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ABSTRACT: A single metallic contact attached to an optical waveguide is used
to electrically detect near-infrared guided light through an optical waveguide. The
device has a metal−insulator−metal structure, where the difference in the number
of excited hot carriers in the top and bottom metallic layers can generate a
photocurrent. The simple, compact structure of the device allows it to be
integrated with any type of optical waveguide to monitor the guided light.
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Recent progress in photonics has occurred faster than for
electronics,1,2 increasing the prominence of photonic

devices and photonic systems. This progress is predicted to
accelerate over the next few decades. Currently, however,
photonic and electronic systems coexist. It is therefore, critical
that electronic information can be readily transferred to
photonic information and vice versa. In this regard, it is
important to realize that typically electrons and photons travel
through different materials: metallic conducting wires for
electrons and optical waveguides made of insulators for
photons. The differences in materials used in electronics and
photonics pose challenges for constructing compact, integrated
optoelectronic and electro-optic devices.
Semiconductor photodiodes are typically used for the

photodetection of the optical signals guided through optical
waveguides. Using compound semiconductors allows for the
monolithic integration of waveguides and photodetectors.
However, widely used photonic devices based on silicon and
polymers cannot be monolithic. Germanium3,4 and silicon−
germanium5,6 detectors have been integrated into silicon
photonic devices, and various types of photodiodes have been
integrated in polymer-based photonic devices.7 Additional
optical components such as mirrors7,8 and couplers9 have
been integrated into optical waveguides to improve photo-
detection. In both cases, integration processes can cause
complications.
Plasmonic Schottky photodetectors have been developed for

use with silicon waveguides.10,11 A gold contact on a silicon
waveguide has been used to form a Schottky contact with a
silicon waveguide. The portion of guided light absorbed by the
gold contact excites hot electrons, which cross the Schottky
barrier to produce a photocurrent. The other end of the gold
contact can be wired to an electronic circuit, enabling for the
integration of photonic and electronic systems. Plasmonic

Schottky contacts have also been used to detect light
propagation through free space12−14 and surface plasmon
polaritons guided along plasmonic waveguides.3,15−18 Plas-
monic Schottky photodetectors are one of the simplest ways to
detect guided light. However, Schottky contacts can only be
formed with semiconductors. Therefore, plasmonic Schottky
detectors cannot be applied to polymer waveguides or optical
fibers that are made of insulators.
This limitation can be overcome by using a metal−insulator−

metal (MIM) contact instead of a single-film metal contact.
Internal photoemission has been studied for decades, and the
photocurrents generated at MIM structures have been reported
in numerous papers.19−30 If the hot carriers, excited by
absorbing light, in one of the metal films reach the other
metal film by either crossing the energy barriers or by
tunneling, then they contribute to the photocurrent. If both
of the metal layers generate hot carriers, then the total
photocurrent is the difference between the hot carriers that are
traveling in opposite directions. While most studies on the
photocurrent in MIM systems have focused on the propagating
light in free space, recent studies have revealed that surface
plasmon polaritons can efficiently generate photocurrent
efficiently.31,32

In this letter, we show that a MIM structure is a concise
photodetector that can monitor the light guided through an
optical waveguide. The evanescent field of the guided light was
absorbed by the metal films and generated a photocurrent by
internal photoemission. In an analogous manner to the
plasmonic Schottky contact in an optical waveguide, the top
and bottom metal films that formed the MIM contact could be
readily wired to electrical circuits. The photodetector has a
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gold−silica−titanium trilayer, where the gold film was on the
bottom, in contact with a polymer waveguide and had
photoresponse from visible to near-infrared wavelengths. This
device was fabricated using standard photolithography followed
by thin film preparation without using semiconductors and
could be used for any kind of optical waveguides, regardless of
its conductivity.
In this experiment, each sample was prepared in two steps:

