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Abstract We report on a compact efficient high-repetition-
rate (>100 kHz) optically pumped AlGalnAs nanosecond
eye-safe laser at 1525 nm. A diamond heat spreader bonded
to the gain chip is employed to improve the heat removal.
At a pump power of 13.3 W, the average output power at a
repetition rate 200 kHz is up to 3.12 W, corresponding to a
peak output power of 560 W. At a repetition rate 500 kHz,
the maximum average power and peak power are found to
be 2.32 W and 170 W, respectively.

1 Introduction

High-peak-power high-repetition-rate laser sources have
been in demand for the applications in the eye-safe wave-
length regime near 1.55-pm such as free-space communica-
tion, gas sensing, spectroscopy, and medical treatment. The
eye-safe laser sources can be realized in several ways in-
cluding stimulated Raman scattering (SRS) or optical para-
metric oscillation (OPO) pumped by the high-peak-power
Nd-doped lasers [1-7] and the solid state lasers directly use
the Er’*-doped or Cr**-doped gain media [8—11].
Optically-pumped multiple-quantum-wells (MQWs)
semiconductor disk lasers have been developed to pro-
vide low-divergence, circular, and high quality nearly-
diffraction-limited output beams with flexible choices of
emission wavelengths via bandgap engineering [12, 13]. The
quaternary alloys lattice matched to InP including InGaAsP
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and AlGalnAs are developed in the quantum confined struc-
ture of the semiconductor lasers for generating the radiation
at the NIR region [14—18]. Although the InGaAsP systems
were commonly employed in the semiconductor lasers of
the NIR region in the early stage [19, 20], the AlGalnAs
systems have been verified to have higher conduction band
offsets and better carrier confinements. So far, the maximum
average output power ever reported for the eye-safe laser
based on the AlGalnAs material was found to be 2.6 W at
the continuous-wave operation [21].

Recently, the AlGalnAs eye-safe pulsed laser was real-
ized with an actively Q-switched 1.06-um laser as a pump
source [22, 23]. However, the average output power and the
pulse repetition rate were restricted to 0.52 W and 20 kHz,
respectively, due to the poor heat dissipation from the pump
area. Here we report, for the first time to our knowledge, on
a high-repetition-rate (100-500 kHz) high-power optically
pumped AlGalnAs nanosecond eye-safe laser at 1525 nm
with an intracavity diamond heat spreader to enhance the
heat removal. We employ an Yb-doped pulsed fiber ampli-
fier to be a pump source for providing various pulse repeti-
tion rates. With a pump width of 28-ns at a repetition rate of
200 kHz, the average output power and peak output power
under an average pump power of 13.3 W are found to be up
to 3.12 W and 560 W, respectively. The maximum average
power and peak power at a repetition rate 500 kHz are found
to be 2.32 W and 170 W, respectively. The overall slope ef-
ficiency is maintained as high as 27.3 % at a pulse repetition
rate between 100 and 500 kHz.

2 Experimental setup

Figure 1 shows the experimental configuration of the Al-
GalnAs MQWs laser at the eye-safe region driven by a
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Fig. 1 Experimental setup of
AlGalnAs eye-safe laser at 1525
nm with an intracavity diamond
heat spreader and using an
Yb-doped pulsed fiber amplifier
as a pump source

Collimator, isolator and

beam expander

1.06 pm Yb-doped pulsed fiber amplifier (SPI redEN-
ERGY G3). The pump source could be operated to provide
consecutive pulses with the pulse duration in the range of
9-200 ns and the repetition rate ranging from 10-500 kHz.
The pump spot diameter was controlled to be approximately
700 + 20 pm to have a good spatial overlap with the las-
ing mode. The laser resonator was designed to be a linear
plane-plane cavity which was stabilized by the thermally
induced lens of the gain material. The flat mirror at the
pump side was coated with antireflection coating at 1.06 pm
(R < 0.2 %) at the entrance face and with high-reflection
coating (R > 99.8 %) at 1.53 um and high-transmission
(T > 95 %) at 1.06 um at the other face. The reflectivity
of the flat output coupler was 70 % at 1.53 um. The overall
cavity length is approximately 15 mm.

