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A multi-hole vertical-cavity surface-emitting laser (VCSEL) operating in stable single mode with a low threshold

current was produced by introducing multi-leaf scallop holes on the top distributed Bragg-reflector of an oxidation-

confined 850 nm VCSEL. The single-mode output power of 2.6 mW, threshold current of 0.6 mA, full width of half

maximum lasing spectrum of less than 0.1 nm, side mode suppression ratio of 28.4 dB, and far-field divergence angle of

about 10◦ are obtained. The effects of different hole depths on the optical characteristics are simulated and analysed,

including far-field divergence, spectrum and lateral cavity mode. The single-mode performance of this multi-hole device

is attributed to the large radiation loss from the inter-hole spacing and the scattering loss at the bottom of the holes,

particularly for higher order modes.
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1. Introduction

Single-mode vertical-cavity surface-emitting
lasers (VCSELs) have attracted a lot of attention
in recent years for their better beam quality and high
efficiency coupling to optical fibers. They are impor-
tant to free space optical interconnects, data commu-
nication through single mode fibers and modulation
spectroscopy.[1−3] For these applications, VCSELs
with stable single mode, lower threshold current and
higher power are desirable. For oxide-confined VC-
SELs, the current-confined aperture must be less than
3 µm in diameter to ensure single-mode operation.[4]

However, the large resistance inherited from the small
oxide aperture limits the modulation bandwidth and
speed. Furthermore, the lifetime and stability of the
oxide VCSEL are related to the size of the oxide aper-
ture. Therefore, several structures have been devel-
oped to obtain single-mode VCSELs with large oxide
apertures, and these include increasing the higher or-
der mode loss with a surface-relief structure,[5] and
weakening the lateral cladding with a photonic crystal
structure[2] and a triangular-hole structure.[6−8] The
surface relief structure uses the selective loss concept,
but the process of exact etching control is too hard
to obtain. The photonic crystal structure provides

weaker index guiding to obtain single mode,[9,10] but
it is sensitive to heat effects. In this paper, a kind
of multi-hole-structure VCSEL is produced and its
performance is investigated. The deep-etched multi-
leaf holey structure is used for higher order mode
suppression.[11−13]

2. Simulation and experiment

2.1.Device model and simulation

Figure 1 is a schematic of the multi-leaf holey VC-
SEL device structure. The parameters are chosen as
follows: the oxide aperture and emission aperture are
10 and 6 µm, respectively. There are eight leaf holes
with an R of 8 µm and θ of 35◦. In the simulation,
the dipole optical source is located in the active region,
and the electric and thermal effects are neglected.

Figures 2(a) and 2(b) show the far-field diver-
gence angle dependence on the hole depths in the sim-
ulation and experiment, respectively. We can see that
at hole depths of 1.2 and 2.4 µm, the far-field diver-
gence angles are narrower, which agrees well with the
experimental results, as shown in Fig. 2(b). The di-
vergence angles from the experiment are broader than
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those from the simulation, which may be attributed
to the electrical and thermal effects.

Fig. 1. (a) A cross-sectional view of the multi-leaf holey

VCSEL device structure, and (b) the parameters of the

multi-hole structure. DBR: distributed Bragg–reflector;

R: radius of the oxide aperture; r: radius of the emitting

aperture; θ: angle of the scallop holes.

Fig. 2. Simulation results of the far-field divergence an-

gle dependence on hole depth: (a) simulation results (the

depths, from left to right, top to bottom, are 1.2, 1.4,

1.7, 2.0, 2.2, and 2.4 µm, respectively); (b) experimental

results.

Figure 3 shows the spectrum dependence on hole

depth in the simulation. We can find that the side
mode suppression ratios (SMSRs) are much higher
when the hole depths exceed 2.0 µm.

Figures 4(a) and 4(b) show the simulation re-
sults of the resonant cavity modes of conventional
oxide-confined VCSELs and multi-hole VCSELs, re-
spectively. When we introduce multi holes on the top
DBR of the VCSEL, we realize single-mode lasing, as
shown in Fig. 4(b).

Fig. 3. The spectrum of different depth holey VCSELs:

(a) with hole depths of 1.2, 1.4, and 1.7 µm; and (b) with

hole depths of 2.0, 2.2, and 2.4 µm.

Fig. 4. (a) The resonant cavity modes of oxidized VC-

SELs, and (b) the resonant cavity modes of multi-hole

VCSELs.
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2.2.Device structure and fabrication

The multi-hole VCSEL was produced by etching
holes on the top DBR of a conventional VCSEL. The
conventional VCSEL was fabricated from a 3 inch n-
type wafer with an epitaxial structure consisting of a
bottom n-type (Si-doped) 34 pair DBR, an undoped
active region with three GaAs quantum wells, and a
similar top (C-doped) 22 pair DBR. The DBRs are
formed by the graded heterojunction of AlxGa1−xAs,
the unit period of bottom and top DBR mirrors con-
sisting of four layers of AlxGa1−xAs (x: is from 0.9
to 0.12), Al0.12Ga0.88As, AlxGa1−xAs (x is from 0.12
to 0.9), and Al0.9Ga0.1As. In addition, a 30 nm
Al0.99Ga0.02As oxidization layer was inserted between
the top DBR and the active region.[2] The operation
wavelength of the device is designed at 850 nm.