the polymer waveguides were prepared, followed by the
fabrication of the metallic contacts. The polymer waveguides
were fabricated on silicon wafers with a 2 μm thick silicon oxide
top layer following the standard procedure of SU-8 (Micro-
Chem, SU-8, 2002). The cross sections of the SU-8 waveguides
were trapezoidal to ensure that the films coated the sides of the
waveguides. The top and bottom edges of the waveguides were
5 and 8 μm thick, respectively, and their height was 1.53 μm.
A positive photoresist (Shipley, Microposit S1818) was used

to define the position of the metallic contacts. During
sputtering, a shadow mask was used to cover one side of the
SU-8 waveguide. After the bottom metal film had been
sputtered, a second shadow mask was positioned on the
other side of the SU-8 waveguide. A silica (SiO2) layer was then
sputtered on top of the first metal layer. Finally, the top metal
film was sputtered after the first shadow mask had been
removed. A subsequent lift-off process left the metallic
structure, which covered the SU-8 waveguides.
The gold, silicon oxide, and titanium films were 25, 10, and

20 nm thick, respectively. The thicknesses and optical
properties of the films were confirmed by a spectroscopic
ellipsometer (J. A. Woollam, M-2000). The in-plane widths of
the trilayer films that covered the waveguide were 5 μm. A
schematic diagram of the device and a top-view microscope
image taken with a CCD camera are shown in Figure 1.

To measure the photocurrent in the device, a waveguide
characterization setup equipped with two electrical probes was
built. The light from a continuous-wave diode laser was focused
on the cleaved end of the waveguide by a 20× objective lens.
The illumination power was controlled by neutral-density
filters. The device was contacted to probes that were connected
to a picoammeter (Keithley 487). The picoammeter measured
the current and also applied a bias to the device using its built-
in DC source unit. No external amplifiers were used in the
electrical measurements. A photocurrent was obtained by
subtracting the dark current from the current measured under
light illumination.
The following notations were used to describe the flow of the

photocurrent and the applied bias in the experiments. The
positive photocurrent direction was defined as the photocurrent

flowing from the gold film to the titanium film through the load
(picoammeter), while the current flowing in the opposite
direction was defined as negative. The bias was defined in terms
of the Fermi level of the gold film with respect to that of the
titanium film. Therefore, applying a negative voltage to the gold
film increased its Fermi level in comparison with that of
titanium, which was defined as positive.
Figure 2 shows the photocurrent under an applied bias for

the sample with different input powers at a wavelength of 680

nm. The photocurrent increased at high positive biases and
input power. With a negative bias, the photocurrent was slightly
negative and had little dependence on both the input power
and the amplitude of the negative bias, within the range tested.
When the input power was 0.1 mW, the short-circuit current
and open-circuit voltage for the device were 0.7 nA and −0.07
V, respectively. The nonlinear response of the photocurrent
with respect to the input power may have been caused by the
space-charge limit.33 The sensitivity of the device was on the
order of a few tens of mA/W at 1 V. The low sensitivity was
partially caused by the fact that the device only detected the
evanescent field of the guided light without blocking the optical
waveguide. Optimizing the geometry34 or changing the
combination of materials in the trilayer is expected to
dramatically improve the sensitivity of the device.
Figure 3 shows the wavelength dependence of the device at a

fixed input power of 0.1 mW. Each photocurrent shown in
Figure 3b is obtained by subtracting the current measured
under light illumination from the dark current shown in Figure
3a. Overall, photocurrents were larger at shorter wavelengths;
however, the difference of photocurrent between 680 and 760
nm was minute, and the photocurrent at 1064 nm was much
smaller. These dependences of the photocurrents with respect
to the wavelengths may have been caused by the effects of two
opposing factors: the photon energy and optical absorption.
Smaller photon energies resulted in reduced probability of hot
electrons to cross the silica barrier. However, the absorption in
the gold layer was larger for longer wavelength because of the
larger imaginary part of the gold permittivity, which generated
more hot electrons with small photon energies. It is believed
that the relative strengths of these factors determine the
photocurrent at each wavelength, where further quantitative
studies are required. In addition, identical measurements were
performed at 1550 nm; however, the device did not have a
nonzero short-circuit current at 1550 nm within the sensitivity
of our electrical measurement system.

