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We investigate the possibility for optically exciting and
electrically detecting surface plasmon polaritons (SPPs) in a
set-up fully compatible with complementary-metal-oxide-
semiconductor that consists of a silicon pin-diode. A grating
in the aluminum electrode of the pin-diode is intended to enable
the optical excitation of SPPs at the interface between the

1 Introduction The continuous downscaling of tran-
sistor dimension has been the driving force behind device
performance increase for the last decades. However, the
devices themselves as well as their metallic interconnects
face increasing problems that have their origin in this very
size reduction. Metallic interconnects in particular exhibit
increasing delay times as well as power dissipation as they
are scaled down; their performance is expected to be the
limiting factor in further increasing overall device perform-
ance in approximately 10 years [1, 2]. Alternative concepts
are, therefore, being explored.

In view of electronic operating frequencies approaching
the terahertz and optical range, research is already underway
that aims at translating electronic circuit elements into
equivalent optical devices [3—5]. While optical circuitry may
still be a somewhat far-fetched goal, optical information
exchange between remote computers has long been a mature
part of telecommunication technology. Current research and
development is focusing on shorter-distance inter- and on-
board communication via optical waveguides and trans-
mission lines. Interestingly, as distances shrink, there is a
trend away from purely photonic (dielectric) waveguides.
For the increasingly short distances, the introduction of
plasmonic transmission lines [6] has a number of advantages.
Plasmonic waveguides are based on information trans-
mission via surface plasmon polaritons (SPPs) and can, in
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aluminum metallization and the SiO,-passivation of the diode.
When the SPP propagates towards the pin-diode and excites
electron—hole pairs, it can be detected on the basis of the
resulting photocurrent. We report on preliminary results
obtained with scanning photocurrent microscopy with three
different laser wavelengths (458, 512, and 633 nm).
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principle, be scaled down to the sub-100-nm regime [7]. This
promises extremely high packing densities for the millimeter
range in main board-to-chip and intra-chip information
exchange, not achievable by photonic waveguides.

SPPs are electromagnetic excitations that propagate
along the interface between a metal and a dielectric and
are subject to attenuation due to dissipation in the metal.
Therefore, SPPs have a finite propagation length, and
moreover, tighter lateral confinement leads to increased
absorption losses such that decreased waveguide sizes for
plasmonic transmission lines come at the expense of
increased energy dissipation. A thorough analysis compar-
ing conventional, metallic interconnects to plasmonic
interconnects has e.g. been performed in Ref. [8].

While plasmonic interconnects are clearly not suited for
long-distance communication (beyond the centimeter
range), where nearly loss-less photonic communication is
preferable, they are excellent candidates for connecting a
possible ‘global’ photonic interconnect layer that e.g.
addresses off-chip information transmission to a conven-
tional “local” interconnect level that handles the trans-
mission of on-chip information [8]. As a prerequisite for this
intermediate interconnect layer, the efficient optical gener-
ation of SPPs, their transmission over the required distances
via waveguides as well as their electrical detection have
to be realized. Moreover, for any plasmonic interconnects
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considered for complementary metal-oxide-semiconductor
(CMOS)-compatible device processing, SPP transmission
and detection have to be implemented in CMOS compatible
material systems. So far, passive elements of a transmission
line in the form of CMOS-integrable plasmonic waveguides
based on silicon have been proposed and experimentally
realized [9-12]. Active elements for the silicon-based
electrical generation of SPP signals [13], their modulation
[14] as well as their conversion to electrical signals by means
of germanium nanowires [15] have also been demonstrated.
Further work, however, towards the realization of a fully
CMOS-compatible transmission line is required.

In this paper, we present results on the fabrication of
gratings for plasmon injection at aluminum-SiO, interfaces
of the metallization—passivation layer of silicon pin-diodes
as well as device characterizations with scanning photo-
current microscopy (SPCM) under ambient conditions. In
this measurement set-up, the current through the diode can be
measured in situ under illumination with light of different
wavelengths that is focused by means of a confocal optical
microscope. Before reducing feature size to the nanoscale,
our aim is to investigate how a set-up for the optical
excitation and the electrical detection of SPPs can be realized
in a conventional silicon pin-diode well within the
micrometer range. While other types of metallization might
be preferable for their plasmonic properties, aluminum has
the advantage that it is fully CMOS-compatible.

2 Experimental set-up

2.1 Silicon pin-diode device fabrication
process Device fabrication starts with the layer growth of
the vertical silicon pin-diode by means of molecular beam
epitaxy (MBE). A double mesa etching process is used to
form a n'ti-mesa on top of a p* buried layer. A schematic
cutaway image is shown in Fig. 1.

