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In the past two decades, we have been witnessing a rapid
progress in toward the realization of complementary metal-

oxide semiconductor (CMOS) compatible, silicon nanopho-
tonic devices for monolithic on-chip integration of optical
systems operating in telecom spectral regime where intrinsic
bulk silicon has a negligible absorption. Such devices include for
example low-loss nanoscale waveguides,1�4 high-Q cavities,5�7

high speed modulators,8�11 and even light sources.12,13 Yet,
operating at the near-infrared transparency window limits the
usefulness of silicon as an active absorbing material for photo-
detection. In order to develop all-silicon CMOS compatible
photodetectors for on-chip optoelectronic integration, different
approaches were proposed and demonstrated including two-
photon absorption (TPA),14,15 insertion of midbandgap defect
states into silicon lattice,16 using a polysilicon active layer,17

cavity enhanced photocurrent generation,15,17,18 and incorpora-
tion of germanium active layer with the silicon-based devices.19�21

However, in the cases of germanium integration and introduc-
tion of midbandgap states into silicon lattice the main challenge
remains to be the reduction of the dark current owing to the
lattice mismatch and the presence of defects. On the other hand,
using the nonlinear process (TPA) could potentially contribute
to the low noise pure silicon photodetection, but this approach
requires high optical power or realization of high quality factor
optical cavity to achieve enhanced photon density.

An alternative way to detect infrared sub-bandgap optical
radiation in silicon is to employ the internal photoemission (IPE)
process using a Schottky barrier (SB) photodetector.22�26 In its
simplest form, such a detector consists of metal film on a lightly

doped semiconductor (e.g., silicon) forming a Schottky contact
at metal�semiconductor interface with potential barrierΦB and
rectifying electrical characteristics. Typically, the obtained
Schottky barrier (ΦB) is lower than the energy bandgap of
silicon,23 thus allowing detection of long-wavelength (infrared)
photons via the internal photoemission process. More specifi-
cally, when optical radiation below the bandgap is applied to the
metal�silicon contact by top (through the metal) or back
(through the semiconductor) illumination, the conduction elec-
trons in the metal absorb infrared photons with the energy hν
exceeding the potential barrier at the interfaceΦB (see Figure 1).
Gaining sufficient energy, these excited (hot) electrons are able
to cross over the SB,27 sweep out the depletion region of the
semiconductor, and be collected as a photocurrent under reverse
bias (photoconductive mode) operation.

Themain advantages of SB photodetectors reside in their large
bandwidth and simple fabrication process. However, since the
volume in which the photons interact with electrons in the metal
is very small, only a small fraction of the incident photons actually
causes photoemission. To enhance the efficiency of the IPE
process one would desire to directly guide light toward the active
area of the detector and effectively confine the optical power at
the boundary between the materials forming the Schottky
contact, thereby increasing the interaction of light with the metal
in the vicinity of the interface where the photoemission process
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ABSTRACT: We experimentally demonstrate an on-chip
nanoscale silicon surface-plasmon Schottky photodetector
based on internal photoemission process and operating at
telecom wavelengths. The device is fabricated using a self-
aligned approach of local-oxidation of silicon (LOCOS) on
silicon on insulator substrate, which provides compatibility with
standard complementary metal-oxide semiconductor technol-
ogy and enables the realization of the photodetector and low-
loss bus photonic waveguide at the same fabrication step.
Additionally, LOCOS technique allows avoiding lateral misalignment between the silicon surface and the metal layer to form a
nanoscale Schottky contact. The fabricated devices showed enhanced detection capability for shorter wavelengths that is attributed
to increased probability of the internal photoemission process.We found the responsivity of the nanodetector to be 0.25 and 13.3mA/W
for incident optical wavelengths of 1.55 and1.31μm, respectively. The presented device can be integrated with other nanophotonic and
nanoplasmonic structures for the realization of monolithic opto-electronic circuitry on-chip.
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takes place. This light localization could significantly improve the
detection capability of the system and potentially pave the way
for device miniaturization and realization of on-chip photode-
tectors on the nanoscale. As early as in 1970s, the concept of
using the high fields of the surface plasmon polaritons (SPP) on
the metal�air interface for improving the efficiency of external
photoemission in photocathodes has been explored,28,29 and
recently this concept had been successfully applied to the
enhancement of internal photoemission for infrared photodetec-
tion in silicon-based plasmonic structures.30�33 The SPP are
optical surface waves propagating along the boundary between
metal and dielectric where the electromagnetic fields decay
evanescently in both media. While optical systems are basically
diffraction limited, surface plasmons (SP) allow tight confine-
ment of optical field to strongly subwavelength dimensions and
provide guiding capabilities in nanoscale metallic structures.34,35

