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The influence of oxidation aperture on the output characteristics of the circularly symmetric vertical-cavity-surface-
emitting laser (VCSEL) structure is investigated. To do so, VCSELs with different oxide aperture sizes are simulated by
the finite-difference time-domain (FDTD) method. The relationships among the field distribution of mode superposition,
mode wavelength, output spectra, and far-field divergence with different oxide apertures are obtained. Further, VCSELs
respectively with oxide aperture sizes of 2.7 µm, 4.4 µm, 5.9 µm, 7 µm, 8 µm, 9 µm, and 18.7 µm are fabricated and
characterized. The maximum output power increases from 2.4 mW to 5.7 mW with oxide aperture increasing from 5.9 µm
to 9 µm. Meanwhile, the wavelength tuning rate decreases from 0.93 nm/mA to 0.375 nm/mA when the oxide aperture
increases from 2.7 µm to 9 µm. The thermal resistance decreases from 2.815 ◦C/mW to 1.015 ◦C/mW when the oxide
aperture increases from 4.4 µm to 18.7 µm. It is demonstrated theoretically and experimentally that the wavelength spacing
between adjacent modes increases with the augment of the injection current and the spacing becomes smaller with the oxide
aperture increasing. Thus it can be reported that the aperture size can effectively reduce the mode overlaying but at the cost
of the power decreasing and the wavelength tuning rate and thermal resistance increasing.

Keywords: finite-difference time-domain (FDTD), vertical-cavity-surface-emitting laser (VCSEL), oxide
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1. Introduction
Vertical-cavity surface-emitting laser (VCSEL) is proved

to be a powerful competitor to edge-emitting semiconduc-
tor laser because of its significant advantages such as low
threshold current, circular output beam, high-speed modula-
tion, low cost, and easy fabrication in two-dimensional (2D)
arrays.[1–3] These advantages enabled it to be extensively ap-
plied to high-power laser source, short-distance optical inter-
connection, chip-scale atomic clocks, and photonic neuromor-
phic computing.[4–14] In addition, the full width half maximum
(FWHM) of VCSEL’s emission spectrum is usually less than
1 nm and its temperature dependence is shifted at a rate of
0.065 nm/◦C, which is smaller than edge emitter’s or LED’s
(about 0.3 nm/◦C). This allows the narrow band filter to be
used to remove the unwanted background and improve the
signal-to-noise ratio (SNR), which is very attractive for many
applications. Nowadays, VCSELs emitting at various wave-
lengths are widely studied and some of them, such as 980 nm,
850 nm, and 780 nm devices, even are commercialized.[15–18]

VCSEL with an operating wavelength of 850 nm has
aroused the great interest in short-haul optical communica-
tion. Due to optical and electric confinement of the oxidation
layer, VCSEL devices can achieve only a low threshold single-
mode laser output. In order to improve VCSEL’s output per-

formance, one has studied the influence of the oxidation layer
on output characteristics of VCSELs. In 2002, Hawkins et al.
analyzed the effect of oxidation aperture size on VCSEL’s reli-
ability. It proved that the device with a larger aperture size has
higher reliability.[19] Chang et al. utilized multiple oxidation
layers to reduce the parasitic effect of VCSELs in 2006, and
in this way high efficiency and modulation rate devices were
implemented.[20] In 2009, the electro–optical characteristics
of VCSELs fabricated on the same 850-nm epitaxial wafer
with various oxide aperture sizes were presented by Sharizal et
al., which revealed high efficiencies of the fabricated VCSEL
devices.[21] Choi et al.[22] studied the thermal property of the
850-nm devices by using thermal–electric direct-coupled field
analysis. It is found that the smaller the oxidation aperture, the
greater the thermal resistance of the device will be.

In this paper, the output characteristics of the 850-nm VC-
SELs with various oxide apertures are presented. First, the
relationship among the electric field distribution, output wave-
length, output spectra, and far-field divergence with different
oxide apertures are calculated by the FDTD solution. Then,
the electro–optical characteristics, output spectral, and near-
field characteristics for some devices are measured. Also, the
relationship between the wavelength spacing with oxide aper-
ture and current is illustrated in both theory and experiment.
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The results indicate that the oxide aperture size has a great
effect on the output characteristics of VCSELs.

