the excellent uniformity of the as-prepared PtSe2 film.

A nondegenerate TA spectrometer was used to probe the
carrier dynamics in the PtSe2 film. The setup was established
on a Ti:sapphire amplifier, which generates ultrafast pulses
(800 nm, 1 kHz, 100 fs). The pulses are separated into two
parts by a splitter: the major proportion is used to drive the
optical parametric amplifier, which generates colinear signal
pulses from 1100 to 1600 nm and idler pulses from 1600 to
2600 nm. The pump light used in our measurement at 360 nm
(3.4 eV) was the quadruplicated frequency of the signal light at
1440 nm. The white continuum (450 to 720 nm) of the probe
was generated by injecting the rest part into a thin sapphire
crystal through complex nonlinear processes, such as four-
wave mixing and self-phase modulation. The diameters of the
pump and probe pulses were 340 μm and 120 μm, respectively.
The excitation energy was 120 nJ per pulse. The TA signal was
obtained by calculating the absorption difference in the
sample on the probe light with and without pump light:
namely, ΔA = A01 − A00, where A01 is the delay time-related

Fig. 1 (a) AFM image and (b) corresponding height profile of the PtSe2
thin film. (c) Representative Raman spectra. (d) Transmittance of the as-
prepared PtSe2 SA.
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absorptance with the pump and A00 is the absorptance without
the pump. A 1 mm-length pure quartz was tested to obtain the
instrument response function (IRF) before the sample, which
determines the time-resolution of the system. It is worth
noting that the pure quartz does not contribute to the TA
signal after the IRF time. The results are shown in Fig. 2(a).

The transient absorption kinetics at the probe wavelength
of 640 nm (corresponding to the laser operation) is shown in
Fig. 2(b), in which a typical photoinduced bleaching signal is
observed. To date, commercialized semiconductor saturable
mirrors (SESAM),25 semimetal graphene,26,27 Cd3As2,

28 black
phosphorus, etc. have been proposed as excellent slow satur-
able absorbers; that is to say, the recovery time can be shorter
than the obtained pulse width of the laser. For SESAM, the intra-
band thermalization occurs in a short time from 100 fs to 1 ps,
which facilitates the shaping of the ultrafast pulses. Then, the
carriers undergo trapping or recombination processes in
longer times of several picoseconds to nanoseconds. This
process is of great significance in mode-locking self-starting.
After photoexcitation, the electrons located in the valence
band of PtSe2 are instantly pumped to the conduction within
300 fs, and the holes are left off the valence band. The cooling
processes can be well fitted by a tri-exponential function:

ΔA ¼ A1e t=τ1 þ A2e t=τ2 þ A3e t=τ3 ð1Þ
where the time constants are fitted to be τ1 = (1.405 ± 0.024)
ps, τ2 = (99.03 ± 0.01) ps, and τ3 = (2.032 ± 0.27) ns, with a
corresponding amplitude ratio of 1 : 0.12 : 0.07. The cooling
rocesses can be attributed to the intraband carrier-carrier scat-
tering, carrier self-cooling by interaction with the phonon, and
lattice cooling by phonon–phonon interaction. Notably, PtSe2
processes a long time constant of up to nanoseconds, while
the low amplitude ratio of less than 1/10 indicates that it is a
promising candidate in ultrafast photonics.

Furthermore, the nonlinear saturable absorption properties
of the PtSe2 film were measured via applying the open-aperture
Z-scan technique. The laser source was a 640 nm femtosecond
laser with a pulse duration of 120 fs and a repetition rate of 5
kHz. When the PtSe2 film was placed on the Z-axis movement
stage and then gradually moved to the focal point (Z = 0), the
nonlinear transmittance suddenly increased, as shown in
Fig. 2(c). In this figure, a sharp peak of the normalized trans-
mission curve can be observed at the focus point, indicating
the typical optical saturable absorption behavior of the PtSe2
film. Fig. 2(d) presents the nonlinear transmittance versus the
laser energy intensity. The Z-scan data were fitted using the fol-
lowing formula:29

T ¼ 1� ΔR � Is
Is þ I0=ð1þ Z2=Z02Þ

� �
ð2Þ

where T, ΔR, Is, I0, and Z0 are the transmission rate, modu-
lation depth, saturation fluence, single pulse energy, and diffr-
action length of the beam, respectively. Through fitting this
curve, the saturation fluence and modulation depth were cal-
culated to be 256.6 GW cm−2 and 39.9%, respectively.

