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The direct generation of passively Q-switched lasers at a green wavelength has rarely been investigated in the
past. In this Letter, we demonstrate a passively Q-switched praseodymium-doped yttrium lithium fluoride green
laser at 522 nm using CdTe/CdS quantum dots as a saturable absorber. A maximum average output power of
33.6 mW is achieved with the shortest pulse width of 840 ns. The corresponding pulse energy and peak power
reached 0.18 μJ and 0.21 W, respectively. To the best of our knowledge, this is the first demonstration in regard
to a quantum dots saturable absorber operating in the green spectral region.
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Passive Q-switching and mode locking are two crucial
technologies for short and ultrashort pulse generation.
Based on these two technologies, efficient, reliable, and
cost-effective saturable absorbers are always desirable.
If the saturable absorber is also universal for laser opera-
tion with large wavelength range, it would be the desired
candidate for researchers. Most conventional saturable
absorbers, like Cr4þ-, V3þ-, Co2þ-, and Cr2þ-doped mate-
rials[1–6], as well as the well-known semiconductor saturable
absorber mirror (SESAM)[7–9], cannot nicely match all
these wanted merits.
During the past decade, a kind of new saturable

absorber on the basis of various nanomaterials has been
greatly developed. Mostly, these nanomaterial’s satu-
rable absorbers exhibit some advantages, including
broadband saturable absorption, low cost, and easy fab-
rication. These advantages are indeed not covered for the
conventional saturable absorbers. As a consequence, be-
cause of these desirable advantages, nanomaterials used
for saturable absorbers have become an increasingly
popular research topic, and relevant studies have
involved Q-switched and mode-locked laser operation
from visible to middle infrared[10–26], such as carbon nano-
tube[10–12] and other two-dimensional (2D) nanomaterials
like graphene[13–15], topological insulators (TIs)[16–20],
transition metal dichalcogenides (TMDCs)[21–27], black
phosphorus[28–30], etc. Especially, at present, no conven-
tional saturable absorbers as mentioned above, i.e.,
SESAM, Cr4þ-, V3þ-, Co2þ-, and Cr2þ-doped materials,
have been reported to be a Q-switcher or mode locker for
green laser emission. Recently, a green laser at 522 nm

has been successfully Q-switched and mode-locked using
MoS2

[21,22].
On the other hand, quantum dots (QDs) used as satu-

rable absorbers have also attracted attention recently be-
cause of their relatively broadband absorption spectrum,
arising from inhomogeneous broadening associated with a
variation of dot sizes[31]. A main advantage of QDs over
those 2D nanomaterials is that, because of high-level con-
trollability over the size of the crystals, it is possible to
have very precise control over the conductive properties
of the material. The smaller the size of the crystal and
the larger the band gap, the greater the difference in en-
ergy between the highest valence band and the lowest con-
duction band becomes. Although the energy band gap of
the 2D nanomaterials can also be tuned by increasing their
number of layers, the multilayer 2D nanomaterials will
transform into indirect semiconductors, which will lead
to a greatly reduced electron transition rate. As a result,
it results in large saturable intensities for 2D nanomateri-
als saturable absorbers[32]. Additionally, compared to their
quantum well counterparts, QDs could, in principle, offer
lower saturation fluence, faster recovery time, and lower
non-saturable losses[32,33]. Recently, using QDs as saturable
absorber, we operated passively Q-switched visible lasers
at 721, 640, and 607 nm[34].

In this work, core/shell structure QDs, CdTe/CdS, were
fabricated by a liquid-phase method, which provides a
much less expensive and far simpler alternative to epitax-
ially grown semiconductors. The core/shell materials of
CdTe/CdSQDs have the same lattice structure and exhibit
a small lattice mismatch, which caused the QDs to have a
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good chemical stability. At the same time, the CdTe core
has a larger dielectric constant, leading to a relatively
stronger dielectric screening. By operating a blue diode-
pumped Q-switched praseodymium-doped yttrium lithium
fluoride (Pr:YLF) laser at 522 nm with the CdTe/CdS
QD as a saturable absorber, we have further extended
the operational wavelength of the QD to green.
The detailed fabrication process can be found in our

