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Abstract: Nanoantennas are key optical components for several applica-
tions including photodetection and biosensing. Here we present an array of
metal nano-dipoles supporting surface plasmon polaritons (SPPs) integrated
into a silicon-based Schottky-contact photodetector. Incident photons
coupled to the array excite SPPs on the Au nanowires of the antennas which
decay by creating "hot” carriers in the metal. The hot carriers may then
be injected over the potential barrier at the Au-Si interface resulting in a
photocurrent. High responsivities of 100 mA/W and practical minimum
detectable powers 6f12 dBm should be achievable in the infra-red (1310
nm). The device was then investigated for use as a biosensor by computing
its bulk and surface sensitivities. Sensitivities ©f250 nm/RIU (bulk)
and ~ 8 nm/nm (surface) in water are predicted. We identify the mode
propagating and resonating along the nanowires of the antennas, we apply
a transmission line model to describe the performance of the antennas, and
we extract two useful formulas to predict their bulk and surface sensitivities.
We prove that the sensitivities of dipoles are much greater than those of
similar monopoles and we show that this difference comes from the gap in
dipole antennas where electric fields are strongly enhanced.
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1. Introduction

Suface plasmon polaritons (SPPs) are of great interest in a wide range of fields from physics,
chemistry, materials processing, to biology. SPPs are electromagnetic surface waves coupled
to free electron oscillations propagating along a metal-dielectric interface at optical wave-
lengths [1]. SPPs have many interesting properties such as highly-enhanced fields [2], strong
confinement (to sub-wavelength scale) [3,4] and high bulk and surface sensitivities [5-7]. These
characteristics are of interest to several applications such as waveguides [5, 8, 9], sensors [10],
and nonlinear optics [11].

Advances in nanofabrication have made periodic metallic nanostructures and nanoantennas
attractive for practical uses [2, 8, 12]. SPP biosensors have become key tools for the investiga-
tion of biomolecular interactions and for detection applications. Piliarik emphet al. measured
the localized surface plasmon resonance shift of an arrays of chains of metallic nanorods in
response to bulk refractive index changes as 140 nm/RIU [13]. Keifgiht reported an active
optical monopole array which can be considered as a highly compact, wavelength-specific, and
polarization-specific light detector appropriate for the sensing applications [14]. Rodeguez
al. reported a chemosensor fabricated from gold nano-crosses exhibiting a strongly localized
SPP in the infrared and obtained a high bulk sensitivity of 740 nm/RIU [6]. Tsai emphet al. de-
scribed an optical sensor consisting of square-lattice slab-like gold nano-rings, reporting a bulk
sensitivity of 691 nm/RIU [7]. Star-shaped nanoparticles suitable for microscopic imaging ex-
hibited a wavelength peak shift of 665 nm/RIU [12]. Rice-shaped nanoparticles are reported to
have even larger sensitivity but with a broader spectral response [15]. The bulk sensitivity of a
rod-like metal nanoparticle surface plasmon resonance is reported in [16]; the natural resonance
frequency of this structure strongly depends on its aspect ratio and thickness: narrow rods with
a high aspect ratio have lower resonant frequencies. Bulk sensitivities reported for cylindrical
rods of aspect ratio ranging fromBXo 3 are from 150 to 450 nm/RIU. Mazzotzal. measured
photocurrent ratio sensitivity of a nanoplasmonic biosensor chip with integrated electrical de-
tection (an array of gold nanodisks) using hole-mask colloidal lithography and they achieved a
value around 133 nm/RIU as of it biosensing property [17]. Geyak. developed miniaturized
silicon based nanoplasmonic biosensing platform as a symmetric nanohole array structure and
got the sensitivity of 4 10> RIU which is greatly improved and promising for the application
in portable nanoplasmonic multisensing and imaging [18]. The bulk sensitivity was also calcu-
lated by a quasistatic theory which serves as an upper bound to sensitivities of nanoparticles
on dielectric substrates such as those associated with biomolecule sensing. Achieving a sharp
resonant peak (which is easier to track) is a difficult challenge with most plasmonic nanos-
tructures. A multipixel array of Fano-resonant asymmetric metamaterial is presented in [19],
which is capable of confining light to nanoscale regions with a very sharp resonant peak. The
narrower linewidth of this structure can also increase the electric field enhancement in regions
of the metamaterial, which improves the sensitivity.

