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We report on the first fabrication and characterization of InP-based coupled ridge waveguide laser
arrays emitting at 2.1 um. A dual-lobe far-field distribution in the lateral direction from the laser
arrays is observed, indicating the far-field coherent coupling between the adjacent ridges. Mean-
while, a large peak output power of more than 2 W per facet is achieved at 15 °C. The compact struc-
ture and simple fabrication processes of the coupled ridge waveguide laser arrays make it a very
promising approach to realize high power lasers with good beam quality for practical applications.
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Semiconductor Lasers.

1. INTRODUCTION

High performance lasers emitting from 2 to 2.5 um are
of high value for applications such as free space commu-
nication, gas detection, biomedicine, military fields, and
so on.'™ In terms of this band, InP-based lasers with
InGaAs multi-quantum wells (MQWSs) are highly pre-
ferred for its low cost, high quality, and mature fabrica-
tion technology. In order to achieve the requirements for
practical applications, both high output power and high
beam quality are needed. The most conventional approach
to get high power is to increase the width of ridge to
expand the lasing area. However, broad ridge lasers tend
to produce a poor beam quality, resulting from multiple
lateral modes operation.> New concepts such as master-
oscillator power-amplifiers® and angled cavity lasers’ have
been put forward in recent years to realize high power
lasers and showed excellent performance, but their struc-
tures are quite complicated simultaneously. In contrast, the
coupled ridge waveguide laser arrays, whose structures are
compact and the fabrication process is simple, are attrac-
tive to many researchers ®' By this means, the devices
can modulate the lateral mode characteristics based on the
differences of effective refractive index between injected
and etched regions, leading to a better beam quality and

*Author to whom correspondence should be addressed.

7512 J. Nanosci. Nanotechnol. 2018, Vol. 18, No. 11

a high output power comparable to conventional devie
with broad ridges. So far, extensive research has beg
in progress in terms of near-infrared lasers®'? and q
tum cascade lasers;'® " and here we attempt to introdu
this structure to our InP-based lasers emitting at the bar
of 2 um. :

In this work, an InP-based coupled ridge waye
uide laser arrays consisting of sixteen ridge elements
designed and fabricated. A dual-lobe far-field distributi€
in the lateral direction is observed, implying the far-fi€
coherent coupling between adjacent emitting regions
realized. The device can work stably from 15 to 105 ¢
under pulsed injection and it shows a large peak outp
power of more than 2 W from one facet at 15 °C und
an injection current of 10 A, with a threshold current af
slope efficiency of 0.57 A and 0.5 W/A, respectively. i

2. EXPERIMENTAL DETAILS _
The laser structure was grown on an n-type (100)-InP S&
strate by an AIXTRON 3 x 2 FT Metalorganic Vapor Ph
Epitaxy (MOVPE) system. The active region was ¢
arate confinement hetero-structure (SCH) MQWs, whl
consisted of two 5-nm-thick InAs wells and three 20-08
thick Ings;Gag,,As barriers. The confinement wavegut
layers were 200-nm-thick InGaAsP films w1th a bandg
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"~ Figure L. Scanning electron microscopy image of coupled ridge waveg-

| jide laser arrays.

4 wavelength of 1.2 um. The detailed growth conditions can
» found elsewhere.'®

~ After the growth of the laser structure, a series of fab-
: rication processes were followed. Firstly, the ridge waveg-
uide laser arrays were formed by photolithography and
~ wet etching. The proposed coupled ridge waveguide laser
- arrays structure consists of sixteen ridge elements with an
~ average width of about 4 um and a center-to-center spac-
~ing of 6 um, with a total array width of 96 um (as shown
~in Fig. 1). The etching depth of the interspace was about
- 1.7 pm. Then, a 350-nm-thick SiO, layer was deposited by

~ Plasma Enhanced Chemical Vapor Deposition (PECVD)

~and the ohmic contact window was opened. The electrode
~ contact was provided by a Ti/Au layer, which was fol-
~ lowed by thinning the substrate to about 90 pum. Next,
- a Ge/Au/Ni/Au metal contact layer was deposited on the
- back side of the wafer. After alloyed in N, atmosphere, the
- wafer was cleaved into bars with cavity length of 1.5 mm.
The laser was then bonded down to a copper heat sink
- with Indium solder for testing. The output power of the
~ laser was measured by a calibrated thermopile detector
~ located in front of the laser facet. A thermoelectric cooler
~ (TEC) was outfitted to control the temperature of the heat
sink. The injection current for pulsed measurements was
setat 1% duty cycle with 2 s pulse width. Emission spec-
- trum of the laser was measured by a THORLABS Optical

~ Spectrum Analyzer 203 and the heat sink temperature of

_ the laser was maintained at 25 °C during the test. Subse-
3 Quently, the laser was mounted on a computer-controlled
- Slage, which can rotate with a step resolution of 0.05°,
and the far-ficld measurement was taken. For collecting
 the emission light of the laser, a nitrogen-cooled HgCdTe
3 detector was used and placed in front of the stage.

