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Abstract. This theoretical work explores how various geometries of Au plasmonic nanoslit array
structures improve the total optical enhancement in GaAs photodetectors. Computational models
studied these characteristics. Varying the electrode spacing, width, and thickness drastically
affected the enhancement in the GaAs. Peaks in enhancement decayed as Au widths and thick-
nesses increased. These peaks are resonant with the incident near-infrared wavelength. The
enhancement values were found to increase with decreasing electrode spacing. Additionally,
a calculation was conducted for a model containing Ti between the Au and the GaAs to simulate
the necessary adhesion layer. It was found that optical enhancement in the GaAs decreases
for increasing Ti layer thickness. Optimal dimensions for the Au electrode include a width of
240 nm, thickness of 60 nm, electrode spacing of 5 nm, and a minimum Ti thickness. Optimal
design has been shown to improve enhancement to values that are up to 25 times larger than for
nonoptimized geometries and up to 300 times over structures with large electrode spacing.
It was also found that the width of the metal in the array plays a more significant role in affecting
the field enhancement than does the period of the array. © The Authors. Published by SPIE under a
Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or
in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JNP.11
.016017]
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1 Introduction

Light incident on a metallic surface causes the conduction electrons of the solid to oscillate at
a characteristic frequency dependent on the radiation energy and the material properties. The
quantized, collective oscillations of free electrons in a metal are known as surface plasmons,
and they exhibit their own enhanced local electromagnetic fields, which may be harnessed
for applications that benefit from the strengthening of electromagnetic field intensity.1 The
electromagnetic intensity in the near-field region next to plasmonic structures can be many
times that of the incident radiation, making plasmonic structures useful for optical signal
enhancement. Plasmonic devices can be tuned to improve sensing and photovoltaic devices.
This has led to much research in determining optimal device parameters that will generate
the maximum enhancement. Common geometries include nanowire and nanotoroid arrays as
these structures can be accurately modeled and fabricated.2,3
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This work investigates nanoscale geometries that have not been studied before in plasmonic
nanoslit array structures on photodetectors. The effects of each parameter on the local field
enhancement are also studied with the goal of maximizing enhancement in optoelectronic
devices. The radiated electromagnetic field generated by the surface plasmons in the metal is
effectively scattered into the device’s active region, the optical near-field if one considers the
metallic structure as an antenna. As a result, the nanostructures can produce a net increase in the
local electric field Eloc, the field at points near the nanostructure. The enhanced light intensity,
referred to here as optical enhancement, is defined as the square of the ratio between the local
electric field strength Eloc and the incident field E0, ðEloc∕E0Þ2.1,4 This increased local intensity
can improve optical device performance.

A horizontally periodic array of metallic nanostructures separated by dielectric nanogaps on
a substrate is called a nanoslit array or sometimes a plasmonic grating.5–13 Applications of
devices containing nanoslit structures include biosensors,5,14 terahertz antennas,9 and lenses
with controllable parameters.15–18 Experimental and theoretical research has confirmed that
not only can these nanostructures enhance an incident electric field, but also the nanogaps
that separate them can provide additional enhancement.19–22 Field “hotspots” are produced via
nanogap structures multiplying the magnitude of the electric field due to the plasmonic coupling
between adjacent nanostructures. These hotspots can be harnessed for a variety of different
applications, including surface-enhanced Raman spectroscopy,23 single-molecule detection,24–27

photovoltaics,28–35 biosensing,36–42 and photodetectors.43,44

Prior work has investigated plasmonic effects in microscale interdigital electrodes,45,46 but
the current work extends the research to the nanoscale where plasmonic effects are more
significant. Additionally, due to a recently demonstrated fabrication technique that can create
sub-10 nm gaps,47 these new geometries, which have not before been studied, are now carefully
explored. Various structural parameters are modified to determine the conditions for maximum
optical enhancement occurring in the GaAs substrate layer of the model, emphasizing the addi-
tional generation of optical enhancement in the device. Analysis of the plasmonic structure
geometry will lead to more efficient enhanced photonic devices.48