A Schottky barrier photodetector formed at the interface between a metal and a lightly
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doped semiconductor can be used to detect infrared radiagitomvithe bandgap energy of
the substrate via the internal photoelectric effect (IPE) [20]. Such detectors involving SPP ex-
citations in grating [21], prism [22], waveguide [23-25] and antenna [14, 26] geometries have
been reported. The combination of a classical (microwave) antenna with a rectifier, termed a
"rectenna”, is characterized (in part) by its ability to convert microwave to dc power [27]. In
this paper we propose a plasmonic rectenna array comprised of Au nanowires of rectangular
cross-section operating as optical dipole antennas. The difference between dipole and monopole
antennas is the existence of a gap in the former where highly localised fields are existed. The
dipoles are inter-connected electrically (in an optically non-invasive manner)peioaed Si
substrate forming a Schottky contact thereon. The antennas are assumed covere®wih H
represent use as a biochemical sensor. We investigate the spectral response of the rectenna as
a function of the index of the superstrate and with various thicknesses of biochemical adlayer
grown on the antennas. We combine numerical methods (FDTD, modal analysis) with an ana-
lytical model for IPE, and a transmission line model for the nano-dipole antennas to determine
the performance characteristics of the proposed structure.

First the rectenna geometry and the methods applied in its analysis are discussed. Secondly,
a particular geometry is considered and computed results are presented. Thirdly, we discuss the
operation of the rectenna as a Schottky contact detector and we estimate its responsivity and de-
tection limit. Finally, we assess the potential of the structure for bulk and surface (bio)chemical
sensing.

2. Geometry

Figure 1(a) shows our rectenna concept, consisting of an array of Au nano-dipole antennas on
Si, electrically interconnected via Au lines running perpendicularly to the dipole axes through
the middle of each arm to a common circular contact pad; as the array is illuminatgd via
polarized light, such interconnects do not affect the optical behavior of the array. The array
is symmetric about th& andy axes. It is illuminated by a Gaussian beam focused onto the
array through the substrate negy= 1310 nm (Si is transparent at this wavelength) and its
response monitored via the photocurrent generated by (IPE) using the Au contact pad (on top)
and the Al Ohmic contacts (below). In a biosensing application, this arrangement is advanta-
geous as it simplifies interrogation, because only the photocurrent need be monitored, and it
separates the optics (bottom) from the micro-fluidics (top). A single dipole is depicted in Fig.
1(b) showing our definition of its dimensions and the coordinate system used for the analysis;
a = 0 throughout except for the surface sensitivity computations.

The finite difference time domain (FDTD) method [28] with && 0.5 x 0.5 nn?® discreti-
sation in the region around the antenna was used for the modeling along with Paliks material
data [29] for Au and Si, and Segelsteins data [30] feOHwvhich takes the water absorption
into consideration. Transmittance and reflectance monitors were plageh 2Bove and be-
low the Si/H0 interface, respectively, parallel to tle- y plane. We consider the case of an
array that is small compared to the waist of the Gaussian beam, so the beam can be considered
as a plane wave in the simulations. Thusxgolarised plane wave source locateligm be-
low the interface illuminates the array along the direction. We assumed doping levels for
p*-Si andp-Si of 10718 cm® and 10°1° cmr3; the attenuation of a plane waveXat= 1310 nm
propagating through a 5@@n thick p*-Si substrate of this doping level, calculated using the
Drude model [31], is @037 dB, which is negligible in this work.

3. Optical response

From Fig. 1(b), we define the nanoantenna lengithwidth (w), thicknesst), and the gap
length @), as well as the vertical and horizontal distange ) between any two adjacent
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(a)

Gaussian
Beam

Fig. 1. (a) Array of Au dipoles omp-Si on p™-Si covered by HO. Al Ohmic contacts

are located at the bottom of the structure and an Au circular contact pad is connected to
all dipole arms via optically non-invasive perpendicular Au interconnects. A plane wave
source illuminates the array in thez-direction from below. (b) Geometry of a unit cell of

the array under study (interconnects are shown as well); the dipole is assumed covered by
an adlayer of thicknesswhen the surface sensitivities are computed.

nanoantennas. Also the interconnect width is labeled/ a&ood dipole (infinitely periodic,