The gain structure is composed of 30 groups of triple
QWs spaced at half-wavelength intervals by AlGalnAs bar-
rier layers as shown in the inset of Fig. 1. The thickness
of the quantum wells are designed to be 8 nm. The Al-
GalnAs barriers are only used to separate the QWs not used
as strain compensation layers. The resonant-periodic-gain
(RPG) structure was designed to locate the QWs at the antin-
odes of the lasing field standing wave [24, 25]. The periodic
AlGalnAs QW/barrier layers were grown on a Fe-doped InP
transparent substrate by metalorganic chemical-vapor depo-
sition. The Fe-doped InP transparent substrate with high
transmission at the pump and lasing wavelength is used to
solve the problem of the lack of good distributed Bragg re-
flectors (DBRs) for the InP-based systems. The function of
conventional DBRs was replaced with an external reflective
mirror. A window layer of InP was deposited on the gain
structure to prevent surface recombination and oxidation.
In contrast to the conventional barrier pumping scheme, the
present gain medium was designed to be suitable for in-well
pumping to enhance the quantum efficiency [26]. It has been
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confirmed that the slope efficiency with the in-well pump-
ing scheme was significantly higher than that with the bar-
rier pumping scheme [23]. In the experiment, the single-pass
absorption of this gain chip is 81-84 % for repetition rate
ranged from 30-500 kHz under 28 ns pump pulse width.

A 4.5-mm square, 0.5-mm thick piece of uncoated sin-
gle crystal diamond heat spreader was bonded to the MQWs
side of the cleaved 2.5-mm square piece of the gain chip to
improve the heat removal. Although the heat spreader ap-
proach has been used in a variety of high power optically
pumped semiconductor lasers [27-29], to the best of our
knowledge, the diamond heat spreader is for the first time to
be applied to the transparent semiconductor gain medium.
The other side of the diamond was in contact with a cop-
per heat sink which was cooled by a thermal-electric cooler
(TEC), where the temperature was maintained at 15 °C. The
substrate side of the gain chip was attached tightly to a cop-
per plate with a hole of 2-mm diameter, where an indium
foil was employed to be the contact interface. The contact
uniformity was further confirmed by inspecting the interfer-
ence fringe coming from the minute gap between the gain
chip and the diamond heat spreader. The package configura-
tion of the gain medium can be seen in Fig. 1.

3 Experimental results and discussion

We fixed the duration of pump pulses to be 28 ns for making
a detailed comparison at different pulse repetition rates. The
spectral information was monitored by an optical spectrum
analyzer (Advantest Q8381A) with a diffraction monochro-
mator which could be used for the high-speed measurement
of pulsed light with a resolution of 0.1 nm. Figure 2 shows
the room temperature spontaneous-emission spectrum of
AlGalnAs MQWs pumped with an average absorbed power
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Fig. 2 Room temperature surface emitting spontaneous emission
spectrum under a 100-kHz pump repetition rate at an average absorbed
power of 0.8 W
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Fig. 3 Output performances of the eye-safe laser without and with the
diamond heat spreader at a 30-kHz repetition rate

of 0.8 W at a pulse repetition rate of 100 kHz. It can be seen
that the photoluminescence peak at a low pump power was
approximately at 1500 nm.

The pump source is a standard commercial product and
its maximum output power is dependent on the pulse repeti-
tion rate. The maximum output powers of the pump source
are approximately 5 W and 20 W for the repetition rates of
30 kHz and 100-500 kHz, respectively. Consequently, we
present the experimental results for the laser performance
in different figures for the conditions of 30 kHz and 100-
500 kHz, respectively. To investigate the losses introduced
by the intracavity diamond heat spreader, we make a com-
parison between the performance of the AlGalnAs eye-safe
laser without and with the diamond at the repetition rate
of 30 kHz, as shown in Fig. 3. Note that the thermal ef-

fect at the repetition rate of 30 kHz is not significant for
the absorbed pump power less than 2 W. It can be seen
that the output power without the heat spreader displays a
thermally induced roll-over effect for the average absorbed
power higher than 2.3 W. In contrast, the slope efficiency ob-
tained with the heat spreader can remain nearly constant for
the absorbed pump power up to the maximum pump power
of 3.3 W, where the maximum pump power is just limited by
the pump source at the repetition rate of 30 kHz. This result
confirms the improvement of the power scalability by use of
the diamond heat spreader. On the other hand, the slope effi-
ciencies obtained without and with the heat spreader can be
found to be 33 % and 28 %, respectively. With these slope
efficiencies and the output reflectivity of 70 %, the losses in-
troduced by the heat spreader can be estimated to be 7.5 %.
Even though there is a room for improving the introduced
losses, the diamond heat spreader can extend the operation
frequency up to 500 kHz, as shown in the following results.