Figure 1. (a) Schematic diagram of the device and (b) a microscope
image of the fabricated device, taken near the contact area.

Figure 2. Bias dependence of the device at a wavelength of 680 nm
measured at 0.1, 0.01, and 0.001 mW. The inset shows a magnified
view of the plot around zero bias at 0.1 and 0.01 mW.
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Numerical simulations were performed to analyze the origin
of the photocurrent. Because the band gap of silica is 8.9 eV35

and the highest photon energy in our experiment was 1.8 eV
(680 nm), the observed photocurrent must have been caused
by hot carriers generated by internal photoemission in the
metal layers. Figure 4a,b shows the mode profiles of the SU-8

waveguide without and with the trilayer, respectively. Figure 4c
shows a magnified image of the rectangular area highlighted in
Figure 4b. Because the cross section of the waveguide was
larger than the single-mode operation, adding a trilayer around
the waveguide barely affected the mode profile. The mode
indexes without and with a trilayer were 1.5579 and 1.5570 +
i9.34 × 10−5, respectively, where the imaginary component
came from metallic losses. Thus, only 0.14% of the guided light
was absorbed in the trilayer area, which was 5 μm long. The
magnified region in Figure 4d shows the amounts of absorption
at the metal films, revealing that the titanium film absorbed
more strongly than the gold film.
If the number of hot carriers generated was proportional to

the amount of absorption in each metal film, then more
electrons traveled from the titanium film to the gold film than
vice versa, resulting in a net photocurrent flowing from the
titanium film to the gold film through the load. However, the
measured photocurrent flowed from the gold film to the
titanium film at zero bias, as plotted in Figure 2. To clarify the
direction of the photocurrent, the electronic structure of the
system was considered. The work functions of gold and

titanium are 5.2 and 4.2 eV, respectively.36 As reported in ref
28, the difference in the work functions resulted in a built-in
field from the titanium film to the gold film. Thus, electron
transport from the gold film to the titanium film was more
favorable than in the opposite direction, giving directionality to
the photocurrent, as observed in the experiments. A detailed
analysis on the photocurrent should include depletion regions
at the interfaces as well as the effects of thermal drifts. Also, the
electric barriers for hot holes are higher than the electric
barriers for hot electrons,27 and thus the contribution from hot
holes in our structure was minor.
In summary, we demonstrated that a MIM contact can detect

the guided light through an optical waveguide without blocking
the optical pass. The fabrication process of the detector is
straightforward and did not require additional heteroepitaxial
growth or bonding of semiconducting materials. The detector
did not depend on the conductivity of the optical waveguide
and could be used with any type of waveguide including
polymers and glasses, which are typically processed without
semiconductors. By using a gold−silica−titanium trilayer, we
were able to detect guided light from 680 to 1064 nm. The
sensitivity of the detector and its ability to detect longer
wavelengths could be improved by optimizing the materials
used and the geometry of the trilayer. Because the photo-
detector had a small resistance−capacitance delay, it could
potentially have a high bandwidth as well as a high-speed
response above the GHz range. The dynamic response
properties of the detector will be reported in the future.
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Figure 3. I−V plots of the raw data measured at 680, 760, and 1064 nm with a power of 0.1 mW. In the legend list, ON refers to the currents
measured under light illumination and OFF refers to the dark currents. (b) Photocurrent plots measured at 680, 760, and 1064 nm. Each
photocurrent plot is obtained by subtracting the dark current from the current measured under light illumination. The plot measured at 680 nm is
identical to that plotted in Figure 2. The inset shows a magnified view of the plot around zero bias.

Figure 4. Numerically calculated mode profiles (|S|) of the SU-8
waveguides at 680 nm (a) without a trilayer and (b) with a trilayer. (c)
Magnified view of the rectangular area indicated in panel b. (d)
Absorption profile (abs) of the area shown in panel c.
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