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We presented a single-transverse-mode and single-polarization vertical-cavity surface-emitting laser (VCSEL) with an eye-shaped oxide aperture,
obtained by enhanced anisotropic oxidation of oxide layer. For apertures with dimensions of 2 x 4.6 and 3 x 6 um?, the orthogonal polarization
suppression ratio (OPSR) of the VCSEL was 22 and 19 dB, respectively. A single-mode suppression ratio (SMSR) of more than 25dB at an output
power of 0.5mW was also achieved for the VCSEL with aperture dimension of 2 x 4.6 pm?. We believe that the proposed method to realize the
mode and polarization control of VCSELs has great potential in future applications. © 2018 The Japan Society of Applied Physics

ertical-cavity surface-emitting lasers (VCSELSs)

are the smallest and economically efficient laser

emitters developed so far.!"? The unique geometry
of VCSELs results in several significant advantages over
their edge-emitting counterparts, including low power con-
sumption and longitudinal single-mode operation. However,
unlike conventional edge emitting lasers, where the aniso-
tropic structure geometry determines the output polarization
in a natural way, cylindrically symmetric VCSELSs are prone
to unstable polarization.>® This is a crucial limiting factor for
polarization-sensitive applications, such as optical commu-
nication, optical information processing, and atomic sen-
sors.>® Thus, extensive attempts have been made to stabilize
the polarization states of VCSELs, such as the use of fine
metal-interlaced gratings, external optical feedback, electro-
optic birefringence, photonic crystals, and high contrast
grating structures.””'? However, the large-scale fabrication of
VCSELs with these complex processes is difficult to realize.
An oriented GaAs substrate can introduce anisotropic optical
gain in the active region of VCSELs, thus realizing polari-
zation.'! Polarization control can also be achieved by
using structurally anisotropic self-assembled quantum dots as
active layers in VCSELs.'>'® The above studies employed
excellent techniques in the field of crystal growth for VCSEL
structures, but these techniques cannot be easily used by
other researchers. A typical method to control the polar-
ization direction of VCSELSs is to fabricate anisotropic oxide
apertures, and this has been demonstrated by fabricating a
VCSEL array with a rectangular mesa structure.!” A method
to introduce an asymmetric oxide aperture itself is of course
another ideal solution. This has been practically achieved
for red-emitting VCSELs,'® whose polarization stability
is attributed to the effects of spontaneous ordering during
metal-organic vapor phase epitaxy (MOVPE) growth of
the GalnP material system, which leads to a reduction in
crystal symmetry.'® The NIR-emitting VCSELSs are normally
polarization-unstable due to the crystal symmetry of AlGaAs
materials. However, oxidation apertures with an asymmetric
shape can also be obtained, because the anisotropy of lateral
oxidation along different crystal directions can be controlled
via the oxidation conditions.?’2! Additionally, the oxidation
rate along different crystal directions can be affected by the
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mechanical stress resulting from the volumic shrinkage that
occurs during the oxidation, especially when the Al content
of the oxide layer exceeds 98%.%%*3 However, realizing the
stable polarization control of VCSELSs via the anisotropy of
the oxidation process of AlGaAs compounds has been the
subject of very few studies in spite of its high relevance to
photonic device applications.

In this letter, we report on eye-shaped oxide apertures
to enhance the polarization stability of VCSELs. First, we
describe the structure of our VCSEL and explain the selection
principle of key parameters. Secondly, the oxide apertures
with a shuttle shape are presented and explained. Finally,
the polarization characteristics of VCSELs with shuttle-shape
apertures of different dimensions are shown. In this study, the
single-mode and single-polarization operation of VCSELS is
simultaneously achieved when the dimensions of the shuttle-
shaped aperture are 2 X 4.6 um®. An orthogonal polarization
suppression ratio (OPSR) of more than 21dB and a single-
mode suppression ratio (SMSR) of more than 25dB at an
output power of 0.5mW are achieved.

A schematic diagram of the epitaxial structure of our
VCSEL is shown in Fig. 1. The MOVPE-grown 890 nm
VCSEL wafer was fabricated on an n-type GaAs(100) sub-
strate. The carbon-doped p-type distributed Bragg reflector
(DBR) in the VCSEL consisted of 22 pairs of Alj;GajoAs/
AlpoGag jAs layers. For selective oxidation, the oxide layer
was partially used instead of the Aly9Gay As layer, near the
active region, in the p-side DBR. The AlAs material was used
as the oxide layer because it shows more anisotropic oxidation
during the oxidation process than the traditional Al gg-
Gay orAs. The thickness of the AlAs oxide layer was chosen as
70nm, which was much thicker than the traditional oxide
layer of 30nm. Thus, the stress-induced difference in the
oxidation rate along the orthogonal crystal directions is
enhanced.?” A circular mesa was defined using photolithog-
raphy and inductively coupled plasma (ICP) to allow the
lateral oxidation of the buried AlAs from its etched sidewall.