Such properties are essential to achieve dense integration in the

monolithic optoelectronic circuitry on-chip where a photode-
tector represents a basic building block of optical interconnect
system.36,37

In this work, we present the on-chip nanoscale silicon surface-
plasmon Schottky photodetector based on internal photoemis-
sion process and operating at telecom wavelengths. Our detector
is fabricated using a self-aligned approach of local-oxidation of
silicon (LOCOS) on silicon on insulator (SOI) substrate in
which the nanoscale waveguide structure is defined by oxide
spacers. Implementation of the LOCOS process provides com-
patibility with standard CMOS technology and permits a precise
control over the shape and the dimensions of the waveguide.4

Additionally, the LOCOS technique enables the fabrication of
low-loss bus photonic waveguide (ca. 0.3 dB/cm) and the detec-
tor in the same process step, where the oxide spacers effectively
define the area of metal�silicon interface and thus allow avoiding
lateral misalignment between the silicon surface and the metal
layer to form a Schottky contact.38

Figure 2 presents the fabrication process of on-chip optoelec-
tronic link composed of photonic bus waveguide integrated with
plasmonic Schottky detector. We used a 340 nm thick p-type
silicon device layer (F∼15Ω 3 cm) on top of a 2μm thick buried
oxide. First, a 100 nm of silicon nitride (SiN) was deposited by
low-pressure chemical vapor deposition (LPCVD) at 800 �C to
realize a protective layer for the LOCOS process. Next, the mask
defining the optical and electrical structures including the
photonic bus waveguide, the detection region, and the contacts
area were patterned into the protective SiN layer using standard
electron-beam lithography (EBL) followed by reactive ion etch-
ing (RIE) with a CHF3/O2 gas mixture. The defined pattern was
next transferred to the silicon layer by wet oxidation process at
1000 �C where the nitride layer serves as a mask preventing the
oxygen diffusion. After oxidation the nitride mask was removed
by an additional RIE step. To make the Schottky plasmonic
photodetector, we first realized an ohmic contact to the silicon
layer by evaporating an aluminum pad and alloying the structure
at 450 �C. Finally, a 50 nm thick Au layer was deposited onto the

Figure 1. Energy band diagram of metal�semiconductor Schottky
contact with the relevant states participating in the internal photoemis-
sion process. For simplicity, n-type contact is shown.

Figure 2. Fabrication process flow of the Schottky plasmonic photodetector integrated with photonic bus waveguide. (a) Planar SOI substrate;
(b) nitride layer deposition; (c) nitride patterning; (d) local oxidation to define bus waveguide; (e) nitride strip and realization of ohmic contact to
silicon; (f) formation of Schottky contact between silicon and Au layers.
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chip (after short dip HF) followed by a lift-off process to lay
down the metallic strip of the plasmonic structure to form a
Schottky contact.

