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InP-Based 1.3 — 1.6 um VCSELSs with
Selectively Etched Tunnel-Junction Apertures
on a Wavelength Flexible Platform

D. Feezell, D.A. Buell, and L.A. Coldren, Fellow, IEEE.

Abstract— In this paper, the authors demonstrate a
wavelength flexible platform for the production of long-
wavelength vertical-cavity surface-emitting lasers which provide
full wavelength coverage from 1.3—1.6 pm. All-epitaxial InP-
based devices with AsSb-based distributed Bragg reflectors were
achieved through a common design, process, and growth
technology at both the important telecommunications
wavelengths of 1.3 ym and 1.5 pm. Thin selectively etched
tunnel junctions were implemented as low-loss apertures and
offer scalability to small device dimensions. Devices showed low
threshold currents (< 2 mA), near single-mode (SMSR >20dB)
operation, and high differential efficiency (>40% at 1.3 pm and
>25% at 1.5 um).

Index Terms— Vertical-cavity surface-emitting lasers,
semiconductor laser processing, InP-based, optical fiber
communications, tunnel junction, long wavelength,

semiconductor lasers, molecular beam epitaxy.

1. INTRODUCTION

ONG WAVELENGTH vertical-cavity surface-emitting

lasers (VCSELs) operating in the 1.3 — 1.6 pm
wavelength range are attractive light sources for metro, local
area, and storage area networks. These devices offer a
potential low-cost alternative to existing distributed feedback
(DFB) laser transmitters. In addition, due to simple packaging,
high fiber-coupling efficiency, and on-wafer testing, VCSELs
offer many inherent advantages over the existing in-plane
infrastructure.

Recently, much attention has been devoted to a variety of
approaches to long-wavelength VCSEL devices. Structures
employing epitaxial, dielectric, and wafer bonded distributed
Bragg reflector (DBR) mirrors have all been demonstrated.
Various active region designs have also been utilized with
success. Several of the most promising material systems
include GalnNAs [1], AllnGaAs [2,3,4,5], and InGaAsP [6].
The underlying drawback to the majority of these approaches,
however, is their inability to produce monolithic all-epitaxial
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Schematic of bottom-emitting all-epitaxial VCSEL structure

devices that span the entire 1.3 — 1.6 um wavelength range.
From a manufacturability standpoint, this is an important goal.

Previously, we have reported monolithic all-epitaxial InP-
based VCSELs with AlIGaAsSb DBRs and AllnGaAs active
regions [7,8]. AsSb-based DBRs are lattice matched to InP
and offer high reflectivity over a broad wavelength range, thus
enabling wavelength selection from 1.3 — 1.6 um. In fact, the
available index contrast is An = 0.4, comparable to that of the
GaAs/AlGaAs system. Coupled with the mature AllnGaAs
active regions, AsSb-based technology facilitates all-epitaxial
InP-based devices spanning the entire long-wavelength range
with consistent device design, process flow, and materials
growth.

In addition, we have previously investigated several
aperturing techniques [7,8,9], unfortunately these aperturing
schemes have suffered from high scattering loss, difficult
processing steps, or current crowding. Recently, we have
demonstrated an improved aperture through selective etching
of a thin tunnel junction layer to achieve simultaneous optical
and electrical confinement in in-plane lasers [10].

In this letter, we report the fabrication of InP-based 1.3 pm
and 1.5 um VCSELs with AsSb-based DBRs and selectively
etched tunnel-junction apertures. We demonstrate a platform
with flexible lasing wavelength and low-loss apertures
scalable to small dimensions. This is the first reported 1.3 pm
InP-based all-epitaxial VCSEL with AsSb-based DBRs and a
selectively etched tunnel-junction aperture. Finally, we show
the effectiveness of the thin tunnel-junction apertures in



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 2

facilitating single mode operation, improving differential
efficiency, and reducing threshold current.

II. VCSEL DESIGN AND FABRICATION

Figure 1 shows a schematic of the bottom-emitting device
structure applicable to both 1.3 um and 1.5 um devices. The
VCSEL was grown by solid-source molecular beam epitaxy
(MBE) in a single growth step. A double intra-cavity
contacting scheme is employed to circumvent the high
electrical and thermal resistances of the AsSb-Based DBRs.
The %-A AllnGaAs active region contains five 1.0%
compressively strained 7 nm quantum wells and six 0.6%
tensile-strained 5 nm barriers. Cladding both sides of the
active region are InP layers doped 5e¢17 cm™ that facilitate
current spreading and heat removal in the device. The upper
InP cladding layer contains a 319 cm™ n**-InAlAs/ 120 cm™
p ' -InP tunnel-junction layer placed at a standing wave null to
minimize absorption loss, which is selectively etched to form
the thin aperture. The total cavity thickness is 3.5-A. The
DBRs are Al_30G3,70AS,53Sb,47/A1,95Ga‘05AS'51Sb'49 for the
1.3um structure and Al ;5GagsAs 54Sb 46/ Al 95Ga gsAS 51Sb 49 for
the 1.5um structure. The top and bottom mirrors contain 36.5
and 24.5 pairs for the 1.3 um devices, respectively, and 34.5
and 24.5 pairs for the 1.5 um devices, respectively. The major
advantage of this structure is that both 1.3 pm and 1.5 pm
devices are realized with parallel design, process, and
materials growth technology. This is potentially an excellent
platform for coarse wavelength division multiplexing
(CWDM) applications between 1.3 — 1.6 pm with 20 nm
channel spacing.