2. Mode calculation and analysis
The FDTD method, in which difference instead of dif-

ferential is used, is suitable to analyzing the electromagnetic
fields of any complex structures. The FDTD simulation results
of the VCSEL structure, optical field, and refractive index dis-
tribution are shown in Fig. 1. In Fig. 2, the three-dimensional
(3D) electric field distributions of mode superposition with nu-
merous oxidation apertures are obtained. It can be seen that
the VCSEL realizes the fundamental transverse mode output
when the oxidation aperture is 2 µm. With the aperture size
increasing, the high-order mode appears, the distribution of
the electric field becomes more complex and the area of the

electric field increases.
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Fig. 1. Standing-wave pattern of optical field and refractive index dis-
tribution in VCSELs. Inset: FDTD simulation model of VCSEL on
perspective view.
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Fig. 2. The 3D electric field distributions of mode superposition with oxidation aperture of (a) 2 µm, (b) 3 µm, (c) 6 µm, and (d) 9 µm.

Figure 3 shows the wavelength of modes and the model

order in VCSELs with different oxidation aperture sizes. As

can be seen from the figure, when the oxidation aperture is

2 µm, the wavelength of the fundamental transverse mode

LP01 is 0.8466 µm, while the oxidation aperture increases to

9 µm, LP01 wavelength is 0.8484 µm, and wavelength shifts

1.8 nm. That is, with the augment of oxidation aperture, the

corresponding wavelength of each mode will increase. The in-

set of Fig. 3 shows the radiation intensity distributions of sev-

eral low order transverse modes. It can be found that the peak

power of the fundamental mode is located in the center, while
the peak power of the higher-order mode is closer to the edge.
The distribution expansion of transverse modes indicates that
the higher-order mode appears with oxide aperture increasing.
In addition, for the standard circular symmetric VCSEL struc-
ture, the wavelength λlp can be expressed as

λl p = λ0[1− (2p+ l −1) ·λ0

√
n2

c −n2
s/2πan2

c ], (1)

where λl p is the wavelength corresponding to each l p mode;
λ0 is the central wavelength; a is the oxidation aperture radius;
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nc is the core index of refraction; ns is the cladding index of
refraction. It shows that the modes with the same mode in-
dex m = 2p+ l−1 have the same emission wavelength. From
Eq. (1), the mode spacing between adjacent modes is

∆λ = λ
2
0

√
n2

c −n2
a/2πan2

c . (2)

Equation (2) indicates that the wavelength spacing is related
only to the central wavelength, oxidation aperture and effec-
tive refractive index. In other words, each mode wavelength
spacing is equal in the standard circular symmetry structure
with the same oxidation aperture.
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Fig. 3. Wavelength for the LP01 and LP02 modes versus aperture diameter
for the VCSEL. Inset: radial intensity distributions of several lower trans-
verse modes in 6-µm oxide aperture VCSEL.

The number of guide modes is determined by the normal-
ized frequency V

V =
2πa
λ

√
n2

c −n2
s . (3)

Waveguide is of single mode if V < 2.405;[23] for a large V ,
the number of the guided transverse modes can be estimated
from

M =
V 2

4
. (4)

The normalized mode intensity is given by[24]

I(r,θ) =
4
ℓ!

1
w2

(
2r2

w2

)ℓ

exp
(
−2r2

w2

)
1
π

cos2(ℓθ), (5)

where ℓ is azimuthal index, r and θ are the radial and az-
imuthal coordinate, respectively. The waist parameter is given
by w−2 = k0a/2.

It is further known from Fig. 4(a) that the number of las-
ing modes increases and the distance between adjacent modes
decreases with oxidation aperture increasing. This is because
the confinement effect of the transverse mode reduces and the
anisotropy of the spatial distribution gradually decreases as the
oxidation aperture enlarges. As a result, the increasing of ox-
idation aperture makes the wavelength of each mode closer to

the central wavelength, and reduces the spatial distance be-
tween adjacent modes. Figure 4(b) shows that the far-field
divergence angle of the fundamental mode decreases with ox-
idation aperture increasing. When the oxidation aperture in-
creases from 3 µm to 9 µm, the FWHM of the angle decreases
from 12.8◦ to 6.2◦.
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Fig. 4. (a) Spectra and (b) imtensities versus far-field divergence angle
at different oxidation apertures.