Figures 4(a) and (b) show the output performances with-
out and with the diamond heat spreader, respectively, for the
repetition rate in the range of 100500 kHz. The maximum
average output powers without the heat spreader can be seen
to decrease from 0.45 W down to 0.11 W for the repeti-
tion rate increasing from 100 kHz to 500 kHz. On the other
hand, the average output powers with the heat spreader can
be almost maintained linear for the absorbed pump power
reaching the maximum value of 13.3 W at the repetition
rate within the range of 200-500 kHz. Since the diamond
can effectively reduce the thermal effects, the overall beam
quality M2 was found to be better than 1.3 for all the pump
powers. The maximum average output powers can be found
to be up to 3.12 W and 2.32 W for the repetition rates
of 200 kHz and 500 kHz, respectively. The roll-over phe-
nomenon observed in Fig. 4(b) for the case of 100 kHz was
attributed to the pump-saturation effect. With an absorbed
pump power of 10 W and a pump diameter of 700 um, the
pump intensity for the pump duration of 28 ns at 100 kHz
could be calculated to be 0.93 MW /cm?. Since the satura-
tion intensity of the MQW absorption was measured to be
approximately within 0.8—1.0 MW /cm?, the power roll-over
phenomenon at 100 kHz was considered to come from the
pump-saturation effect.

Figure 5(a) depicts the lasing spectrum with the heat
spreader under an average absorbed power of 2.5 W at a
repetition rate of 100 kHz. The lasing spectrum can be seen
to comprise dense longitudinal modes with the bandwidth
to be approximately 10 nm and the center wavelength to be
located at 1515 nm. With increasing the average absorbed
power, the center wavelength has significant redshifts due
to the pump power induced the local heating on the gain
medium. Figure 5(b) shows the dependence of the red-shift
on the absorbed pump power for the laser operation without
and with the heat spreader at a repetition rate of 100 kHz. It
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Fig. 5 (a) Lasing spectrum with the heat spreader under an average absorbed power of 2.5 W at a repetition rate of 100 kHz. (b) Dependence of
the red-shift on the absorbed pump power for the laser operation without and with the heat spreader at a repetition rate of 100 kHz

can be seen that the redshift measured for the laser without
using the heat spreader is considerably larger than the result
with the heat spreader. This substantial difference also con-
firms the local heating to be considerably improved by use
of the diamond heat spreader.

The temporal behavior of the laser output was recorded
with a LeCrory digital oscilloscope (Wave pro 7100, 10 G
samples/s, 1 GHz bandwidth). Figure 6 shows the input and
output pulse trains as well as the extended pulse shape of
the single pulse for the result obtained with an average ab-
sorbed power of 2.5 W at a repetition rate of 200 kHz. It can
be seen that the time delay of the output pulse with respect to
the input pulse is generally less than a few nanoseconds. The
characteristics of the small delay comes from the advantage
of the in-well pumping scheme. The peak-to-peak instability
was experimentally found to arise from the instability of the
pump beam. On the whole, the peak-to-peak fluctuation was
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generally within +5 %. Finally it is worthwhile to mention
that the present gain chip was designed for the high-peak-
power operation and could not be used in the CW regime.
We currently undertake a design for the gain chip to be ap-
plicable for the high-peak-power and CW operations.

4 Summary

In summary, we have demonstrated a high-repetition-rate
(>100 kHz) nanosecond eye-safe AlGalnAs laser at
1525 nm with an Yb-doped pulsed fiber amplifier as a pump
source. A diamond heat spreader bonded to the gain chip
was employed to reach an efficient heat removal. With a
pump power of 13.3 W, the maximum average output pow-
ers at the repetition rates of 200 kHz and 500 kHz were
found to be up to 3.12 W and 2.32 W, respectively. Cor-
respondingly, the maximum peak powers at the repetition
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Fig. 6 (a) Oscilloscope trace of a train of pump and output pulses obtained with an average absorbed power of 2.5 W at a repetition rate of

200 kHz. (b) Expanded shapes of a single pulse

rates of 200 kHz and 500 kHz are 560 W and 170 W, re-
spectively. To the best of our knowledge, this is the highest
frequency achieved in the pulsed eye-safe lasers with the
average output powers higher than 2 W.
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