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Mode Selectivity in Bragg Reflection
Waveguide Lasers

Cunzhu Tong, Bhavin J. Bijlani, L. J. Zhao, Sanaz Alali, Q. Han, and Amr S. Helmy

Abstract—Bragg reflection waveguides (BRWs) have recently
been proposed for the development of high performance single
mode lasers and nonlinear frequency conversion devices. In this
letter, we experimentally demonstrate single transverse photonic
bandgap mode operation in a large core BRW laser with low
threshold current density A cm and high characteristic
temperature K . The mode selectivity is examined
theoretically using the effective index method and experimentally
via far field and gain spectra measurements. Mode competition is
found to take place among the lateral modes despite the optical
thickness of the core layer being larger than the wavelength.

Index Terms—Bragg reflection waveguides, mode selectivity,
semiconductor lasers.

I. INTRODUCTION

B RAGG reflection waveguide (BRW), essentially a one-di-
mensional (1-D) photonic bandgap (PBG) structure with

a line-defect as the core layer, has been studied extensively in
recent years [1]–[7]. This is due to their potential in applica-
tions related to nonlinear frequency conversion [2], [3]. More-
over, BRWs have also been predicted to enable the realization
of high power lasers and amplifiers by providing laser cavities
with single mode waveguides, with larger mode volumes [5],
[6], higher gain coefficients [6] and stronger mode discrimi-
nation [5], [7], [8]. The aforementioned characteristics render
BRWs as a promising platform to develop monolithically inte-
grated optoelectronic integrated circuits (OEIC). Most notably
electrically injected optical parametric oscillators and compact
spontaneous parametric down conversion photon-pair sources
can be achieved by integrating BRW lasers (BRLs) with non-
linear BRWs.
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Recently, highly efficient nonlinear frequency conversion
[3] and single mode lasing [4] have been achieved in BRWs.
Theoretical studies were previously carried out examining the
guided modes in the BRWs [6]–[8]. Systematic experimental
and theoretical examination of the performance of this class
of lasers was not previously presented. To explore the full
potential of BRWs for high power laser applications, insight
into their modal characteristics is necessary. In this Letter, we
analyze the losses of guided modes in a ridge BRL structure
using the effective index method (EIM) [9] and the transfer
matrix method (TMM) [10]. Using this analysis, we verify the
theoretical predictions of the mode discrimination in a BRL
cavity. The mode selectivity is then experimentally investigated
by examining the lasing spectra, the near and far field patterns,
and the gain spectra.

II. MODE LOSSES IN BRLs

The BRL structure is a ridge waveguide edge emitting diode
laser. It consists of a low index core layer sandwiched between
a top and a bottom Bragg reflectors [4]. The guided mode of this
structure can be calculated using the EIM. In the calculations,
we used the dimensions of the fabricated lasers. The structure
consists of 8 pairs of top p-doped and bottom n-doped quarter-
wave Al GaAs As GaAs Bragg stacks. Their thicknesses
are 281 nm and 167 nm, respectively. The p- and n-doping
concentrations in the reflectors are cm and

cm , respectively. The gain medium consists of two 6 nm
In Ga As GaAs quantum wells separated by 10 nm GaAs
barriers. The operating wavelength is 980 nm. The core layer
is 700 nm Al Ga As. From the scanning electron micro-
scope (SEM) results, the ridge width, , is 4.2 m, the etch
depth is 3.73 m, and the cavity-length is 473 m. This wave-
guide can be modeled as a symmetrical waveguide with a center
region refractive index of and the side regions indices are
. The corresponding effective refractive indices can be cal-

culated using [9]:

(1)

where is the wave number, is the mode
number in the transverse direction. The refractive index ,
which is determined by the etch depth of the ridge and the local
changes in the Fabry–Pérot resonance frequency [11], is about
2.14 for our devices. While is the effective index of the
1-D BRW and is given by [1]

(2)
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Fig. 1. Calculated (a) dispersion relation, (b) leakage loss, (c) scattering loss,
and (d) total loss of guided TE , TE , TE , and TE modes in the 2-D ridge
BRW.

where and are the refractive index and thickness of the
core layer, is the free space wavelength, and is the mode
number in the growth direction. By substituting (2) into (1),
we can get as a function of the mode numbers and .
Fig. 1(a) shows the calculated effective indices of the transverse
electric TE modes in the BRL studied here. As can be seen,
the modes TE have nearly similar effective refractive indices,
namely 3.23, 3.22 and 3.203 at 980 nm for TE , TE and
TE modes, respectively. The corresponding dispersion coef-
ficients of these modes, , are nm ,

nm and nm . The higher
order transverse mode TE shows amuch lower effective index
of 2.604 and dispersion of nm . The other high
order transverse modes, such as TE , are not guided in this
waveguide due to the cut off condition of .
The leakage loss in a BRW due to the mode leakage in the

growth direction can be expressed as [1]:

(3)

Here, is the reflectivity coefficient of Bragg reflectors and
can be calculated by TMM [10]. Fig. 1(b) shows the calculated
leakage losses of the TE modes versus wavelength. It is
clear that the higher order transverse mode, TE , shows much
higher leakage loss than that of fundamental transverse modes
TE . This result reflects the mode selectivity in BRWs. The
leakage losses of TE modes exhibit comparatively lower
values cm in the wavelength range between 970 nm
and 1000 nm.
The loss of the ridge waveguide caused by scattering, can be

expressed as [12]

(4)

where, , is the rough-
ness of sidewall of ridge waveguide, and

. The scat-

tering losses of TE modes are plotted in Fig. 1(c). The
value of was found to be nm from the topographic
measurements of SEM. As shown in Fig. 1(c), the smaller the
ridge-width and the higher the mode number are, the higher
the scattering losses becomes.