"good dipole” means a dipole that resonates near a desired wavelength and that performs well
in terms of enhancement and absorptance) dimensions were determined via modeling to be:
w=30nm,t =30nm,| =210nmg=20nm ando = g = 300nm. Interconnect dimensions were
taken asv = 20nm and = 30nm. All dimensions except f@rremain constant throughout the
paper. Figure 2(a)-2(c) show the electric field distribution of the dipole array at resonance over
X — Yy cross-sections slightly inside the Au close to the Si/Au interface, through the middle of
the Au dipoles, and slightly above the Au surface is0H As noted, the field intensity is very

high in the dipoles near the Au/Si interface (Fig. 2(a)) and in the gap (Fig. 2(b)), compared
to along the dipole arms and the ends. Localized fields in the gap make small-gap antennas
highly sensitive to changes in this region (as discussed below), and strong fields in the Au near
the Au/Si interface are desirable to enhance IPE; both attributes are useful for the envisaged
biosensors. It is evident that the Au interconnects have a negligible influence on the field dis-
tribution, and that the periodicity is large enough for coupling between two neighboring dipoles
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to be negligible. Given the uniform illumination and their ¢g¢h, the dipoles resonate in their
lowest order bonding mode [32], in th;ag mode propagating along the nanowire waveguides
forming the dipole arms [4, 5].

-100 0 100

10 20 30 40

Fig. 2. Distribution of|E| = \/|EX\2+ |Ey|®+ |E2|? onx—y cross-sectional planes for an

Au dipole of dimensionsv = 30 nm,t = 30 nm,l =210 nm,g =20 nm andp = q = 300

nm (a) 3 nm above the Au/Si interface, (b) 15 nm above the Au/Si interface, and (c) 3
nm above the Au surface inJ®. Computations performed ap = 1353 nm (resonance
wavelength).

The transmittanc@ is calculated as a function of frequendy or wavelength via:

JsRe(Pm).ds
SR 1)

JsRe(Ps).ds
wherePn, andPs are Poynting vectors at the location of the monitor wheres calculated
and at the location of the source, respectivBlis the surface of the reference plane where the
transmittance is calculated [28]. Eq. (1) can also be used to compute the refleRtahtie
system by replacing S with the appropriate reference plane.

Figure 3 plots the calculated transmittandg, (reflectance ), absorptanceA), and the
electric field enhancemekt, of the array over wavelength, whetds given by:

T(f)

A=1-T—-R (2)
and the electric field enhancemé®y, is calculated at the center of the gap, 15 nm above the
Si/H,O interface, relative to the electric field at the same location in the absence of the antenna.
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From Fig.3 it is noted thdEe, peaks near resonance to a value of about 25. (Throughout this
paper the resonant wavelength of the antenh@} (efers to the free-space wavelength at which

the absorptance curve reaches its maximum value.) The misalignment of extremd jrRhe
andAresponses is due to absorption in Au. The absorptance of the system is due almost entirely
to absorption in Au (losses are negligible in Si angOHy comparison) [4].

One can relate the optical performance and response of the dipoles to their geometry via the
full parametric study reported in [4]. Decreasing the gap size changes the transmittance and
reflectance as the proportion of Au covering the surface changes. Also, decreasing the gap size
increases the capacitance causing a red-shift in the resonance of the system. Finally, decreasing
the gap size increases the electric field therein, which as we show below, increases the bulk and
surface sensitivities of the dipoles.

0.8 0.25
0.6, 0.2
=
mﬂ)
. 0.15
o 04 !
<
0.2 —E, 0.1
0.05
1.2 2

Fig. 3. Calculated transmittanc€) reflectance (IR absorptanceX) and electric field en-
hancementHe,) vs. free space wavelengtRg).

4. Quantum efficiency and responsivity

The Au dipoles are assumed to form a Schottky contact to Si thereby creating an infrared pho-
todetector operating on the basis of IPE (Fig. 1(a)). Hot (energetic) conduction carriers are
created in the Au dipoles by absorption of SPPs resonating on the antennas. If the photon en-
ergy is greater than the Schottky barrier energy, then hot carriers may be emitted over the barrier
and collected in the Si as photocurrent. The internal quantum efficighnisythe number of hot
carriers that contribute to the photocurrent per absorbed photon per second. We agssimed
because Schottky barriers are lower thereon than-8i leading to increased quantum effi-
ciency and detection at longer wavelengths. Also the effective Richardson coefficient for holes
is lower than that for electrons which helps manage the dark current. We have used the thin-
film model described in [33] to estimate the internal quantum efficiency, taking the attenuation
length of hot holes in Au as 55 nm [34] and the Schottky barrier heiglms as0.34 eV for Au
on p-Si [35]. Figure 4(a) showsg' computed over the wavelengths of interest.

