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Abstract We report on 980-nm InGaAs/GaAs lasers with
dual-lobed far field based on a single-sided Bragg reflection
waveguide (BRW). The high slope efficiency ~0.92 W/A
and a continuous wave (CW) output power >1.5 W (3.2 W
pulsed) have been obtained. The threshold current density
is as low as 253 A/cm? for a 1.5-mm-long device and the
transparency current density is only 140 A/cm?. The fur-
ther analysis shows the intrinsic reason for the single-lobed
or the dual-lobed far-field distribution is determined by the
mode shape in the cavity, not the single-sided or dual-sided
BRW structure. The condition to achieve a narrow single-
lobed far-field distribution is discussed.

1 Introduction

The output power of diode lasers has been driven to higher
and higher values in the past few years [1, 2]. One important
approach lies in expanding the waveguide thickness in the
transverse direction (vertical direction) [3]. This large opti-
cal cavities (LOC) laser structure leads to reduced optical
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power density on the laser facets, resulting in increased out-
put power limited by catastrophic optical damage (COD).
However, this method suffered from higher-order transverse
modes operation and the decrease of modal gain when sim-
ply increasing the waveguide thickness [4]. In order to over-
come this problem, Bragg reflection waveguide (BRW) was
incorporated in the laser transverse epi-design [5], which
use distributed reflection within the periodic Bragg reflec-
tors rather than traditional total internal reflection (TIR) to
confine light. The BRW lasers (BRLs) can be designed to
have large mode volumes with significant mode discrimina-
tion [5, 6], allowing for stable, single transverse mode oper-
ation even at high output power.

In recent years, both the single-sided and dual-sided
BRLs have made great progress. The single-sided BRLs or
the so-called longitudinal photonic bandgap crystal (PBC)
lasers demonstrate the ultra-narrow vertical beam diver-
gence of about 5-8° [7-9], which are promising for the
application of high-brightness lasers. The dual-sided BRLs
demonstrate the low threshold (~157 A/cm?) [10] and high
temperature stability [11] with two separated lobes in the
vertical far field (FF), which are favored for the phase-
matched nonlinear BRW [12, 13]. The compatibility of
BRLs with the nonlinear BRWs provides the potential pos-
sibility to develop monolithic integration, electrically in-
jected, and highly efficient nonlinear frequency conversion
sources [10].

Howeyver, it is inscrutable on the FF behavior of BRLs.
The dual-lobed or multi-lobed FF patterns were thought as
the nature of dual-sided BRL, and attributed to the dual-
sided transverse Bragg resonance based on the quarter-wave
(QtW) Bragg condition [14]. On the contrary, the narrow
single-lobed FF patterns were considered as the unique ad-
vantage of single-sided BRLs [7-9, 14]. It seems that the
lobe characteristic of FF is determined by the single-sided
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or dual-sided BRW structure. However, in this letter, we
demonstrate the dual-lobed FF can also be achieved in the
single-sided BRLs. The high output power and low thresh-
old current were demonstrated. The reason to form the single
lobe or dual lobes in the FF distribution is discussed.

2 Device design and fabrication process

The designed single-sided BRL consists of a low index op-
tical defect layer, bottom Bragg reflector and top cladding
layer. Figure 1(a) shows the refractive index profile of de-
signed single-sided BRL. The bottom Bragg reflector is
eight pairs of n-doped Alg GagoAs/Alg3Gag7As, whose
thickness is 100 nm and 750 nm, respectively. The gain
material is two 6-nm Ing>GapgAs quantum wells (QWs)
separated by 10-nm GaAs barrier, which is sandwiched be-
tween the optical defect layer and the 1.4-um-thick p-doped
Alg.35Gag ¢5As cladding layer. The total thickness of the
BRL was 9.83 um. All interfaces were linearly graded in
composition over 20 nm to reduce the electrical resistance
of device.

A numerical calculation of near field distribution of fun-
damental mode is shown in Fig. 1(b). In the calculations,
the refractive index of Ing,Gag gAs was selected as 3.65 at
the 980 nm wavelength [15], and the refractive indices of
the AlGaAs materials at room temperature (RT) were taken
from Ref. [16]. As can be seen, the transverse modal size
is enlarged significantly due to the extension of the optical
field throughout the entire width of the Bragg reflector re-
gions.

The laser wafer was grown on a Si-doped GaAs (100)-
oriented substrate by an Aixtron-200 MOCVD system. The
group III sources are trimethylgallium (TMGa), TMAI and
TMIn with H; as the carrier gas, and the group V source is
AsHj3. The p-type dopant is Zn, and the n-type dopant is Si.
The growth temperature is 710 °C for all layers except for
the InGaAs QWs, which is 650 °C.
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Fig. 1 (a) Refractive index profile and (b) electric field distribution of
fundamental mode in the BRL
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After wafer growth, a 50-um-wide mesa was formed by
photolithography and wet chemical etching through the p*-
GaAs cap layer and down to partial p-cladding layer. The
etching depth was 1.1 wm. Then 300-nm SiO; electrical in-
sulating layer was deposited and contact window opening
was done by normal photolithography and wet etching. Af-
ter backside thinning and polishing, Ti-Pt-Au and AuGeNi-
Au contact were, respectively, evaporated on the p- and n-
side. The wafer was then cleaved into individual laser diodes
in various cavity lengths. For the experimental characteriza-
tion, the individual laser chips were mounted epi-side down
on a copper heat-sink using indium solder without facet pas-
sivation or coating.

3 Results and discussion

The fabricated laser diodes were measured under continu-
ous wave (CW) and pulsed operation (pulse width = 50 s,
repetition rate = 100 Hz) at RT.

