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ABSTRACT We demonstrate the first use of InGaAsP quantum
wells as a saturable absorber in the Q-switching of a diode-
pumped Nd-doped 1.3 wm laser. The barrier layers of the In-
GaAsP quantum-well device are designed to be a strong ab-
sorber for the suppression of the transition channel at 1.06 pm.
With an incident pump power of 1.8 W, an average output power
of 160 mW with a Q-switched pulse width of 19 ns at a pulse
repetition rate of 38 kHz was obtained.

PACS 42.60.Gd; 42.55.Xi; 42.65.Re

1 Introduction

Compact, rugged, all-solid-state Q-switched lasers
at 1.3 wm wavelength are of practical importance for numer-
ous applications such as medical diagnostics, fiber sensing,
distance measurements, intracavity optical parametric oscil-
lators, and intracavity Raman conversion. Compared with
active Q-switching, passive Q-switching is compact, and has
simplicity in operation because it requires no electro-optic or
acoustic-optic devices. Nowadays, the saturable absorbers for
1.3 pum lasers comprise V3*:YAG [1-3], Co**:MgAl, 0, [4],
Co*t:MAS [5], PbS-doped glasses [6], and semiconductor
saturable absorber mirrors (SESAMSs) [7—-10]. The material
for SESAMs at 1.3 wm wavelength include InGaAs/GaAs
quantum wells (QWs) [7], GalnNAs/GaAs QWs [8,9],
InAs/GaAs quantum dots (QDs) [10], and InGaAsP/InP
bulk layers [11]. InGaAs QWs for 1.3 wum SESAMs have the
drawback of large insertion losses because the high indium
concentration gives rise to significantly strained layers on the
GaAs distributed Bragg reflectors (DBRs). Even though InAs
QDs for 1.3 wm SESAMs have lower nonsaturable losses,
it is difficult to scale up the amount of the maximum re-
flectivity change between low and high intensities [10]. On
the contrary, the lattice-matched InGaAsP-based SESAMs
could offer saturable absorbers with larger modulation depths
and longer recovery lifetimes for passive Q-switching op-
eration at 1.3 um. However, the overall performance of the
DBRs on InP substrates are hindered by the disadvantage
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of a small contrast between refractive indices. Even though
AlGaAsSb/InP has been demonstrated to be lattice-matched
DBRs at 1.55um [12], it is more difficult for the 1.3 um
wavelength because the choice of DBR becomes tighter. Nev-
ertheless, the DBRs are merely an optional structure for the
cavity design of the passive Q-switched lasers. Without the
use of DBRs, the semiconductor saturable absorber (SESA)
has to be grown on a transparent substrate. The Fe-doped InP
material is a particularly useful substrate to grow the SESA
for passively Q-switched Nd-doped or Yb-doped solid-state
lasers [13], since it is transparent at the lasing spectral re-
gion. More importantly, the double-pass configuration with
an external output coupler is beneficial to the flexibility of the
cavity design and the optimization of the output coupler.

Here we present an InGaAsP QW /barrier structure grown
on an Fe-doped InP substrate to be a semiconductor saturable
absorber (SESA) for a Nd:YVO4 1.34 um laser. The novelty
of this work lies in the present semiconductor device serving
simultaneously as a saturable absorber for 1.34 yum lasers and
a strong absorber for the suppression of the transition channel
at 1.06 pm. With an incident pump power of 1.8 W, an aver-
age output power of 160 mW with a peak power of 220 W at
a pulse repetition rate of 38 kHz was obtained.

2 Experimental

This InGaAsP QW //barrier structure was mono-
lithically grown on an Fe-doped InP substrate by metalor-
ganic chemical-vapor deposition. The saturable-absorber re-
gion consists of fifteen InGaAsP QWs with the band-gap
wavelength around 1.34 pm, spaced at quarter-wavelength in-
tervals by InGaAsP barrier layers with the band-gap wave-
length around 1.06 um. In other words, the composition of
the barrier layers was designed to have a strong absorbance
at 1.06 wum. With this SESA, the cavity mirrors require no
special dichroic coatings to suppress the strongest transi-
tion channel at 1.06 wm. The backside of the substrate was
mechanically polished after growth. Both sides of the SESA
were antireflection (AR) coated to reduce back reflections and
couple-cavity effects. Figure 1 shows the transmittance spec-
trum at room temperature for the AR-coated InGaAsP/InP
saturable absorber. The transmittance of the AR-coated Fe-
doped InP substrate is also shown for comparison. It can be
seen that the strong absorption of the barrier layers leads to
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FIGURE 1 Solid line: the transmittance spectrum at room temperature for

the AR-coated InGaAsP/InP saturable absorber. Dashed line: the transmit-
tance of the AR-coated Fe-doped InP substrate

a low transmittance near 1.06 um. The initial transmissions
at 1.06 pm and 1.34 pm are 0.54 and 0.82, respectively. As
a consequence, the gain suppression of 1.06 wm is approxi-
mately 3 dB compared to that of 1.34 um for a double pass.
On the other hand, an abrupt change in the transmittance near
1.36 pm comes from the absorption of the InGaAsP QWs.
The modulation depth of the SESA device is experimentally
estimated to be approximately 10% in a single pass, so in total
20% for a cavity roundtrip. From the numerical simulations of
the SESA design, the saturation fluence is estimated to be in
the range of 10 wJ/cm?. The relaxation time and optical dam-
age threshold of the SESA are approximately 10 ~ 20 ns and
200 ~ 300 MW /cm?, respectively.