The free carrier absorption loss is also taken into account,
and is and 7 cm per cm for n- and p-type Al-
GaAs [13], [14], respectively. The other part of the absorption
loss can be obtained from the imaginary part of , which
is cm and 2.5 cm for the TE and TE modes, re-
spectively. Fig. 1(d) shows the sum of all the losses discussed
above, as function of wavelength. As can be seen, at the lasing
wavelength of 980 nm, the loss of TE mode cm
is much higher than that of TE cm and TE

cm modes. Hence, the most likely modes to lase,
will be fundamental transverse modes TE . This is a remark-
able result given the optical thickness of the waveguide core
is larger than the operating wavelength. For total internal re-
flection (TIR) based laser cavities, there are much more strict
limitations on the waveguide core thickness to maintain single
vertical transverse mode.
The BRLs were grown on 3 -off (100)-oriented,

GaAs substrate by metal-organic chemical vapor deposition
(MOCVD). The details of the laser design were reported pre-
viously [4]. The samples were coated with 300 nm SiO , then
4 m width ridges were defined by photolithography. The silica
masks were formed by CHF inductively coupled plasma (ICP)
etching. After, the AlGaAs was etched using BCl Cl Ar
ICP. The dielectric etch mask was remove and a 300 nm SiO
isolation layer was deposited. An opening in the oxide layer
was then patterned, where the top metal contact will take place.
Contacts were deposited using e-beam evaporation. Samples
were cleaved and mounted on copper heat-sinks without facet
passivation or coating.

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the temperature dependent continuous- wave
(CW) light–current – curves. The maximum obtainable
power from both facets is about 100 mW, while the highest
slope efficiency is 0.465 W/A. The threshold current sensitivity
to the temperature is 0.08 mA C, which leads to a character-
istic temperature K in the range of 10–50 C. The
lowest threshold current is 11.8 mA at 10 C, corresponding
to a threshold current density of 594 A cm . The polarization
resolved power measurements (top inset in Fig. 2(a)) shows
that of the collected light is TE polarized. To examine
the lasing modes, the lasing spectra were measured and shown
in Fig. 2(b). As can be seen, the device operates in a single
transverse mode up to 85 mA. Above 85 mA, a higher order
mode appears at the wavelength of 984 nm. Upon increasing
the injected current above 130 mA, we can observe another
mode at the wavelength of 992 nm. These three modes persist
until the thermal rollover of output power. The corresponding
near-field patterns (NFP) are shown in Fig. 2(b). The discrete
lobes demonstrate that the lasing is taking place in the PBG
modes [4], which is further confirmed by the far-field results
shown in Fig. 2(c). In contrast with TIR modes, the far-field
distribution of the fundamental BRW mode is dual lobed with
several symmetrical small peaks in the vertical direction.
The subthreshold emission spectrum (SES) shown in the

bottom inset of Fig. 2(a) excludes the possibility that the lasing
modes above 80 mA are the different longitudinal modes. As
can be seen, there are nine peaks with almost similar wave-
length separation nm from 930 nm to 995 nm. A similar
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Fig. 2. Measured (a) CW – curves from 15 C to 45 C. The top inset shows
the polarization discrimination; the bottom shows the SES. (b) Lasing spectra;
(c) far-field profiles.

wavelength separation can also be observed in the lasing
spectra shown in Fig. 2(b). These peaks do not correspond to
the different longitudinal modes due to their large wavelength
separation. According to the field distribution of BRW modes
[1], [15], we can recognize that the first lasing mode (976 nm)
is the fundamental mode, i.e., TE mode. The two lobes
shown in the NFP measured at 100 mA confirm that the mode
at 984 nm is the TE mode. The NFP measured at 140 mA is
similar to that obtained at 100 mA. In other words, the lasing of
mode 992 nm does not change the shape of NFP significantly.
This suggests that the third lasing mode is likely to be TE ,
the reason being that the field distribution of the TE mode is
similar to that of TE plus TE [15].
The net modal gains are gotten from SES using Hakki–Paoli

method [16] and plotted in Fig. 3 for (a) TE and (b) TE
mode. The further fits (solid lines) by the logarithmic relation

show the modal losses independent
from the cavity length, , is 7.1 cm and 34.6 cm for TE
and TE modes, respectively. The transparency current is
5.4 mA, which is same for all modes due to their same material
gains. These results indicate that the threshold gains of TE and
TE modes are 34.8 cm and 62.3 cm , respectively, which
are in agreement with the calculated values shown in Fig. 1(d).

Fig. 3. Net gain of TE (solid squared) and TE (hollow squares) modes
extracted from the SES.

IV. CONCLUSION

In summary, we have investigated the mode selectivity in the
BRW ridge lasers. The single BRW PBG mode operation with
low threshold current and high temperature stability is achieved.
The quantitative modal loss/gain of TE and TE modes are
measured, and shown to be consistent with the theoretical cal-
culations. We believe these results will contribute to the perfor-
mance improvement of the single mode operation of BRW PBG
lasers.
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