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The 850-nm oxide-confined vertical-cavity surface-emitting lasers with petal-shape holey structures are presented.

An area-weighted average refractive index model is given to analyse their effective index profiles, and the graded index

distribution in the holey region is demonstrated. The index step between the optical aperture and the holey region

is obtained which is related merely to the etching depth. Four types of holey vertical-cavity surface-emitting lasers

with different parameters are fabricated as well as the conventional oxide-confined vertical-cavity surface-emitting laser.

Compared with the conventional oxide-confined vertical-cavity surface-emitting laser without etched holes, the holey

vertical-cavity surface-emitting laser possesses an improved beam quality due to its graded index distribution, but has

a lower output power, higher threshold current and lower slope efficiency. With the hole number increased, the holey

vertical-cavity surface-emitting laser can realize the single-mode operation throughout the entire current range, and

reduces the beam divergence further. The loss mechanism is used to explain the single-mode characteristic, and the

reduced beam divergence is attributed to the shallow etching. High coupling efficiency of 86% to a multi-mode fibre is

achieved for the single-mode device in the experiment.

Keywords: vertical-cavity surface-emitting lasers, single mode, low divergence angle, graded index
profile
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1. Introduction

Vertical-cavity surface-emitting lasers (abbrevi-
ated as VCSELs)[1−5] have attracted much attention
due to their advantages over edge-emitting lasers,
such as two-dimensional array formation, narrow
circular beam, wafer level testing, and single lon-
gitudinal mode operation. However, single-mode
high power VCSELs are usually demanded for a
number of applications, including high-resolution
high-speed laser printing,[6] optical storage,[7]

position sensing,[8,9] optical interconnects,[10−12]

gas detection,[13,14] atomic clock[15,16] and long-
wavelength telecommunications.[17−21] Generally,
there are three types of VCSELs, these be-
ing oxide-confined VCSEL,[22−24] proton-implanted
VCSEL,[25−27] and tunnel junction VCSEL.[18,20,21]

Among the three device structures, oxide-confined

VCSEL has advantages of low power consumption,
high frequency response, high uniformity, and high
reliability. Hence oxide-confined VCSELs have been
investigated intensively in the past years. However,
for the conventional oxide-confined VCSEL, the lat-
eral dimension is usually much larger than the effective
cavity length in the longitudinal direction, and the in-
dex step between the non-oxidized region and the
oxidized region is fairly large, accounting for strong
optical confinement. As a result, the conventional
oxide-confined VCSEL usually operates in multiple
transverse modes. For example, for the 850-nm oxide-
confined VCSEL, the single-mode operation is realized
by reducing the oxide aperture to around 3 µm, and
the output power is limited to about 3 mW.[28] How-
ever, the reduced oxide aperture causes many negative
effects, such as low output power, tight fabrication tol-
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erance, and narrow modulation bandwidth.[29] These
drawbacks originate from the dual roles of the oxide
aperture used to confine the optical field and the in-
jected current simultaneously, and the large index step
between the oxide region and the non-oxide region.[23]

To achieve the single-mode operation with high
output power in an oxide-confined VCSEL, many
other methods have been proposed and developed,
for example, surface relief structure,[30,31] high-index-
contrast subwavelength grating structure,[32] sin-
gle higher-order mode VCSEL,[33] metal aperture
structure,[34] surface grating relief structure,[35] pho-
tonic crystal waveguide structure,[36−44] and mode
selective aperture structure.[45−47] All the structures
successfully achieve the single-mode operation due to
the fact that the optical confinement is decoupled from
the current confinement. The optical confinement and
the current confinement are implemented separately.
The oxide aperture is used merely to confine the in-
jected current, whereas the optical field is confined by
the engineered structure in the top distributed Bragg
reflector (DBR). As a result, the oxide aperture can
be increased to 3 µm and more, which leads to the
multi-mode operation. The higher-order modes are
filtered to realize the fundamental-mode operation by
the engineered structure in the top DBR. This basic
concept provides another degree of freedom, which can
be used for the optimization of device performance,
and enhances the flexibility in designing the device
structure. Thus VCSELs with high performances are
expected, for example, to achieve single-mode oper-
ation, high output power, low series resistance, high
speed modulation, and low-divergence-angle beam.

