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Abstract We present the fabrication process and exper-
imental results of 850-nm oxide-confined vertical cav-
ity surface emitting lasers (VCSELSs) fabricated by using
dielectric-free approach. The threshold current of 0.4 mA,
which corresponds to the threshold current density of
0.5 kA/cm?, differential resistance of 76 €2, and maximum
output power of more than 5 mW are achieved for the
dielectric-free VCSEL with a square oxide aperture size
of 9 um at room temperature (RT). L—/-V characteristics
of the dielectric-free VCSEL are compared with those of
conventional VCSEL with the similar aperture size, which
indicates the way to realize low-cost, low-power consump-
tion VCSELs with extremely simple process. Preliminary
study of the temperature-dependent L—I characteristics and
modulation response of the dielectric-free VCSEL are also
presented.
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1 Introduction

Vertical cavity surface emitting lasers (VCSELs) are at-
tractive light sources for applications in local area net-
works (LANSs), optical interconnects, free-space optical
communications, optical data storage, sensors, etc., owing
to low-threshold current, circular and low divergence out-
put beams, testability at the wafer level, addressable two-
dimensional array integration, and so on. In particular, ultra-
low-threshold VCSELs with cost-effective fabrication are
expected to be used for compact transmitters [1] or telecom
devices containing a large number of transmitters. In these
devices, minimized power consumption and low manufac-
turing cost are needed. For the VCSELSs applications besides
communications, such as printing, position sensing, etc., low
threshold current, low resistance, and lowest process com-
plexity also are desirable in the same way.

A simple fabrication process leads to low manufactur-
ing cost and good reproducibility [2—4]. Generally, dielectric
materials including silicon compound (e.g., SiO; and SiN, )
or polymer (e.g., polyimide, benzocyclobutene (BCB)), etc.,
are used for forming electrical isolation layer during the
fabrication process of conventional VCSELs [2, 5-7]. Both
processing of dielectric materials formation such as SiNj
film deposition or BCB spin coating and the subsequent
contact and light output window opening on the dielec-
tric materials increase the production cost and introduce
potentially adverse factors for devices’ reliability [2]. In
well-established oxide-confined VCSELSs, an oxidized AlAs
or high-Al-content Al,Gaj_,As layer inserted into the top
and/or bottom distributed Bragg reflectors (DBRs) produces
a current and optical confinement structure [§—11]. In this
paper, self-insulation method, i.e., utilizing oxidation layer
formed by AlAs or high-Al-content Al,Ga;_,As layer oxi-
dization as electrical isolation layer is brought up to furthest
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facilitate the fabrication process. Accordingly, an extremely
simple and low-cost fabrication for VCSELs with good fea-
tures can be achieved. To the best of our knowledge, the
dielectric-free VCSEL has the simplest VCSEL fabrication
process by far and will be applicable for various active re-
gion materials and wavelength. Furthermore, the dielectric-
free approach will be promising to realize flexible process
for photonic crystal (PhC) VCSELSs based on the similar ox-
idation procedure.

The low threshold current of 0.4 mA, which corresponds
to the threshold current density of 0.5 kA/cm?, differential
resistance of 76 €2, threshold voltage of 1.55 V, and saturated
output power of more than 5 mW are achieved for the 850-
nm dielectric-free VCSEL with 9-um size aperture at room
temperature. From the comparison of L—/—V characteristics
between dielectric-free VCSEL and dielectric-dependent
VCSEL, finer optical output features and smaller differential
resistance can be obtained for the former. We also prelim-
inarily investigate the temperature-dependent L—/ charac-
teristics and modulation response of dielectric-free VCSEL.
The modulation bandwidth of over 5 GHz is obtained for
the 9-um oxide aperture dielectric-free VCSEL at bias cur-
rent of 5 mA without dynamic characteristics optimization.
From the transfer function fitting, the improvement of mod-

Fig. 1 (a) Schematic partial
perspective of mesa after
wet-etching and followed by
Alg.9gGag g2 As oxidization.
(b) Schematic illustration of a
final dielectric-free VCSEL
device
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ulation bandwidth can be expected through reducing para-
sitics in the present devices.

