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We investigate the lateral far-field pattern characteristics, including divergence angle change and far-
field pattern analysis as output power increases, of narrow-emitter-width 850 nm GaAs/AlGaAs laser
diodes (LDs). Each LD has a cavity of 1200 and 1500 um and narrow emitter width of 2.4 pm for the
top and 4.6 um for the bottom. The threshold currents are 35 and 40 mA, and L-I kinks appear at power
levels of 326 and 403 mW, respectively. The divergence angle tends to increase due to the occurrence of
first-order lateral mode and the thermal lensing effect. But with the L-I kink, the divergence angle de-
creases and the far-field pattern becomes asymmetric. This is due to coherent superposition between the
fundamental and the first-order lateral mode. We provide detailed explanations for these observations

based on high-power laser diode simulation results.
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L. INTRODUCTION

The demand for high-power laser diodes (HPLDs) is
continuously increasing. Due to their small size, cost-
effectiveness, and excellent power conversion efficiency,
HPLDs are a key device for emerging new technologies
such as LIDAR [1-3] and facial recognition systems [4, 5]
and are also widely used as the pumping source for very-
high-power laser systems [6—9] for precision machining,
medical instruments, and laser weaponry [10—13]. Among
the several performance parameters of HPLDs, the output
beam quality is essential because it strongly influences
free-space beam propagation characteristics, and in the case
of using a HPLD as a pumping source, the pumping effi-
ciency.

In many applications, single lateral-mode operation of
the HPLD is highly desirable. There are several published
reports in which HPLDs with single lateral-mode operation
are achieved [14, 15]. For single lateral-mode operation,

the laser diodes (LD) must have a narrow emitter width and
low lateral confinement. However, in these narrow-width
HPLDs, kinks in L-I characteristics are observed.

For simple analysis, it can be assumed that multi-modes
within the same LD are not coherent with each other and
the overall near- or far-field pattern of the LD is determined
by simply adding the intensities of all the modes, which re-
sults in symmetric near- and far-field patterns. However, in
certain conditions, some of the LD modes can be coherently
coupled with each other and result in changes in the carrier
concentration (or optical gain) in the cavity and the interfer-
ence in the output [16]. The exact condition for this is very
difficult to determine, but its influence can be observed in
L-I kinks as well as in the asymmetric far-field pattern with
the resulting beam steering [17]. Although L-I kinks and
the corresponding beam steering can significantly affect the
applicability of HPLDs, reports on detailed investigations
of their relationship are not available. In this paper, we pro-
vide the results of such an investigation in which the lateral
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far-field characteristics of 850 nm GaAs/AlGaAs HPLDs
with a narrow emitter width are measured at varying output
power levels and analyzed. This paper is organized as fol-
lows. In Section II, we describe the target 850 nm HPLD
used in our investigation. In Section III, we present how the
lateral far-field divergence angle changes with the LD out-
put power and provide explanations for their dependence.
In section IV, we conclude the paper.

II. DEVICE STRUCTURE AND L-I
CHARACTERISTICS

Figures 1(a) and 1(b) respectively show the device struc-
ture and a band diagram of the 850 nm LD investigated in
this study. It is a ridge waveguide AlGaAs-based LD grown
on a GaAs substrate by metalorganic chemical vapor depo-
sition (MOCVD). It contains a 7 nm GaAs single quantum
well, AlGaAs barriers, and graded refractive index separate
confinement heterostructures. P-type and n-type AlGaAs
layers are used as top and bottom cladding layers. The ridge
waveguide is formed by wet etching and has a top width of
2.4 um and bottom width of 4.6 pm, as determined from
the SEM image of a fabricated device shown in the inset
of Fig. 1(a). Devices with cavity lengths (L) of 1200, 1500
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FIG. 1. Laser diodes (LD) structure of the 850 nm LD: (a)
cross section, (b) band diagram.

um, with AR coating for one side (R = 0.03) and HR coat-
ing for the other side (R—1), are fabricated, and their char-
acteristics are measured.

Kinks are observed in L-I characteristics, whose rela-
tionship with the lateral far-field characteristics is inves-
tigated in this paper. Figure 2(a) shows the measured L-I
characteristics. Each threshold current is 35 and 40 mA and
the output power when kink occurs at 326 and 403 mW and
ends at 394 and 497 mW. From the measured L-I charac-
teristics, the internal quantum efficiency 7, and the loss «;
can be estimated as 0.95 for 77, and 3 cm ' for ¢, by plotting
the inverse of measured slope efficiency against the cavity
length as shown in Fig. 2(b).