Many metal–semiconductor interfaces need some form of adhesion to ensure that the more
desirable plasmonically active metal (typically Au or Ag) stays attached to the surface of the
semiconductor. Commonly, thin layers (nanometers) of Ti, Cr, or other metals are used as the
adhesive.49 Nanofabrication techniques usually deposit a semiuniform layer of the adhesion
material prior to deposition of the desired metal. Although usually necessary, it has been
shown that this layer produces “damping” effects of the plasmonic enhancement that occurs in
the near-field of the structure.49 In the nanomasking process utilized by the Herzog group,
a Ti adhesion layer is most commonly used because a sacrificial Cr layer is required for the
fabrication process.47 Thus, the current work studies the effects of varying the thickness of
a Ti adhesion layer on the local plasmonic field enhancement.

2 Method

A top view of the representative GaAs photodetector device that has been modeled for this work
is shown in Fig. 1(a). The center nanoslit array section, Fig. 1(b), can approximate the plasmonic
properties of the entire device. A 2-D cross section of this region, depicted in Fig. 1(c), was
modeled in this work; it contains Au nanowires on a GaAs substrate with a Ti adhesion
layer, all beneath an air region.

A cross-sectional finite element method (COMSOL Multiphysics) model was created for the
Au nanostructures on a substrate surface. Material properties were assigned to the applicable
areas of the model,50,51 geometrical parameters of the structure were variable, and a light
wave was simulated as incident downward normal to the substrate surface with an electric field
amplitude of E0. A mesh was created over the entire model space, and a calculation was per-
formed to determine the electric field Eloc at each finite mesh element. Once the model was built,
many different geometries were analyzed to determine which produced the optimal average
optical enhancement; the enhancement ðEloc∕E0Þ2 was calculated at each mesh element and
the average of all elements in the GaAs region was used to produce a single, average optical
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enhancement value. Four parametric sweeps were performed to analyze the effects on the
enhancement: varying the Ti thickness, Au width, Au thickness, and electrode spacing.

A light wave of wavelength 875 nm, in tune with the bandgap of GaAs, was simulated as
incident from the top of the model and polarized along the electrode width.52 Fillets (5-nm
radius) were applied to the top corners of the nanostructures to more accurately represent
the rounded corners of fabricated metallic nanostructures. Periodic boundary conditions were
applied to both sides of the simulation space to approximate an infinite horizontal array of
interdigitated nanoscale electrodes. The period of the electrodes, and thus the simulation
space, is P ¼ wþ s. Figure 1(c) displays twice the simulation width, 2P, for visualization
purposes. Due to the cross-sectional nature of the model, the wires are also infinite in length.

3 Results and Discussion

First, a numerical analysis was performed to find the average optical enhancement over the entire
GaAs layer for various Ti thicknesses. The thickness of the Ti layer was swept from 1 to 10 nm,
then totally removed from the model. Increasing the Ti layer was found to not only move the
hotspot away from the GaAs but also to reduce the magnitude of the plasmonic resonance caused
by the incident light, as shown in Figs. 2(a) and 2(b) and as first studied by Abbey et al.52

Fig. 1 Schematic drawing of Au nanowires on a GaAs semiconductor substrate bonded by
a Ti adhesion layer. (a) Top-view schematic of potential photodetector device with interdigital
electrodes, (b) 3-D representation of electrodes as an infinite array, and (c) side view showing
the parameters that were swept to find the dimensions for optimal optical enhancement: electrode
gap (s), Au width (w ), Au thickness (tAu), and Ti thickness (tTi).