Taking all Au/Si contacts into consideration (ax285 network of dipoles and their related in-
terconnects, and a circular contact pad of diametgmni)) a total contact area 6f 95.5 x 1012
m? is obtained. Consequently, a dark current = 5.4uA is obtained [35] at 300 K. The
rectenna and interconnect areai9.17 x 10~12m? and the contact pad area is.85x 10~'?
m?, so the pad area dominates; the dark current associated with the latter could be eliminated
by inserting a dielectric between the pad and the Si surface.
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The responsivitfResp, is defined as the ratio of the photocurrent to the incident optical power
and can be expressed in termgpfas [36]:
Anid

Resp = v Q)

whereA is the absorptance, taken as that of the dipole array (Eq. (2)k anthe fraction of
the absorptance that contributes to the photocurrent [36] (taker-akherein). The minimum
detectable power is given as the ratio of the dark current to the respor&iity: 14/ Resp.

l ' ' -15

(1)2 14

) A Gum)

Fig. 4. (a) Internal quantum eﬁiciency’i‘() vs. Ag. (b) Responsivity Resp) and minimum
detectable powelSin) Vs. Ag.

The detection performance of the rectenna was assessed over a range of wavelengths and is

plotted in Fig. 4(b). Compared to other SPP Schottky detectors, the responsivity and minimum
detectable power of this detector are quite reasonable, even with a large contact pad [23, 25].
This performance level is suitable for low-cost silicon based detection and for the intended
biosensing, optical monitoring and interconnect applications. The wavelength response follows
closely that of the absorptance of the dipole array (Fig. 4(b)), except that the former drops more
rapidly at longer wavelengths due to the decrease in internal quantum efficigi@s(shown
in Fig. 4(a).
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5. Bulk sensitivity

Monitoring changes in a surface plasmon resonance is a widely used interrogation approach
for measuring changes in the refractive index of bulk solutions and changes in the thickness or
composition of thin bio(chemical) adlayers on the biosensor surface.

For bulk sensing, the index of the cover matenialvas changed from the nominal one(®)
over a large range, and absorptance spectra were computed using the FDTD method and the
same mesh size as in the first section of this pap8r(0.5 x 0.5 nn?). Figure 5(a) showa for
all test cases considered. Increasiggecrease8 and increases the electric field enhancement
(not shown). The bulk sensitivitgAg; /dnc of the rectenna and the peak responsiviRg )
are plotted in Fig. 5(b). The bulk sensitivity was computed by interpolating the spectral shifts
using a cubic spline, then computing the derivative of the spline.

0.8

\—1—water—1.75—22.25—2.5-2.75

0.6

Fig. 5. (a) AbsorptanceA] vs. Ag for several cover refractive indiceg ranging from 1
to 2.75). (b) Bulk sensitivity §Agr /dnc - blue) and peak responsivitRéspr - red) of the
rectenna as a function of.

The rectenna has a bulk sensitivity comparable to what is reported in [6,7,13]. Recent analytical
studies show that the bulk sensitivity increases with the surface plasmon resonance wavelength
and the upper limit of this sensitivity is totally independent of nanostructure shape [37]; the
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results of Fig. 5 are consistent with this trend. The peak mesipity drops linearly with, fol-

lowing the peak absorptance, with the largest peak responsivity occurring$ol. The drop

in responsivity would translate to a commensurate drop in the monitored photocurrent as the
bulk index changes. An incident optical power of 1 mW would yield a change in photocurrent
of ~ 40uA over the full index range, which is easily measureable.

5.1. Waveguide modal analysis

Modal analysis was carried out on the waveguide used as the arms of the dipoles using a mode
solver based on the finite-difference method [26] in order to identify the mode propagating
thereon. The wavelength for the modal analysis was sk&f 01353 nm, which is the resonant
wavelength of the rectenna covered byQH Figures 6(a) and 6(b) show the real part of the
main transverse electric fieldef) of the mode, plotted over the— z cross-section of one of

the dipole arms for the extreme cases of bulk index used in the sensitivity seidge = 1

and n. = 2.75. The distribution ofg; identifies the mode propagating along the nanowires

as thesa,g mode [9, 32], which is excited on the dipoles given the polarization, orientation
and uniformity of the source field{polarised plane wave). The field distribution is clearly
perturbed by changes in the cover index (Fig. 6).

0.7 0.15 1-0.7 0.15 1
T O E— .

— a— -

30 50 ,

z (nm)
0

-30

(a) (b)

25 0 25 -25 0 25
y (nm) y (nm)

-60

Fig. 6. Real part oE; of thesag mode plotted over the cross-section of a nanowire waveg-
uide (Ao = 1353 nm) computed using a mode solver.rn@k 1 (air) and (b)ne = 2.75.

