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Oxide-apertured VCSEL with short period superlattice
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Novel distributed Bragg reflectors (DBRs) with 4.5 pairs of GaAs/AlAs short period superlattice (SPS)
used in oxide-apertured vertical-cavity surface-emitting lasers (VCSELS) were designed. The structure of a
22-period Alg.9Gao.1 As (69.5 nm)/4.5-pair [GaAs (10 nm)-AlAs (1.9 nm)] DBR was grown on an n GaAs
substrate (100) 2° off toward (111)A by molecular beam epitaxy. The emitting wavelength was 850 nm
with low threshold current of about 2 mA, corresponding to the threshold current density of 2 kA /cm?®. The
maximum output power was more than 1 mW. The VCSEL device temperature was increased by heating
ambient temperature from 20 to 100 °C and the threshold current increased slowly with the increase of

temperature.

OCIS codes: 140.5960, 140.6810, 230.1480, 250.7260.

The distributed Bragg reflectors (DBRs) determine some
important optical and electrical characteristics of verti-
cal cavity surface emitting lasers (VCSELSs), and it is
desirable to use semiconductor DBRs to allow injec-
tion current into the structure through the reflectors(!l.
The semiconductor DBRs consist of two kinds of semi-
conductor materials, so we may call it semiconduc-
tor/semiconductor DBRs. The semiconductor materi-
als with large differences in refractive indices, however,
have large band-gap differences, that cause high electri-
cal resistance and excess power consumption. Therefore,
many kinds of modified heterointerface structures were
designed so as to reduce the electrical resistance of semi-
conductor DBRs!?, which complicate their design and
fabrication and may also deteriorate the characteristics
of VCSELSs.

Taking into account the tunneling effect of the super-
lattices, GaAs in the DBR was replaced with a superlat-
tice [GaAs-AlAs], and a novel Aly 9Gag 1 As-[GaAs-AlAg]
semiconductor/superlattice: DBR was proposed. The
tunneling effect of the superlattice with quantum size
increases the tunneling current in the VCSEL that is
an equivalent for the decrease of electrical resistance of
the device. A numerical simulation of the design of a
novel DBR with short period superlattices (SPSs) was
reported®. According to the simulative results, a novel
DBR with GaAs/AlAs SPSs was designed.

The epitaxial layers were grown on an nt GaAs sub-
strate (100) 2° off towards (111)A by molecular beam
epitaxy. The structure of a 1-period Al 9Gag 1 As-[GaAs-
AlAs] superlattice Bragg mirror is shown in Fig. 1. The
thickness of Aly9Gag.1As layer is 69.5 nm and the su-
perlattice consists of 4.5 pairs of GaAs (10 nm)-AlAs
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Fig. 1. The schematic diagram of one period of DBR struc-
ture.
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(1.9 nm). The VCSEL was designed for 850-nm
wavelength.  34-period AlgoGag1As (69.5 nm)/4.5-
pair [GaAs (10 nm)-AlAs (1.9 nm)] n-type (Si-doped,
(1 — 3)x10'8/cm?3) mirrors, three-quantum-well ac-
tive region, and 22-period Alp9Gag.;As (69.5 nm)/4.5-
pair [GaAs (10 nm)-AlAs (1.9 nm)] p-type (Be-doped,
(3 — 5)x10'8 /cm?) mirrors were grown. In addition, a
35-nm layer of Aly 93Gag.goAs was inserted in the mirrors
for selective lateral oxidation.

The fabrication process began with defining Ti/Pt/Au
ring contacts with the size of 30 pum, then patterned
photoresist was used as etch masks for BCl;/Cly/SiCly
reactive ion etching (RIE). When the high-aluminum
content oxidation layer was exposed, the sample was oxi-
dized at 460 °C under N2 gas bubbled through de-ionized
water at 90 °C, the Aly.9sGag.o2As layer was oxidized for
10 minutes to form a 10-ym current aperture. After
lateral oxidation, 400-nm-thick SiN, was deposited in a
plasma-enchanced chemical vapor deposition (PECVD)
system for electrical isolation. Finally, the SiN, film was
removed from the top of the pillars in CF4 plasma.

The reflection spectrum of the VCSEL was taken with
the WDH3 wide-wavelength scanning spectrometer, as
shown in Fig. 2, which shows that the central wavelength
is at about 850 nm, and the reflection bandwidth is about
70 nm.

After device fabrication, we tested VCSEL character-
istics. Figure 3 shows the VCSEL’s emission spectrum,
which confirms single mode operation with the peak at
the wavelength of about 850 nm. The spectral linewidth
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Fig. 2. The theoretical dashed curve and measured solid
curve reflection spectra.
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Fig. 3. The VCSEL’s emission spectrum.
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Fig. 4. The light-current-voltage characteristics of the VC-
SEL, the threshold current is about 2 mA.
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Fig. 5. VCSEL output power versus current (P-I) measured
characteristics under different temperatures.

in this graph was limited by the spectrometer to 0.1 nm.

Figure 4 shows the typical light output power-current
(P-I) and voltage-current (V-I) characteristics at room
temperature (20 °C). The threshold current was 2 mA,
which corresponded to the threshold current density of 2
kA /cm?.

Figure 5 shows the temperature dependence of output
power characteristics under ambient temperature from
20 to 100 °C. The threshold current increases slowly with
the increase of temperature. The temperature character-
istics under both continuous wave (CW) and pulsed op-
eration for several VCSELs were measured. The devices
were tested with a pulse width of 1 us and a repetition
rate of 2 kHz in order to avoid thermal effects. The
current was fixed to provide an output power of 1 mW
at room temperature.

As shown in Fig. 5, temperature affects the P-I char-
acteristics and the effect of temperature increase on
the threshold current Iy, (T') is often described by a
characteristic temperature (Tp). VCSEL exhibits quite
different temperature dependences. We obtain a function
Ty which decreases from 220 K at room temperature to
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Fig. 6. Output power versus time under the conditions of
60 °C, 5 mA.

200 K at 100 °C. VCSEL performance generally degrades
with increasing temperature.

The drive current not only affects degradation rate di-
rectly, but also significantly affects junction heating due
to the high thermal resistance of VCSEL. For a VCSEL
with a 10-um-diameter oxide aperture, 5 mA is perhaps
a typical average bias current at 70 °C, but the current
up to 7 mA is acceptablel*l. The thermal resistance R
of VCSEL was calculated, the thermal resistance is es-
timated to be approximately 16 K/mW. Figure 6 shows
the reliability of VCSEL devices. The reliability test con-
dition were set to 60 °C, 5 mA. During 100 hours, no
obvious failures were observed, which implies that the
devices work stably with a long lifetime.

The essential improvements for the oxide-apertured
VCSEL in this work are focused on the following two
points. Firstly, we decrease the series resistance of the
VCSEL. Secondly, the oxide confinement technique by
forming an oxide surface barrier reduces defects and
optical absorption in the active region. The oxide-
apertured technique is worth using because of its better
confinements for both beam and current, easier process-
ing, and lower cost. The fact that the device’s threshold
current in CW and pulse operation slightly depends on
ambient temperature means that the VCSEL’s charac-
teristic temperature is higher.

In conclusion, a novel DBR, with 4.5-pair GaAs/AlAs
SPSs was designed. The threshold current increases
slowly with the increase of temperature. Comparing the
conventional VCSEL with semiconductor/semiconductor
DBRs, the oxide-apertured VCSEL with SPSs improves
the performance. The replacement of semiconductor ma-
terials with superlattices plays a key role in this case.
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