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Metal-semiconductor-metal photodetectors on semi-insulating GaAs with interdigital electrodes showed signifi-
cant enhancement in the spectral response in the near-infrared region as the electrode spacing is reduced. The
photocurrent for the device with 5 pm interdigital spacing is five orders of magnitude higher than the dark
current, and the room temperature detectivity is on the order of 2.4 x 10! cmHz!/2 W-! at 5 V bias. Furthermore,
the spectral response of this device possesses strong dependence on the polarization of incident light showing
potential plasmonic effects with only microscale dimensions. These experimental data were analyzed using

optical simulation to confirm the response of the devices.
(230.5160) Photodetectors; (260.5430) Polarization; (250.5403) Plasmonics.
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1. INTRODUCTION

Recently, various photodetection schemes and designs
have been proposed [1-5]. The metal-semiconductor-metal
(MSM) configuration is among the simplest structures that
were implemented in many applications such as high-speed
on-chip optical interconnects [6], and optical communication
systems [7]. The planar MSM structure consists of metallic
electrodes deposited on a semiconductor. With this structure
incident photons are detected by the excitation of carriers that
drift under the influence of an electric field applied between
the electrodes. Metallic electrodes with different shapes and
sizes were embedded in the design of photodetectors to en-
hance their performance [8-10]. The implementation of inter-
digital metallic electrodes in MSM photodetectors led to an
efficient light absorption while also downsizing the device ac-
tive area [11]. Furthermore, the electrical properties of the
photodetector can be improved by increasing the photocur-
rent, which is achieved by enhancing the rates of photogen-
erated carriers [12], and reducing the dark current, which
is due to the Schottky barriers formed between the metal
and the semiconductor [13,14]. Plasmonic enhancement seen
in metallic structures may lead to promising applications in-
cluding surface-enhanced Raman spectroscopy [15], photo-
voltaics [16,17], and photodetection [18,19]. Typically
plasmonic devices consist of nanoscale optical antennas that
use surface plasmons to collect and focus light in ultra-small
volumes. Properly designing interdigital electrodes not only
enhances the electronic characteristics of the photodetectors,
but also improves the light absorption of the photodetectors
through plasmonic effects [20-23].

The photodetectors investigated in this work operate in the
near-infrared region and consist of microscale interdigital
metallic electrodes on semi-insulating GaAs. The interdigital
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electrodes were designed to enhance the electrical and optical
properties of the photodetector. Both experimental and sim-
ulation studies were performed to fully understand the effect
of interdigital electrodes on the device performance. The pho-
tocurrent of the devices was found to be several orders of
magnitude higher than the dark current. Significant enhance-
ment in the spectral response was observed as the spacing
between the interdigital electrodes and the electrode finger-
widths are reduced. The spectral response of the devices
showed dependence on the polarization of the incident light,
which showed maximum spectral response when the incident
light was polarized perpendicular to the lengths of the elec-
trode fingers. The experimental results were compared to
the results obtained from an optical model.

2. EXPERIMENTAL

The GaAs photodetector device consists of two interdigital
finger-like gold electrodes separated by a spacing channel,
similar to the structure used in previous work [24]. Figure 1
shows the design schematic of one of the devices. The top
view of the device pattern as well as the polarization angle
and the polarization directions of the incident light are illus-
trated in Fig. 1(a). The cross section of the device is repre-
sented in Fig. 1(b) and shows metallic electrodes with a
width of w spaced by distance d. The ratio between the width
of the electrodes and the spacing was designed to be w = 2d
for all the devices in this work. Devices with different elec-
trode spacings (d =5, 10, 20, and 50 pm) were fabricated
to investigate the effect of reducing the electrodes spacing
on the device performance. The interdigital pattern was pre-
pared on a semi-insulating GaAs substrate by standard optical
photolithography procedures inside a Class 100 clean room.
A photomask was designed for this purpose to generate
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Fig. 1. (a) Schematic of device showing two electrodes (gold) with
channels between the interdigital fingers (black). Diagram also shows
transverse, Er, and longitudinal, £, polarizations, as well as the
polarization angle, @; (b) cross section of device showing Au electro-
des with thickness, w, and spacing, d, attached to the semi-insulating
GaAs substrate with the Ti layer.

interdigital patterns with the desired shapes and dimensions.
The undoped semi-insulating GaAs substrate has a resistivity
of 2.2 x 10% Q- cm, and carrier concentration of 5 x 10 cm™3.
Then metals (Ti and Au) were deposited on the patterned sub-
strate using electron-beam (e-beam) evaporation. An adhesive
layer of Ti with a thickness of 30 nm was first deposited, fol-
lowed by a Au layer with 50 nm thickness. Wire bonds were
created to the interdigital electrodes to enable measuring the
photocurrent under different biasing conditions.