Results and discussion

Fig. 3 illustrates the experimental setup of the PtSe2
Q-switched Pr:YLF laser. A 3 × 3 × 8 mm3 Pr:YLF crystal with a
doped concentration of 0.5 at% was employed as the gain
medium. Both end surfaces of the uncoated crystal were well
polished. To weaken the thermal lens effect, the Pr:YLF crystal
was wrapped with indium foil and mounted in a copper block,
which was linked to a water-cooled chiller with a temperature
of 20.5 °C. The pump source was a GaN blue LD with a
maximum output power of 2.8 W and a central wavelength of
442 nm. The pump beam was focused into the Pr:YLF crystal
with a focal lens ( f = 25.4 mm). The input mirror (IM) was a
plane mirror that was anti-reflective (AR)-coated at 430 to
490 nm on the entrance surface and high-reflective (HR)-
coated around 550 to 760 nm on the cavity surface. The output
couplers were both concave mirrors with a curvature radius of
R = −100 mm. One of the output mirrors (OMs) had a trans-
mittance of 5% at 640 nm, and the other two had partial trans-
mittances of Toc = 1% and 3% around 550 to 760 nm,
respectively.

Fig. 2 (a) The instrument response function (IRF) of pure quartz, given
τr = 0.17 ps. (b) The transient absorption kinetics at the probe wave-
length of 640 nm. (c) Open aperture Z-scan curve of the PtSe2 SA. (d)
The nonlinear transmittance versus the incident optical energy intensity.

Fig. 3 Experimental setup of the PtSe2 Q-switched Pr:YLF laser.
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Before inserting the as-prepared PtSe2 SA into the cavity,
different output couplers of Toc = 1%, 3% and 5% were applied
to achieve the CW operations. Fig. 4(a) shows the relationships
between the CW output power of the Pr:YLF laser and the
absorbed pump power with three different output couplers.
With the output coupler of Toc = 5%, the maximum output
power of 807 mW was obtained under the absorbed pump
power of 2.28 W, corresponding to a slope efficiency of 39.6%.
It was noted that there was no obvious saturation phenomenon
during the increasing of the pump power.

To explore the saturable absorption properties of the PtSe2
film in the visible region, the as-prepared PtSe2 SA was
inserted into laser cavity and placed closely behind the Pr:YLF
crystal; then, the PQS laser was realized. With the output cou-
plers of Toc = 1% and 3%, stable pulse trains were observed
upon increasing the absorbed pump power to 1.37 W and 1.48
W, respectively. Fig. 4(b) presents the output power versus the
absorbed pump power in the PQS laser operation. As shown in
Fig. 4(b), the maximum output powers were 17 mW for Toc =
1% and 14 mW for Toc = 3% under the maximum absorbed
pump power of 2.28 W, respectively. The output spectra were
recorded by a spectrometer (AvaSpec-NIR256-1.7) with a
recorded range of 275 to 1010 nm. Fig. 4(c) and (d) both
exhibit comparisons of the output spectra of the CW and PQS
lasers. Under the output coupler of T = 1%, it is worth pointing
out that the wavelength of 720 nm disappears in the PQS laser
operation. This phenomenon can be explained as follows. The
emission cross section of 639 nm is larger than that of 720 nm
in the Pr:YLF crystal (σ639 nm = 2.18 × 10−19 cm2; σ720 nm = 8.8 ×
10−20 cm2).30 Due to the mode competition of 639 nm and
720 nm, the oscillation of 720 nm is suppressed when insert-
ing the PtSe2 SA into the laser cavity.