III. LATERAL FAR-FIELD
CHARACTERISTICS

Figures 3(a) and 3(b) show the measured divergence
angles of the lateral far-field pattern at various output
powers for devices with two different cavity lengths. The
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FIG. 2. Measured (a) L-I characteristics, (b) estimation of
internal quantum efficiency and loss at T =295.5 K.
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divergence angle is defined as the far-field width when
the output power is at 1/¢” of the peak. Also shown are the
measured far-field patterns at two different output power
levels for each device. The output power level points (A, C,
A’, and C') can be identified in the L-I characteristics given
in Fig. 2(a).

Figures 3(a) and 3(b) show that the overall divergence
angle increases with the HPLD output power because of the
occurrence of first-order lateral mode and the enhanced lat-
eral wave confinement due to thermal lensing effect [18-20]
by the increased internal device temperature difference
between the center and edge of the device. In particular, at
power of more than 150 mW, the thermal lensing effect is
analyzed as the main cause of the increase in the divergence
angle, because it tends to increase quadratically except for
the section where the kink occurs in Fig. 3. This trend is
similar to the tendency of increasing the internal tempera-
ture of the device to be analyzed later. In addition, jumps in
the divergence angle are observed when the HPLD output
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FIG. 3. Measured divergence angle versus output power: (a) L
= 1200 and (b) 1500 pm.

powers are roughly 150 mW for both types of HPLDs. That
can be explained by the appearance of the first-order lateral
mode at around the output power level. A numerical simu-
lation is conducted for the L-I characteristics to confirm the
experiment results as shown in Figs. 4(a) and 4(b). In order
to realize accurate simulation results, numerical values for
key device parameters are experimentally extracted using
the technique described in [21]. As can be seen in Fig. 4,
good agreement between measured and simulated L-I char-
acteristics except for kinks is achieved. With simulation,
the light output powers due to the fundamental lateral mode
and the first-order lateral mode can be separated, and the
results are shown in Figs. 4(a) and 4(b). As can be seen for
both types of devices, the first-order lateral mode appears
when the total output power is roughly 150 mW, corrobo-
rating the increase in the measured divergence angle at this
output power level in Fig. 3.

In order to make sure that our HPLD simulation is ac-
curate, especially for the internal device temperature that
has a strong influence on HPLD far-field pattern character-
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FIG. 4. Measured and simulated L-I curves: (a) L = 1,200 and
(b) 1,500 pum.
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FIG. 5. Measured and simulated peak lasing wavelength and
internal temperature versus output power: (a) L = 1200 and (b)
1500 pm.

istics, we measured the peak lasing wavelengths at differ-
ent lasing powers [shown with filled squares in Figs. 5(a)
and 5(b)]. Then we converted these into the internal device
temperature using the measured amount of the peak las-
ing wavelength shift due to the device temperature change
(0.25 nm/K). As shown in Fig. 5, these estimated HPLD
internal temperatures agree reasonably well with the simu-
lated results. The injected electrical power is converted into
light or heat and each converted optical power and injected
electrical power is proportional to the injected current and
current square. Therefore, the converted heat is expected to
increase quadratically as converted optical power (or output
power) increases, and it is shown in Fig. 5.

In Figs. 3(a) and 3(b), a sudden drop in the divergence
angle is observed when the output power reaches the kink
points (B and B’). Figures 6(a) and 6(b) show that the mea-
sured far-field patterns in these conditions have a consider-
able amount of lateral asymmetry of the beam steering. For
comparison, the measured far-field patterns for points A
and A’ below the kink condition are also shown.

This observation that kinks in L-I characteristics have
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FIG. 6. Measured lateral far-field patterns of kink and pre-
kink: (a) L= 1200 and (b) 1500 um.

corresponding far-field patterns that are steered and nar-
rower can be explained by the coherent superposition from
constructive and destructive interferences between the fun-
damental and the first-order lateral modes. Additionally, it
should be noted that in our devices, the kink happens only
in a specific range of internal temperature from 307 to 312
K in Fig. 5, the reasons for which require further investiga-
tion.

IV. CONCLUSION

We have investigated the lateral far-field characteristics
of 850 nm GaAs/AlGaAs HPLD with a narrow emitter
width. We experimentally found that the measured far-field
patterns change with the output power level, the appearance
of the higher-order lateral mode, and the coherent super-
position of lateral modes strongly related to the kink in L-I
characteristics. These results should be useful information
for realizing narrow emitter width HPLDs with good far-
field patterns.
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