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High-power broad-area (BA) diode lasers often suffer from low beam quality, broad linewidth, and a widened slow-axis far field with increasing
current. In this paper, a two-dimensional current-modulated structure is proposed and it is demonstrated that it can reduce not only the far-field
sensitivity to the injection current but also the linewidth of the lasing spectra. Injection-insensitive lateral divergence was realized, and the beam
parameter product (BPP) was improved by 36.5%. At the same time, the linewidth was decreased by about 45% without significant degradations of
emission power and conversion efficiency. © 2016 The Japan Society of Applied Physics

(BA) diode laser are well-established laser sources

for a variety of applications. The main advantages
of such systems are high wall-plug efficiency, high optical
power, reliability, long lifetime, relatively low cost, and small
volume. However, besides these numerous advantages, the
major drawbacks of high-power diode laser systems with BA
diode lasers are their poor beam quality and low brightness.
The cavity length and stripe width of a BA edge-emitting
laser are many times larger than the lasing wavelength,
meaning that the device is filled by a large number of
supported optical modes" and suffers from the time and
space instabilities of the optical field. Typical phenomena
include self-focusing,” filamentation,® thermal lensing,” and
the deteriorated lateral divergence with increasing injection
current, i.e., the so-called far-field blooming.s’(’)

The deterioration of the lateral beam quality of BA lasers
limits their suitability for many potential applications. To
solve this problem, some approaches were proposed, such as
the use of unstable resonators,” a-DFB lasers,® a tapered
or master oscillator power amplifier (MOPA) structure,”!?)
a titled cavity,'” and a microstructure.'? These approaches
can improve the beam quality, but do not provide sufficient
help for the far-field blooming, which is mainly caused by
the lateral carrier accumulation (LCA) at the device edges.6)
Lateral gain tailoring!*~!”) can create an arbitrary two-dimen-
sional carrier profile and hence suppress the LCA to improve
the sensitivity of the far field to the injection current.'®!” On
the basis of that, the high beam quality and low far-field
dependence on the injection current in BA lasers obtained
using ion implantation techniques was demonstrated.'®!”
However, this method reduced the conversion efficiency
owing to carrier loss at the implant-generated point defects
near the active region, and enhanced self-heating and thermal
lensing.!” In addition, implantation also increases the com-
plexity and fabrication cost. Techniques that can suppress
LCA without degrading efficiency are expected.

In this paper, we propose a new structure called the spatial-
current-modulated (SCM) structure to adjust the carrier
distribution and suppress the LCA. The periodical current
profile along the lateral and longitudinal directions formed
a two-dimensional current flow; thus, periodical gain loss
was obtained, which will suppress the current spreading
and reduce the carrier density at the mesa edges. The meas-

H igh-power diode laser systems based on a broad-area
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Fig. 1. Schematic diagram of the BA laser with SCM structure.

ured near and far fields demonstrated the feasibility of this
structure. The lasing spectra were also measured and
analyzed.

To better understand the mechanism and effectiveness
of the proposed approach, the device structure is firstly
described. In this work, the laser devices used two InGaAs
quantum wells (QWs) emitting at 965nm as the gain
material. The active region was embedded in an asymmetric
superlarge optical cavity (SLOC) consisting of 3.0 and
1.2 um n- and p-type doped Aly;GagoAs waveguides. The
cladding layers were 600nm Alj;5GaggsAs and 550 nm
Alp,GaggAs in the n- and p-type doped sides, respectively.
The thickness of the heavily doped GaAs p-cap layer was
200 nm. After epitaxial growth by metal organic chemical
vapor deposition (MOCVD), 64-um-wide mesas were firstly
fabricated by inductively coupled plasma (ICP) etching.
Then, the SCM structure was defined on the stripe with a
distance of 7 um from each mesa edge, as indicated in Fig. 1.
This SCM structure consists of a periodically distributed two-
dimensional contact electrode array with a single electrode
configuration of 3 um width and 62 um length. The distribu-
tion separations were A; =6um and A, =124um in the
lateral and longitudinal directions, respectively. The etching
depth for the electrode was 700 nm down to the poorly doped
top cladding layer. Then, an electrical insulating layer was

© 2016 The Japan Society of Applied Physics
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Fig. 2. Lateral distributions of (a) current density, (b) carrier density,
(c) local gain, and (d) near-field intensity at 1 A injection current. The inset in
(b) is a microphotograph of the SCM laser.

deposited and contact window opening was carried out,
followed by p-side Ti-Pt—-Au contact metal deposition,
substrate thinning, and n-side AuGeNi—Au metal deposition.
Finally, the wafer was cleaved into an individual diode laser
with a cavity length of L = 1.24 mm. The laser devices were
mounted epi-side down on a copper heat sink using indium
solder without facet passivation or coating. Standard devices
without microstructures with the same cavity length were
also fabricated on the same sample for comparison.