In recent years, based on the separated confine-
ment for the injected current and the optical field,
the holey structure has also been used to achieve the

single-mode operation. The oxide aperture is typically
larger than the optical aperture in holey VCSEL. Fu-
rukawa et al.[48] first reported that they had realized
the standard fundamental mode and deformed funda-
mental mode operations by tuning the triangular hole
number and the relative position between the oxide
aperture and the optical aperture in an oxide-confined
VCSEL for the first time. Later, the single-mode op-
eration was also achieved by introducing the trian-
gular holey structure in proton-implanted VCSEL by
another group,[49] and the modal characteristics were
explained by the selective loss mechanism.[50] Accord-
ing to the selective loss mechanism, Yang et al.[51] re-
ported that they had realized the single-mode high
power operation in the oxide-confined VCSEL with a
multi-leaf holey structure in the top DBR in 2006.

In the present paper, we demonstrate oxide-
confined VCSEL with a petal-shape holey structure.
The index profile of the structure is deduced from an
area-weighted average refractive index model and the
etching depth dependence factor. The modal charac-
teristics are investigated in terms of the selective loss
mechanism, and the high-quality beam is explained
by the graded index profile and the shallow etching.
Finally, the coupling efficiency to a multi-mode fibre
is measured.

2. Theoretical analysis

The top view and the cross-sectional view of the
device structure are illustrated in Figs. 1(a) and 1(b),
respectively. The petal-shape holey pattern, which
is composed of several annular-sector-shape holes, is
patterned within the ring contact on the top DBR.
As shown in Fig. 1(a), the region surrounded by the
annular-sector-shape holes is the optical aperture for

Fig. 1. Schematic of the device structure. (a) Top view. The grey annular sectors represent the holes. R and r0 denote

the radii of optical aperture and oxide aperture, respectively. L refers to the height of the annular-sector-shape hole. The

angle of the annular sector is given as θ in radians. (b) Cross-sectional view. The effective index profile is not scaled. (c)

Scanning electron microscope (SEM) image of type C. R is 3 µm.
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light emitting out. The radius of the optical aper-
ture is given as R. The radius of the oxide aper-
ture is r0, which is larger than R. The total number
of the annular-sector-shape holes is N The angle of
each annular-sector-shape hole is given as θ in radians
(θ = π/N). The height of the annular-sector-shape
hole is given as L. The refractive indices of the ho-
ley region and the semiconductor region are given as
na and ns, respectively. All the annular-sector-shape
holes share the same centre located at the central point
of the optical aperture.

Indeed, the modal characteristics in this structure
can be obtained numerically by standard computation
techniques, for example, the full three-dimensional
finite-difference time-domain (3D-FDTD) analysis.[50]

However, large computation resources and huge time
are always required. A simple model is used to in-
vestigate the structure in the present work. Different
from the circumference-weighted average refractive in-
dex model employed in Ref. [49], an area-weighted av-
erage refractive index model is adopted here. The av-
erage refractive index is given as a function of radius
r due to the symmetric structure. The effective index
is roughly written in the following form:

n(r) =





ns, r < R,

(na + ns)/2, R < r < r0.
(1)

Considering the effect of finite etching depth of the
holes on the transverse index profile, the etching depth
dependence factor γ was ever proposed in Ref. [52] for
photonic crystal VCSELs, where 0 < γ < 1. The
etching depth dependence factor γ can be understood
qualitatively as a relative quantity of the longitudi-
nal optical mode which overlaps the pattern etched
from the top VCSEL facet with respect to a specified
depth.[52] Using a weighted average which accounts
for the relative quantity of optical mode present in the
etched DBR layers, then equation (1) can be rewritten
as

n(r) =





ns, r < R,

(1− γ)ns + γ(na + ns)/2, R < r < r0.

(2)
It is obvious that the etching depth tailors the trans-
verse index profile in the holey region. From Eq. (2),
the index step ∆n between the optical aperture (r <

R) and the holey region (r > R) is given as γ(na +
ns)/2. Thereby the index step ∆n is related merely to
the factor γ, and the deeper etching caused the larger
index step ∆n.