To find the profile of our structures following the LOCOS
process, we captured scanning-electron microscope (SEM)
micrographs of the photonic waveguide prior to metallization
(Figure 3a) from which we obtained the dimensions of the bus
waveguide to be 310 nm width and 340 nm height, supporting
only a single transverse-magnetic (TM, out-of-plane) polarized
optical mode. A thin rib (60 nm thickness) was kept to facilitate
electrical contact to the silicon. According to Figure 3, the oxide
spacers formed by the LOCOS process smooth the profile of
the waveguide (Figure 3a) and provide an electrical isolation
between the regions of high electric field generated at the sharp
edges of metal and silicon (Figure 3b), thereby minimizing the
leakage current of the device. On the basis of Figure 3b, we found
the effective width of the detector to be 60 nm.

Next, using finite element mode solver (COMSOL) we
calculated the optical mode profile of the silicon photonic bus
waveguide and the plasmonic waveguide (e.g., Schottky contact)
taking into account a subsequent deposition of 50 nm thick Au
layer and the actual dimensions of the optical structure as taken
from the SEM image (Figure 3c,d). According to the simulation
results, the effective refractive index of the photonic and plas-
monic nanowaveguides were found to be 2.29 and 3.25 þ 0.02i,
respectively.

Figure 4 shows the SEM image of the fabricated device. To
ensure the inclusive absorption of the optical power in the
detector, we used a 30 μm long SPP waveguide, much longer
than the propagation length of SPP mode (∼6 μm), which was
calculated according to the 1/e intensity attenuation criterion
and the simulation result of the complex refractive index.

Additionally, we used a symmetric Y-splitter configuration to
be able continuously monitor the optical signal in the detector by
measuring the optical signal at the output facet of the chip.

To characterize the fabricated device, we first tested the
electrical performance of the detector by measuring a curren-
t�voltage (I�V) characteristic of the Schottky contact. As dem-
onstrated in Figure 5, the device shows the expected rec-
tifying behavior with the forward bias region limited by the serial
resistance of the contact and dark current in order of 13 nA for
reverse bias of 0.1 V. To estimate the Schottky diode parameters,
we measured the I�V characteristics of the device for different
temperatures and used the Arrhenius plot (I0/T

2 vs 1/T, where I0
is the leakage current) for extracting the barrier height (ΦB) and
the effective Richardson constant (A**). We found values of
ΦB = 0.315 V and A** = 32A/cm2K2, very similar to the values
presented in semiconductor textbooks23 for (p-type)silicon�Au
Schottky contact. We note that higher values of the barrier
(as high as 0.7 eV)39 were also reported for the same configura-
tion. These differences may be the result of the high dependency
on the fabrication process and specifically the surface treatment.

Next, we tested the detection capability of the device for
different telecom wavelengths by measuring the I�V character-
istics of the Schottky diode at the presence of an optical signal.
For this reason, a TM polarized light that originated from a diode
laser was launched into the photonic bus waveguide using a
polarization maintaining lensed fiber with a mode size of 2.5 μm.
The light from the output facet of the waveguide was collected
with a similar fiber and detected by power meter. By measuring
the optical signal in the reference arm of the Y-splitter, we
maximized the optical power in the Schottky detector by
achieving a best alignment between the input/output tapered
fibers and the bus waveguide.

Figure 3. (a) SEM micrograph of the photonic bus waveguide after local-oxidation process before the metallization step; (b) SEM micrograph of the
Schottky contact. (c) Intensity mode profile of the photonic bus waveguide. (d) Intensity mode profile of the plasmonic waveguide (Schottky contact).
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Figure 6a represents the measurement results of the Schottky
photodetector for optical signals at several wavelengths under
constant incident optical power.

