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Abstract: Using a low non-saturable loss Bragg-reflector-based semiconductor saturable mirror,
a passively Q-switched Er:Lu2O3 ceramic laser at 2.7 µm demonstrated short pulse-width and
efficient operation, generating stable pulses of 70 ns pulse-width and ~71 kHz repetition rates.
Over 692 mW of average output power was measured, corresponding to a pulse energy of ~9.8 µJ.
In a modified resonator design of reduced round-trip time, pulses of 32 ns duration were generated.
The achieved results suggest that Er:Lu2O3 ceramic could be a promising gain medium for efficient
and high power pulsed laser generation at 2.7 µm. The prospects for further improvement in laser
performance at this wavelength are discussed.
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1. Introduction

Solid-state lasers based on Er3+ emitting around 3 µm have attracted significant attention because
of their potential for numerous applications, such as laser microsurgery, laser radar, plastic and
polymer processing, and pumps for longer wavelength oscillations [1–3]. Lasing on the 4I11/2 → 4I13/2
transition of Er3+ ions has been widely studied with a variety of host materials at the mentioned
spectral region [4–10]. Conventionally, the lifetime of the upper level is lower than the terminated
one. For preventing the self-terminating effect of the mentioned transition, high Er3+-ion doping
concentration is typically required to depopulate the lower laser level by using the concentration
dependent energy transfer up-conversion process. In view of the large quantum defect with the most
spread 4I15/2 → 4I11/2 → 4I13/2 pump-lase scheme (~70%) and the shallow pump absorption result
from the high doping level, a large amount of heat would concentrate near the surface of the gain
media. The induced temperature gradient may lead to distortion of the laser mode and strong thermal
lensing with pronounced spherical aberrations. In this regard, thermally advanced host materials,
such as sesquioxides, are of great interest for high power Er 3-µm laser operations [9,10].

Lu2O3 is an appealing sesquioxide, which exhibits low phonon energy (618 cm−1) and a wide
spectral transparency range (0.225–8 µm), which favors its applications as a mid-infrared laser gain
medium [11]. In addition, its thermal conductivity stays high even at a high Er3+-ion doping level,
because of the similar atomic mass of the Lu3+ and Er3+ ions [9]. Recently, Er:Lu2O3 crystal was
proven to be an excellent sesquioxide for power scaling, and efficient laser operation at 2.84 µm has
been demonstrated [9]. Due to the difficulty in growing high quality and large-volume sesquioxide
crystals, which originates from their high melting point (>2400 ◦C), intense research efforts have been
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focused on the development of sesquioxide ceramic lasers [10–16]. Polycrystalline Er:Lu2O3 ceramic
has recently been fabricated successfully and spectroscopically characterized [13,14]. In 2014, the first
continuous-wave (CW) laser radiation of Er:Lu2O3 ceramic around 3 µm was reported [15], and very
recently, efficient diode pumped CW operation was realized [16].

Q-switched mid-infrared (MIR) lasers capable of producing nanosecond pulses with a high
peak power are of great interest for applications as a pump source of longer wavelength oscillations,
and for using in laser microsurgery and materials processing. Passively Q-switched approaches offer
advantages over the active ones in terms of simplicity, compactness and they have no need of extra
electric devices. A variety of saturable absorbers (SAs), such as graphene, black phosphorus (BP),
MoS2, ReS2, graphitic carbon nitride (g-C3N4), Bi2Te3, have so far been used for Q-switching of ~3-µm
lasers [17–23]. Up to watt-level outputs at 2.84 µm have been demonstrated using Er:Lu2O3 crystal,
generating pulses of ~350 ns durations and ~100 kHz repetition rates [21–23]. Compared with the
newly developed two-dimensional (2D) materials-based SAs, the semiconductor saturable absorber
mirror (SESAM) has many advantages since the key parameters, e.g., the absorption recovery time and
the modulation depth, can be tailored in a wide range [24]. Recently, the successful Q-switched
and mode-locked operation of Er:ZBLAN fiber lasers has been demonstrated [25,26]. In these
systems, specifically structured metal-reflector-based SESAMs were utilized. For this type of SESAMs,
the InAs absorber layer was sandwiched between an Au-coated mirror and a GaAs wafer. In general,
metal-reflector-based SESAMs have a relatively high non-saturable loss of >5% induced by the included
buffer layer, substrate and Au bottom mirror, and hence may limit the performance of 3-µm solid-state
lasers [27,28]. Q-switched operation of Er:Lu2O3 ceramic laser using metal-reflector-based absorber
has very recently been demonstrated, generating 60 mW of average output power with 660 ns of pulse
duration [29].

In this paper, we report on the demonstration of passively Q-switched operation of 2.7-µm
Er:Lu2O3 ceramic laser with improved performance using a Bragg-reflector-based SESAM of modified
band-gap and reduced non-saturated loss. With a thermal-stable resonator design, stable pulse trains
of 70 ns pulse width and ~71 kHz repetition rate were generated. An average output power of
692 mW was measured, corresponding to a pulse energy of 9.8 µJ and a peak power of 0.14 kW.
Using a modified resonator design of reduced round-trip time, pulses of 32 ns duration were generated.
Results presented in this paper suggest that Er:Lu2O3 ceramic could be a promising gain medium for
high power and efficient nanosecond pulse generation in a 2.7-µm wavelength regime.

