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InGaAs/InP membrane photodetector bonded on Silicon
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We present the design, fabrication and characterization of a compact photodetector suit-
able for photonic interconnections on electronic ICs. In our approach, the InP-based
optical sources and detectors are linked via Si photonic waveguides in an interconnection
layer on top of the CMOS circuitry. The photonic device processing is compatible with Si
wafer scale fabrication steps, which guarantees compatibility with future ICs manufac-
ture. The detector maskes use of an InP membrane waveguide to couple the light out of
the interconnection layer and carry it towards the absorption region. A responsivity of
0.45 A/W and a rather flat frequency response in the 0-20 GHz range were measured.

Introduction

For future generation electronic ICs, a bottleneck is expected at the interconnect level.
The integration of optical sources, waveguides and detectors forming a photonic inter-
connect layer on top of the CMOS circuitry is a promising solution, providing bandwidth
increase, immunity to EM noise and reduction in power consumption [1]. We investigated
this solution within the framework of the European project PICMOS! and the Dutch Na-
tional project Smartmix-Memphis®. In our implementation, the interconnect layer is built
as a passive Si photonic waveguide layer and the InP-based photonic sources and detec-
tors are fabricated in a way compatible with wafer scale processing steps. This approach
combines the advantages of high quality Si wires with the excellent properties of InP-
based components for light generation and detection. The integration technique that is
investigated here assures compatibility towards future generation electronic ICs and is
based on a die-to-wafer molecular bonding technology [2]. Experimental results on a
full optical link, including lasers and detectors, were reported in [3]. In this paper, we
focus on the photodetector (PD): device design, fabrication and measurement results are
presented, including device characterization up to 20 GHz.

Design

In order to detect the light, it first has to be coupled from the Si wire into the PD structure.
In our approach, that is realized by means of an InP membrane input waveguide on top

'Photonic ~ Interconnect Layer on CMOS by Wafer-Scale Integration (PICMOS),
http://picmos.intec.ugent.be

*Merging Electronics and Micro & Nano-Photonics in Integrated Systems (MEMPHIS),
http://www.smartmix-memphis.nl

187



InGaAs/InP membrane photodetector bonded on Silicon

of the SOI wafer containing the Si photonic wiring (see Fig. 1). The two waveguides
act as a synchronous coupler that transfers the optical signal from the Si wire into the
transparent InP waveguide, which guides it to the PD absorption region stacked on top of
the transparent layer. The detector structure has a footprint of 5 x 10 yum? and is built as
an InGaAs absorption layer sandwiched between a highly p-doped InGaAs contact layer
and a highly n-doped InP layer, which is also used for realizing the membrane waveguide.

Lum The PD 3-dB bandwidth is mainly limited
InP_|250nm _ by the carrier transit-time, as the RC-time

300nm Coupler cross section . )
ocs - is < 10 ps, thanks to the compact device
so2 s0nm dimensions. Fig. 2 (left) shows the calcu-
B eemiact lated transit-time frequency response for

InP input waveguide

a p-i-n photodiode which employes our
layer stack. The curves are calculated by
solving the carrier rate equations under
the hypothesis of uniform and exponen-
tial carrier generation in the illuminated
intrinsic diode region, as explained in de-
tail in [4]. In our case, the heterojunction
, , is bottom-illuminated and the carriers are
Figure 1: Photodetector structure. The coupling . .
from the Si waveguide layer to the PD is realized generated close to the n-side (see Fig. 1).
via the InP membrane input waveguide, on top of That leads to an expected transit-time lim-
which the detector is stacked. A cross section of ited bandwidth of about 30 GHz, as it can
the coupler is schematically shown. be read from Fig. 2 (left). Following the
hypothesis of uniform carrier generation, for simplicity, the transit-time frequency 3-dB
point dependence on the PD absorption layer thickness was calculated (see Fig. 2, right).
Clearly, there is trade-off between device speed and efficiency: the thicker the absorption
layer, the higher the efficiency and the lower the bandwidth. Simulation results show that
an internal quantum efficiency somewhat < 90% is expected for a total detector thickness
of 1 um, corresponding to an absorption layer thickness of 700 nm, as we reported in [5].
Such choice for the device thickness was driven by the ease of integration with the u-disk
lasers, as described in [3].
The detector input InP coupler was designed with a cross section geometry of 0.25 X
1 um? and a length of 14 um to achieve mode matching with the Si photonic waveguide,
which is 500 x 220 nm? [5]. Details about design, fabrication and characterization of the
Si waveguides are extensively presented in [6].