The circular mesas were formed by SiCl4/Ar/Cl2
inductively coupled plasma reaction ion etching (ICP-
RIE) down close to the active region, using SiO2 as
the etching mask. Then the Al0.99Ga0.02As layer was
selectively oxidized to form the oxide aperture with a
diameter of 10 µm to confine the spread of current.
After that, top ohmic (Ti/Au) ring contacts were pat-
terned and bottom ohmic (AuGeNi/Au) contacts were
formed. Then the devices were annealed by rapid ther-
mal annealing at 430 ◦C for 35 s, and the process of a
conventional VCSEL was finished.

With the simulation instructions, we chose a hole
depth of about 2.4 µm, an oxide aperture of about
10 µm and an optical aperture of about 6 µm. On the
top of the conventional VCSEL, eight scallop holes
were patterned using electron beam lithography and
transferred into top DBR using SiCl4/Ar/Cl2 ICP-
RIE. Figure 1(b) shows the structural characteristics
of the multi-holes. In this work, the multiple holes are
arranged around the oxide aperture and the lateral
penetration of the scallop hole into the oxide aperture
(R–r) is about 2–3 µm, resulting in an emitting aper-
ture (2r) of about 6 µm. The angle θ and radius r

of the scallop holes are 35◦, 6–8 µm, respectively, and
the etching depth is 2.4 µm, corresponding to about
80% of the top DBR. The cross-sectional diagram of
the multi-hole VCSEL is shown in Fig. 1(a).

3. Results and discussion

The continual wave current output characteristics
of the devices were tested at room temperature. Fig-
ure 5 shows the power–current and current–voltage
characteristics of the multi-hole VCSEL. The device
exhibits a threshold current of 0.6 mA, a maximum
output power of 2.6 mW and a series resistance of
75 Ω.

Fig. 5. The light output power and voltage versus injec-

tion current of the multi-leaf holey VCSEL.

Figures 6(a) and 6(b) show the far-field distribu-
tion of the multi-hole VCSEL and the conventional
VCSEL with the same oxidation aperture of 10 µm
at an injection current of 10 mA. The divergence
angle of the conventional VCSEL is more than 20◦,
with two peaks in both the horizontal and vertical
directions, indicating that it is operating in multi-
transverse modes. In contrast, the far-field divergence
angle of the multi-hole VCSEL is less than 10◦, and
has only one peak in the two directions.

Fig. 6. The far-field divergence angle of (a) the multi-leaf

holey VCSEL with eight holes, and (b) the conventional

VCSEL with the same oxidation aperture size at the same

injection current.

Figures 7(a) and 7(b) show the spectrum charac-
teristics of the multi-hole VCSEL and oxidized VC-
SEL, respectively. The optical spectrum of the con-
ventional VCSEL is wide and has many intensity
peaks with a full width at half maximum (FWHM)
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of more than 1 nm. The multi-hole VCSEL has won-
derful optical spectrum characteristics, showing only
one main peak with an FWHM of less than 0.1 nm
and a side-mode suppression ratio (SMSR) of 28.4 dB
throughout the whole current operating range. Both
the far-field distribution and the optical spectrum
have showed effective mode controlling of the multi-
hole structure.

Fig. 7. (a) The spectrum characteristics of the multi-

hole VCSEL, and (b) the spectrum characteristics of the

oxidized VCSEL with the same operational current and

oxidized aperture size. The injection current is 10 mA.

The multi-hole VCSEL shows excellent single-
mode performance and lower threshold current owing
to the optimal design of the holey structure. In order
to reduce the threshold current, the oxide aperture
should also be reduced. However, the emitting aper-
ture must be smaller than the oxide aperture, so the
oxide aperture cannot be too small to obtain enough
output power. Moreover, a small oxide aperture will
lead to excessive series resistance, causing instable
work status. Therefore, the oxide aperture should be
chosen properly. On the other hand, if the dimension
of the emitting aperture is too close to that of the ox-
ide aperture, the scallop-hole structure cannot control
the mode performance effectively, and in order to ob-
tain higher output power, it cannot be much smaller

than the oxide aperture. The etching depth of the
scallop holes is also important for mode control. A
scallop-hole structure with an improper shallow etch-
ing depth can obtain narrow far-field divergence, but
cannot control the transverse mode and spectrum ef-
fectively. A large enough etching depth but that does
not damage the active region is necessary. In short,
the parameters of the multi-hole structure should be
carefully chosen to obtain better performance, includ-
ing higher single-mode power, lower threshold current
and series resistance.

4. Conclusion

In summary, a multi-hole structure can be used to
control the mode performance of VCSELs effectively.
VCSELs with excellent single-mode performance, nar-
row far-field divergence, higher SMSR, low threshold
current and series resistance can be realized by ap-
propriately choosing the multi-scallop-hole structure
parameters.
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