2. Experimental Details

Figure 1 shows the experimental setup for the passively Q-switched (PSQ) Er:Lu2O3 ceramic laser.
A compact three mirror, V-shaped cavity design was employed. The resonator comprised a plane
pump coupling mirror (M1) with 6.5% transmission at lasing wavelength and high transmission
(>90%) at the pump wavelength, a concave dichroic mirror (M2, 50 mm radius of curvature) and
a reflection-type SESAM. The concave dichroic mirror was high-reflection coated at the lasing
wavelength and anti-reflection coated at the pump wavelength, which was used to filter out the
residual pump light and minimize its influence on the SA. The laser output was extracted and
separated from the pump light by a dichroic mirror (M3).

The gain medium was an uncoated 10.6-mm-long, 7 at. % Er:Lu2O3 ceramic, which was wrapped
with indium foil and mounted on a water-cooled heat-sink for heat removal. The physical length of
the laser resonator was around 55 mm, and the spacing between M1 and M2 was ~35 mm. Based on
the ABCD matrix analysis, the calculated stable zone for the thermal focal length was in the range of
from ~120 mm to ~5 mm. The pump source used in the experiment was a fiber coupled laser diode,
and its center wavelength was locked at 976 nm with a bandwidth less than 0.3 nm. The delivery fiber
has a core diameter of 105 µm and a numerical aperture (NA) of 0.22. The pump light was launched
into the gain medium through a telescopic lens system, and the spot diameter was around 360 µm.
Under an absorbed pump power of ~10 W, the thermal focal length in the Er:Lu2O3 ceramic was
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measured to be around 50 mm according to resonator transform circle theory. In the range of 120 mm
to 50 mm thermal focal length, the calculated radius of the laser mode in the gain medium varied from
~250 µm to ~132 µm.

Figure 1. Experimental setup for the passively Q-switched Er:Lu2O3 ceramic laser.

The passive Q-switch used in the experiment was a piece of commercial SESAM, which was
designed to operate in the wavelength range of 2700–2900 nm (BATOP, model SAM-2800-3-12.7g).
The SESAMs have a modulation depth of ~2%, a non-saturable loss of ~1%, and a relaxation time
constant of ~10 ps. To measure the laser output power, a thermopile power meter (OPHIR 30A-BB-18)
was used in the experiment. The output spectra of the laser output were analyzed using a Fourier
Transform Infrared Spectroscopy system (Thorlabs OSA205C) whose resolution was ~0.2 nm around
~3 µm.

3. Experimental Results and Discussion

With a HR mirror replacing the SESAM, CW lasing characteristics of the Er:Lu2O3 ceramic were
evaluated at first. The output power as a function of the absorbed pump power is shown in Figure 2.
The ceramic laser reached threshold at an absorbed pump power of 1.7 W. Under an absorbed pump
power of 9.4 W, a maximum output power of 0.95 W was obtained, corresponding to a slope efficiency
with respect to the absorbed pump power of 12.9%. Then we used the SESAM as the SA and cavity
end mirror. The average output power of the Er:Lu2O3 ceramic laser in Q-switched mode of operation
is presented in Figure 2. It can be seen that the threshold was increased to 2.3 W and the average
output power increased almost linearly with respect to the absorbed pump power up to the maximum
pump power of 9.4 W. Under the absorbed pump power of 9.4 W, the laser produced an output
power of 0.69 W at 2716 nm with a spectrum bandwidth of ~0.2 nm, as shown in the inset of Figure 2,
corresponding to a slope efficiency of ~9.7%. The decreased slope efficiency compared to the CW
operation can be attributed to the intrinsic non-saturable losses of the SA.

With an infrared detector (PVI-10.6, ~1.5 ns response time) monitoring the laser temporal
behavior, the real-time laser output pulses were recorded by a digital oscilloscope (Keysight DSO104A,
bandwidth: 1 GHz). The measured pulse duration and the pulse repetition rate as a function of the
absorbed pump power are presented in Figure 3. The pulse duration was 81 ns near the threshold
and shows a slight decrease with an increase in the absorbed pump power, while the repetition
rate monotonically increased from 3.1 kHz to 71 kHz as the absorbed pump power varied from
2.3 W to 9.4 W. At an absorbed pump power of 9.4 W, the minimum pulse width of 70 ns was
obtained, which is nearly an order of magnitude narrower than previously reported for the PSQ
Er:Lu2O3 ceramic laser [29]. Given that the PSQ laser properties related to the SA, the improved
performance in the present work can be attributed to the following reasons: low non-saturable
loss of the Bragg-reflector-based SESAM itself results in a higher laser gain, while matching the
semiconductor band-gap energy with the lasing photon energy further decreases the saturation fluence
and the saturation carrier density of the SA, and thus, bleaching the SA is achievable with fewer laser
photons, which in turn results in a decreased intracavity loss and an increased laser net gain [30,31].
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These cascading effects in the PSQ Er:Lu2O3 ceramic laser result in a dramatic increase in output power
and lasing efficiency, and a shorter Q-switched laser pulse width [32].

