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Abstract We present a novel design of intracavity metal-aperture VCSELs toward high-speed and
single-mode operations. The intracavity metal contact causes the transverse resonance which provides
the modulation bandwidth enhancement. The small-signal modulation bandwidth can be double with a
large mode-field diameter of 10um and single-mode operations.

Introduction

Vertical cavity surface emitting lasers (VCSELSs)
have exhibited the advantages of low cost, ease
of fabrication into arrays, small footprint, wafer-
scale testing, and low power consumption [1, 2].
Therefore, VCSELs are attracting much attention
for use in data center networks. The network
traffic in data centers is increasing rapidly and
hence the development of high speed VCSELs is
a key issue. The modulation bandwidth of
VCSELs is typically less than ~ 20 GHz due to
the limited intrinsic carrier-photon resonance
(CPR) [3]. Therefore, many efforts have been
done to push the modulation bandwidth of
VCSELs further into the mm-wave band [4-16]
However, there still remain difficulties in
increasing the modulation bandwidth of single-
mode VCSELs in comparison with multi-mode
VCSELs, although single-mode VCSELs offer a
longer link length of MM fibers thanks to narrower
spectral widths. Also, the poor reliability has
been a limiting factor for single-mode, small oxide
aperture VCSELs.

In this paper, we propose and demonstrate
intracavity metal aperture VCSELs (MA-VCSEL)
with a rectangular shaped oxide aperture. The
fabrication process is exactly the same as
intracavity contact VCSELs. We found that the
intracavity metal contact causes the transverse
resonance which provides the modulation
bandwidth enhancement. We demonstrate the
enhancement of the modulation bandwidth and
single-mode operation thanks to the optical-
transverse coupled cavity effect. The mode-field
diameter could be increased to 10 um with stable-
single-mode operations.

Device Structure

Figure 1 (a) illustrates the schematic structure of
the fabricated single-mode MA-VCSEL. The
device is fabricated on a half-VCSEL wafer grown
by MOCVD with 4 pairs of top p-type DBR. The
active region includes three 850 nm quantum

wells (3QWs). In order to form cavity structures,
rectangular shaped mesas were formed by dry-
etching process and followed by wet-oxidation
process. The size of an active region oxidation
aperture is 9 x 10 m, as shown in Fig.1(b) which
is large enough for high reliabilities. Polyamide
was used for planarization and passivation.
AuGe/Ni/Au was deposited to form n-type
electrodes. The p-type electrode (Au/Zn/Au)
were deposited with a rectangular aperture.
Finally, 8 pairs of dielectric Ta20s/SiO2 were
deposited above the surface of the mesas as a
top hybrid DBR. We found that two lateral
boundaries cause the transverse resonance as
shown in Fig. 1(c). A key parameter is the
distance d-W between two boundaries, which
should be 1.5-2 um to observe the transverse
coupled cavity effect, we found.
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Fig.1. (a) Schematic (b) top-view of infrared image of oxide
aperture of 9 x10 um? and (c) the physical picture of the
transverse resonance.




Results and discussions

The L-I curves of two fabricated devices were
measured; one is for metal-aperture-VCSEL
(MA-VCSEL) with a distance of less than 2um
between the oxide aperture and metal aperture
and the other one is conventional VCSEL (C-
VCSEL) with a distance larger than 2um for
comparison. Figure 2(a) plots the measured L-I
curve of the C-VCSEL with oxide aperture of
9x10 um2.when the distance is larger than 2um.
The L-I curve is smooth and no kinks appear.
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Fig.2. L-I curve for (a) C-VCSEL, and (b) MA-VCSEL.

On the other hand, Fig. 2(b) illustrates the L-I
curve of MA-VCSEL with a distance of 1.5 - 2 um
with the same oxide aperture size. A kink
appeared in the L-I curve as optical feedback
induced from the metal boundary is coupled into
the primary VCSEL cavity. The lasing spectra of
the MA-VCSEL was measured for different bias
currents. A single-mode operation was obtained
in the entire current range with SMSR of more
than 40 dB as shown in Fig. 3. The intracavity
metal aperture works as transverse coupled
cavities which cause single mode operation and
the enhancement in modulation response.
Please note that the operating principle for single-
mode operation is totally deferent from metal
aperture VCSELs [15] and surface relief VCSELs
[16].

Figure 4 shows the measured NFP at 9mA
bias current. The mode field diameter is as large
as 10 um which is equal to the oxide aperture
size.
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Fig.3. Spectra measured at currents of 4mA to 12mA
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Fig. 4. NFP of MA-VCSEL in the X (a) and Y (b) directions

The direct coupling efficiency with a
conventional 1,300 nm single mode fiber was
measured which is 55%. The coupling loss partly
comes from the mismatch in mode field
diameters. The lateral displacement tolerance
was observed by change the lateral position of a
fiber in both X and Y directions which was plotted
in Fig. 5.(a) For the tolerance in the vertical
direction, the result was illustrated in Fig.5.(b).
The lateral tolerance is as large as 10 um for 1dB-
penalty, which makes a great impact for low cost
packaging with a single-mode fiber. We are
working on a long wavelength (1,100nm-band)
VCSEL directly coupled to a single-mode fiber.
We could expect a longer link length in single-
mode fibers.



The enhancement of modulation bandwidth is
attributed to the coupling between the primary
VCSEL cavity and the transverse coupled
cavities. The small signal modulation response in
MA-VCSEL is shown in Fig. 6. The small signal
modulation bandwidth is over 20 GHz while it is
10 GHz for conventional VCSELs fabricated on
the same wafer. The small-signal modulation
bandwidth can be double thanks to the
transverse coupled cavity effect. We also tested
a large signal modulation (NRZ) as shown in Fig.
7. We obtained an eye opening at 36 Gbps.
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Fig. 5.(a) Lateral and (b) vertical displacement tolerance
between VCSEL and a single-mode fiber.
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Fig. 6. Small signal modulation response of MA-VCSEL and
conventional VCSEL (C-VCSEL) for comparison.
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Fig. 7. Large signal modulations of MA-VCSEL at the data
rate of 32 and 36 Gbps

Conclusions

In conclusion, we proposed and demonstrated
the novel concept of high-speed and single-mode
VCSELs with a large mode-field diameter. The
fabrication process is exactly the same as
intracavity contact VCSELs, where no extra
process steps are needed. The mode field
diameter is as large as 10 um for single mode
operations in the entire current range with SNMR
of more than 40 dB. The small- and large-signal
characteristics of MA-VCSEL were measured.
The bandwidth can be double thanks to the
coupled cavity effect. This result shows a
possibility of achieving high-speed and single-
mode VCSELs with a simple device structure.
Further optimizations can be expected for
ultrahigh speed operations of 50 Gbps or higher
with a narrow spectral width.
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