The samples were then oxidized at 410°C in a saturated
N,/H,0O mixture produced at 93 °C. To increase the aniso-
tropy during the oxidation process, the gas distribution within
the oxidation furnace was controlled. An exhaust pump was
connected to the furnace chamber. The pumping rate was

© 2018 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic cross-sectional view of the VCSEL
structure: the near field of the VCSEL with an eye-shaped oxide aperture is
shown in the inserted figure.

slightly higher than the gas feed rate. Thus, an oriented flow
direction of the moisture was formed within the chamber.
During the oxidation process, the (110) crystal direction of
the wafer was set perpendicular to the gas flow direction as
the oxidation rate along this crystal direction is lower.?* Then
lateral oxidation of the buried AlAs layer was carried out. A
near-field top-view image of a final VCSEL device is shown
as the inserted figure in Fig. 1. A shuttle-shaped emitting
region can be clearly observed.

To describe the oxide aperture accurately, we etch the
p-DBR of the oxidized sample away by H,SO,4 and H,O,
solutions.? Figures 2(a)-2(c) show top views of oxide
apertures with different oxidation times. The mesa diameter is
30 um and the oxide apertures in the center of the mesa are a
gray-white. The black region around the oxide aperture is the
oxidized part of the AlAs layer, which is mostly Al,O,. Only
a very small part of the oxidized layer still exists on the mesa
because the outer part of the oxidized layer collapses beneath
the p-DBR layers, which are laterally etched away by the
chemical solutions. The gray-white region around the black
region is not in the same plane as the black region, and it is
formed from the residual p-DBR, the further etched active
region, and the n-DBR. The etching rate of the InGaAs layers
in the active region by our etching solutions is very low.
Thus, the observed regions around the black layer are mainly
the active region and the n-DBR region. As is known, the
skirt effects around the bottom of a VCSEL mesa can be
enhanced by a wet etching process. Thus, the size of the
residual active region is larger than that of the original mesa
structure. However, when the etching time is long enough,
the p-DBR region can be laterally etched and become
smaller. When the p-DBR layers outside the oxidized layers
are etched away, only a very small part of the original mesa
can be observed around the black oxidized layers, as shown
in Fig. 2(b). During the above process, two circular gray-
white areas can be observed due to the mask effect of the
InGaAs layers within the active region, as shown in
Figs. 2(a) and 2(c).

The shuttle-shape of the oxide apertures can be observed in
Fig. 2. This shape means that anisotropy of the oxidation rate
is realized during the AlAs oxidation process. The length
along the short axis of the oxide aperture is defined as Dg and
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Fig. 2.
circular mesa and oxidation time are (a) 8 min, (b) 9 min, and (c¢) 10 min. The
oxide aperture appears gray-white in the center of the mesa. The length of the
oxide aperture along the short axis is identified.

(Color online) Oxide aperture of VCSEL samples with 30 um

T T T T T 24
10 o o
8 0
* 42.0
E_ w
= g
o Sample B o
*r Sample A
4116
2t . .
I I 1 I L
7 8 9 10 11 12 13

Oxidation time/min

Fig. 3. (Color online) Ds and Dy /Ds dependences on the oxidation time.
The red circles and blue diamonds represent Ds and Dy /Ds, respectively.

the length along the long axis is defined as Dy. As the
oxidation time increases from 8 to 10 min, Dg decreases from
9.87 to 4.89 um. Also, the oxidation rate of the AlAs layer
along the short axis is about 1.25 um/min. We can observe
in Fig. 2 that D, changes very slowly as the oxidation time
increases. Thus, Dy /Ds is expected to increase when the
oxidation time increases.

VCSEL samples with different oxidation time was fabri-
cated and measured by the above method. The parameters Dg
and D /Ds were obtained and are shown in Fig. 3. As the
oxidation time increases, Ds first decreases rapidly then more
slowly. This phenomenon is consistent with that reported in
prior research on the isotropic oxidation of a circular mesa.!”
As the length along the long axis of the oxide aperture
Dy changes much slower than Ds, Dy /Ds increases with
increasing oxidation time. In fact, Dy /Ds increases rapidly
when the oxidation time is longer than 10min, as shown in
Fig. 3. Thus, a narrower oxide aperture is expected for longer
oxidation times. Oxide apertures with a narrower shape can
realize more intense asymmetric confinement of the optical
field and current within the active region of the VCSEL, and
the stable polarization of the VCSEL can be expected.
Following this principle, two samples were fabricated with
oxidation time of 12 and 11 min, named samples A and B,
respectively. Dg for samples A and B are 2 and 3 um, as
shown in Fig. 3. The ratios between Dy and Dg are 2.3 and 2
for samples A and B, respectively.

The polarization-resolved light—current (PRL-I) character-
istics of samples A and B are shown in Fig. 4. The red and
blue lines in Fig. 4 indicate the optical powers Py and Py
measured behind a Glan—-Thompson polarizer, respectively.

© 2018 The Japan Society of Applied Physics
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Fig. 4. (Color online) Polarization-resolved operation characteristics of
samples A (a) and B (b). The red and blue lines represent the optical power
along the long (0°) and short (90°) axes of the oxide aperture, respectively.
The OPSR is defined as OPSR = 1010g(Pg/Poyoe).

