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ABSTRACT

An electronic detector of surface plasmon polaritons (SPP) is reported. SPPs optically excited on a metal surface using a
prism coupler are detected by using a close-coupled metal-oxide-semiconductor capacitor. Semitransparent metal and
graphene gates function similarly. We report the dependence of the photoresponse on substrate carrier type, carrier
concentration, and back-contact biasing.
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1. INTRODUCTION

Surface plasmon polaritons (SPPs) are electromagnetic waves bound to the surface of a conductor. SPP fields decay
exponentially into the dielectric medium above the surface. We recently demonstrated a means of electrically sensing
SPPs [1], which were excited on a metal-coated prism surface and detected by a close-coupled graphene/silicon-
oxide/silicon photocapacitor. The graphene functioned as a transparent conductor. Biasing the substrate could amplify or
extinguish the response. By exploiting the angle- and wavelength-dependent excitation resonances of the prism coupler,
the device has potential application as a spectrally-selective photodetector, which could be considered as one pixel in a
future compact hyperspectral imager.

Fig. 1(left) presents a device schematic. Electromagnetic radiation is internally incident on a thin metal film on the long
face of a Kretchsmann prism coupler [2], where SPPs are excited at a particular frequency determined by the internal
incidence angle [2]. We detect them by close-coupling a metal-oxide-semiconductor (MOS) photocapacitor comprising a
transparent conductor (TC), a thin layer of SiO,, and a silicon substrate. Band bending at the Si/oxide interface creates a
well that attracts photoinduced minority carriers, whose motion induces a displacement current across the capacitor. DC
biasing the blanket back contact, with the top gate contact tied to ground via the internal 50 Ohm input termination of the
current preamp, changes the depth of the interface well, amplifying or suppressing the photo current.

AG

Figure 1 (left) Device schematic. (right) Photograph of MOS photocapacitor mounted on a chip carrier.
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In [1], the TC was graphene. However, the effect is independent of any special properties of graphene besides conduction
and transparency. This paper reports a device in which a thin transparent metal serves as the TC. This considerably
simplifies the fabrication and reduces sensitivity of the device to static. A first objective of this paper is to demonstrate
that with the metal TC similar resonant SPP detection is obtained as with graphene TC. A second objective of this paper
is to explore the dependence of the photoresponse on substrate carrier type and concentration. A third objective is to
investigate the effect of substrate biasing.

Electronic detection of SPPs has value to future plasmonic devices. Our device is a plasmonic-to-electronic transducer,
which will be an essential component of any future plasmonic integrated circuit or sensor. The demonstrated structure
suggests application as one pixel in a potential spectral imager. The method is readily extendable to the infrared with
proper choice of materials. Thus, the approach is adaptable to a broad range of wavelengths from ultraviolet to mm-waves,
depending on the spectral response of the photosensor, the method of exciting the SPP [3], and the conducting film that
hosts the SPP [4-9].

2. EXPERIMENTAL DETAILS

Fabrication details for the graphene TC case was described in [1]. Fabrication of the MOS photocapacitor started with a
blanket Ti/Au electron-beam evaporated back contact on the unpolished side of a single-side-polished silicon wafer. A
blanket layer of SiO on the top polished surface of the wafer was either deposited by plasma-enhanced chemical vapor
deposition (PECVD), or it was already present on commercial thermally-oxidized starting wafer. In the latter case, there
was also oxide under the back contact. The transparent conducting top contact comprised a 1 mm x 1 cm x 5 nm thick
strip of Ti, which was electron-beam evaporated on the oxide through a shadow mask. A 1 cmx I cm Ti/Au (50 nm/450
nm) bond pad was deposited on one end of the Ti strip, Fig. 1 (right). The back contact was connected to a Keithley 2400
source meter with current limit set to the 10 nA. The top contact was connected to a Fempto LCA-4K-1G current preamp,
whose 50 Ohm internal termination ties the top contact to ground potential in steady state. The preamp and source meter
shared a common ground. Connections were made with #30 wire that was indium soldered to the contacts.