Figure 2. Output power as a function of the absorbed pump power of the Er:Lu2O3 ceramic laser under
CW and passively Q-switched mode of operation. Inset: laser output spectrum at 2716 nm.

Figure 3. Measured pulse duration and repetition rate as function of the absorbed pump power.

Figure 4 shows the pulse energy and the corresponding pulse peak power as a function of the
absorbed pump power. The pulse energy and the peak power show a monotonic increase with respect
to the absorbed pump power. Since the absorber is fully saturated, the pulse energy and peak power do
not depend noticeably of the pump power. Under an absorbed pump power of 9.4 W, the pulse energy
was found to be ~9.8 µJ and corresponds to a peak power of 0.14 kW. To the best of our knowledge,
this is the highest peak power reported for the Q-switched Er:Lu2O3 laser [23]. The typical pulse
profile and the corresponding pulse train for the maximum output power is shown in Figure 5. Pulse to
pulse amplitude fluctuation was estimated to be less than 5%.

As a comparison, Table 1 summarizes the results ever produced from the PSQ Er:Lu2O3 lasers.
The Er:Lu2O3 ceramic laser in present work provides similar pulse energy and average output power
to the crystal laser, but higher pulse peak power and five times decrease in pulse duration [21–23,29].
Compared to the earlier reported PSQ Er:Lu2O3 ceramic laser at 2.7 µm, the average output power
and slope efficiency in the present work have increased by nearly an order of magnitude [29]. This can
be attributed to the modified cavity structure with increased utilization efficiency for the pump power,
together with the optimized SA parameters with a decreased intracavity insertion loss. It is worth
noting, that the pulse duration of 70 ns is close to the limit set by the cavity length and by the SA’s
modulation depth [24,33]. Further shortening in pulse duration should be possible by reducing the
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cavity length and hence the cavity roundtrip time, for example microchip laser, or/and using a SA
with a higher modulation depth.

Figure 4. Pulse energy and the corresponding peak power of the Q-switched laser versus the absorbed
pump power.

Figure 5. Temporal profiles of the Q-switched pulse trains at different time scales.

Table 1. Comparison of output characteristics of the Er:Lu2O3 lasers operating around 3 µm passively
Q-switched by various SAs reported so far.

Gain Medium SA Wavelength,
µm

Pulse
Width, ns

Output
Power, mW

Pulse
Energy, W

Peak
Power, W Ref.

Er:Lu2O3 crystal
BP 2.84 359 755 7.1 19.2 [21]

MoS2 2.84 335 1030 8.5 23.8 [22]
g-C3N4 2.84 351 1090 11.1 31.6 [23]

Er:Lu2O3 ceramic SESAM 2.716 660 60 1.8 2.7 [29]
SESAM 2.716 70 692 9.8 139.2 This work

As a proof-of-principle experiment, the lasing characteristics of the PSQ Er:Lu2O3 ceramic were
further evaluated with a simple, low-loss, two-mirror cavity. In this configuration we placed the
SESAM slightly closer to the Er:Lu2O3 ceramic so that the physical length of the cavity was reduced
to 19 mm. When the absorbed pump increased to greater than 2.1 W, Q-switched pulses of ~40-ns
were produced. With the increase in the pump power, pulses of 32-ns duration were obtained. Note
that the pulse duration of 32 ns is close to the limit set by the cavity length as well [24]. This implies
that constructing an efficient microchip-type Q-switched Er:Lu2O3 ceramic laser and generating
sub-nanosecond pulses with MHz repetition rates should be possible [24,25]. Due to the influence of
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the unabsorbed pump on the SA, the PSQ laser operation was not as stable as the first configuration [34].
Further optimization should be provided by eliminating the residual pump via placing a dichroic filter
after the laser element or applying dichroic coatings on the output face of the laser gain medium.

4. Conclusions

Efficient passive Q-switching of a Er:Lu2O3 ceramic laser with Bragg-reflector-based SESAM has
been demonstrated. Under an absorbed pump power of 9.4 W, stable Q-switched laser pulses of 70 ns
in duration, 0.14 kW in peak power and 9.8 µJ in energy were obtained. Control of the pulse duration
by using a cavity length of 19 mm was studied as well, and laser pulses of 32 ns in duration, close to
the limit set by the cavity length, were obtained. To our knowledge, this is the shortest pulse duration
and highest peak power ever produced from a Q-switched Er:Lu2O3 laser. This paper reveals that
the Er:Lu2O3 ceramic is a promising laser gain medium in achieving efficient and high power 2.7-µm
nanosecond pulses.
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