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We report on the design, fabrication and test results of monolithically integrated transceiver
chips consisting of GaAs metal–semiconductor–metal photodiodes and 850 nm wavelength
vertical-cavity surface-emitting lasers. These chips are well suited for low-cost and com-
pact bidirectional optical interconnection at Gbit/s data rates in mobile systems and in-
dustrial or home networks employing large core size multimode fibers.

1. Introduction

A monolithically integrated transceiver (Tx/Rx) chip which operates at 850 nm wave-
length and consists of a vertical-cavity surface-emitting laser (VCSEL) and a directly
adjacent metal–semiconductor–metal photodiode (MSM PD) is presented. The chip in-
troduced in [1] for the first time with an extended dynamic characterization in [2] is
specifically adapted to 200µm core diameter step-index polymer-clad silica (PCS) fibers
while avoiding any light coupling optics. The fiber overfilled launch bandwidth–length
product of 3GHz · m enables Gbit/s data rate connectivity over meter-long distances in
half-duplex mode. The steps required to fabricate the transceiver chips are described and
back-to-back (BTB) data transmission up to 3Gbit/s data rate is performed to demon-
strate basic dynamic capabilities. Several other concepts involving either the integration
of VCSEL and photodetector or bidirectional optical interconnection have been reported
in the literature. The work on integrated smart pixels usually targeted free-space unidi-
rectional transmission. For this purpose, spatially separated VCSELs and photodiodes
were implemented on the same chip [3, 4]. Half-duplex interconnection using a single
VCSEL has been demonstrated [5]. Unfortunately such a solution is not well suited for
low-cost links owing to small detection areas and resonant detection which would require
temperature control at both fiber ends. In [6] a hybrid solution for bidirectional opera-
tion over a PCS fiber is reported, making use of a polymer waveguide platform and 90◦

beam deflection in the VCSEL path. The present work combines individual advantages
of previous approaches, namely monolithic integration, large-area non-resonant detection,
and fiber butt-coupling.

2. Chip Processing

A monolithically integrated transceiver chip must contain all layers necessary for signal
generation and reception. As illustrated in Fig. 1, the layers for the receiving MSM PD
are epitaxially grown (by molecular beam epitaxy) on top of the VCSEL layers.
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Fig. 1: Layer structure of the transceiver
chips.

A 200 nm-thick AlAs layer serves as an etch stop and a barrier for the photo-generated
carriers. The generation of the electron–hole pairs takes place in an undoped 1 µm-thick
GaAs layer suitable for light detection at 850 nm wavelength. This layer is separated
from a dark current-reducing 40 nm Al0.3Ga0.7As Schottky barrier by a 40 nm Al

x
Ga1−x

As
layer (linearly graded from x = 0 to 0.3) to minimize the energy band discontinuity which
could hinder the transport of the light-induced carriers. The top GaAs layer serves as a
protection layer to prevent Al0.3Ga0.7As oxidation. The aforementioned layer structure is
similar to the one introduced in [7].

Fig. 2: Scanning electron micrograph show-
ing a cross-sectional view after dry-etching
of the VCSEL mesa.

Fig. 3: Scanning electron micrograph of a
Tx/Rx chip with a schematic butt-coupled
PCS fiber as an application example.

To access the highly p-doped cap layer of the VCSEL, the detector layers surrounding
the resist-protected photodiode area are selectively removed by citric acid solutions. The
process is terminated at the AlAs etch-stop layer which is subsequently removed by hy-
drofluoric acid. A dry-etch process is applied to define the VCSEL mesa, during which the
photodiode is protected by photoresist. Figure 2 shows a cross-sectional view of the trench
region (see also Fig. 3) between VCSEL and MSM PD and illustrates the layer structure.
The trench is filled by a high-resolution UV-sensitive photoresist which is employed to
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realize MSM electrodes with various interdigital spacings down to 2µm. Subsequently,
a single Al2O3 quarter-wave antireflection (AR) coating is applied and photolithographic
steps are performed to put bondpads on the surface, thus allowing wire bonding for
dynamic characterization. The PD diameter equals 210µm, matching the 200µm core
diameter of the PCS fiber that shall be centered in front of the transceiver chip (Fig. 3).
The VCSEL occupies part of the circular-like PD area, where the PD-to-VCSEL offset is
a trade-off between coupling efficiency and remaining detector area.

3. Test Results

Small-signal operation shows that Tx/Rx chip photodiodes with a diameter of 210µm
and a finger width-to-spacing ratio of 1-to-2µm have a 3 dB cut-off frequency of 1.4GHz
at 4V bias voltage. At the operating wavelength of 850 nm, the responsivity is as high as
0.4A/W due to the enhancements by light reflection at the VCSEL layers and by the AR
coating which also passivates the surface and thus reduces the dark current. The quantum
efficiency equals 59% which is close to the theoretical maximum of 67% taking shadowing
by the given electrode configuration into account. The transmitting part of the Tx/Rx
chips consists of a standard top-emitting oxide-confined VCSEL operating at 850 nm. Its
n-contact is located at the bottom of the GaAs substrate. The laser 3 dB bandwidth
exceeds 5GHz, as determined with a multimode fiber-pigtailed InGaAs pin-photoreceiver
with above 8GHz bandwidth. Thus the available bandwidth of the transceiver chips is
limited by the MSM PDs.
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Fig. 4: Back-to-back (BTB) data transmission of NRZ PRBS signals between 210 µm diameter
PD and VCSEL as parts of monolithically integrated Tx/Rx chips (left) and comparison of eye
diagrams recorded for different word lengths at 3Gbit/s data rate (right).

In Fig. 4, back-to-back (BTB) data transmission between two Tx/Rx chips without in-
serting a bandwidth-limiting fiber is demonstrated. One VCSEL is modulated with a
non-return-to-zero pseudo-random bit sequence (NRZ PRBS) with 27

− 1 word length
and its light is imaged with a magnification of 1.6 onto the opposite PD using two lenses.
The received optical power at a bit error rate of 10−11 amounts to −12.8 and −11.9 dBm
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for 1 and 3Gbit/s data rate, respectively (Fig. 4, left). Figure 4 on the right hand side
shows that the eye opening at 3Gbit/s is only slightly reduced at 231

− 1 word length
compared to 27

− 1.

4. Conclusion

We have fabricated monolithically integrated transceiver chips for high-speed optical in-
terconnection over a butt-coupled 200µm core diameter PCS fibre at 850 nm wavelength.
Quasi error-free data transmission at 3Gbit/s data rate has been shown in a back-to-back
configuration. By reducing the device dimensions, this approach should even allow to use
graded-index fibres with smaller core and significantly larger bandwidth–length product
which would enable Gbit/s-range data transmission over distances relevant for industrial
and home networks.
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