3.1 Light-current-voltage characteristics

Figure 2 depicts the pulsed and CW light—current—voltage
(L-I-V) characteristics of an uncoated 50-um-wide, 800-
pm-long laser. In the CW operation, the threshold current
is 110 mA, corresponding to a threshold current density Ji,
of 275 A/em?, and the CW output power exceeds 1.5 W
from two facets, which is limited by the current source. The
slope efficiency was 0.92 W/A and the wall-plug efficiency
was 48 % at 1 A current in CW regime (both facets). No
COD was observed at the uncoated BRL laser in the pulse
operation. The highest output power in the pulse operation
is about 3.2 W, which is limited by the thermal rollover due
to the poor heat dissipation in our measurement system. The
threshold voltage is about 1.5 V.
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Fig. 2 CW and pulsed light—current—voltage (L-I-V) characteristics
of an uncoated single-sided BRL (both facets)
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Fig. 3 Inverse external quantum efficiency (ngl) as a function of cav-
ity length L (solid squares) and Jy, as a function of inverse cavity
length 1/L (hollow squares). The solid lines are the simulated results

3.2 Loss and transparency current density

To get the loss and transparency current of this single-sided
BRL, the simulation was done as follows. The inverse exter-
nal quantum efficiency as a function of cavity length L at RT
is shown in Fig. 3 as solid squares. The internal quantum ef-
ficiency (n;) and internal loss values () could be acquired
from the following equation:

ng' = (oL )
d i \Un(1/R)

where L is the cavity length. R = [(ner — 1)/ (ner + 1)1%,
is the reflectivity of the cleaved facets. For our devices, the
effective refractive index nefr of fundamental mode is 3.285,
so R is about 0.284. From Fig. 3, we find that the internal
quantum efficiency (1;) is about 80.3 %, and the internal loss
@ ~59cm L.

The transparency current density (Ji;) can be calculated
using the following formula [17]:

o
gol’
where I is the optical confinement factor and gg is the ma-
terial gain parameter. The Jy, as function of inverse cavity
length are shown in Fig. 3 as hollow squares. From that the
transparency current density (Ji) can be calculated to be
140 A/cm?. As shown in Fig. 3, the threshold current den-
sity Ji, is as low as 253 A/cm? for 1.5-mm-long devices.

1 1
Jin = Ji ———1In(1/R 2
th w+ +Lg0F n(1/R) 2)

3.3 Far-field behavior

The measured FF distributions in the vertical direction are
shown in Fig. 4(a). The most prominent feature is that the FF
shows two pronounced lobes symmetrically located at £32°
in the vertical direction, being in good agreement with the
calculated results shown in Fig. 4(b). The full width at half
maximum (FWHM) of one lobe is about 11.6°.

Measurement
-20 0 20 40 60

Intensity (a.u.) ® Intensity (a.u.)
&
o
A
o

Theory

-60 -40 -20 0 20 40 60
Angle (deg.)

=2

Fig. 4 (a) Measured and (b) calculated far-field distribution of the
BRL in the vertical direction

Note that the structure of single-sided BRL studied here
is very similar with that reported in Ref. [8], however, the
FF of the BRL in Ref. [8] shows a narrow single lobe. To
clarify the backside intrinsic mechanism, more analysis is
necessary. From the Rayleigh-Sommerfeld diffraction inte-
gral [18], we can get the intensity of FF distribution:

+00 2
cos@/ @ (x)exp(—ikox sinf)dx 3)

—00

IFF X

where @ (x) = exp[—(%)z], describe the optical intensity
distribution or the mode shape in the laser cavity. x is the
coordinate of cavity, and 6 is the FF angle.

If the mode shape is the Gaussian shape or an attenuated
wave like Shape I shown in Fig. 5(a), the FF distribution
obtained from Eq. (3) will be single lobe, and the FWHM
becomes narrow with the increase in the distribution width
w. As can be seen in Fig. 5(b), the FF angle can be less than
3° if the distribution size of modes can be extended to above
14 um. As to the TIR laser, in general, the distribution size
of optical field is below 2 um due to the quickly attenuated
optical field in the low index cladding layer, which is the rea-
son why the TIR laser shows the large FF angle above 30°.
Ref. [8] experimentally demonstrated the narrow FF distri-
bution with FWHM as narrow as 5° by 16.5-um-thick Bragg
reflector with a mode shape of Shape I, the similar results
can also be found in Refs. [7] and [9].

However, if the mode shape follows Shape II, i.e. there
exist periodic points corresponding to the optical intensity
equal zero, and the calculation of FF distribution will have
to follow the theory presented in Ref. [19]. In this case,
the central portion of the field profile in the Bragg mirrors
can be expressed as a cosine function with a half-period.
The FF distribution will come with a dual-lobe as shown in
Ref. [19]. Therefore, single-lobed or dual-lobed FF is deter-
mined intrinsically by the mode shape, not the single-sided
or dual-sided BRW structures.

In our designed single-sided BRL, the near field distribu-
tion of fundamental mode follows the Shape II as shown in
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Fig. 5 (a) Three mode shapes of near field distribution, Gaussian
approximation (dot), Shape I (thick line), and Shape Il (thin line);
(b) Far-field FWHM as a function of mode distribution width w, top
inset shows three examples

Fig. 1(b), so our devices present a two symmetric lobes in
the experimentally measured FF.

4 Conclusion

In summary, we have demonstrated the dual-lobed FF of a
laser based on a single-sided BRW. We find the intrinsic rea-
son to determine the single-lobed or dual-lobed characteris-
tics of FF is the mode shape confined in the cavity. The high
output power and low threshold current density and trans-
parency current density are achieved. We believe these re-
sults will contribute to the development of high performance
BRLs.
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