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Abstract—We report, for the first time, InP-based all-epitax-
ially grown 1.3- m vertical-cavity surface-emitting lasers with
lattice-matched Sb-based distributed Bragg reflectors and AlInAs
etched apertures. The minimum threshold current and voltage
under pulsed operation were 3 mA and 2.0 V, respectively. The
thermal impedance was as low as 1.2 K/mW without heat sinking.
Implementation of the AlInAs etched aperture was quite effective
in improving the injection efficiency and reducing the internal
loss, resulting in improved differential efficiency.

Index Terms—Optical fiber communication, quantum well
lasers, semiconductor device fabrication, semiconductor lasers,
surface-emitting lasers.

I. INTRODUCTION

LONG-WAVELENGTH vertical-cavity surface-emitting
lasers (VCSELs) emitting at 1.3 m are expected to

provide economic benefits for optical communication systems
because of their inherent advantages over edge emitters such as
on-wafer testing, ease of coupling to a fiber, and the feasibility
of two-dimensional arrays.

In this wavelength region, much attention has been paid to
VCSELs with GaAs-based distributed Bragg reflector (DBR)
mirrors which demonstrate high reflectivity and low thermal
impedance. The best results in terms of maximum temperature
for electrically pumped continuous-wave (CW) operation and
reliability have been so far attained with GaAs-based VCSELs
with GaInNAs active regions [1]–[6]. However, since the ma-
terial quality and the lasing wavelength are very sensitive to ni-
trogen content, many of the good laser characteristics have been
reported at wavelengths below 1.3 m. In addition, the unifor-
mity of the lasing wavelength over the wafer and the run-to-run
reproducibility are of some concern.

The other approach to realize 1.3- m VCSELs is to use InP-
based technology. In this case, the lack of a suitable material
combination to obtain high reflectivity DBRs and the lack of a
reproducible aperturing technique such as oxidation of AlGaAs
in GaAs-based VCSELs were major issues. However, we have
previously demonstrated CW operation up to 88 C for 1.55- m
VCSELs, where newly developed Sb-based DBRs were used to
provide high reflectivity and the active regions were selectively
etched to form the current and optical apertures [7], [8]. Apart
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Fig. 1. (a) Schematic of VCSEL structure with undercut active region and thin
etched AlInAs aperture. (b) Cross-sectional SEM of etched VCSEL structure.

from that, an InP double-intracavity contacted structure was also
implemented to circumvent the poor electrical and thermal con-
ductivity of the Sb-based DBRs [9].

One of the problems for further improvement of this intra-
cavity contacted VCSELs is that the current tends to crowd
around the edge of the active regions. This results in a weak
overlap of the current and the optical mode, leading to the rela-
tively low differential efficiency. The other problem is the scat-
tering loss caused by - -thick undercut active regions [10].
In order to overcome these problems, a thin AlInAs etched aper-
ture embedded in the InP cavity was introduced. Similar etched
aperture structures for low loss have been reported in GaAs [11],
[12]. In this letter, we report the fabrication and characterization
of InP-based 1.3- m VCSELs with Sb-based DBRs and newly
developed apertures. A comparison between the laser character-
istics of the conventional structure and the new structure is also
reported.

II. EXPERIMENTAL

Fig. 1(a) shows a schematic of the 1.3- m VCSEL structure.
This structure is based on the same design concept as our earlier
reported 1.55- m VCSEL, except for the thin AlInAs etched
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aperture enclosed in the InP cavity. One major advantage
of this structure is that, by a slight adjustment of the layer
thickness and Al content, both 1.3- and 1.55- m VCSELs can
be realized using the same design and technology. The VCSELs
were grown on undoped InP substrates using molecular beam
epitaxy whose growth procedures were reported elsewhere
[13]. The bottom and top DBRs, both lattice-matched to InP,
consist of 24.5 and 35.5 pairs of undoped Al Ga AsSb
and Al Ga AsSb, providing a reflectivity of 98.7% and
99.9%, respectively. A - -thick active region, consisting
of five compressively strained AlGaInAs quantum wells each
7 nm thick and 6 tensile-strained AlGaInAs barriers each 5 nm
thick, is sandwiched by InP layers. The total cavity has an
optical thickness of . A tunnel junction consisting of
highly p-doped AlInAs and highly n-doped InP was inserted
between the active region and upper InP so as to eliminate
absorption loss due to p-doped regions. The InP layers function
as both current and heat spreading layers. A 30-nm-thick layer
of AlInAs for the etched aperture was embedded in the upper
InP layer. Ni–AuGe–Ni–Au was evaporated on both InP layers
to form the top and bottom contacts.

The top DBR and InP were etched down to the AlInAs
aperture layer by reactive ion etching (RIE) with Cl and
CH –H –Ar, respectively. Subsequently, a selective lateral
wet etching of the AlInAs aperture was carried out. Then,
the remaining InP was etched using RIE, followed by a wet
etching of the active region to expose the InP layer. Selective
wet etching of both the thin AlInAs layer and the active region
was performed to form the apertures using a mixture of citric
acid and hydrogen peroxide [14].