We compute the effective refractive index(;) and the mode power attenuatiam)(of the
&ag mode as a function af; and plot the results in Fig. 7. Increasingincreases the effective
refractive index which causes, in part, the red shift observed in the absorptance curves of Fig.
5(a) Aor U ne); the red shift is also due to changes in the gap capacit@yasn; changes. The
mode power attenuation is also observed to increase with increasegplaining in part the
broadening of the responses of Fig. 5(ahascreases.

5.2. Analytical expression for the bulk sensitivity of dipoles

An equivalent circuit was proposed in [4] to relate the resonant wavelength of dipole antennas to
the effective indexrfes¢) of thesag mode propagating along the nanowires forming the dipole,
and to the characteristics of the dipole gap. We briefly summarize this circuit as it will be
required in what follows. The circuit consists of two open-circuited transmission lines, one for
each arm of the dipole, connected by a capacitor modeling the effects of the gap. The resonant
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Fig. 7. Effective refractive indexn¢ss blue) and mode power attenuatiom-(red) of the
sﬁg mode resonating along the dipoles as a functioncof

frequencies of dipole antennas, satisfy the following transcendental equation derived for the
circuit:

tan(Ne wor /oo (d + dm)) = —2wor Cg Zo (4)
where
_ 2mcy
= (5)

In Eq. (4),d + onm is the effective length of each transmission line section, wikre
(I —g)/2. The parametedy, is the distance from the end of each arm where the main field
component decays tg/& in our dipole desigdm ~ 21 nm, taken as the decayBf (the main
transverse electric field component of w mode - Fig. 6). Neglecting fringing fields, the
capacitance of the gap is:

Co=ec M ©)
g
wheree; = & & andg ¢ are the absolute and relative permittivities of the material filling the
gap at the wavelength of modal analysis, which is taken as a wavelength near the expected
resonant wavelength of the dipole antenAg= wt is the cross-sectional area of the dipole

arms. In Eq. (4)Zo is the characteristic impedance of the transmission lines calculated as:

[ 1(%:2) RelZs(y,2) dS

Zo= (7
Jf f(y,2)dS
whereZ,, is the wave impedance of ttmg mode:
k- (ExH*
2, — ( ) )

(k x H) - (kx H*)
k = X is the direction of modal propagation which is along the dipole axisFaaddH are the
mode fields. In Eq. (7)f(y,2) is a weighting function defined from trmg mode fields as:
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Figure 8 plots the gap capacitance as a function of the bulk index. The red-shift in the ab-
sorptance curves are caused in part by the increaSgwhich is noted to increase from&to
3 aF. Figure 8 also plotg; as a function ofi;, showing a non-negligible variation (compared
to the surface sensing case as discussed below).

290
1280
270
2605
D50
240
230
0 \ ' ‘ 220

Fig. 8. Gap capacitand®, (blue) and characteristic impedanggof thesﬁg mode (red) as
a function ofng.

We use now the equivalent circuit model to gain insight on the bulk sensing performance of
the dipoles. Taking the derivative of both sides of Eq. (4) with respect to nc yields:

<d+6m>mwor el <d+6m>mneff—‘;f x [1+tarf (et tx /& o(d + )]

(24

7] 0
= 200Gy T2 2 20 52 - 2020 T2

— (10)

where we note thater f = Neff (Nc), Wor = Wor (Ne), Om = dm(Nc), Cg = Cy(Nc) andZy = Zo(Nc).

In writing Eq. (10) we have supposed tléad,/dn: ~ 0, which is justified based on verifications
carried out at our extreme values foy. After some manipulations, the following equation for
the bulk sensitivity is obtained from the above:

G = T g T g O an)
where
lw = (%) Nett (1+4wh C5Z5) + 2CyZo (12)
¢ = (%) Nett (1+4wh CGZ5) (13)
lc = 2w 2o (14)
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{z = —2wnr Cy (15)

andcg is the speed of light in vacuum. The tetdCy/dnc in Eqg. (11) can be expressed in
terms of dipole dimensions and gap material properties. Ignoring the imaginary part of the bulk
material permittivity € ¢ ~ nZ) this term can be simplified to:

0Cqy  [wt) d& wt
a_m_(g)dnc_zgo(g)nc (1o
Substituting Egs. (12) to (16) into Eq. (11), the expression for the bulk sensitivity becomes:
J woy s W_t 1 ONet 3_20
e {» [4( g ) Osbrzo] ne+ 4, | ¢n one + {z an. (17)

The second term in Eq. (17) comes from mode properties and the first term is directly related
to the gap capacitance. In Eq. (125qZo < ((d + dm)/Co) Ner 1 (1+ 4w, C5 Z§); neglecting
this term and substituting in the expressionsd{gr ¢, and{z from Egs. (12) to (15) into Eq.
(17), leads to the simplified expression for the bulk sensitivity:

