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Intra-cavity patterning — a new method of single mode emission
enhancement
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Abstract—Wwe demonstrate the results of numerical simulations of
1.3um InAlGaAs/InP VCSEL with a ring pattern etched at the interface
between the cavity and top DBR. We show that the proposed design
offers selective confinement of the fundamental mode and strong
discrimination of higher order modes. Consequently, VCSEL with ring
confinement is capable to operate in a broad range of injected currents
in the single mode regime, which facilitates the improvement of
maximal emitted power and increase of the wavelength tuning range
with very narrow spectral characteristics.

High power, single-mode emitting vertical-cavity
surface-emitting lasers (VCSELs) are of great interest,
since they can serve as high-power, smoothly tuned with
current and temperature, coherent-optical sources.
Emerging applications include inexpensive and portable
gas sensors, telecommunication emitters, and so on. For
these applications, it is preferable to have a low-threshold,
high side-mode suppression ratio (SMSR) light source.
VCSELs inherently emit in a single longitudinal mode;
controlling the lateral mode is far more complicated. It
can be achieved using a well-established wet oxidation
technology, which makes possible single-mode operation
only for relatively narrow apertures (providing less than 5
mW of output power) [1]. Other methods provide up to
twofold higher emitted power but exploit more
challenging technologies [2-5]. The limitation of high
power single mode operation comes from small optical
apertures or multimode operation under high injection
levels. This paper provides numerical analysis of the ring
pattern etched in the cavity of the VCSEL which
eliminates higher order mode emission. The ring pattern
provides confinement for a fundamental mode and forces
higher order modes to be pushed out of the active region.
The analyzed structure (Fig. 1a) [6] incorporates
InAIGaAs quantum wells within an InP cavity. The cavity
is bounded by 35 pairs of Aly¢Gag1As/GaAs DBRs from
the bottom and 20.5 pairs of AlygGag1As/GaAs DBRs
from the top. Laterally patterned tunnel junction (TJ)
layers are responsible for tunnelling carriers into the
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active region. In the analysis, we consider a circular
shaped TJ mesa of a diameter varying from 6 to 8um.
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Fig. 1. a) Schematic cross-section of the patterned VCSEL with
definitions of the geometrical parameters of the etched ring; b) top
view of the ring (red) and tunnel junction (blue).

The optical confinement is realised by the ring (Fig. 1b)
etched at the interface between the cavity and the top
DBR Such a configuration is possible due to a wafer
bounding technique giving access to the cavity since
before fusing the DBRs to the active region, the cavity is
exposed and permits surface patterning [7]. The etched
patterns are concentric with the tunnel junction mesa. In
the simulations we vary the etching depth (L) of the
pattern, its inner diameter (d,) and the width (w). The
emitted wavelength of VCSEL, close to the threshold, is
about 1310nm. To simulate rigorously the physical
phenomena taking place in the device, we use a multi-
physical model [8-9] which comprises three-dimensional
models of optical (Plane Wave Admittance Method),
thermal, electrical and diffusion phenomena (all three
based on Finite Element Method). Such a comprehensive
model allows to determine precisely the modes
modifications driven by different working conditions. We
would like to stress that analysis performed according to
the usual optical effective models would not explain the
behaviour described here, since the refractive indices of
particular parts of the device are averaged and
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transformed into uniform blocks defined by constant
effective refractive indices along the axis of the device. In
such models, the influence of the ring is manifested by a
waveguide effect only, omitting losses from leakage and
scattering. Our model has been validated by comparison
with other numerical approaches for VCSEL optical
modelling [10] and shows very good agreement compared
to independent measurements [11].

The material parameters used in the analysis are shown in

Tab. 1.

Table 1. Physical parameters used in the simulation at 300 K (* -

measured value, ** - the value has been found from the comparison of

the model with experiment).

Thermal Refractive
Material conductivity index at dn/dT [1/K]
[W/(mK)] 1.31 pm
InP 71[12] 321* 2.79 107 **
QW 4113] 36* 310%**
Ing.67Alp.2Gag.13AS
Barier and TJ: 4113] 35* 310%**
INg.42Alp.32Gao.26AS
AlgoGag1As 26.3 [14] 2.98 * 1.37 10 [15]
GaAs 45.4 [14] 3.408 * 2.67 10 [15]
InGaAsP 19 [16] 35* 310%**
In 81.63 [17] -
Cu 400.8 [18]

The optical confinement is realised by two ways of

patterning:

- the tunnel junction etched and overgrown with InP [19]

- the air gaps etched at the interface between cavity and
DBR.