There were 4 degrees of freedom (R, r0, L, θ or
N) in the petal-shape holey structure. Herein three
parameters: R, r0, and L, are fixed, whereas the hole
number N is varied. The lager hole number N means
the smaller lateral dimension for each etched hole. In
the fabrication process, all the samples are etched at
the same time. Since the etching depth strongly de-
pends on the lateral dimension of the annular-sector-
shaped hole, the larger hole number N leads to a shal-
lower etching depth for the same etching time, which
corresponds to the smaller γ-factor.[52] At the same
time, the smaller index step ∆n is obtained. On
the other hand, along the radial direction outwards
from the centre in the top DBR, the lateral dimension
is gradually increased in each annular-sector-shaped
hole, and the factor γ is also gradually increased along
the radial direction outwards from the centre. Thus
the factor γ is a function of radius r, and the index
profile is graded along the radial direction outwards
from the centre in the holey region. The schematic of
the effective index profile is shown in Fig. 1(b). When
the hole number N is smaller, the index step ∆n is
larger, and the stronger index confinement is achieved.
The stronger index confinement reduces the mode size,
yielding less diffraction loss. In addition, the holes in-
troduced into the top DBR reduce the reflectivity of
the DBR and increase the scattering loss and the mir-
ror reflection loss in the holey region. When the hole
number N is larger, the scattering loss and the mir-
ror reflection loss become larger. The diffraction loss
also becomes larger because of the lower index step
∆n and the graded index profile in the holey region.
Thus the larger hole number N leads to a larger total
loss. As a result, the larger N and deeper etching are
beneficial to filtering the higher-order modes. Single-
mode holey VCSELs can be easily realized with the
larger hole number N .

3. Fabrication

The 850-nm GaAs-based VCSEL epilayer struc-
ture is studied. The epilayer wafer is produced by
IQE Company, and is comprised of a triple GaAs
quantum-well active layer, an Al0.98Ga0.02As p-side
oxide layer, lower 34.5-pair n-type and upper 20.5-
pair p-type Al0.12Ga0.88As/Al0.9Ga0.1As DBRs, and
a top p-GaAs contact layer. Mesa structures with a
diameter of 86 µm were formed on the epilayer struc-
ture mentioned above by the optical lithography and
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wet etch method. The Al0.98Ga0.02As layer was ex-
posed to yield the oxide aperture with a diameter of
20 µm, which was larger than the optical aperture, and
was followed by SiO2 passivation. After opening the
SiO2 layer, a p-type metal (Ti–Au) contact was de-
posited. Subsequently, the petal-shape holey pattern
was defined using the electron beam resist (ZEP520A)
by an electron beam writing system (Raith 150), and
the holes were etched down by the inductively cou-
pled plasma (ICP) etching system (Oxford 100) with
Cl2/BCl3 serving as the etching gases. Finally, the
substrate was thinned, and an n-type (Au–Ge–Ni–Au)
Ohmic contact was evaporated on the substrate. The
scanning electron microscope (SEM) image is shown
in Fig. 1(c).

We have fabricated and measured four types of
device structures, i.e., structures A (N = 5), B
(N = 6), C (N = 9) and D (N = 10). In the dry
etching process, all the samples were etched for the
same time. Since the etching depth strongly depends
on the lateral dimension of the annular-sector-shape
hole, the larger hole number N leads to the shallower
etching depth under the condition of the same etching
time. After the etching process, the etching depths for
the four types were 1.9 µm (A), 1.6 µm (B), 1.3 µm
(C), and 1.1 µm (D). Hence the smallest index step
∆n was obtained in the D-type device according to
Eq. (2). For comparison, the conventional VCSEL
without the holey structure of the same oxide aper-
ture in the top DBR was also fabricated on the same
wafer.

4. Results and discussion

4.1.Output power and modal character-

istics

All the devices were measured under a
continuous-wave (CW) current at room temperature
(RT). Figure 2 shows light–current–voltage (L–I–V )
curves. The output power and the slop efficiency of
VCSEL with a holey structure are reduced, whereas
the threshold current is increased compared with those
of the conventional oxide-confined VCSEL. Further-
more, the threshold current of holey VCSEL increases
and the slop efficiency reduces with the hole number
N increasing. These characteristics are attributed
to the larger loss introduced by etched holes. With
the hole number N increasing, the total loss increases

and higher current needs to provide sufficient gain
for lasing. Thus the slope efficiency decreases and
the threshold current increases as the hole number
N is increased. Additionally, with the hole number
N increasing, the field profile becomes more extended
owing to the shallow etching and the graded index pro-
file. The loss for the lasing modes increases and the
output power reduces as the annular-sector-shaped
hole number N is increased. For example, single-
mode output powers for types C and D are both
about 1 mW.