3. Device structure and fabrication
A single 850-nm VCSEL structure is shown schemat-

ically in Fig. 5(a). The epitaxial wafer used in this study
is grown on an N-type GaAs substrate by metal–organic
chemical vapor deposition. The N-DBR is composed of 35
pairs of Al0.12Ga0.88As/Al0.9Ga0.1As, and the P-DBR is com-
prised of 23 pairs of Al0.12Ga0.88As/Al0.9Ga0.1As. The ac-
tive region with three GaAs quantum wells is separated by
an undoped Al0.3Ga0.7As separate confinement heterostucture
layer, which is sandwiched between N-DBR and P-DBR. A
high-aluminum content layer is placed near the first pair of the
P-DBR to form the oxide aperture. The topmost DBR layer
is a highly p+-doped GaAs layer with a thickness of 50 nm,
which is on the top of the p-type DBR as a low contact resis-
tance layer.
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The fabrication begins to form a mesa structure which iso-
lates various VCSEL devices and exposes the high-aluminum-
content oxidation layer. The technique includes the deposition
of the SiO2 layer due to the plasma-enhanced chemical va-
por deposition. Such a dielectric layer is then patterned by
using standard optical lithography and wet chemical etching.
This patterned dielectric serves as a mask for the mesas which
are etched by inductively couple plasma. The high-aluminum-
content layer is then selectively oxidized by wet oxidation to
form an aperture. The exposed Al0.98Ga0.02As layer is oxi-
dized at 420 ◦C in N2/H2O atmosphere. Dry N2 with a con-
stant flow rate of 1.2 L/min is used as carrier gas for the H2O
vapor. The water temperature is maintained at 95 ◦C. The
oxidation time is maintained for 18 min. The cross-section
of the oxided sample is observed by SEM and the oxidation
depth of sample is measured as shown in Fig. 5(b). After that,
an electrode ring contact pattern is formed by secondary pho-
tolithography and a light aperture pattern is produced by third
lithography. In order to form a p-type ohmic contact, Ti–Pt–
Au layers are evaporated, and then lifted off. On the back side,
the substrate is thinned to less than 150-µm thick, followed by
Au–Ge–Ni evaporation to form N-type electrode.

P DBR

N contact

active region
oxide layer

P contact

N DBR

GaAs substrate

SiO2 layer 

(a)

(b)

Fig. 5. (a) Schematic diagram of 850-nm VCSEL device, and (b) SEM im-
age of device’s cross section.

4. Experimental results and discussion
Variations of power and voltage with current are shown

in Fig. 6, indicating the light–current (L–I) characteristics of
VCSELs with oxide apertures of 5.9 µm, 7 µm, 8 µm, and
9 µm, and the corresponding mesa sizes of 36 µm, 37 µm,
38 µm, and 39 µm, respectively. The aperture sizes are mea-
sured by an infrared light source CCD system as shown in the
inset. The maximum output power increases from 2.4 mW to

5.7 mW and the power saturation current shifts from 7 mA to
12 mA with oxide aperture increasing from 5.9 µm to 9 µm.
The V –I characteristics of the fabricated VCSELs for differ-
ent oxide apertures are shown in Fig. 6(b). As can be seen, the
slope of the V –I curve decreases with oxide aperture increas-
ing, thereby reducing the differential series resistance.
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Fig. 6. The L–I and V –I characteristics of fabricated VCSEL devices with
various oxide apertures. Insets show top view of oxidation aperture at (a)
5.9 µm, 7 µm and (b) 8 µm, 9 µm, respectively.

Figures 7(a) and 7(b) show the electro–optical character-
istics of VCSELs with 2.7 µm and 4.4 µm, and the corre-
sponding mesa sizes are 33 µm, 34 µm, respectively. Fig-
ure 7(c) shows the variation of device resistance with oxida-
tion aperture size. We observe that the resistance decreases
with increasing sizes of VCSEL aperture. Figure 7(d) shows
the spectral characteristics of VCSELs with 2.7-µm, 4.4-µm,
and 9-µm oxide apertures, which are measured under the
continuous-wave condition at room temperature. A redshift
of the central wavelength is observed with increasing current
due to thermal effects. In the current range between 1 mA and
8 mA, the wavelength shift of the 2.7-µm device is 7.46 nm,
corresponding to a tuning rate of 0.93 nm/mA. For a larger
device with 9-µm oxide aperture, the wavelength shift is only
3.0 nm with a tuning rate of 0.375 nm/mA.

Figure 8 depicts the spectra of VCSELs with different
aperture sizes and currents. Figure 8(a) shows thespectra of
2.7 µm, 4.4 µm, and 9 µm at 2 mA. It can be seen from the fig-
ure that the mode orders are both 2, the wavelengths of the first
mode LP01 are 847.1 nm, 847.88 nm, and 846.54 nm, while
the wavelengths of the second mode LP11 are 846.18 nm,
847.28 nm, and 845.88 nm, respectively. The wavelength
spacing between two modes of 2.7-µm, 4.4-µm, and 9-µm
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Fig. 7. (a) L–I–V characteristic of 2.7-µm device, (b) L–I–V characteristic of 4.4-µm device, (c) variation of resistance with aperture size, and
(d) plots of wavelength versus current of devices with different oxide apertures at room temperature.
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Fig. 8. Spectra of VCSELs with different aperture sizes at (a) I = 2 mA,
(b) I = 6 mA, and (c) I = 8 mA.