Device fabrication involved reactive ion etching (RIE) of
the top DBR down to the top InP contact layer in Cl, plasma.
The upper InP cladding layer, which functions as an etch-stop
layer for the upper DBR, was etched down to the tunnel-
junction layer via RIE with CH4-H,-Ar. Selective lateral
etching of the InAlAs portion of the tunnel junction was then

Fig. 2. Cross-sectional SEM of selectively etched InAlAs/InP tunnel-
junction aperture in a VCSEL cavity test structure.

performed with a mixture of citric acid and hydrogen peroxide
to form the thin air-gap aperture. The selectivity of this etch
over InP was observed to be greater than 100 to 1.
Subsequently, the remaining InP cladding was etched to the
active region via RIE. Finally, the active region was etched

with a citric acid and hydrogen peroxide mixture to expose the
bottom InP contact layer.  Ni/AuGe/Ni/Au was then
evaporated on the top and bottom InP contact layers.

A scanning electron microscope (SEM) picture of the
selectively etched tunnel-junction air-gap aperture is shown in
Figure 2. The dimensions of the aperture are controlled
through observing the removal of sacrificial etch pillars on the
wafer.

III. RESULTS AND DISCUSSION

1.3 um and 1.5 pm devices were fabricated and tested.
Light output versus current and voltage (LIV) curves are
shown for both 1.3 um and 1.5 um VCSELs in Figures 3 and
4, respectively. These devices were each 20 um diameter
pillars with 8 pm diameter tunnel-junction apertures. The
spectra at 3X threshold for both wavelengths are inset in the
appropriate figures and demonstrate the near single-mode
(SMSR >20dB) nature of these devices. This operation
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Fig. 3. Room temperature pulsed LIV curve for 1.3 um VCSEL with
inset pulsed lasing spectrum. Data was under-sampled due to pulsed
measurement restrictions, giving apparent kink in LIV curve.
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Fig. 4. Continuous wave LIV curves at various temperatures for 1.5 pm
VCSEL with inset CW lasing spectrum.
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demonstrates that the thin air-gap aperture placed at a standing
wave null provides sufficient index contrast to confine the
mode to smaller dimensions without significant scattering
loss.

We believe this to be the first report of an InP-based 1.3 pm
VCSEL with AsSb-based DBRs and tunnel junction
aperturing technology. The 1.3 um devices lased pulsed
(20°C, 500ns, 1kHz) at 1.32 pum and showed a high
differential efficiency of greater than 40%, demonstrating that
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Fig. 5. Differential efficiency and threshold current vs. tunnel-junction
aperture diameter for a 1.5 um device, showing scalability of aperturing
technology.

the thin tunnel-junction aperture effectively confines the
optical mode away from the rough DBR sidewalls. The 1.3
pm devices only displayed continuous wave (CW) lasing at
0°C due to a red shift of the gain peak with respect to the
cavity-mode and the low bottom mirror reflectivity (R =
99.1%). The 1.5 um devices lased at 1.54 um and achieved
differential efficiencies above 25%. CW operation was
observed for these devices up to 35°C. Higher temperature
performance is expected at both wavelengths with proper
adjustment of the gain peak to cavity-mode offset.

The scalability of the thin tunnel-junction apertures to
small dimensions is important for low threshold operation and
to therefore reduced heat generation in the devices. Figure 5
displays an example of this scalability. A reduction in
threshold current is demonstrated in a 1.5 um device as the
tunnel-junction aperture is scaled to smaller dimensions. In
fact, both wavelengths of devices displayed very low
threshold currents, with a lowest value of 0.67 mA for a 4 um
tunnel junction diameter in a 1.5 pum device, and a lowest
value of 1.4mA for a 6 pm tunnel junction diameter in a 1.3
pm device. This result clearly indicates the effective current
confinement achieved by the tunnel-junction apertures.

Figure 5 also shows a greater than 5X improvement in
differential efficiency as the aperture is scaled to smaller
dimensions, indicating that the thin tunnel-junction aperture

achieves mode guiding down to small dimensions without
introducing significant scattering loss to the device. The low
differential efficiencies for large aperture sizes are due to
scattering off the rough pillar sidewalls, as the aperture
diameter is still comparable to the pillar diameter. These
results are in good correlation with simulations based on an
algorithm analogous to the classic work of Fox and Li [11].

IV. CONCLUSIONS

We have demonstrated all-epitaxial 1.3um and 1.5um InP-
based VCSELSs on a wavelength flexible platform that utilizes
a common design, process, and materials growth technology.
This shows excellent promise for CWDM applications.
Implementation of a thin selectively etched tunnel-junction
aperture provided simultancous electrical and optical
confinement and has led to near single-mode operation. These
apertures have exhibited good performance down to small
dimensions, generating low threshold currents and high
differential efficiencies. Future work will involve
optimization of the gain peak to cavity-mode offset and high-
speed characterization.
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