I or 2wt Co Gy 2Zonc + $2n2 @ ONef
—— x - > —— (18)
onc g(d+3dm)Neft | 14 (2wtg Lo Zo)°ng2  Neft INc
The bulk sensitivity can be written in terms of the resonant wavelength using:
JdAor _ _(27'[200) J oy (19)
anc O‘JOI‘ anC
which yields
JAor 2wt CoAor 2Zpnc + g_nzo ng Aor ONeft
~ AT (20)
onc g(d+3dm)Neft | 14 (4mmwtgLcoAor Zo)° N2 Mefr ONc

Figure 9(a) compares the resonant wavelengths computed using the FDTD method (Fig. 5(a))
with those generated by the transmission line model (Eq. (4) using the corresponding modal
parametersris, Zg) computed at the resonant wavelength of each FDTD test case. From Fig.
9(a) one observes that for small bulk indices, and perhaps for very large ones, the two curves
diverge slightly from each other. However over most of the index range, the transmission line
model agrees very well with the FDTD results. Based on these curves we caddgutén: by
numerical differentiation of cubic spline interpolants as in Fig. 5(b) and plot as Fig. 9(b). The
black curve plots the bulk sensitivity calculated analytically using Eq. (20). For all valugs of
the analytical solution (Eq. (20)) agrees very well with the transmission line model (Eqg. 4), and
both agree very well with the FDTD results for large valuesofThe agreement deteriorates
at lower values oh. which probably comes from neglecti@®m/dnc and the fringing fields
in the model for the gap capacitance (Eq. (6)). Still the transmission line model (Eq. (4)) and
the analytical solution (Eg. (20)) can be used over a broad range of bulk indices to estimate
performance rather than the more time-consuming FDTD computations.

One interesting and important property extracted from Fig. 9(b) is that we can fit a linear
model to the black curve @\qr /dnc ~ 81n; + 199 (nm/RIV). Strictly, the slope and intercept
of this linear model are functions g, and the modal parameteng;; andZy which change
with n¢; however, the model fits well over the rangenginvestigated here. Comparing Eq. (20)
with a linear model reveals that the slope term (81 nmARkdmes from the gap capacitance
and the intercept term (199 nm/RIU) mostly from perturbation of the mode fields.
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Fig. 9. (a) Resonant wavelengths computed using the trarismiee model and the
FDTD method as a function of bulk index. (b) Bulk sensitivity computed using the
FDTD method (dashed blue), the transmission line model (Eq. (4) - red), and the analytical
solution (Eg. (20) - black).

6. Surface sensitivity

The surface sensitivity can be defined in a number of ways [5, 38, 39]. The definition adopted
here isd A /dawhereais the thickness of the adlayer of refractive inagXFig. 1(b)). The ad-

layer is modeled as uniform dielectric layer with its thickness and index,J being effective
parameters [5]. The adlayer index is takemgs- 1.45, which is representative of biochemical
material [5], and it is assumed to grow on all AyBlinterfaces.

Previous studies [4, 40] indicate that the electric field enhancement is very sensitive to the
gap size. Specifically, decreasing the gap increases the field enhancement in the gap, which
in turn increases the overlap between the resonant mode and the adlayer, leading to increased
sensitivity [41]. We therefore reduced the gap size from 20 to 10 nm and computed a series of
absorptance curves as a increases from 0 to 5 nm using the FDTD method and a very small
mesh size (@ x 0.2 x 0.2 nn¥), as plotted in Fig. 10(a). For the came- 5 nm the gap is fully
loaded with adlayer and the shift in resonance relative to the no adlayerscas® {s 30 nm.

Fig. 10(b) givesd Ay /da computed by interpolating the spectral shifts of Fig. 10(a) using
a cubic spline, then computing the derivative of the spline. The largest surface sensitivity ob-
served isdAqr /da ~ 8 nm/nm, occurring in the early stages of adlayer growth, and then drop-
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ping off significantly as the adlayer fills the gap region. Thes#ivity is due mainly to the
enhanced electric field in the gap and near the ends of each dipole where the enhanced fields
overlap much more with the adlayer. Peak responsivity,(f values are also plotted in Fig.

10(b); an incident optical power of 1 mW would yield a change in photocurrentigi A over

the full adlayer range, which should be readily measureable.
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Fig. 10. (a) AbsorptancAvs. Aq for several adlayer thicknesses= 0 to 5 nm); the curves
are offset vertically by-0.05 for clarity. (b) Surface sensitivity@o /da - blue) and peak

responsivity Respr - red) as a function cé.