The current-voltage (I — V) characteristics of the devices
were extracted using a Keithley 4200 semiconductor param-
eter analyzer. The photocurrent was measured under the
excitation of a broadband light source that covers the spectral
range between 360 and 1800 nm with a power density of
100 mW/cm?. The spectral response of the devices was
measured using a Bruker IFS 125HR Fourier-transform (FT)
spectrometer with a quartz beam-splitter. The polarization-
dependent measurements were performed using the FT
spectrometer and a linear polarizer. The polarizer was used
to polarize normal incident light either along the electrodes
(longitudinal, E}) or perpendicular to the electrodes (trans-
verse, E'p). The polarizer was placed on a rotation mount that
enables controlling the polarization angle, 0, with reference
origin shown in Fig. 1(a).

3. RESULTS

The I-V curve of the GaAs photodetector with an electrode
spacing of 5 pm is plotted in Fig. 2(a). At room temperature
the dark current of the device was on the order of 10~ A. The
dark current was limited to this low order by the high resis-
tivity of the undoped GaAs substrate. Under illumination the
photocurrent significantly increases to become several orders
of magnitude larger than the dark current. At a bias voltage of
5V (10,000 V/cm) the dark current was found to be 2.7 x 10~
A and the photocurrent was 3.7 x 1073 A. The ratio of the pho-
tocurrent to the dark current continues to increase as the bias-
ing voltage increases, and it was 10° at a 5 V bias voltage. The
same device (with d = 5 am) was characterized by calculating
its detectivity (D*) and plotting it as function of the applied
bias voltage in Fig. 2(b). Detectivity is one of the important
figures-of-merit that enable comparing detectors with differ-
ent geometries. It was estimated according to the following
relation [25]
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Fig. 2. (a) I-V characteristics of device with 5 pm electrode spacing
under illumination intensity of 100 mW/cm?; (b) detectivity of the
device with 5 pm electrode spacing.
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where Ip is the photocurrent, A is the device effective area,
P, is the incident optical power, q is the electron charge,
and Ip is the dark current. The device showed high room-
temperature detectivity on the order of 2.4 x 102 cmHz!/2 W-!
at 5 V bias voltage compared with other photodetectors
operating in the same spectral region [26,27].

The dependence of the photocurrent on the electrode spac-
ing was investigated by measuring the spectral response of the
four different devices with varying electrode spacing, d.
Figure 3(a) shows the spectral response, Sg, in arbitrary units
for each d =5, 10, 20, and 50 pm with incident light having
transverse polarization, E'y. The spectral response has an on-
set near 900 nm and exhibits rapid decay below 875 nm. The
decay in the high-energy spectral region is due to the response
of the quartz beam-splitter in the FT spectrometer. These
results show that the spectral response increases as the elec-
trode spacing decreases. To further illustrate the relationship
between Sy, and d, the normalized spectral response at 875 nm
(the peak of the response) was plotted as a function of elec-
trode spacing in Fig. 3(b), and the results show that the Sy
increases nearly exponentially as the electrode spacing
decreases.

To understand why the spectral response changes as a
function of the electrode spacing, optical simulations were
calculated using the finite-element method (FEM, COMSOL
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Fig. 3. (a) Spectral response spectra for transverse polarization as
function of electrode spacing, d; (b) normalized peak from (a) plotted

as function of electrode spacing; (c¢) normalized calculated photocur-
rent as a function of electrode spacing at 875 nm incident light.
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4.4) similar to previous work [28]. First the optical response of
the interdigital electrode array was modeled with normal in-
cident transversely polarized light similar to the experimental
results in Figs. 3(a) and 3(b). The model calculated the local
electric field, E,., of the device due to the incident light with
wavelength of 875 nm. Then the sum of the local electric field
squared, over the entire GaAs cross sectional area for one
period was calculated and defined as ®

o=YF,, @

to simplify subsequent equations. The cross sectional area of
GaAs is A, = aA, where a is the height of GaAs in the model,
which was selected to be a value that is much greater than the
skin depth of GaAs (a = 27 pm for this model), and the period
length is A = w + d = 3d. The photocarrier generation rate
(Gy) in the GaAs is then calculated by

cnegy

Go=3 A,

€)

where c is the speed of light, » is the refractive index of GaAs,
£ is the vacuum permittivity, % is Planck’s constant, and v is
the frequency of light with wavelength of 875 nm. From here
the photoconductive current (Ip) can be calculated by

\%
Ip = qulGor(p, + /"p) a’ €))

where [ is the total length of all the electrode fingers that are
illuminated by the incident light, 7 is the decay time of GaAs,
uy, and p,, are the mobility of the carriers, and V is the applied
bias voltage. Photocurrents for each electrode spacing at
875 nm were calculated with this computational model, then
normalized by the maximum calculated current value and
plotted in Fig. 3(c). These results match very well with the
experimental results in Fig. 3(b).