For SPP detection experiments, a BK7 right-angle prism was used to excite SPPs on the long face, which was coated with
45 nm of electron-beam evaporated silver. The conducting surface of the prism coupler was mounted facing the TC of the
capacitor with an air-gap of 600 nm nominal thickness supported by SiO, stand-offs, which were electron-beam evaporated
through a shadow mask. The air gap provides the dielectric contrast necessary for SPPs to exist on the silver film. An SPP
is represented in Fig. 1 (left) by a decaying intensity distribution that extends into the silicon. A TM-polarized laser of
651 nm wavelength was electrically on-off modulated at 1 kHz. This beam was internally reflected from the metalized
prism face while the angle of incidence 6, was varied by a motor controlled goniometer. Experimental results in this paper
are presented in terms of the goniometer angle 0, indicated in Fig. 1 rather than the angle of incidence internal to the prism.
A silicon photodetector rotates at 20, to synchronously monitor the reflected intensity, and the size of the detector element
gives an angular uncertainty of about 0.3 deg. Transient charging of the Si/SiO; interface induces a displacement current
through the capacitor to the current preamp. The voltage output of the preamp was displayed on an oscilloscope, and the
transient current was boxcar-integrated and recorded simultaneously with the reflected laser light as a function of 0. The
laser could be rotated 90 deg to obtain a reference scan in TE polarization.

To study the nature of the photocurrent independently of SPPs, a HeNe laser at 632 nm wavelength passed through a
variable set of neutral density (ND) filters, a mechanical chopper at 600 Hz, and finally a lens to focus the beam to a ~100
pum spot on the sample. The output of the preamp was displayed on a digital oscilloscope, which averaged up to 1024
sweeps, and which displayed maximum, minimum, and peak-to-peak voltages that were recorded manually. The chopped
incident laser signal was sampled with a beamsplitter and PbSe detector and was displayed simultaneously with the
photoresponse, so that the sign of the photocurrent could be determined and recorded. The sign was confirmed by noting
the direction of baseline offset due to leakage current when the substrate was biased. Care was taken to avoid saturating
the preamp by controlling the laser intensity with the ND filters and by avoiding excessive leakage current as monitored
but the current indicated on the source-meter and by the baseline output of the current preamp.

3. RESULTS

Fig. 2 compares SPP resonant photoresponse for photocapacitors with graphene and metal top contacts. For this
experiment, an additional 25 nm of Au was deposited on top of the 5 nm Ti strip. It was later noted that the thinner the
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metal, the stronger the photoresponse, so that subsequent experiments eliminated the Au overlayer. A peak in the
photocurrent occurs close to the angle at which there is a minimum in the reflected light, which is well-known to be
associated with generation of SPPs in Kretschmann couplers [2]. A secondary peak occurs at higher angles, and this is
due to a back-reflection from the exit facet of the right angle prism. As wavelength decreases, the primary and secondary
peaks converge [1], until they coincide at the wavelength where SPP resonance occurs at 6, = 45 deg, when the beam is
normally incident on both entrance and exit facets. TE polarization gives no resonant photoresponse, since SPPs cannot
be excited under this condition.
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Figure 2. Comparison of SPP resonance detection by photocapacitor with graphene or metal transparent conductor.

Photocurrent peaks in Fig. 2 are slightly shifted to lower angles with respect to the SPP reflection minimum, and there is
a small difference in the peak positions for graphene and metal TC devices. The position and width of the primary peaks
is very accurately reproduced by Fresnel calculations of transmission into the silicon substrate, considering the thicknesses
and complex permittivities of the multiple layers on which the beam is incident. The angular reflectance spectrum is
similarly calculated with high accuracy. Thus, the positions and their differences of all peaks in Fig. 2 are as expected by
theory. Another notable feature is that the resonances with metal as TC are sharper than they are with graphene, but this
can result from small differences in thicknesses, e.g. graphene’s thickness of ~2 nm differs significantly from 30 nm Au.
Graphene adds essentially nothing to the phase of the wave, while a skin-depth of Au adds ~ 1 wavelength of optical
retardation.

To better appreciate the effect of different layer thicknesses, we performed a series Fresnel calculations for transmittance
and reflectance. A semi-infinite incident medium of BK7 glass was assumed. A semi-infinite exit medium of silicon was
assumed. The photocurrent is proportional to the transmittance into the silicon, since all transmitted light is absorbed
there. Prism and TC metal layers were taken as their experimental values and were not varied. Oxide and air-gap
thicknesses were varied. Results are presented in Fig. 3. It is already known that strong index contrast on either side of
the prism metal is needed to produce a sharp SPP absorption resonance. If there is no air gap at all, there can be no SPP
generated. We see that an air gap exceeding 300 nm is needed to produce a sharp resonance. For this calculation we see
on resonance that 40% of the incident light is reflected and 30% transmitted, so that 30% is dissipated in the metal without
contributing to photocurrent.

When the air gap is as large as 900 nm, the resonance is sharp, but the silicon is so far down in the tail of the evanescent
SPP fields that the transmittance (and photocurrent) are small. At the peak, reflectance is ~0% and transmittance is 30%,
so that 70% of the incident light is dissipated in the metal.