2 Device structure and fabrication process

The VCSEL epitaxial wafers were prepared by metal-
organic vapor-phase epitaxy (MOVPE) growth on n*-GaAs
substrates. The epitaxial structure consists of a GaAs/
Alp3Gag 7As multiple quantum-well (MQW) active region
between top and bottom distributed Bragg reflector (DBR)
mirrors. DBR stacks consist of 21 pairs of p-doped top and
34.5 pairs of n-doped bottom DBR mirrors. Both top and
bottom DBR are composed of alternating Alg 9Gag 1 As and
Alpy.12Gap ggAs layers. Graded interfaces and modulation
doping are used to reduce the DBR resistance. Carbon and
silicon are used for p-type and n-type dopants, respectively,
for the whole structure. A 30-nm-thick Alg 9gGag g2 As layer
embedded in p-DBR adjacent to the active region is used for
selective wet oxidation.

The fabrication procedures are as follows. First, mesas
were formed by lithography and unselective wet-etching
as shown in Fig. 1. The solution used for the wet-etching
is H3PO4:H>0,:H,0 = 3:3:10. Mesa includes three parts:

Oxide aperture

Light output

Ti/Au electrode
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Fig. 2 Microscopic images
from top view: (a) a final
dielectric-free VCSEL device;
(b) a sample after

Al()_gg Ga(),()zAS layer
oxidization and removing top
DBR stacks

the big circular portion with a diameter varied from 105 to
115 pm is lasers’ main body, relatively small circular portion
with a diameter of about 90 pm is used for bond pad mesa,
and a bridge is used to connect these two portions and to
form a conjunct plane. Then, two square oxide apertures of
9 um and 17 pm in side length were formed by wet oxidiza-
tion in the lasers’ main body circular portion (Fig. 1(a)) with
oxidization condition of at 430°C under 1 L/min N, gas bub-
bled through 90°C deionized water. The reason for forming
square oxide aperture is due to the oxidization anisotropy
in the present epitaxial structure. The size of oxide aperture
should be smaller than the difference of the two circular por-
tions, so that self-insulation parts formed by Alg.9gGag g2 As
layer oxidization can be fully built after oxidization process
and no leakage current existing under the wire bonding area
or bridge connector during the device operation.

After oxidization, the p-type contact metal (Ti/Au) was
deposited directly on the upper side of the wafer. Then the
annular p-contact electrode, electrode bridge connector, and
circular bond pad were formed by lithography and removing
unwanted Ti/Au (Fig. 1(b)). Finally, the n-type contact metal
(Au/Ge/Ni) was deposited on to the bottom side of the wafer
after substrate thinning, and conventional metal electrodes
annealing was carried out (Fig. 1(b)). The main process
only includes two times photolithography, one time oxidiza-
tion, and one time unselective wet-etching, without other
process such as dry-etching, SiN, film deposition, poly-
mer spin coating, contact and light output window open-
ing, etc. The simplicity of whole fabrication process can
even be comparable with that of conventional edge emit-
ting laser. The schematic structure of final VCSEL device
is shown in Fig. 1(b). Microscopic images from top view of
a final dielectric-free VCSEL device is shown in Fig. 2(a),
and Fig. 2(b) shows a sample after Alp 9gGag 02As layer ox-
idization and removing top DBR stacks during the fabrica-
tion process. A clear square oxide aperture as a color of light
cyan can be seen at the center of the lasers’ main body.