previous publication[34]. Figure 1 shows the measured
absorbance and photoluminescence (PL) curves of the
QDs sample using a Shimadzu UV-2450 ultraviolet-visible
(UV-vis) spectrophotometer and a Cary Eclipse (Varian)
fluorescence spectrophotometer. The inset shows the sizes
of the QDs measured by transmission electron microscopy
(TEM, JEOL-2100). The saturable absorption property
of the QDs sample was investigated using an open
aperture Z-scan system with femtosecond laser pulses
at 515 nm, which closely corresponds to the investigated
laser oscillation at 522 nm. The pulse width of a fiber
laser source was 340 fs with a repetition rate of 1 kHz.
Figure 2 clearly shows that the normalized transmissions
increased gradually with the approaching of the QD
sample to the focus point of the open aperture Z-scan sys-
tem, which indicated that the absorption of the QDs be-
came saturated with the increase of the incident pump
intensity/energy. The CdTe/CdS saturable absorber
was fabricated by transferring the CdTe/CdS dispersion
onto an anti-reflection coated 0.5-mm-thick BK7 glass
thin plate via a spin coating method. Measuring the small
signal transmission of the CdTe/CdS saturable absorber
using a PerkinElmer Lambda 750 Spectrometer gave a
transmission of about 89.3% at 522 nm, which indicates
that the linear loss of the CdTe/CdS thin film is
about 10.7%.
The experimental setup is schematically shown in Fig. 3.

The pump source is an InGaN diode laser emitting at
about 444 nm of peak wavelength with maximum output
power of about 1.8 W. The pump beam was injected into

the laser crystal by a plane-convex aspherical focusing lens
with focal length of 50 mm. The laser resonator consisted
of a compact two-mirror near hemispherical configuration
with a resonator length of about 47 mm. The flat input
mirror (IM) has a high transmission of about 90% at
the pumping wavelength, high reflection of more than
99.9% at 522 nm, and high transmissions of about 34%
at 607 nm and 89% at 639 nm. The coating of the IM
simultaneously ensures an effective pump injection and
mode suppressions of those high-gain lines at orange
and red. The output coupler (OC) with a curvature radius
of 50 mm has a transmission of about 1.9% at 522 nm.

The gain medium was a 0.2 at% -doped Pr:YLF crystal
with a cross section of 2 mm × 2 mm and a length of
8 mm. The ratio of single pass absorption was measured
to be about 90% of the maximum pump power. The laser
crystal was mounted inside a copper block and was
wrapped with indium foil to strengthen the thermal con-
tact between the copper block and laser crystal. The cop-
per block was connected to a chiller with the temperature
set at 16°C. During Q-switching, the CdTe/CdS QDs
saturable absorber was inserted into the laser resonator.

Green laser emission at 522 nm was first demonstrated
in the continuous-wave regime, and Fig. 4 shows the
dependence of output power on absorbed power. A maxi-
mum output power up to 262 mW was achieved, and the
slope efficiency with respect to absorbed power was

Fig. 1. (Color online) Absorbance and PL curves of the green
colloidal quantum dot (CQD) sample with an inset of the
TEM image.

Fig. 2. (Color online) Open aperture Z-scan measurements of the
saturable absorption property of the as-fabricated CQD, using a
femtosecond laser source at 515 nm.
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Fig. 3. Schematic of blue diode-pumped passively Q-switched
Pr:YLF laser at 522 nm.
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linearly fitted to be about 21.8%. By optimizing the dop-
ant concentration and length of the Pr:YLF crystal, the
transmission of the OC, as well as the overlap efficiency
between the pump beam and cavity mode and far better
laser performance, could be realized. However, the main
purpose of this work is not to achieve a high-power
continuous-wave laser, and the present result was ob-
tained by using the available experimental components.
After inserting the as-prepared CdTe/CdS QDs satu-