The contrast between the refractive index of the TJ
InAlGaAs layer and the neighbouring InP layer is 0.2. The
influence of the refractive index contrast on the lateral
mode distribution is significantly reduced by placing the
TJ layer in the node of the standing wave. Air gap
patterning, which is introduced at the interface between
the cavity and the top DBR is responsible for further
stabilization of the mode distribution, rendering it
independent of thermal focusing [20]. The interface
between the cavity and the DBR is placed in the node
position. However, depending on the etching depth, the
air gap can coincide with the antinode position and
strongly interacts with the mode. The lateral refractive
index contrast between air and InP is larger than 2, hence
the air gap dominates the confinement of TJ and to some
extent makes the mode distribution independent of
thermal focusing.

The structure of the VCSEL with a patterned TJ reveals
the record power of single mode operation [21]. The size
of the optical aperture is the element which limits the
power in the single mode regime. The optimal size of the
aperture is the effect of the trade-off between small
emitted power and multimodal operation. The purpose of
the additional air-gap patterning is to introduce the
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penalty for higher order modes to allow a larger injection
in the case of relatively broad apertures and single mode
regime.
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Fig. 2. The modal gain of HE11 and HE; as the function of the etching
depth of the ring for dy=7mm, dr;=6mm and for three different widths:
a) w=0.5um, b) w=1.0um, a) w=1.5um.

Figure 2 illustrates the modifications of HE,; mode
distribution driven by different parameters of the ring.
Figures 2a-c correspond to the rings of the same inner
diameter (d,) but different widths (w). Larger w enhances
the optical confinement which contributes to a larger
number of modes confined in the aperture. Figure 2a
shows the impact of the narrowest analysed ring. The
increase in the etching depth up to ~0.1pm considerably
increases both the modal gain of HE; and the modal gain
difference between HE;; and HE,;. The ring pattern
confines the fundamental mode and enhances the losses of
first order mode since a narrow ring does not confine
HE»; mode, which becomes pushed out of the aperture.
The etching depth deeper than ~0.1um does not affect
significantly the modal gain difference between the
modes, since the etching depth equal to 0.16pm relates to
the bottom of the ring being in the anti-node position of
the standing wave. Such a configuration relates to the
strongest interaction between the etching structure and the
mode [22]. Figure 2c illustrates the opposite behaviour
which is imposed by a larger width of the ring (w). Both
modes become strongly confined by the increase of the
etching depth. Figure 2b refers to the transitional
behaviour between both described cases. The increase of
the etching depth confines HE,; mode initially. If the
etching depth becomes deeper (0.25um in that particular
case) one can observe an abrupt transition in the modal
gain of HE,; mode. The transition is the result of the
escape of the HE,; mode out of the aperture. The HE;
mode transition might be explained by scattering losses
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which increase with the deepening of the ring. Once they
dominate the waveguide effect, the HE,; mode becomes
pushed out of the aperture. Such behaviour is not
observed in any other method of optical confinement
based on the waveguide mechanism. A similar effect of
higher order modes discrimination is observed in anti-
resonant VCSELs but the fundamental mode is burdened
with the lateral leakage losses contributing to an increase
in the threshold current.
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Fig. 3. The modal gain difference between HE1; and HE»; as a
function of the aperture (dp) and width of the ring (w) for dry =6um
and different injected currents: a) 6mA, b) 9mA, c) 12mA.

Figure 3 collects the maps of the modal gain difference
between HE;; and HE,; calculated for different injected
currents ranging from 6 to 12mA. The maps are plotted in
the domain of the width of the ring (w) and inner aperture
of the ring (dy), the depth of the etching is 200nm and the
tunnel junction aperture (dy;) equals 6um. The yellow
color in the maps corresponds to very strong modes
discrimination (60 cm™) which relates to pushing the HE,
mode out of the aperture. Figure 3 revels that the yellow-
red regions of very strong discrimination are independent
of the current injection in the range of d, from 6 to 8um
and w < Ium. Such a ring design provides stable single
mode operation and opens up the possibilities of
increasing the maximal emitted power and assures broad
wavelength tuning in the single mode regime.

In summary, we demonstrate the results of numerical
simulations of 1.3um InAlGaAs/InP VCSEL with a ring
pattern etched at the interface between the cavity and top
DBR. The design reveals the unique attribute of selective
confinement of the fundamental mode and strong
discrimination of higher order modes. The proposed
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structure allows operation in a broad range of injected
currents eliminating the modes competition, which
facilitates the improvement of maximal emitted power and
increase of the wavelength tuning range in the single
mode regime.
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