After VCSEL fabrication, the separated device chips
were cleaved and mounted on the heatsinks. Static charac-

6 6

~1.0

{= 4 mA

8

54205 L5
s |t .
€ 4 0.340 850 860 L4
~ Wavelength (nm) <
g r9
3 3 3 8
o S
- —_
3 2 L2 S
-
> ] L
(o]

14 -1

0 T T T T T T T T T T T T T T 0

0 2 4 6 8 10 12 14

Current (mA)

Fig. 3 L-I-V characteristics of dielectric-free VCSEL with oxide
aperture size of 9 um measured at RT. Inset is the lasing spectrum at an
injection current of 4 mA. The lasing wavelength is 850 nm

teristics under continuous-wave (CW) operation of VCSEL
devices were tested by a Keithley lasers L—/—V test system.
The small signal response were measured by using a cali-
brated vector network analyzer (Agilent 8720D, 50-MHz—
20-GHz) combined with a 50-um multimode optical fiber
coupling and connected to a high-speed O/E converter (HP
11982A, dc-15-GHz).

3 Results and discussion

Figure 3 shows the measured CW L-[-V characteristic
curves for a typical 9-um side-length aperture dielectric-free
VCSEL device at RT. The inset of Fig. 3 is the device’s op-
tical spectrum at injection current of 4 mA, where it is seen
that the large oxide aperture leads to multimode operation
and the center wavelength is at 850 nm. The low thresh-
old current of 0.4 mA, which corresponds to the threshold
current density of 0.5 kA/cm?, is achieved. The threshold
power is only 0.62 mW accordingly. This threshold level
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Fig. 4 L-I1-V characteristics of VCSELs with oxide aperture size of
17 um. Solid lines denote dielectric-free VCSEL and dashed lines cor-
respond to dielectric-dependent VCSEL as a reference 0.30
. . o 0.2541
stands comparison with the forepassed or updated reports =
of low threshold 850-nm oxide-confined VCSELSs fabricated Fry 0.20-
by dielectric-dependent approach [6, 12—16]. The threshold _§ '
voltage is 1.55 V, only about 90 meV larger than quasi-Fermi 2 015
. . b N T
level separation. The saturated output power is 5.5 mW at w
the injection current of 14 mA, and the differential resistance _g’ 0104
is only 76 2 and 58 €2 at 10 mA and 15 mA, respectively. &
The low differential resistance is believed to be due to the g 0.05-
large area ohmic contact on the bond pad along with con- ]
sequently formed much lower p-DBR resistance as shown o0 4% —
in Figs. 1(b) and 2(a). It should be noted that since no di- 0 1 2 3 4 5 6 7 8
electric materials are used in this device so far, the possibly b Current (mA)

continued process containing dielectric materials as an etch-
ing mask will be easy, such as making photonic crystal deep
holes. The often used proton-implantation for reducing the
parasitic capacitance is also facile because of a lack of insu-
lator that may induce proton scattering.

The L-I-V characteristics comparison at RT between
dielectric-free VCSEL and dielectric-dependent VCSEL
based on the same epitaxy wafer and with the similar square
oxide aperture size of around 17 pm is shown in Fig. 4.
Herein, dielectric-dependent VCSEL is fabricated by con-
ventional process with SiN, film as dielectric material
and electrical isolation layer, the details of the fabrication
process of which were fully described in our previous re-
port [4]. Both structures are extra-cavity contact with up
and down electrodes. The threshold current of 1.42 mA
for dielectric-free VCSEL is slightly lower than that of
1.49 mA for dielectric-dependent VCSEL. Correspondingly,
the threshold power of dielectric-free VCSEL is about 9 per-
cent lower than that of dielectric-dependent VCSEL. In ad-
dition, at an injection current of 10 mA, the differential re-
sistance of dielectric-free VCSEL (49 2) is also lower than
that of dielectric-dependent VCSEL (64 €2). From thresh-
old current to 10 mA, both of the output power characteris-
tics curves are linear with slope efficiencies approximately
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Fig. 5 (a) LI characteristics curves; (b) wall-plug efficiency curves
for 9-um oxide aperture size dielectric-free VCSEL measured at dif-
ferent temperatures. Inset in (a) shows the influence of temperature on
the threshold current

0.63 W/A and 0.58 W/A, respectively. The lower differential
resistance and higher slope efficiency in the dielectric-free
VCSEL device can be attributed to a much lower ohmic
contact resistance, large area current channel in the p-DBR
above oxide layer corresponds to less Joule heating, and
simple process corresponds to less failing and, what is more
important, is to lead to the lower threshold current.