The observed spectral response reveals an increased respon-
sivity for shorter wavelengths. This is expected due to the
enhanced quantum efficiency of the internal photoemission pro-
cess for energetic incident photons27 according to the modified
Fowler equation27,40

η ¼ C
ðhν�ΦBÞ2

hν

where η is the quantum efficiency of photoemission process
(number of carriers that contribute to the photocurrent per incident
photon) and C is the photoemission coefficient. The quadratic
dependence essentially follows from the emission probability being
proportional to both the density of metal electrons capable of
surpassing the barrier and the density of empty states in the
semiconductor accessible for these electrons (Figure 1). The ob-
tained voltage dependence of the current in reverse bias can be related
to the combined effect of SB lowering due to the image force and the
space-charge-limited nature of the photocurrent.23

To determine the responsivity of the detector, we have
measured the current across the Schottky contact under weak

reverse bias of 0.1 V as a function of the incident optical power. A
representative measurement result at the wavelength of 1.55 μm
is shown in Figure 6b. As expected, the obtained photocurrent is
increasing linearly with the increase in optical power, where the
slope of the curve corresponds to detector responsivity according
to I = Idarkþ RPin, where R is the detector responsivity and Pin is
the incident optical power. To calculate the responsivity, we have
first estimated the amount of optical power in SPP waveguide
that contributes to the internal photoemission process. Taking
into account the overall coupling loss of∼20 dB that is given by
the coupling loss between tapered fiber and silicon waveguide
(∼10 dB) as well as the coupling loss from the bus silicon
waveguide to the SPP waveguide (∼10 dB), both calculated by
mode (overlap integral) and impedance mismatch (Fresnel
reflection), we estimated the maximal optical power within the
Schottky detector to be in order of 15 μW for an incident laser
power of 4 mW. Consequently, based on the measurement
results presented in Figure 6a and Pin = 15 μW the responsivity
of the device was found to be 0.25, 1.4, and 13.3 mA/W for
optical wavelengths of 1.55, 1.47, and 1.31 μm, respectively.
These responsivity values correspond to internal quantum efficiency
of 2 � 10�4, 1.2 � 10�3, and 1.3 � 10�2, respectively, which
were calculated according to η = (Iph/q)/(Pin/hν), where Iph is

Figure 4. (a) SEM micrograph of the fabricated device; (b) zoom-in on the Schottky detector area, which is highlighted by the dashed red frame.

Figure 5. Current�voltage characteristic (semilogarithmic plot) of the fabricated Schottky photodetector. The dark current is 13 nA under reverse bias
of 0.1 V.
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the collected photocurrent, Pin is the optical power within the
Schottky detector, q is a free electron charge and hν is the energy
of an incident photon. Because of low coupling efficiency
between the lensed fiber and the Schottky detector (overall
20 dB loss) the external quantum efficiency is about 2 orders of
magnitude lower than the internal one. The external quantum
efficiency could be enhanced by improving the coupling
condition from the external fiber to the photonic bus wave-
guide (e.g., by the use of the inverse taper approach) and by
allowing an adiabatic transition from the photonic to the
plasmonic structure. Finally, using the responsivity values
for different wavelengths with corresponding photon energies
we have used the Fowler plot27,40 and verified that the
measurement results do follow the linear dependence of R1/2

hν � (hν � ΦB) .
In summary, we experimentally demonstrated an on-chip

configuration of optoelectronic link composed of photonic bus
waveguide integrated with locally oxidized nanoscale silicon
surface-plasmon Schottky detector for the telecom spectral
regime. Implementation of the LOCOS process allows a precise
control over the shape and the dimensions of the photonic
structure and enables the fabrication of low-loss bus waveguide
and the detector in the same process step. The fabricated device
showed enhanced detection capability for shorter wavelengths
that is attributed to the increased probability of the internal
photoemission process. We found the responsivity of the detec-
tor to be 0.25, 1.4, and 13.3 mA/W for incident optical
wavelengths of 1.55, 1.47, and 1.31 μm, respectively. On the
basis of I�V characteristics, we found the barrier height at metal/
silicon interface to be 0.315 eV. We believe that demonstrated
device is a step forward in merging silicon nanophotonic and
silicon plasmonic platforms with the major advantage of using
silicon nanostructures for the detection of optical signals in the
telecom regime.
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