Fig. 5(a) and (b) show the laser pulse width and repetition
rate versus the absorbed pump power. The laser pulse charac-

teristics were detected by a Si detector (DET025A/M, 2 GHz
bandwidth, 400 to 1100 nm wavelength range) and displayed
on a digital oscilloscope (Oscilloscope RTO2012, 1 GHz band-
width, 10 Gs s−1 sampling rates). The pulse width decreases
with increasing absorbed pump power, while the pulse rep-
etition rate increases. The shortest pulse widths at Toc = 1%
and Toc = 3% were 91.8 ns and 112.1 ns, separately.
Meanwhile, the maximum pulse repetition rates were 297.6
kHz and 270.8 kHz, respectively. Fig. 5(c) and (d) present the
positive dependence of the single pulse energy and peak power
on the absorbed pump power. Under the maximum absorbed
pump power of 2.28 W, the maximum peak power was calcu-
lated to be 622.3 mW for Toc = 1% and 461.2 mW for Toc = 3%.
In addition, the typical pulse trains and pulse profiles are
depicted in Fig. 6(a) and (b).

Table 1 exhibits the typical pulse parameters of the PQS
visible lasers using various nanomaterials as the SA. As can be
seen from Table 1, some inspiring Q-switched visible laser
results were achieved via various nano-SAs; however, the pulse
widths were all above 100 ns. As is known, the long energy
level lifetime of the gain medium and large modulation depth

Fig. 4 (a) The dependence of the CW output power on the absorbed
pump power. (b) The PQS output power as a function of the absorbed
pump power. Wavelength comparison between the pulsed and CW
lasers (c) T = 1%, (d) T = 3%.

Fig. 5 The pulse width and pulse repetition rate versus the absorbed
pump power at (a) T = 1%, (b) T = 3%; the dependence of pulse energy
and pulse peak power on the absorbed pump power at (c) T = 1%,
(d) T = 3%.

Fig. 6 Typical pulse trains and pulse profiles at (a) T = 1%, (b) T = 3%.
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and saturable intensity of the SA are the vital factors affecting
the pulse width. Due to the limits of laser crystals in the
visible region, the design of SAs with large modulation depth
and saturable intensity is an important approach. For
example, Au nanorods with a modulation depth of 10.6% and
a saturable intensity of 75 MW cm−2 were designed in ref. 32.
However, the lower modulation depth and saturable intensity
limit the generation of ultra-short pulses. For a PtSe2 film,
Wang et al. investigated the dependence of the saturation
intensity on the layer number using a Z-scan system at 515 nm
(fs laser source: 340 fs, 100 Hz).32 The results showed that the
saturable intensity increased with increasing layer number (4L:
54.4 GW cm−2, 7L: 84.7 GW cm−2, 17L: 104.5 GW cm−2). In
order to obtain a PtSe2 film with a large modulation depth and
saturable intensity, a 13-layer PtSe2 film was fabricated by com-
bining magnetron sputtering with chemical vapor deposition
methods, and its saturation intensity and modulation depth at
640 nm were measured to be 256.6 GW cm−2 and 39.9%, sep-
arately. Due to the as-prepared PtSe2 film, a stable Q-switched
Pr:YLF visible laser with sub-100 ns pulse width was achieved.

Conclusions

In conclusion, an 8.1 nm PtSe2 thin film was synthesized by
combining magnetron sputtering with chemical vapour depo-
sition methods, and its saturable absorption properties and
electron relaxation time were measured via open-aperture
Z-scan and femtosecond pump probe technology, respectively.
The modulation depth and saturation intensity of the as-pre-
pared PtSe2 film at 640 nm were 39.9% and 256.6 GW cm−2,
separately. The relaxation time constants are fitted to be τ1 =
(1.405 ± 0.024) ps, τ2 = (99.03 ± 0.01) ps, and τ3 = (2.032 ± 0.27)
ns. To our best knowledge, the PtSe2 thin film was successfully
applied as an SA in achieving visible laser pulses for the first
time. The maximum output power was 17 mW under the
absorbed pump power of 2.28 W. The shortest pulse width of
91.8 ns was generated at the highest repetition rate of 297.6
kHz. The corresponding maximum peak power and pulse
energy were 622.3 mW and 57.1 nJ, respectively. This work
demonstrates that the layered PtSe2 thin film is a promising
candidate to generate sub-100 ns visible laser pulses.
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