The L-I characteristics of dielectric-free VCSEL with
9-um oxide aperture size measured at different temperatures
are shown in Fig. 5(a). Inset of Fig. 5(a) is the relation
between threshold current [, and temperature 7. The low
threshold current of only 384 pA, which corresponds to the
threshold current density of 480 A/cm?, can be seen at the
test temperature of 20°C. The threshold current increases to
0.6 mA as the temperature increases to 60°C. The character-
istic curves above 60°C are not measured due to limitation
of the measurement equipment. From the trend of tempera-
ture increase from 20°C to 60°C, ultra-low threshold current
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Fig. 6 Small signal modulation response of 9-um oxide aperture size
dielectric-free VCSEL at 5 mA (dot line). The solid line is fitting to the
modulation response based on (1)

density (not more than 0.75 kA/cm?) and acceptable tem-
perature stability in the threshold current as well as slope
efficiency can be obtained. Figure 5(b) shows that the peak
wall-plug efficiency is 27.35% at 20°C, and over 22% at
60°C it indicates the acceptable power conversion.

Figure 6 shows the measured small signal frequency re-
sponse (Sp1) of the dielectric-free VCSEL with 9-pum ox-
ide aperture size under bias current of 5 mA at RT. As
seen in Fig. 6, the response curve drops down quickly with
the increased modulation frequency and cut off at around
5.2 GHz. However, the 3-dB bandwidth of a referenced
dielectric-dependent VCSEL is 6.9 GHz at 4 mA, 8.1 GHz
at 6 mA, and 10 GHz at 10 mA (not shown here), which is
obviously wider than that of dielectric-free VCSEL.

The three-pole transfer function [4]

/7 !
=12+ idzy) A+

H(f) = const - (1)

was used for fitting to the measured modulation response in
order to deduce the basic dynamic parameters, where f, is
resonance frequency, y is damping factor, and f), is parasitic
cutoff frequency. The resonance frequency f; of 5 GHz, par-
asitic cutoff f, of 2 GHz and y of 14 GHz can be obtained
for the above-mentioned dielectric-free VCSEL, which hints
the 3-dB modulation bandwidth restricted at ~5.2 GHz ow-
ing to the external parasitics cut-off. The parasitics should be
mainly from the parasitic capacitance of the pad and large
area current distribution, which can be decreased by opti-
mizing the mesa’s morphology design or introducing proton
implantation [13, 14] for the present devices. Further opti-
mization will be carried out to improve the devices’ modu-
lation characteristics.

4 Conclusions

We set forth the fabrication process and experimental results
of 850-nm oxide-confined VCSELs with a dielectric-free
approach. The threshold current density of 0.5 kA/cm? is
achieved for the dielectric-free VCSEL with a square active
region size of 9 um at room temperature (RT). The VCSEL
devices exhibit very low differential resistance within the
operation range. Comparison of L—/—V characteristics be-
tween dielectric-free VCSEL and dielectric-dependent VC-
SEL fabricated based on the same epitaxy structure and with
the similar aperture size indicates the way to realize low-
cost, low-power consumption oxide-confined VCSELSs. Pre-
liminary study of the temperature-dependent L—/ character-
istics and modulation response of dielectric-free VCSEL are
also presented, and the corresponding results are discussed.
This approach will be promising for commercial production
of oxide-confined VCSELs and PhC VCSELSs fabrication
with various active region materials and wavelength.
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