Fig. 2. The L–I–V curves of four structures and con-

ventional oxide-confined VCSEL, all with the same oxide

apertures and no etched patterns.

Figure 3(a) demonstrates the spectrum of the con-
ventional oxide-confined VCSEL at 9 mA. The device
operates in multiple modes, because of the large oxide
aperture. Figure 3(b) shows the spectral characteris-
tics of the four types, which are measured by an op-
tical spectrum analyser (Agilent 86142B, Resolution
0.06 nm) under RT. Among the four types, types A
and B operate in multiple modes. However, types C
and D operate in single mode even at rollover. The
side mode suppression ratio (SMSR) exceeds 30 dB
throughout the entire drive current range. For the
measured devices, because the size of the optical aper-
ture is larger than that of the oxide aperture, the sepa-
rated confinement is implemented. The holey pattern
overlaps the oxide aperture by 4 µm, and the fun-
damental mode and the higher-order modes all suffer
considerable losses in the four types. Typically, the
mode sizes of the higher-order modes are larger than
that of the fundamental mode. Thus the higher loss
for the higher-order modes was achieved in the petal-
shaped holey structure with a larger hole number N .
Due to the insufficient gain, the higher-order modes
are suppressed. The lasing spectra are purified and
the single-mode operation is achieved.
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Fig. 3. (a) Spectrum of the conventional oxide-confined VCSEL at 9 mA, and (b) measured spectral characteristics

of the four types. The CW currents for types A, B, C and D are 9 mA, 15 mA, 27 mA and 26 mA, respectively.

4.2. Far field patterns

The far field patterns (FFPs) of single-mode
devices are also measured under room tempera-
ture. Because of the multi-mode operation, the
FFPs of the conventional oxide-confined VCSEL with
no etched holes are of ring shape, non-Gaussian
distribution, which are shown in Fig. 4. Fig-
ures 5(a) and 5(b) show the FFPs of types A
and B, respectively. Different from the FFPs of

Fig. 4. Typical FFPs of the conventional oxide-confined

VCSEL, measured in the x and the y directions at CW

current of 9 mA.

the conventional oxide-confined multi-mode VCSEL,
the FFPs are of Gaussian distribution over the entire
drive current range, although the two devices oper-
ated in multiple modes. This effect is probably at-
tributed to the graded index profile. The Gaussian
distribution FFPs of multi-mode holey VCSELs indi-
cate that the single-fundamental-mode characteristic
cannot be confirmed only by the Gaussian distribu-
tion FFPs without the optical spectrum measurement,
contrary to the results reported in Ref. [53] where
the single-fundamental-mode operation was confirmed
only by the narrowed Gaussian FFPs. The average
divergence angle (averaging the divergence angles in
the x and the y directions; divergence angle that is
defined as the full width at half maximum (FWHM)
of the FFPs) of type A increases linearly as the cur-
rent increases, whereas the average divergence angle
of type B also approximately linearly changes. The
shallower etching depth reduces the divergence angle
of the multi-mode holey VCSEL, which can be seen by
comparing Fig. 5(a) with Fig. 5(b). The FFPs of types
C and D are shown in Fig. 6. The far field profiles are

Fig. 5. Measured FFPs. (a) Type A. The FFPs are measured in the x and the y directions at CW current of 35 mA. The

inset shows the divergence angles over the entire drive current range. (b) Type B. The FFPs are measured in the x and the

y directions at CW current of 40 mA. The inset shows the divergence angles over the entire drive current range.
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Fig. 6. (a) Type C. The FFPs are measured in the x and the y directions at a continuous wave current of 25 mA. The

inset shows the average divergence angles over the entire drive current range. (b) Type D. The FFPs are measured in the x

and the y directions at a continuous wave current of 26 mA. The inset shows the average divergence angles over the entire

drive current range.

of Gaussian distribution throughout the entire drive
current range. The average divergence angles of type
C over the entire drive current range, which are calcu-
lated by averaging the divergence angles in the x and
the y directions, are between 4.3◦ and 4.5◦. However,
the average divergence angles of type D remain in a
range of 3.2◦–3.6◦ throughout the entire drive current
range. The stable FFPs result from the low differen-
tial resistance (about 45 Ω) induced by the large oxide
aperture.