Fig. 2 Effect of Ti layer thickness on optical enhancement in the GaAs. Optical intensity
distribution of (a) Au in direct contact with GaAs substrate and (b) Au adhered to GaAs by a
Ti layer (tTi ¼ 2 nm). The color bar indicates optical enhancement ðE loc∕E0Þ2. (c) Plot of average
optical enhancement within the entire GaAs layer versus tTi. For (a–c), s ¼ 5 nm, tAu ¼ 15 nm,
and w ¼ 160 nm.
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Figure 2(c) is a plot of the normalized enhancement in the GaAs as a function of Ti thickness.
Total removal of the Ti resulted in an increase in enhancement of more than 20 times the value for
a 1-nm Ti layer. Since Ti has a much larger imaginary dielectric function component than that of
gold, it contributes to more plasmonic damping in the nanostructure.53 Additionally, the hotspot
at the edge of the Au structure is moved away from the GaAs layer with increasing Ti layer
thickness, decreasing the optical enhancement in the GaAs. Charge interactions between the
Ti/Au interfaces can also lead to further plasmonic damping.53 As the plasmon is damped,
the enhancement is decreased.

The average optical enhancement was also studied as a function of Au width and electrode
spacing. The Au thickness was held constant at 15 nm, and no Ti was included. Electrode spac-
ing, s, was swept from 5 to 35 nm in increments of 5 nm. For each value of s, the width of the
Au structure was swept from 50 to 650 nm in increments of 10 nm. The resulting average
optical enhancement values are plotted versus electrode width for three s values in Fig. 3(a).
The plot in Fig. 3(b) shows that as electrode spacing decreases for a constant w, average optical
enhancement increases nearly exponentially. This is due to plasmonic gap hotspots54 that
increase in field intensity with decreasing s. At each value of s, the peak average enhancement
was found at approximately w ¼ 160 nm for a constant thickness of tAu ¼ 15 nm. At the
optimal width and electrode spacing, the enhancement was nearly 25 times greater than for
geometries with electrode spacing larger than 15 nm and electrodes larger than 500 nm.

An interesting phenomenon is observed in Fig. 3(a). As Au width is varied, multiple local
optical enhancement peaks are observed, and each successive peak decreases in amplitude for
increasing w. As w approaches 650 nm, the peaks flatten out. These peaks correspond to specific
plasmonic resonant frequencies that couple to the incident light wavelength.48 These widths are
“in tune” with the incident light frequency. Multiple widths exhibit strong plasmonic resonances,
indicated by the presence of multiple peaks for each electrode spacing width, but the shortest
width demonstrates the strongest peak. The peaks decrease as w increases because plasmons
decay as they propagate over longer distances (electrode widths in this case). This is due to
damping caused by the oscillating charges colliding with Au atoms, generating heat in the Au.
Therefore, the ideal width for maximum enhancement occurs at the smallest w value exhibiting
a peak in Fig. 3(a). Another interesting result is that the optical enhancement depends
simultaneously on both s and w; however, since the peaks do not shift with s in Fig. 3(a),
this indicates that the enhancement is not highly dependent on the specific value of the period,
P ¼ wþ s. Rather, it is maximized when a specific resonant width w is combined with a small
value for s.

The optical enhancement was also studied as a function of Au thickness. With w held con-
stant at 160 nm, s held constant at 5 nm, and no Ti layer present in the model, a sweep of
Au thickness was conducted from 5 to 60 nm; two values are shown in the enhancement

Fig. 3 Optical enhancement in the GaAs as a function of Au width and electrode spacing.
(a) Average optical enhancement versus Au width (w ) at three electrode spacings (s ¼ 5, 15,
and 25 nm). The Au thickness was held constant at tAu ¼ 15 nm, and there was no Ti layer.
(b) Plot of the maximum peak versus s at w ¼ 160 nm.
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distributions in Fig. 4. As tAu was increased in this range, the optical enhancement in the GaAs
layer increased.

Next, the electrode width w was swept from 10 to 500 nm in 10-nm increments with
a 5-nm electrode spacing while also varying the Au thickness. Figure 5 shows that as the

Fig. 4 Calculated optical enhancement distributions for an Au layer in direct contact with a GaAs
substrate. The electrode gap was held constant at s ¼ 5 nm and the Au width at w ¼ 160 nm,
where (a) Au thickness tAu ¼ 20 nm and (b) tAu ¼ 60 nm.