The mesa diameter of the finished pin-diode varies
between 1.5 and 80 wm. The mesa is subsequently passivated
by depositing 300nm of SiO, in a plasma-enhanced
chemical vapour deposition (PECVD) process. In this
passivation layer, contact holes are etched with a dry-
etching process in a reactive ion etching (RIE) system;
afterwards, 1.6 um of aluminum as the final metallization
layer is deposited by means of a sputtering process. This

Al-contacts

n*-Si (200nm) Sio,

i-Si (300nm)

p*-Si (300nm)

Si-Substrate

Figure 1 (online colour at: www.pss-b.com) Schematic cutaway
image of the MBE layer stack of the finished silicon pin-diode.
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Figure 2 SEM images of the finished devices (device A shown
above, device B shown below) with a grating incorporated in the
aluminum contact leading up the diode double mesa. The inset
shows the cutaway image of a similar grating structure, which has
been filled in for better image contrast.

choice of aluminum thickness is made so as to guarantee
coverage of the mesa sidewalls. As can be seen from
scanning electron microscope (SEM) images in Fig. 2, the
aluminum surface obtained from the sputtering process is not
completely level but contains a number of sharp protrusions.
In a final step, aluminum contacts to the top of the n*i-mesa
as well as to the p* buried layer are structured by means of a
HCI/HBr dry etching process in an inductive coupled plasma
RIE (ICP-RIE) system.

2.2 Fabrication of gratings for plasmon
injection Two of the pin-diodes with mesa diameters of
5 wm (device A) and 2 wm (device B) were then selected for
further processing. A grating with the aim towards exciting
SPPs at the interface between the aluminum- and the SiO,-
layer was structured by focused ion beam (FIB) milling in the
aluminum contact layer. Figure 2 shows SEM images of the
positions of the gratings with respect to the diode mesa for
each of the two diodes, the SEM image of the cross section of
a similar grating is shown in the inset of Fig. 2. As can be
seen, the thickness of the aluminum layer makes the milling
of a grating with 90° ridge sidewalls difficult to achieve. A
lattice constant of approximately 200 nm can be assumed for
each of the gratings at the aluminum-SiO, interface. The
overall dimensions of each of the gratings are approximately
1 pwm in width and 1.3 pm in length. In device A, the grating
is situated at a distance of approximately 6 um from the
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upper mesa that contains the intrinsic region; in device B,
grating and upper mesa are spaced approximately 4 pm
apart.

If SPPs can be excited optically by illuminating the
grating, they can propagate along the aluminum-SiO,
interface. If they impinge on the silicon mesa, they can
excite electron—hole pairs that are separated by the intrinsic
field of the pin-structure, which generates a measurable
photocurrent.

3 Device characterization and measurement
results Figure 3 shows current—voltage characteristics of
the two diodes in the absence of optical excitation. In order to
investigate possible SPP excitations in the system, the
devices were characterized with SPCM [16] under ambient
conditions, using three different laser sources (of wave-
lengths 458, 514, and 633 nm). SPCM measurements were
taken at zero and reverse bias of the pin-diodes.

Figures 4 and 5 show photocurrent maps of the grating
area of device B at different laser illumination wavelengths
and orientations of the polarization (Fig. 4) as well as
different external bias conditions of the pin-diode (Fig. 5). In
the photocurrent maps shown in Fig. 4, a clear photocurrent
signal from the grating structure in the aluminum contact
layer can be observed. The positions of the additional spot-
like photocurrent peaks in proximity to the grating coincide
with the protrusions in the aluminum metallization that
originate from the deposition process, as can be inferred from
Fig. 2.

A comparison of the photocurrent maps at the same light
wavelength but for light polarized perpendicular and parallel
to the ridges of the grating shows that the photocurrent signal
is significantly stronger (by approximately a factor of three)
for light polarized perpendicular to the ridges of the grating,
as can be expected for plasmonic coupling structures [17].
The magnitude of the photoresponse increases with applied
external bias, as shown in Fig. 5.

While plasmonic excitations could be at the origin of
the photocurrent signals, other effects could also contribute.
We therefore scanned a larger section of the device area, the
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Figure 3 (online colour at: www.pss-b.com) Current—voltage
characteristics of the devices.
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Figure 4 (online colour at: www.pss-b.com) Photocurrent maps of
the grating of device B atdifferentlaser wavelengths and laser power.
Laser polarization is perpendicular (left column) and parallel (right
column) to the grating. All maps were taken at an external bias of
—05V.
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Figure 5 (online colour at: www.pss-b.com) Bias dependence of
the photocurrent maps of device B at a laser wavelength of 633 nm,
12 wW incident laser power and light polarization perpendicular to
the grating.
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Figure 6 (online colour at: www.pss-b.com) Reflection images
(upper row) and photocurrent maps (lower row) of device A at
external bias of —0.5 V and with a laser wavelength of 633 nm. We
observe a finite photocurrent from light directly impinging on the
silicon substrate.