rable absorber into the laser resonator, Q-switched laser
pulse trains can be observed at 595 mW of absorbed
power, and the maximum average output power reached
33.6 mW, thus leading to a slope efficiency of about 3.5%,
as shown in Fig. 4. Compared with the continuous-wave
laser performance, the present Q-switched laser has
showed degraded performance with higher threshold,
far lower average output power, and slope efficiency,
which should be ascribed to the insertion loss and Fresnel
reflection loss of the glass substrate, as well as the transfer
quality of the CdTe/CdS QDs. All these aspects should be
improved in the near future for better laser performance of
a Q-switched Pr:YLF green laser. The laser spectrum of
the Q-switched operation was shown in Fig. 5, indicating
a peak wavelength at 522.43 nm. The inset in Fig. 5 shows
the green laser beam spot.
Figures 6(a) and 6(b) show the typical pulse trains,

respectively, with pulse repetition rates of 79.6 kHz at
4.9 mW and 168.9 kHz at about 28.5 mW.When the aver-
age output power reached about 28.5 mW, we obtained
the narrowest pulse width with a time duration of about
840 ns, as shown in Fig. 7. To reduce the time duration of
the present pulsed laser, a saturable absorber with a larger
modulation depth and using a short laser resonator could
work. This is why a Q-switched microchip laser could
be operated to reach a pulse width to the scale of
picoseconds[35].

We further plotted the entire variations of the pulse
width together with the pulse repetition rate with the in-
crease of absorbed power in Fig. 8. It clearly shows that
the pulse width decreased fast at first by increasing the

absorbed power to about 1000 mW. Further increasing
the absorbed power to about 1500 mW, the pulse width
narrowed with a weak tendency. In fact, the pulse width

Fig. 4. (Color online) Green laser output power characteristics
in continuous-wave and Q-switching regimes.

Fig. 5. Spectrum of the Q-switched Pr:YLF laser at 522 nm.
Inset: photograph of the green laser beam spot.

Fig. 6. Pulse trains measured at average output powers of
(a) 4.9 mW at the threshold with a repetition rate of
79.6 kHz and (b) 28.5 mW with a repetition rate of 168.9 kHz.

Fig. 7. Narrowest pulse with time duration of about 0.84 μs.
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showed saturation at about 1500 mW with the shortest
time duration of about 840 ns, as above mentioned. After-
ward, the pulse width augmented to about 0.9 μs at an
achievable maximum absorbed power of 1.62 W. Such
Q-switching pulse broadening can still be basically ex-
plained by the small modulation depth of the saturable
absorber, thus leading to the bleaching of it due to the
high intracavity intensity. At the same time, such bleach-
ing could also destabilize the Q-switching operation.
In Fig. 8, the pulse repetition rate curve shows a monoto-
nous increase from 65.2 to 179.3 kHz with the increase of
the absorbed power; although, a weak saturation tendency
can be observed.
With these pulse parameters data, we estimated two

other important pulse parameters, i.e., single pulse energy
and pulse peak power, as shown in Fig. 9. The maximum
pulse energy is about 0.18 μJ, and the corresponding pulse
peak power is about 0.21 W. Moreover, with the increase
of the absorbed power, saturation phenomena for the
pulse parameters were also observed, especially for pulse
peak power because of the rollover of the pulse width at

high pump power. Zhang et al.[21] reported continuous-
wave and MoS2-based passive Q-switched Pr:GLF lasers
at 522 nm. For continuous-wave operation, the authors
achieved a maximum output power of 178 mW, while,
for passive Q-switching, the pulse parameter values are
10 mW of the maximum average output power, 579 ns
of pulse width, 154 mW of peak power, and 101 nJ of pulse
energy. Therefore, our present results indicate better laser
performances under the continuous-wave and Q-switching
regimes.

In conclusion, using a Pr:YLF crystal as the gain
medium, we operate a continuous-wave laser at 522 nm
with maximum output power of 262 mW and slope effi-
ciency of about 21.8%. Using CdTe/CdS QDs as a satu-
rable absorber, passive Q-switching is also investigated
with maximum average output power of 33.6 mW and
the shortest pulse width of 840 ns. The corresponding pulse
energy and peak power reach 0.18 μJ and 0.21 W, respec-
tively. Further scaling the performance of the passive
Q-switched green laser to a shorter pulse width and larger
pulse energy and peak power could resort to fabricating the
CdTe/CdS QDs saturable absorber with a large modula-
tion depth.
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