The optical transmission direction of the polarizer is parallel
(0°) and orthogonal (90°) to the long axis of the oxide
aperture, respectively, with no correction for the losses intro-
duced by the polarizer. The threshold current of sample A
is extremely low, as shown in Fig. 4(a) and a maximum
magnitude of the OPSR of as high as 22dB is obtained for
sample A, where OPSR = 101og(Py-/Pggc). Sample A shows
very stable polarization up to thermal roll-over. The oxide
aperture of sample B is larger than that of sample A. Thus,
the threshold current of sample B is higher than that of
sample A, as shown in Fig. 4(b). The maximum OPSR of
sample B is about 19dB and the OPSR of sample B at
different operating currents is not as high as that of sample A.
The main reason for this may be that Dy /Dg of sample B is
lower than that of sample A, as shown in Fig. 3. The optical
power orthogonal (90°) to the long axis of the oxide aperture
increases when the operating current exceeds 4.5mA in
Fig. 4(b) and the optical power parallel (0°) to the long axis
of the oxide aperture begins to roll over at this operating
current. Thus, the OPSR of sample B decreases when the
operating current exceeds 4.5mA, as shown in Fig. 4(b).
However, the polarization orientation of sample B is still
very stable during the whole operating range, and the OPSR
reaches 15dB even at the thermal roll-over point. These
results demonstrate that we have realized the stable polar-
ization control of VCSELSs even when their mesa is circular.

VCSELSs with a single transverse mode and single polari-
zation are very useful for numerous applications. The high-
resolution lasing spectra of sample A operated at different
currents were measured by a Yokogawa AQ6370D spectrom-
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Fig. 5. (Color online) Emission spectra of sample A at the operating
currents of 1 and 3 mA. The red and blue lines represent the optical spectra
along the long (0°) and short (90°) axes of the oxide aperture, respectively.

eter. Figure 5 shows the spectra of sample A at different
operating currents. The inserted figure shows the near field of
sample A operated near the threshold current, captured under
a microscope. Shuttle-shaped emitting spots can be observed
clearly for sample A, which is in accord with the shape of its
oxide aperture.

A red-shift of the center wavelength can be observed in the
spectra in Fig. 5, mainly caused by the internal self-heating
effect of the VCSEL. The red lines in the spectra confirm
that the SMSR exceeds 25dB up to 3mA, and the VCSEL
delivers a single-mode output power of more than 0.5 mW.
For sample A, the dimensions of both the long and short axes
of the oxide aperture satisfy the transmission condition for a
single transverse mode.?® This is the main reason for the
single-transverse-mode operation of sample A. The polariza-
tion resolved spectra clearly show that a stable OPSR of more
than 21dB is also obtained, as indicated in the spectra in
Fig. 5. The stable polarization is mainly due to the high
aspect ratio of the eye-shaped oxide aperture. Thus, a single
transverse mode and single polarization are achieved for the
VCSEL with the circular mesa structure.

The far-field profiles along different axes of the shuttle-
shaped oxide aperture of sample A are shown in Fig. 6. The
divergence angle along the long axis is about 12.4° (FWHM),
while that along the short axis is about 6.9°. The different
divergence angles along the two directions are mainly caused
by the asymmetrical shape of the oxide aperture. Although
the far-field profile is not symmetric, in contrast to that of
regular VCSELs, a tailored intensity distribution can be
realized by using micro lenses. Also the optical system can be
simple. Actually, the freedom to realize a wide variety of
intensity distributions using VCSELs with an asymmetrical
far-field shape can be acquired with one or more lenses, as
has been proved by Miller and co-workers.?”?®

We reported the achievements of a single-polarization and
single-transverse-mode VCSEL by introducing a eye-shaped
oxide aperture. Eye-shaped oxide apertures with different
dimensions and aspect ratios were realized by the enhanced
anisotropic oxidation of the AlAs layer. We demonstrated the

© 2018 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 57, 120309 (2018)

J. Zhang et al.

1 -0 T T 4 ~ T T
——Short axis
- ; 5)
z 08l Long axis
0.6 .
= 7)
<
N
= 0.4} i 8)
£
=]
=z 02 'J 9)
0.0 - ' : I : 10)
-30 -20 -10 0 10 20 30
Angle/deg 11)
Fig. 6. (Color online) Far-field profile along each axis of the oxide 12)
aperture of sample A at a driving current of 3 mA.
13)
. . . . . 14)
single-mode and single-polarization operation for an oxide
aperture with dimensions of 2 X 4.6 um?. An SMSR of more  15)
than 25 dB and an OPSR of more than 21 dB were achieved ]
at an output power of more than 0.5 mW. For a larger oxide ®
aperture with dimensions of 3 x 6 um?, the maximum OPSR 17)
of the VCSEL was 19dB. Thus, we have reported a very
feasible and effective method to realize the transverse mode 18
and polarization control of VCSELs. We believe that this 19)
method can substantially reduce the cost of fabricating
linearly polarized VCSELs and will be especially useful to  20)
control the polarization angle in large-scale VCSEL arrays. 21)
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