To comprehensively understand the physical mechanisms
of the SCM diode lasers, the current density, carrier distribu-
tion, gain profile, and intensity along the lateral direction
were analyzed. The simulation software LASTIP for semi-
conductor lasers was utilized.'"® To simplify the analysis,
only a half structure was simulated in the lateral direction
(slow axis) considering the symmetry of SCM. All config-
uration parameters used remain consistent with the exper-
imental devices described earlier. The top structure of the
device was divided into three regions to simplify it. Regions I
and II are located on the stripe and separated as injection and
insulation areas, respectively. The injection area has the
microstructures and metal contact, and the insulation area is
near the stripe edge and is deposited with SiO,. Region III is
the nonstripe area. Figure 2(a) shows the current density
within the top QW as a function of lateral position with the
injection current of 1 A. As can be seen, the current density of
the SCM laser is periodically modulated by the injection
stripes. In Fig. 2(b), the carrier density near the edge of the
injection area is much lower than that without a microstruc-
ture, even at the injection current of 2 A. The carrier density
in the injection area is still modulated, but the amplitude
becomes small. The carrier density is reduced to about
1 x 10" cm™ at the edge of the injection area owing to the
SCM structure, and the scope of the fluctuation in the center
region is only about 0.4 x 10'8cm™. By extending the
effect of current modulation on the material gain, the effect
becomes much gentler [Fig. 2(c)] with a fluctuation of
~120cm™! in the center region. The low modulation intensity
in the lateral direction is the key to improving the far-field
blooming but without the penalty of emission performance.'®
The strong modulation will reduce significantly the modes,
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Fig. 3. Longitudinal carrier density profiles inside the top QW at injection
currents of 0.4 A (black), 0.6 A (red), 0.8 A (blue), and 1.0 A (pink).

increase the threshold, and reduce the output power.'® The
decreased carrier density at the mesa edges will improve the
dependence of the far field on the injection current.® It shows
narrowing in the near-field profile in Fig. 2(d); thus, a more
stable lateral far-field distribution is expected'? in the SCM
BA lasers.

The carrier density in the QW along the longitudinal
direction without a lateral neighbor electrode was calculated
and is shown in Fig. 3. The separation of injection and
without injection in the longitudinal direction is 62 pm; thus,
it shows a strong modulation of carrier density. The dif-
ference in carrier density between the injection area and the
noninjection area is as large as 4.2 x 10"¥cm™ at 1 A and
strongly dependent on the injection current. This modulation
scope is over four times higher than that in the lateral direc-
tion at the same current, and hence it will form an evident
alternate distribution of gain and absorption in the longi-
tudinal direction. The high contrast in carrier density might
be caused by the large separation of distributed electrode con-
tact, and the etched trenches enhance this effect. The strong
fluctuation of gain along the cavity direction will introduce
loss to high-order longitudinal modes and reduce evidently
the mode number.

Figure 4 shows the light—current—voltage (L—/-V) and
power conversion efficiency (PCE) curves of the fabricated
SCM and standard lasers. It can be seen that there is almost no
large difference in the output performance of these two lasers
before 2 A. The SCM laser shows a slightly higher voltage
than the standard one; the corresponding values are 0.7 and
1.3% higher at 2 and 3 A, respectively. Both devices show
similar conversion efficiencies up to 2 A; the highest PCEs are
ng=159.9 and 62.4% for the SCM and standard devices,
respectively. The decrease in the emission power of the SCM
device at above 2 A might be due to the mode hopping.

To prove the stability of the far field, the current-dependent
lateral divergence under CW operation for standard and SCM
devices was measured and is shown in Fig. 5. As injection
current is increased, the far-field distributions of the standard
laser become worse and the lateral divergence reaches 10.2°
at 2.5 A, which increases by almost 62%. In contrast, the
lateral divergence of the SCM laser is quite sable; it increases
by only 3%. Even at 2 A, the blooming is still less than 7%.
Thus, the injection-insensitive lateral divergence is realized.

© 2016 The Japan Society of Applied Physics
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Fig. 4. L-I-V and wall-plug efficiencies of SCM lasers (solid line) and
standard lasers (dashed line) under CW operation at a heat sink temperature
of 20°C.
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Current-dependent lateral divergence for the standard and SCM

For the definition of lateral divergences including 95% power
content (035%), the situation is also similar.