Figure 2 depicts the experimental configuration for the
passively Q-switched 1.34 um Nd:YVO, laser by use of
InGaAsP/InP QWs as a saturable absorber. The active
medium was a 0.5 at. % Nd**, 6 mm long Nd:YVOy, crystal.
Both sides of the laser crystal were coated for antireflection at
1.34 um (R < 0.2%). The pump source was a 2.0 W 808 nm
fiber-coupled laser diode with a core diameter of 200 pm and
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FIGURE 2 Experimental configuration for the passively Q-switched
1.34 um Nd:YVOy laser by use of InGaAsP/InP QWs as a saturable
absorber

a numerical aperture of 0.16. A focusing lens with a 16.5 mm
focal length and 90% coupling efficiency was used to re-
image the pump beam into the laser crystal. The pump spot
radius was around 100 pm. The input mirror was a 500 mm
radius-of-curvature concave mirror with antireflection coat-
ing at the diode wavelength on the entrance face (R < 0.2%),
high-reflection coating at the lasing wavelength (R > 99.8%)
and a high-transmission coating at the diode wavelength on
the other surface (7 > 90%). Note that the laser crystal was
placed near the input mirror (< 1 mm) for the spatial over-
lap of the transverse mode structure and radial pump power
distribution. The reflectivity of the output coupler is 94%
at 1342 nm. The overall Nd:YVO, laser cavity length was
approximately 20 mm. The cavity losses introduced by the
pump mirror and output coupler are approximately 0.48 and
0.065 for wavelengths at 1.06 and 1.34 um. The total nonsat-
urable loss introduced by the SESA is approximately 0.05.
The nonsaturable loss of the SESA mainly comes from elec-
tron overflow. The nonsaturable loss may be reduced by the
QW materials with relatively large conduction band offsets.
Without the SESA in the cavity, cw operation at 1.34 u m
could be achieved with the cavity losses introduced by the
resonator mirrors. However, the gain suppression at 1.06 um
needed to be larger for the Q-switching operation at 1.34 pm.
In the present setup, the extra gain suppression at 1.06 pum was
introduced by the SESA.

3 Results and discussion

Figure 3 shows the average output powers at
1342 nm with respect to the incident pump power in cw and
passively Q-switching operations. Without the SESA in the
cavity, the cw laser at 1342 nm had a slope efficiency of 37%
and an output power of 580 mW at an incident pump power of
1.8 W. In the passively Q-switching regime an average output
power of 160 mW was obtained at an incident pump power of
1.8 W. The Q-switching efficiency (ratio of the Q-switched
output power to the cw power at the maximum pump power)
was found to be 27.6%. This Q-switching efficiency is consid-
erably higher than that obtained with an InGaAsP SESAM [4]
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FIGURE 3  Average output powers at 1.34 um with respect to the incident
pump power in cw and passively Q-switching operations
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FIGURE 4 Experimental results for the pulse repetition rate and the pulse
width versus incident pump power
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FIGURE 5 (a) Typical oscilloscope trace of a train of output pulses and
(b) expanded shape of a single pulse

and is close to the results obtained with V3T:YAG [1-3] and
Co*t:MAS [5] saturable absorbers.

The pulse temporal behavior was recorded by a LeCroy
digital oscilloscope (Wavepro 7100, 10 G — samples/sec,
1 GHz bandwidth) with a fast p-i-n photodiode. Figure 4
shows the pulse repetition rate and the pulse energy ver-
sus the incident pump power. The pulse repetition rate in-
creases monotonically with the pump power up to 38 kHz.

On the other hand, the pulse energy, like typical passively
Q-switched lasers, is insensitive to the pump power. A typical
oscilloscope trace of a train of output pulses and an expanded
shape of a single pulse are shown in Fig. 5. Under the optimum
alignment condition, the pulse-to-pulse amplitude fluctuation
was found to be within £5%. The pulse width was measured
to be 19 ns. As a consequence, the peak power was found to be
higher than 220 W. It is worthwhile mentioning that although
the Nd:YVOys crystal is an efficient Raman gain medium, the
present intracavity peak power is not high enough to reach the
Raman self-conversion.

The InGaAsP QW /barrier structure grown on a Fe-doped
substrate was used as a saturable absorber for the Q-switching
of a diode-pumped Nd:YVO, laser operating at 1342 nm.
An average output power of 160 mW was obtained at an in-
cident pump power of 1.8 W. Stable Q-switched pulses of
19 ns duration with a repetition rate of 38 kHz were generated.
The present result indicates the possibility of using InGaAsP
QW /barrier structure to generate a Q-switched 1.3 pum laser
with peak power greater than 1 kW. Attempts to use InGaAsP-
based SESA to scale up Nd-doped 1.3 um lasers are under
way.
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