The lowest measured divergence angle is also less
than the result (5.1◦) reported in Ref. [37], in which
the reduced divergence angle was realized by intro-
ducing a photonic crystal waveguide inducing the low
index step ∆n between the optical aperture and the
holey region in the top DBR. However, for the petal-
shape holey structure, two main features make contri-
butions to the high-quality beams. The first one is of
the graded index distribution in the top DBR, intro-
duced by the etched holes. In our previous work, we
reported that the index step ∆n between the optical
aperture and the holey region steered the FFP, and
the larger index step ∆n led to the higher divergence
angle.[37] However, as mentioned above, due to the en-

larged lateral dimension of the hole along the radial
direction outwards from the centre, the hole depth
gradually increases, and the index step ∆n also in-
creases gradually. The graded index profile in the top
DBR widens the optical field, and the narrow beam
divergence is achieved, because the FFP is obtained
by Fourier transform of the near field pattern. The
other one is of the shallow etching, which makes con-
tribution to the low index step ∆n between the optical
aperture and the holey region. With the hole number
N increasing, the etching depth reduces under the con-
dition of the same etching time.

4.3.Coupling efficiency

The coupling efficiencies into a multi-mode fi-
bre are measured at CW current under RT. Cou-
pling is implemented with no optics by simple butt-
coupling into the flat-cut uncoated fibre (62.5-µm
step index fibre with 0.275 in numerical aperture and
5 m in length). Coupling loss depends on lateral
displacement, longitudinal displacement, tilt, and ax-
ial rotation.[54] The experimental results are demon-
strated in Fig. 7. For type A, the coupling efficiency

Fig. 7. Coupling efficiencies into a multi-mode fibre at different currents. (a) Type A. (b) Type D.
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increases to 67% and then reduces with the injected
current increasing, because VCSEL-fibre coupling ef-
ficiency into multi-mode fibre strongly reduces with
the increase of transverse mode number for strongly
index guided VCSEL.[55] The coupling efficiency re-
duces from 82% to 72% as the injected current in-
creases for type D. After correction for the 4% Fres-
nel loss at the output end of the fibre with neglect-
ing the transmission loss, the maximum coupling effi-
ciency reaches 86%. The relatively high coupling ef-
ficiency is attributed to the single-fundamental-mode
characteristic. The conventional oxidized VCSEL has
a little power coupled into the fibre, and the coupling
efficiency is less than 5% in our experiment, because
of the inferior mode matching.[55]

5. Conclusions

VCSELs with petal-shape holey structures are
demonstrated. The area-weighted average refractive
index model is used to obtain the effective index dis-
tribution in the holey region. The index step between
the optical aperture and the holey region is deduced
from the model, which is related merely to the etching
depth. Experimental results show that the beam qual-
ity of the holey VCSEL was improved in comparison
with that of conventional oxide-confined VCSEL. The

multi-mode holey VCSELs possess Gaussian far-field
profiles throughout the entire current range, which is
probably due to the graded index profile. With the
hole number increasing, the holey VCSEL operates in
a single fundamental mode (SMSR > 30 dB), and its
far-field pattern is of Gaussian distribution, with the
divergence angle further reduced. The single-mode
characteristic is attributed to the large total loss, and
the high-quality beam is due to the graded index pro-
file and the shallow etching in the top DBR. However,
the maximum output power of single-mode holey VC-
SEL is about 1 mW due to the large loss induced by
etched holes. In order to improve the single-mode
power and suppress higher-order modes, the optical
aperture can be enlarged appropriately in holey VC-
SEL with a large hole number (for example, N = 9
or 10). Thus single-mode operation may be obtained,
and the higher output power with the high-quality
beam can be expected.

The low divergence beam enhances the coupling
efficiency into the fibre. The maximum coupling ef-
ficiency into a multi-mode fibre reaches 86% for the
single-mode device in our experiment. Besides, we be-
lieve that these multi-mode holey VCSELs with Gaus-
sian distributed far-field patterns are good candidates
for the laser printing for the demands of high power
and Gaussian-like beam profile in the application of
the laser printing.[6]
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