Although a stable lateral divergence has been realized, an
ideal source would be with both high power and high beam
quality. The beam quality properties are typically described
in terms of the beam parameter product (BPP), which can be
defined as

BPP = W95% - Oos, , o

4

where wos and Oysq, are the full waist width and far-field
angle containing 95% of the emitted power, respectively.
Figure 6 shows the near-field and far-field profiles at 2.5 A.
It is obvious that the lateral beam properties have been
improved. The emission intensity at the stripe edge in SCM
lasers decreases, which indicates that the LCA effect is sup-
pressed. However, wgsg, only improves by 3.2% with values
of 63 um for the standard device and 61 um for the SCM
device. The 07°% values are 19.2 and 12.6° for the standard
and SCM devices at 2.5 A, respectively. Therefore, the
obtained BPP;,; values are 5.28 mm X mrad and 3.35 mm X
mrad for these two types of laser, respectively, which corre-
sponds to a 36.5% improvement in the lateral BPP achieved
by the introduction of the SCM microstructure.
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Fig. 6. Lateral near-field (a) and far-field profiles (b) for the standard and
SCM lasers at 2.5 A, respectively.

The CW lasing spectra of these two kinds of devices were
measured using an ANDO AQ6370C optical spectrum
analyzer. Figures 7(a) and 7(b) show the experimental spec-
tral map at currents of 300 to 800 mA with a step width of
10mA. The lasing spectrum at 1.5 A is shown in Fig. 7(c).
The FWHM-defined linewidth of the lasing spectra of the
standard device is about 3.1 nm. In contrast, it is only 1.7 nm
for the SCM device, which indicates a 45% narrowing. In
addition, the center wavelength for the SCM device is 968 nm
and quite stable; however, it is shifted for the standard laser
by about 1 nm. The narrow linewidth and stable wavelength
can be attributed to the successful suppression of high-order
longitudinal modes, which can be explained by the simple
“box” model.>” The wavelength separation from the
fundamental mode is mathematically expressed as

23 [g+(s2—mo (mZ—MO] )

AA(q, s, =—-—
@ 5,m) 2n, | L 4nW? 4nD?

Here, 1y is the wavelength of the fundamental mode.
m(=1,2,3,...),s(=1,2,3,...),and ¢ (=0,1,2,...) are
the transverse, lateral, and longitudinal mode numbers,
respectively. ng is the group index and n is the effective
refractive index. L, W, and D are the cavity length and the
width and thickness of the active region, respectively. For the
devices fabricated in this work, the wavelength separation for
adjacent longitudinal modes is about 0.11 nm from Eq. (2);
in contrast, it is only 7.1 pm for the lateral modes. Hence, the
narrowing of the lasing spectra is mainly attributed to the

© 2016 The Japan Society of Applied Physics



Appl. Phys. Express 9, 112102 (2016)

T. Wang et al.

bhbhhiRphuiibilasis

[ (© S
aan ~—— Standard laser
g 10 —— SCM laser
==
=2
= .20
z
=
= =30
=)
=
[=9
C 40}
_50 M 1 L L " 1 " 1 n
955 960 965 970 975
Wavelength (nm)

Fig. 7. Lasing spectra of BA lasers with (a) standard structure and
(b) SCM structure operating under CW condition; (c) emission spectra of the
two devices at 1.5 A.

suppression of high-order longitudinal modes, although the
high-order lateral modes might also be suppressed. These
explanations are consistent with the modulation intensity of
carrier density in the lateral and longitudinal directions in
SCM structures. As shown in Figs. 2 and 3, the carrier
modulation in the longitudinal direction is much stronger
than that in the lateral direction. Moreover, the strong
periodical variation of optical gain along the longitudinal
direction will filter some high-order longitudinal modes and
result in the spectral narrowing.?"

In summary, a two-dimensional current modulation struc-
ture was proposed and its effectiveness for the control of far-
field and lasing spectra in BA diode lasers was demonstrated.
This structure can reduce the carrier density at the edge of the
injection area, and injection-insensitive lateral divergence
was realized without a very significant decrease in output

112102-4

power. About 45% narrowing in the linewidth of the lasing
spectra was achieved owing to the SCM structure. With the
combined low cost and compatibility with the fabrication
techniques of diode lasers, the SCM structure is useful for
the development of high-power BA diode lasers with low
divergence and high beam quality.
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