- 3. RESULTS AND DISCUSSION

] ‘ The clectrical characteristic of the device was firstly inves-
~ ligated. The injection current was set at 1% duty cycle
- With 2 s pulse width, from 0 to 10 A and the test temper-
dlure was maintained at 15 °C. Both facets of the device
‘ Were uncoated. As shown in Figure 2, the device exhibits
- large peak output power of more than 2 W (2.17 W)
for one facet with the threshold current and slope effi-
- Ciency of 0.57 A and 0.5 WI/A (for two facets), respec-
lively. Emission characteristic of the device was measured
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Figure 2. Light-current curve under pulsed injection with the heat sink
temperature maintained at 15 °C.

subsequently. The measurement was carried out under con-
tinuous wave injection, with the injection current of 1 A.
Figure 3 shows the emission spectrum pattern of the cou-
pled ridge waveguide laser arrays, where the emission
wavelength of the laser is at 2162 nm.

Subsequently, measurements for the temperature
characteristic were carried out. The test temperature was
controlled to vary from 15 to 105 °C, with a stepped
temperature interval of 10 °C. The injection current was
set at 1% duty cycle with 2 us pulse width. from 0 to 6 A.
Figure 4 presents the light-current curves of the coupled
ridge waveguide laser arrays under different temperatures.
As the temperature increases, the maximum peak output
power of the device from one facet changes gradually
from 1360 to 127 mW at the injection current of 6 A,
but is still larger than 100 mW even at 105 °C, which
indicates that the device has a good output power char-
acteristic at the given temperature range. The threshold
current and slope efficiency changed from 0.57 to 3.66 A
and 0.5 to 0.1 W/A for the different testing temperatures
from 15 to 105 °C, respectively. due to the enhanced
thermal escaping of carriers from the QWs and auger
recombination at higher temperatures. We can find in
Figure 4 that the threshold current and slope efficiency
vary relatively slowly when the temperature is smaller
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Figure 3. Spectrum of coupled ridge waveguide laser arrays.
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Figure 4. Light-current curves of coupled ridge waveguide laser arrays
under pulsed injection with different heat sink temperatures varying from
15 to 105 °C.

than 75 °C. Figure 5 plots the threshold current and the
slope efficiency as a function of temperature, where the
characteristic temperature (7;) of the laser is 65 K and
39 K between the temperatures of 15 °C to 75 °C and
between the temperatures of 75 °C to 105 °C, respectively;
while the temperature characteristic (7,) regard to the
slope efficiency is 106 K (15 to 75 °C) and 31 K (75 to
95 °C), respectively.

Figure 6 shows the lateral far-field pattern of the coupled
ridge waveguide laser arrays. The injection current was set
at 2% duty cycle with 2 us pulse width. As observed in
Figure 6, when the injection current is 0.8 A, there are
two narrow peaks with the full width at half maximum
(FWHM) of 2.61° and 2.05°, respectively, which are about
1.83 and 1.43 times the diffraction limited (i.c., 1.43° for
an in-phase coupled ridge waveguide laser arrays emitting
at 2.1 um with a total array width of 96 pum). Hence,
we believe that the far-field coherent coupling between
adjacent emitting regions has been realized in the laser.
However, the coupled ridge waveguide laser arrays show
a dual-lobe far-field distribution in the lateral direction,
indicating the high-order super-mode operation of the laser
instead of the fundamental super-mode. We attribute it to
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Figure 5. Temperature dependence of threshold and slope efficiency
characteristics.
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Figure 6. Far-field radiation patterns of coupled ridge waveguide Jase
arrays under different injections.

the higher modal gain of the high-order mode compare;
with the fundamental super-mode, and the laser prefers
lase at high-order mode as a consequence. Moreover, whep
increasing the injection current to 3 A, multiple high-orde
super-modes lased simultaneously, making the far-fielg
pattern a mixture of several lobes corresponding to thes
super-modes. To realize fundamental super-mode opera
tion and single-lobe far-field distribution at high injectior
level, further optimizing of the structure is needed.

4. CONCLUSION
In conclusion, we have fabricated and characterized the
InP-based coupled ridge waveguide laser arrays emitting
at 2.1 pm, which consists of sixteen ridge elements. Th
lateral far-field pattern from the laser arrays shows a dua
lobe distribution, indicating the existence of coherent cou
pling between adjacent emitting regions. Stable operatiol
from 15 to 105 °C under pulsed injections and a larg
peak output power of more than 2 W from one facet wil
a threshold current and slope efficiency of 0.57 A an
0.5 W/A at 15 °C are achieved. The compact structur
and simple fabrication processes effectively increase tb
repeatability and reduce the cost of the devices, makin
it have huge potential and broad prospects in practicé
applications. :
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