VCSELs decreases from 0.92 nm to 0.66 nm. Figures 8(b) and
8(c) show the spectra of these VCSELs at 6-mA and 8-mA
bias currents, respectively. The mode order increases to 3, and
another mode LP21 appears. For a 2.7-µm device, the wave-
length spacing between adjacent modes is 0.92 nm at 2 mA
and 1.18 nm at 6 mA. For a 9-µm device, the wavelength spac-
ing is 0.66 nm, 0.74 nm, and 0.86 nm corresponding to the
current of 2 mA, 6 mA, and 8 mA, respectively. It indicates
that the wavelength spacing increases with current increasing.
According to Ref. [25], we can obtain

∆n =−
(

e2λ 2

8π2c2ε0n

)(
N
me

+
P

mh

)
, (6)

where λ is the photon wavelength, e is the electron charge,
ε0 is the permittivity of free space, me and mh are the effec-
tive mass of electron and hole, electron and hole concentration
are N and P, respectively. The relationship between current
density and carrier concentration is

J = q(veN + vhP), (7)

where νe and νh are the drift velocity of electron and hole. Ac-
cording to Eq. (7), the carrier density increases with the cur-
rent increasing, resulting in refractive index decreasing (see
Eq. (6)). Finally the emitting wavelength spacing also in-
creases (Eq. (2)). It can be seen from the figures that the
wavelength spacing becomes smaller with oxide aperture in-
creasing. It is consistent with Eq. (2).

Figure 9 shows the spectra and near-field images of the
9-µm VCSEL at different currents. It indicates that the output
mode of the device increases with the augment of the injection
current, which is consistent with the theory.
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The plots of central wavelength versus dissipated power
for different oxide apertures are shown in Fig. 10. As seen in
Fig. 10, wavelength shifts linearly with dissipated power in-
creasing. Because thermal resistance is defined as

Rth =
∆T

∆Pheat
=

∆λ/∆Pheat

∆λ/∆T
=

C1

C2
, (8)

where the parameters C1 and C2 are the wavelength shifts with
the increase of dissipated power and ambient temperature, re-
spectively, the dissipated power Pheat is defined as

Pheat = Pel −Popt = IV −Popt, (9)

with the electrical power being Pel = IV and the optical output
power being Popt. For VCSELs with an emission wavelength
in a range of 800 nm–1000 nm, a mode shift of ∆λ/∆T is
0.065 nm/◦C. Therefore, the thermal resistance can be pre-
cisely obtained from the slope of the linear fit to the data
points by using least square fit. For 4.4-µm, 8-µm, 9-µm, and
18.7-µm devices, the slope is 0.183 nm/mW, 0.168 nm/mW,
0.155 nm/mW, and 0.066 nm/mW corresponding to the ther-
mal resistances of 2.815 ◦C/mW, 2.585 ◦C/mW, 2.385 ◦C/mW,
and 1.015 ◦C/mW, respectively. It is found that the thermal
resistance decreases significantly with the increase of oxide
aperture. This corresponds to the longitudinal heat flow from
a uniform-temperature circular area, whose size is equal to the
diameter of the oxidation aperture, to a substrate of the same
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Fig. 10. Plots of wavelength shift versus dissipated power for VCSELs with
different oxide apertures.

thermal conductivity. It can be known that the smaller the ox-
idation aperture size, the smaller the heat flux is. At the same
time, due to the same distance from the different oxidation
apertures to the side wall of the mesa, the lateral heat flow
from the active region to the side wall of the mesa is identical
for different oxidation aperture sizes. Therefore,thermal resis-
tance is inversely proportional to the size of the oxide aperture.

5. Conclusions
In this work, we theoretically demonstrate the electric

field distribution of mode superposition, the wavelength of
mode, and the wavelength spacing between adjacent modes in
VCSELs with several oxidation apertures. We find that the
corresponding wavelength of each mode increases with the
augment of oxidation aperture. When the oxidation aperture
increases from 3 µm to 9 µm, the distance between adjacent
modes decreases and the far-field divergence angle of the fun-
damental mode decreases from 12.8◦ to 6.2◦. Spectra, wave-
length drifts and thermal resistances of devices with different
oxide apertures are measured. The wavelength drift rate de-
creases from 0.93 nm/mA to 0.375 nm/mA when the oxide
aperture increases from 2.7 µm to 9 µm and the thermal resis-
tance increases significantly with oxide aperture size decreas-
ing. In addition, We find that the wavelength spacing increases
with the augment of the injection current, and it also becomes
smaller with oxide aperture increasing, which are consistent
with the theoretical results. Through the studies of the spec-
trum mode characteristics, these modes can be locked to form
a mode-locked laser and applied to precision measurements.
In this work, the effects of the oxidation aperture and the injec-
tion current on output characteristics of the 850 nm circularly
symmetric VCSEL structure are comprehensively analyzed.
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