The optimum air gap appears to be 600 nm, which corresponds to the experimental situation. Proximity of dielectric to
the prism enhances transmission, as in frustrated total internal reflection. If the oxide is thick, the resonance is broad, but
only 16% is dissipated in the metal. The thinner oxide brings the higher index silicon closer to the SPP, increasing the
transmittance, and interestingly the resonance also sharpens. Then, peak T and R are 50 and 0%, respectively, so that half
the incident light is dissipated in the metal.
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Figure 3 Fresnel calculations of angular reflectance and transmittance spectra with varied air gap and oxide thicknesses (given in nm).

Fig. 4 presents the results of calculations for various air gaps and oxide thicknesses. Results show that the peak
transmittance oscillates between about 30 and 50%, with the phase of the oscillation depending on the air-gap thickness.
Additional calculations for single value of the air gap show that between 280 and 1000 nm of oxide there is little
dependence of Tmax on oxide thickness. In other words, once the SPP fields have crossed the air gap and entered the oxide,
they are transmitted into the silicon, regardless of the oxide’s thickness. The small oscillatory variations with oxide
thickness are not surprising, because the multi-layer structure consists of multiple Fabry-Perot cavities. Quantitative
analysis of those oscillations will require calculations over a broader range of thicknesses in smaller thickness steps.
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Figure 4. Peak transmittance into silicon and resonance full width at half maximum as a function of MOS oxide thickness for various
air gaps between SPP prism coupler and MOS photocapacitor.

The resonance full-width at half maximum is a much stronger function of both air gap and oxide thickness. The resonances
sharpens monotonically with increasing air gap for given oxide thickness, and it oscillates strongly with oxide thickness
for given air gap thickness. Here, the phase of the oscillations is independent of oxide thickness. For spectrally selective
applications, a sharp resonance is desired, so investigation of these effects at over a broader range of thicknesses at smaller
thickness steps will be important.

In the graphene-based device, we previously noted that a photocurrent appeared when the silicon substrate was p-type of
moderate resistivity in the range 10-25 Q-cm, but not in more heavily-doped p-Si. We next investigate the nature of the
photocurrent and its dependence on substrate doping level and type. These experiments were performed without the prism
and no attention to polarization. Fig. 5 presents oscilloscope traces for two samples that differ mainly in substrate doping
type. Secondary differences are that the oxide on the p-Si device is PECVD with thickness 280 nm, while the oxide on
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the n-Si device is thermally grown with thickness 1 um. We see that when the chopper admits the light onto the Ti stripe,
there is a positive transient photo-current in the case of n-Si, while for p-type, the photocurrent is negative. Both samples
had similar manufacturer specified resisitivities (1-10 and 1-20 Q3-cm, respectively). When the chopper blocks the beam,
capacitor discharge currents are observed of opposite sign to the photocurrent, whose sign is consistent with flow of photo-
induced minority carriers toward the substrate/oxide interface. The strength of the photoresponse can be varied by
changing the ND filters or by applied substrate bias, as shown below. For the same conditions, the signal from the p-Si
sample was much stronger, which we attribute to its thinner oxide. There was no photoresponse observed at all for a
sample with heavily doped p-Si substrate (1-5 mQ-cm, 280 nm PECVD oxide) or for a sample with heavily doped n-Si
substrate (6.7 mQ-cm, 300 nm thermal oxide). There was a weak negative photocurrent observed for undoped p-Si (3 kQ-
cm, 280 nm PECVD oxide).

Figure 5. Oscilloscope traces of photocapacitor current (upper) and incident laser intensity (lower) for p-type (left) and n-type (right)
substrates. The output of the PbSe detector amplifier is inverting, so that low voltage corresponds to “laser on”.

When 25 nm of Au was added to the Ti stripe, the photo response was weak when the laser was centered on the stripe, due
to reduced transparency. For such samples, displacing the laser to the side of the stripe generated a photocurrent of the
opposite sign, i.e. positive for p-type substrates. The magnitude of this “side” photocurrent was nearly independent of the
position of the laser spot beyond about 0.1 mm from the edge of the metal. We attribute this photocurrent to local trapping
of photogenerated minority carriers at the semiconductor/oxide interface and displacement of the background majority
carriers by the photogenerated majority carriers toward the contacts. When the strip was just 5 nm thick Ti, this oppositely-
signed “side” current was not observed. Fig. 6 presents a plot of normalized photocurrent versus laser spot position as it
is translated across a 5-nm-thick 1-mm-wide Ti strip, with the zero of position scale corresponding to the center of the
strip. There is signal within the 1 mm strip, but there is none outside. Photocurrent is positive for n-type substrate and
negative for p-type.
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Fig. 6. Normalized amplitude of transient photocurrent from MOS photocapacitor for two p-type substrates (1-20 and 3000 Q-cm,
280 nm PECVD oxide) and one n-type substrate (1-10 Q-cm, 1 pm thermal oxide) as a function of position for the focused HeNe
laser on the 1-mm-wide 5-nm-thick Ti strip.