Several factors affect the photocurrent as the electrode
spacing, d, is reduced. First, the sum of the length of all
the electrodes which are illuminated, [, increases as d de-
creases. Since a smaller d increases the density of the electro-
des under illumination, then the number of periods that are
illuminated increases, and therefore I increases. Second, ®
in Eq. (2) decreases as d is reduced since the GaAs cross sec-
tional area decreases. However, this is not a perfectly linear
relationship since there are small plasmonic enhancements at
the edge of the electrodes. This generates a slightly larger
overall E? density in the GaAs for the smaller electrodes. Fi-
nally, another factor is the static electric field that exists be-
tween the two electrodes, £ = V/d, due to the constant
applied bias voltage. As the electrode spacing decreases, this
applied electric field increases. All these factors contribute
to the overall increase in the photocurrent as the electrode
spacing decreases.

Second, polarization-dependent measurements were per-
formed to study the role of potential plasmonic activity in
enhancing the response. The spectral response measurements
were performed while the polarization of incident light was
switched between transverse and longitudinal directions.
Figure 4(a) depicts the dependence of spectral response on
the polarization of incident light for a device with an electrode
spacing of 5 pm. When the incident light was polarized normal
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Fig. 4. (a) Measured spectral response of a 5 pm device for
transverse and longitudinal polarization; (b) calculated optical
enhancement near the electrode edge for transverse polarization;
(c) calculated optical enhancement near the electrode edge for longi-
tudinal polarization; (d) polarization-dependent normalized spectral
response measurements (squares) and normalized photocurrent
calculations (circles) with a A cos® § + B fit (line).

to the electrodes, E'7, a larger response was obtained. How-
ever, when the electric field was rotated 90° and aligned
parallel to the electrodes, E}, the response was reduced sig-
nificantly. This indicates strong dependence of the spectral
response on the polarization of the incident light.

The polarization dependence of the spectral response ex-
hibited by experimental results was investigated by modeling
a b um electrode spaced device and varying the polarization
angle of the incident light, 6, between transverse (6 = 0°)
and longitudinal (0 = 90°) every 5°. The calculated optical
enhancement near the edge of the electrode is shown in
Figs. 4(b) and 4(c) for transverse (E;) and longitudinal
(E1) polarization, respectively. Figure 4(b) shows that more
light is scattered into the GaAs near the edge of the electrode
for transverse incident light compared to longitudinal incident
light in Fig. 4(c). This is likely due to surface plasmonic effects
at the edge of the gold electrode and this polarization depend-
ence has similar behavior to other nanoscale plasmonic devi-
ces [15,20-23].

The normalized photocurrent due to the incident light was
calculated for each incident polarization angle and the results
are plotted in Fig. 4(d) along with the normalized measured
polarization dependent spectral response at 875 nm. For de-
vices with a 5 pm electrode spacing, the polarization ratio,
rg = Sr/Sy, of the transverse spectral response (S7) to the
longitudinal response (S;) is 1.7 for the device in Fig. 4(a)
and 1.2 for the device in Fig. 4(d). The polarization ratio,
ry = Iy /I, of the simulated transverse photocurrent (I7)
to the longitudinal photocurrent (I;) for a d = 5 pm device
was calculated to be r; = 1.5. This result matches with the
experimental polarization ratio, rg.

4. CONCLUSIONS

In conclusion, this work demonstrates that devices with rel-
atively large electrode widths show polarization dependence
that is comparable to nanostructure devices [15,20-23]. Even
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though the plasmonic effects of microscale structures are
small compared to the enhancement in nanoscale devices,
they can enhance the response. Especially when having a
large array of gold microstructures that are used as elec-
trodes, these effects are multiplied and become more
pronounced. The devices exhibited enhancement in the
electronic properties, in which the dark current was limited
to the order of 10-8 A, while the photocurrent was measured
to be 5 orders of magnitude higher than the dark current at a
bias voltage of 5 V. The room temperature detectivity ex-
tracted from the photocurrent and dark current is estimated
to be on the order of 2.4 x 1012 cmHz!/2 W-! at 5 V bias volt-
age. Microscale interdigital electrodes on MSM photodetec-
tors improved both the electrical and optical properties of
these devices. By carefully studying and characterizing how
the geometry of the electrodes affects these characteristics,
this work has determined important design considerations
for future interdigital electrode devices.
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