Fabrication

The PD layer stack was grown on a 2” InP wafer. It was sawn in dies that were then
molecular-bonded upside down on an SOI wafer, in which the Si waveguides had been
defined, and the InP substrate was removed from the dies by a combination of chemical-
mechanical polishing and wet-chemical etching. Afterwards, the PD pattern was aligned
on the Si structures by e-beam lithography and transfered to a SiO, hard mask. Then,
the SOI wafer was sawn into samples, to allow for processing in our clean room. The
PD structure was defined using III-V conventional wet- and dry-etching techniques. A
polyimide layer was used to planarize the chip and provide electrical isolation and a
Ti/Pt/Au metal stack was evaporated and patterned by lift-off. Si grating fiber couplers
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Figure 2: Left: Detector transit-time frequency response calculated under the hypothesis of unifor
and exponential carrier generation in the illuminated intrinsic region (at the p- and n-side) of the p-i-n
diode. Right: Transit-time frequency 3-dB point dependence on the PD absorption layer thickness,

assuming a uniform carrier generation in the illuminated PD.

Figure 3: Left: Picture of the chip. PDs are grouped in blocks (8 devices/block). RF pads and Si
grating couplers are indicated. Right: A close-up of a PD and the initial part of the Ground-Signal-
Ground (GSG) RF metal pads are shown.

were also integrated in the Si waveguide layer to allow for on-wafer characterization [7].
Fabricated devices are shown in Fig. 3.

Measurement Results

The detector DC characterization was performed by using a tunable laser source (TLS)
and a polarization controller to couple TE-polarized light through the grating coupler into
the Si waveguide. A source-meter unit was used to reversely bias the PD and to read out
the generated photocurrent. The photodiode generated photocurrent as a function of the
applied bias voltage was measured for 0, 25 and 50 uW input powers (see Fig. 4, left). A
dark current around 1.6 nA was registered at —4 V. The PD responsivity was calculated
to be R = 0.45 A/W, which is a conservative value, as the grating coupler maximum
efficiency was assumed (maximum 20% at 1575 nm). Such responsivity corresponds to
a quantum efficiency of 35%, which includes the efficiency of the InP membrane coupler
and the internal quantum efficiency of the pin-detector itself. Dynamic measurements
were performed in the range of 130 MHz to 20 GHz with an Agilent HP8703A lightwave
component analyzer (LCA), used for small signal modulation of the input optical power
from the TLS and for reading out the RF electrical signal generated by the PD. Results are
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Figure 4: Left: Measured photocurrent for 0, 25 and 50 uW optical input power as a function of the
detector applied bias voltage. Right: Detector frequency response.

presented in Fig. 4 (right), which shows a rather flat frequency response up to 20 GHz,
except for oscillations around 17 GHz, probably due to non-ideal de-embedding of the
RF components used in the set-up, and around 2 GHz, caused by the optical module of
our LCA, not working properly below that point.

Conclusions and Acknowledgment

We presented a 50 um? InP-based photodetector fabricated on samples bonded to an
SOI wafer containing Si waveguides, suitable for an optical interconnect layer on top
of CMOS ICs. Measurements recorded a responsivity R=0.45 A/W and a rather flat fre-
quency response up to 20 GHz.

We acknowledge the support of the EU IST-PICMOS project and the Dutch National
Smartmix-Memphis project.
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