In order to improve the overlap of the current and the optical
mode, and to reduce the scattering loss by the undercut active
regions, the diameter of the AlInAs aperture should be smaller
than that of the active region. As can be seen from a cross-sec-
tional scanning electron miscroscope (SEM) picture of a test
VCSEL structure in Fig. 1(b), this condition is attained by our
fabrication procedure. A careful inspection of the SEM picture
also reveals that the top DBR has a wavy cross section due to
a slight lattice mismatch, which is generally not present. Since
this wavy interface might result in an increase in internal loss,
further adjustment of the growth is required.

III. RESULTS AND DISCUSSION

Fig. 2 shows the reflectivity spectrum of an as-grown VCSEL
structure. As can be seen from the figure, the cavity mode is
centered at 1.294 m. The large stop band of over 90 nm results
from the large index contrast of Sb-based DBRs. Photolumi-
nescence (PL), measured after removing the top DBR, showed
the peak at 1.312 m. Unfortunately, the PL (gain) peak is at a
longer wavelength than the cavity mode, which is the opposite
of the desired gain-mode offset.

Fig. 3 shows the light output versus current and voltage
versus current (L–I–V) characteristics of a VCSEL with an
8- m diameter AlInAs aperture and a 9- m diameter active
region under pulsed operation. The threshold current and the
voltage at threshold were 3 mA and 2.0 V, respectively. The
inset of Fig. 2 shows the emission spectrum and the lasing

Fig. 2. PL and reflectivity spectra of VCSEL with Sb-based DBRs. PL was
measured after removing the top DBR.

Fig. 3. Characteristics of a VCSEL with an 8-�m undercut AlInAs aperture
and a 9-�m undercut active region under pulsed operation. L–I–V data was
under-sampled yielding curve segmentation and giving apparent soft turn-on
of L–I curve. Inset shows lasing spectrum.

wavelength was 1.303 m. CW operation at 5 C was observed
in spite of the misalignment between the cavity mode and gain
peak and the wavy interface of the top DBR.

The thermal impedance was estimated from the temperature
dependence of the lasing wavelength under pulsed operation and
the cavity mode shift with the dissipated power. The result was
as low as 1.2 K/mW without heat sinking. This value is compa-
rable with that of GaAs-based VCSELs [3].

In order to confirm the effectiveness of the thin AlInAs
aperture, we compared the laser characteristics of devices with
and without the AlInAs aperture. Both VCSELs were fabricated
from the same wafer, and both contained the undercut active
regions. The aperture diameter of the VCSELs with the AlInAs
aperture was adjusted to be 3 m smaller than the diameter
of the undercut active regions. Fig. 4 shows the variation of
the differential efficiency with the aperture diameter. In this
figure, the effective aperture diameter refers to the diameter of
the AlInAs aperture for the VCSELs with the AlInAs aperture,
and to the active regions for the VCSELs without the AlInAs
aperture. Maximum differential efficiency is obtained at an
effective aperture diameter of 8 m for both VCSELs with and
without AlInAs aperture. The VCSELs with AlInAs apertures
show higher differential efficiency than those without AlInAs
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Fig. 4. Differential efficiency as a function of effective aperture diameter.
Effective aperture diameter indicates the diameter of the AlInAs apertures for
the VCSELs with AlInAs apertures and of the active regions for those without
AlInAs apertures.

apertures at all aperture diameters. The maximum value was
23%. Therefore, the AlInAs aperture is quite effective in
improving the differential efficiency.

The injection efficiency and internal loss of the apertured
and unapertured VCSELs were calculated to more clearly un-
derstand the effects of the AlInAs aperture. These parameters
were determined from the L–I characteristics (i.e., differential
efficiency and threshold current) of the devices. In this calcu-
lation, threshold gain was extracted by using the injection ef-
ficiency and gain curve of in-plane lasers with the same active
region as that of the VCSELs [15]. As a result, an injection ef-
ficiency of 71% was obtained for the VCSEL with the AlInAs
aperture. In contrast, the VCSEL without the AlInAs aperture
had an injection efficiency of 51%. Both VCSELs had an ef-
fective aperture diameter of 8 m. This result indicates that the
AlInAs aperture prevents the current from crowding around the
edge of the active regions, leading to an improved current and
optical mode overlap. Moreover, the internal loss for the VCSEL
with the AlInAs aperture was found to be 50 cm smaller com-
pared with the one without the AlInAs aperture. We speculate
that this is attributed to the reduced scattering loss from the thin
AlInAs aperture. However, both numbers were higher than de-
sired, probably because of the nonplanar DBR growth as men-
tioned above.

IV. CONCLUSION

1.3- m VCSELs with lattice-matched Sb-based DBRs and
AlInAs etched apertures were epitaxially grown on InP and
successfully fabricated. A minimum threshold current of 3 mA
was obtained in spite of the misalignment of the gain and cavity

mode, and interfacial roughness of the top DBR. Measured
thermal impedance was as low as 1.2 K/mW. Implementation
of the thin AlInAs etched aperture improved the current and
optical mode overlap, and reduced the scattering loss, leading
to higher differential efficiency. These results indicate that this
design and technology are very attractive for VCSELs within
the 1.3–1.55- m range.
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