resulting photocurrent maps as well as reflection images of
device A are shown in Fig. 6. Since the double mesa as the
active region of the device is included in the scanning image,
the largest photocurrent is observed when laser light
impinges directly on the silicon mesa, irrespective of the
polarization of the incident laser light. For light polarized
perpendicular to the grating, a photocurrent peak that
coincides with the position of the grating is also visible.
However, we can also observe that a clear photocurrent
signal is obtained from the regions where the laser light hits
the silicon substrate, which is only covered by the transparent
Si0O, passivation layer in this area. As can be seen in Fig. 7,
this photocurrent signal can be made to vanish with positive
applied bias. However, at these bias conditions the signal
from the grating coupler is also extenuated.

4 Discussion We can estimate the complex wavevec-
tors kspp and the propagation lengths Lgpp of the SPPs that are
excited at the different illumination wavelengths (458, 514,
and 633nm with corresponding vacuum wavevector
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Figure 7 (online colour at: www.pss-b.com) Photocurrent maps of
device B at a laser wavelength of 633 nm and with light polarization
perpendicular to the grating.
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Table 1 SPP wave vectors and propagation lengths at the
aluminum-SiO, interface for the different laser wavelengths Aj¢er
used in the measurements.

/llaser (nm) Re(kSPP) (I/IJ,IH) LSPP (“‘m)
458 20.8 2.48
514 18.4 3.22
633 14.7 4.49
ko= 2m/Ay according to
EAIESIO
kspp = ko, [——=== (D
EAl T Esi0,

and

L : @)

SPP = -,
2Im(kspp)

where esio, and &4 are the permittivities of SiO, and
aluminum, respectively [18, 19]. An SPP that is excited at
the grating structure and subsequently travels along the
aluminum-SiO, interface is theoretically able to reach the
double mesa that contains the active layers but will
have experienced significant damping according to the
results given in Table 1. Moreover, these figures most likely
overestimate the propagation length for SPPs in our device
since the polycrystallinity of the sputtered aluminum
metallization layer can be expected to induce additional
propagation losses. This might explain why the measured
photocurrents are weak.

There are several indications that we might have
achieved electrical detection of SPPs in our device. We do
observe a clear polarization dependence of the photocurrent
signal when laser light impinges directly on the grating, as
shown in Fig. 4. Also, the photocurrent signal can be
significantly enhanced by applying areverse bias to the diode
itself as evidenced in Fig. 5.

However, on the basis of the results shown in Fig. 6, we
cannot rule out the possibility that the photocurrent signal
obtained at the position of the grating has the same origin as
the photocurrent signal obtained directly from the silicon
substrate.

The question remains as to the origin of the photocurrent
from the substrate. One possible explanation is that this
photoresponse is due to light scattering of the SiO,-surface
such that it directly hits the silicon mesa.

The photocurrent peaks originating from protrusions in
the aluminum are, perhaps, the clearest indication for
plasmonic excitations in our device. When the small
aluminum domes are illuminated by laser light, SPPs with
a broad range of wavevectors are generated and can travel
along the aluminum-air interface up the mesa where they
could either directly or indirectly via a photon scattering
process excite electron—hole pairs in the active diode region
that lead to a measurable photocurrent.

www.pss-b.com



Phys. Status Solidi B 249, No. 4 (2012)

Original

Paper

777

5 Conclusion If fully CMOS-compatible plasmonic
interconnects can be realized, they could constitute a viable
alternative to current metallic interconnects whose increas-
ing delay times and power dissipation can be expected to be
a major limiting factor in the performance increase of
electrical systems within 10 years. The main question that
we address with our experimental investigations is how
optical excitation and electrical detection of SPPs can be
realized in CMOS-compatible silicon pin-structures. To that
end, we introduced a grating structure in the aluminum
contact metallization of the vertical pin-diode and performed
SPCM measurements. The aim was to excite SPPs at
the interface between aluminum metallization and SiO,
passivation that propagate towards the vertical double mesa
pin-diode where they are detected via the generation of
electron—hole pairs.

Since, we cannot separate signals from SPP excitations
from other contributing effects with absolute certainty in our
photocurrent measurements, further investigations are
necessary in order to assess the suitability of all-silicon pin
structures for electrical detection of SPPs. We are currently
pursuing a number of possible improvements: by moving to
Ge-based pin-diodes and selecting an excitation wavelength
in the communication band (1550 nm), the direct creation of
electron—hole pairs in the Si substrate can be avoided. The
use of optimized grating coupler structures [20] in conjunc-
tion with waveguides that also confine the travelling plasmon
in the plane, possibly also with enhanced propagation
lengths, should allow boosting the conversion efficiency
from incident photons to detectable current.
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