Fig. 5 Effects of Au width (w ) and thickness (tAu) on optical enhancement over the entire GaAs
layer with no Ti layer included. (a) Color plot showing the average optical enhancement ðE loc∕E0Þ2
as a function ofw and tAu. The top inset plots the reflectivity of the structure at thew and tAu values
(240 and 60 nm) corresponding to the peak combination shown by the white arrow. The bottom
inset plots the enhancement for this specific geometry versus tTi. (b) Plot of the data along the
three dashed lines of constant w shown in (a) w ¼ 50, 100, and 150 nm.
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w is increased, enhancement peaks occur at specific widths, just as in Fig. 3. Figure 5(a) is
a color map of average optical enhancement within the GaAs layer for a range of w and
tAu combinations. Figure 5(b) is a plot of the same average enhancement values versus tAu
taken at the three constant w values (50, 100, and 150 nm) corresponding to the dashed
lines in 5(a). In both Figs. 5(a) and 5(b), local peaks and steady troughs in enhancement
can also be seen for increasing tAu. These are also optimal values for tAu that improve the
enhancement due to these specific Au thicknesses resonating with plasmons propagating
along the vertical wall edge of the structure.55 The maximum average enhancement occurs
when tAu ¼ 60 nm and w ¼ 240 nm for an incident wavelength of 875 nm. This data point
is shown with a white arrow on Fig. 5(a). The top inset plot of Fig. 5(a) is a calculated reflec-
tion spectrum for this optimal geometry, showing a resonance at 875 nm, confirming that this
ideal geometry is optimized for the GaAs bandgap. The lower inset displays the enhancement
provided by this geometric combination versus tTi. This demonstrates that the smallest Ti
thickness is indeed important for obtaining the optimal enhancement. At this ideal geometry,
the enhancement was between 10 and 20 times greater than other nonoptimized geometries,
demonstrating the potential significance of proper design and modeling for optimal device
fabrication.

4 Conclusions

Computational finite element electromagnetic simulations were utilized to analyze the average
optical enhancement caused by plasmonic effects of varying geometrical parameters of Au nano-
structures on a GaAs semiconductor substrate. It was found that if a layer of Ti is present
between the Au and the GaAs layers, optical enhancement in the GaAs is drastically reduced
and that the optimal Ti thickness was the smallest value simulated, 1 nm. Effects of the thickness
tAu, width w, and electrode spacing s of the Au structures on the optical enhancement were also
studied. A significant finding of this work was that, for these structures, the enhancement is
not greatly dependent on the period; instead, it depends significantly on the values of w and s.
The enhancement is up to 25 times stronger than for nonideal geometries when a highly resonant
Au width is combined with a small gap between structures. Optimal dimensions of the structure
in this configuration were found to be w ¼ 240 nm, tAu ¼ 60 nm, and s ¼ 5 nm. Also inter-
esting was the result that the optimal w increases as tAu increases. For the smaller thickness of
15 nm, the optimal width was 160 nm. This is important to consider when working with different
device thickness. For larger thicknesses, the most strongly resonant plasmonic mode is supported
by larger Au widths. Decreasing the thickness requires a lower width to optimally support this
strongest resonant mode. Additional enhancement peaks were also observed over a range of
widths and thicknesses corresponding to the plasmonic resonance frequencies and the incident
light wavelength.48

Overall, the enhancement value ðEloc∕E0Þ2 increases from ∼3 at a large interelectrode spac-
ing of 35 nm to around 1100 for an optimized geometry. This is more than a 300 times increase
in the optical enhancement in the GaAs layer. This could improve the device efficiency of a
hypothetical photodetector, for instance, by 1 to 2 orders of magnitude. It is likely that improve-
ments in the device efficiency will be less than 300 times greater in an actual device due to
recombination losses and the precise current densities within the GaAs. Future work is needed
to determine this exact efficiency increase.
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