6.1. Waveguide modal analysis

Figure 11(a) and (b) show the real part of the main transverse electric Egldf(the mode,
plotted over they — z cross-section of one of the dipole arms for the extreme cases of surface
adlayer thickness used in the sensitivity stuidg,, a = 0 (no adlayer) and =5 nm. The
distribution ofE; identifies the mode propagating along the nanowires asaﬂmode [9,30],
which is excited on the dipoles given the polarization, orientation and uniformity of the source
field (x-polarised plane wave). The field distribution is slightly perturbed by changes in the
adlayer thickness (Fig. 11).

We have therefore computed the parameters of this megednda) as a function of a and
we plot the results in Fig. 12. Increasing a decreases sligbtlyanda of the mode.
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Fig. 12. Effective refractive indexngs¢ blue) and mode power attenuatiam { red) of the
sﬁg mode resonating along the dipoles as a functioa. of

6.2. Analytical expression for the surface sensitivity of dipoles

The red shift in the absorptance curves is due to changes in the parametermgf hhede
resonating along the dipoles (Fig. 12) and to changes in the gap capacitance as the adlayer
grows. The equivalent transmission line circuit described in the previous section can be used to
take both effects into account using a new expressio@foAdding the adlayer produces three
capacitors in series within the gap. Two capacit@s ére due to the adlayers growing on the
ends of the right and left arms, and the thi@)(is formed by BO filling the gap, as sketched
in Fig. 13.

From circuit theory, the total gap capacitance is calculated as:

Co=(2Ct+CY) (21)

whereC; andC; are:
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Fig. 13. Schematic of a dipole gap showing three plate capmetain series.

CiL = ¢ (%t) (22)
and
wit
C = & (g_ Za) (23)

In the aboves; = £ & andey = £ & 4 are the absolute permittivities of the bulk solution
(H20) and the adlayer, respectively. We ignore the imaginary parts of the permittivities and take
&~ M~ 132 ~ 174 ande 5 ~ N2 ~ 1.45 ~ 2.11. After some manipulations, we write

Cy as:
B €3 Ec Wt
G = 2(ea— &) a+ €9
Figure 14 plotsCy (Eq. (24) andZg of thesag mode (Egs. (7) to (9) as a function of the

adlayer thicknesa, showing thaCy increases andy decreases slightly with.
Taking the derivative of Eq. (4) with respectdyields:

(24)

A L S (25)

wheredly,, {n, {c and{z are defined in Eqs. (12) to (15). The tedﬁg/éa in Eq. (25) can be
evaluated using Eq. (24) and expressed in terms of dipole dimensions and the properties of the
materials filling the gap (emphi.e., the adlayer an®ias:

% _ 2608 cEra (Sr,a - t‘:r,c) wit
da 2 (&ra—&c)a+ gr,ag]z
The above reveals thaCy/da is a saturating nonlinear function of the adlayer thickraess

Substituting Eqg. (26) into Eq. (25), we obtain the following expression for the surface sensitivity
as a function ot:

(26)

0ty . 2&0&rcEra (Era— Erc) WE

1
da [2 (é‘r,c— €r,a) a+ é‘r,ag]z Cw lottrZo Zw <Z +é

ONef 1 020) 27)
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as a function of.

The surface sensitivity can be written in terms of the resonant wavelength using:

OAor _ 2711Co \ Jwor 28)
da Wi, da

which yields:

d0Aor deo&rcEra (Erc—Ea)WE 4 1 )\3 < ONgi £ 020)
= — Aor Zo — . +4&— ) (29
da [2 (&rc— Er,a) a-+ 8r,ag]2 {o” deorZo = Lo 21TCo n Jda ¢z Jda (29)

From Fig. 12, it is clear thadnet s /da anddZy/da are approximately constant(—0.0014
nm~* and 1Q/nm) over the range of a considered. Thus from Eq. (29) we findathgt/ da is
also a saturating nonlinear function of a (which follows from Eq. (24)).

Figure 15(a) compares the resonant wavelengths obtained viathe FDTD (Fig. 10(a)) and with
those obtained by solving Eq. (4) using the corresponding modal paranmigrsZp) com-
puted at the resonant wavelength of every FDTD test case. Based on these results we compute
dAor/0a (by numerical differentiation of spline interpolants) and plot this as Fig. 15(b). The
black curve plots the surface sensitivity calculated using the analytical solution, Eq. (29). For
all adlayer thicknesses, the analytical solution (Eq. (29)) agrees very well with the transmission
line model (Eq. (4)), and both are in reasonable agreement with the FDTD computations. The
error probably comes from neglectid@nmn/da and the fringing fields in the model for the gap
capacitance (Eq. (24)). Still the transmission line model (Eqg. (4)) and the analytical solution
(Eqg. (29)) can be used over a broad range of adlayer thicknesses to estimate the surface sen-
sitivity of dipoles rather than the more time-consuming FDTD method. The results from the
transmission line model differ from the FDTD results by a maximum of 25%.