Fig. 7 presents the effect of biasing the substrate. We see that a positive bias increases the photoresponse for the n-type
device and decreases it for the p-type device, and vice versa. Much larger biases can be applied to the n-type device
because its thick thermal oxide is less prone to leakage current, which we do not allow to exceed a few nA. Sufficient
negative bias could be applied to the n-type device to extinguish the photoresponse entirely. In the MOS devices, the bias
effect is fairly flat and linear at low bias values, but it becomes steep and linear for high biases. This behavior differs from

that for the graphene device, where the effect is steep (shallow) at low (high) bias [1].
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Figure 7. Magnitude of photocurrent as a function of back-contact bias. All data are normalized to unity at zero bias. (left) Wide bias
range. (right) Close-up of behavior near zero bias. Data the graphene device [1] is included for comparison.

4. DISCUSSION

The signs of the photocurrents in Figs. 5 and 6 are consistent with photogenerated minority carriers traveling toward the
silicon/oxide interface, inducing a transient displacement current through the capacitor, which is amplified by the preamp.
Back-contact bias of the same sign as that of the minority carriers drives them toward the interface, increasing the
magnitude of the transient current, which explains the observations in Fig. 7.

An important difference between the graphene device presented in [1] and Ti devices reported here is how the bias was
applied. In the graphene device, the contact to the substrate was placed at a point on top of the substrate through an
opening in the oxide. Additionally, one side of the graphene strip was grounded, but because the graphene’s total resistance
was 22 kQ, the center of the strip was tied to ground by the relatively large resistance of ~11 kQ. The other end of the
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strip was tied to ground via the input impedance of the preamp, as in the experiments reported here. In contrast, the Ti
devices studied here had bias applied uniformly over a backside blanket contact, and the relatively low resistance of the
Ti strip made it an equipotential. As long as there is no photocurrent in the substrate, where the bias is applied is immaterial
since the semiconductor would be a constant potential in steady state. But when non-steady-state photocurrent is present,
the semiconductor is not at an equipotential, and the geometry of the bias contact can affect the flow of current toward the
preamp. These differences indicate that bias contact geometry is a potentially useful variable for optimizing the device
performance.

We have identified that the observed photocurrent is a transient displacement current through a metal-oxide-semiconductor
(MOS) photocapacitor. The current is caused by migration of photogenerated minority carriers toward the silicon/SiO,
interface. We noted that the magnitude of this current is zero when the substrate resistivity is very low and small when the
resistivity is very high. We interpret the dependence on resistivity as follows. For photogenerated minority carriers to be
drawn toward the said interface, these carriers must be generated within the region where there is band bending. This is
the depletion region, whose width reaches a maximum value Wr at the threshold between depletion and inversion. For
0.005 Q-cm, Wris a few nanometers [10], which is much less than the ~1 pwm absorption depth for above gap radiation in
Si [11], so that for such substrate the most of the photo-generated minority carriers feel no attraction to the interface. On
the other hand, for 3000 Q-cm substrate, Wr ~ 10 um, and there must be a different reason for the small photocurrent
observed. We suggest that the photocurrent is inversely proportional to capacitive reactance, i.e. it is proportional to
capacitance, and this is smaller the larger that Wr becomes. Thus, we expect the maximum photocurrent to occur for
substrates with intermediate resistivity, which supports our observation of strong photocurrent only when MOS structures
were fabricated on n- or p-type substrates with 1-20 Q-cm resistivity. Interestingly, for such intermediate resistivity, Wr
is approximately the same as the absorption depth and capacitance is approximately half the maximum possible value,
which occurs when the MOS structure is in accumulation.

5. SUMMARY

An MOS-based detector of surface plasmon polaritons (SPP) was investigated. Dependence of the response on substrate
carrier type, carrier concentration, and back-contact biasing was reported. Layer thicknesses were theoretically optimized
to achieve the strongest and angularly-sharpest resonant response to SPPs excited on a prism coupler.
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