7. Comparison of dipole and monopole sensitivities

Using the transmission line model we derive the bulk and surface sensitivities of monopole
antennas and compare them to those of dipole antennas. Replacing all dipoles with monopoles
of comparable lengthd( = 2I andg = 0), we find the following equation for the resonant
wavelengths of the equivalent transmission line circuit:
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Fig. 15. (a) Resonant wavelengths computed using the trasismisne model and the
FDTD method as a function of adlayer thicknesgb) Surface sensitivity computed us-

ing the FDTD method (dashed blue), the transmission line model (Eq.(4) - red), and the
analytical solution (Eq.(29) - black).

cot (N wor /EHo (d+ dm)) =0 (30)

where the symbols retain the same meaning as in Eq. (11). We note, of course, that there is no
lumped capacitance in this model because there is no gap. By taking the derivative of the above
with respect tan; and a we find the following expressions for the bulk and surface sensitivities:

0Aor Aor ONett
onc  Nett One (1)

0Aor . Aor ONett
da  neft Oda (32)

We note that a monopole corresponds to a dipole in the limg -ef 0, which leads to an
infinite gap capacitanceg. Cq — . In this limit, ., {» and{z become very large (Egs. (13),
(14) and (15)) and Egs. (20) and (29) simplify to Egs. (31) and (32).

Comparing Egs. (31) and (32) with the corresponding ones for dipoles (Egs. (20) and (29)),
we observe that the sensitivities of monopole antennas are smaller than those of dipole antennas.
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This is due to the absence of the gap in the former; thus, moaaspsbnances are altered only

by changes in the properties of t% mode resonating on the antenna, whereas in dipoles,
changes in the cap capacitance lead to a larger shift in resonance. Also, the electric field is
strongly enhanced in the gap of dipoles compared to other locations on the antenna. The bulk
sensitivity of dipoles is at least@5x greater than that of comparable monopoles. Similarly the
surface sensitivity of dipoles is at leasbk greater than that of monopoles. In both cases, the
importance of the gap is manifest.

8. Conclusion

Arrays of Au nano-dipole antennas forming a Schottky contact to Si were proposed and in-
vestigated theoretically for use as a wavelength-selective sub-bandgap rectenna and biosensor.
Photodetection occurs via the internal photoelectric effect for photon energies above the Schot-
tky barrier height but below the bandgap of Si. Excitation by a normally-incident plane wave
polarized along the length of the dipoles was considered. Under this excitation, non-invasive
electrical contacts to each dipole arm can be introduced, facilitating collection of the photocur-
rent. The plane-wave source excites a specific strongly-confined SPP sag;@mx propagat-

ing along the arms of the dipole antennas, forming a bonding resonance as the main resonance
of operation of the antennas. Utilizing a Schottky detector structure simplifies interrogation in
that the transmittance or reflectance need not be measured; rather only the photocurrent col-
lected at the contacts needs to be monitored. Illluminating the antennas through the substrate
leaves the top side of the device available for integrating microfluidics.

As a rectenna, high responsivities (100 mA/W) and practical minimum detectable powers
(—12 dBm) are predicted at wavelengths near 1310 nm. As a biosensor, the rectenna struc-
ture offers significant advantages as it simplifies the interrogation set-up: only the photocurrent
generated by the device need be monitored, and the excitation optics (bottom) are physically
separated from the micro-fluidics (top) by the device. Compelling sensitivities are predicted
for the dipoles: 250 nm/RIU in bulk sensitivity and 8 nm/nm in surface sensitivity (biochemical
adlayer in HO). In terms of changes in photocurrent, an incident optical power of 1 mW would
yield a change of- 1uA as an adlayer grows to 5 nm in thickness, which is readily measure-
able.

Using a transmission line model to represent the dipole antennas, we derive analytical expres-
sions for the bulk and surface sensitivities of the structure and validate them via comparisons
with numerical results. We proved using these expressions that dipole antennas provide much
greater bulk and surface sensitivities than monopole antennas because of the existence of the
gap in the former, which introduces a capacitance (and enhanced fields) that strongly affects
the resonance.
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