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Abstract

The fabrication process of nanodevices is continually im-
proved. However, most of the nanodevices, such as biosen-
sors present rough surfaces with mean roughness of some
nanometers even if the deposition rate of material is better
and better controlled. The effect of roughness on perfor-
mance of biosensors was fully addressed for plane biosen-
sors and gratings, but rarely addressed for biosensors based
on Local Plasmon Resonance. The purpose of this paper is
to evaluate numerically the influence of nanometric rough-
ness on the efficiency of a dimer nano-biosensor (two lev-
els of roughness are considered). Therefore, we propose a
general numerical method, that can be applied to any other
nanometric shape, to take into account the roughness in a
three dimensional model. The study focuses on both the
far-field, which corresponds to the experimental detected
data, and the near-field, responsible for exciting and then
detecting biological molecules. The results suggest that the
biosensor efficiency is highly sensitive to the surface rough-
ness. The roughness can produce important shifts of the
extinction efficiency peak and a decrease of its amplitude
resulting from changes in the distribution of near-field and
absorbed electric field intensities.

1. Introduction

During the last years the fabrication process of nanode-
vices has been continuously improved and more control and
precision were achieved [1]. However, most of the nan-
odevices, such as biosensors present rough surfaces with
mean roughness of some nanometers. The effect of rough-
ness on performance of biosensors was fully addressed for
plane biosensors or gratings (mainly the angular depen-
dence) [2-6] but rarely for the different new shapes of
biosensors [7]. Moreover, for the new shapes, the few stud-
ies reported are experimental and no modeling work was
done. One of the few studies addressing the roughness ef-
fect on new shapes of biosensor is the one done by Reilly
et al. in 2007 [8]. In that study, authors claim that rough-
ness enhances the SERS (Surface Enhanced Raman Spec-
troscopy) signal as the calculated enhancement factor on
smooth structure is lower than the experimentally measured
one with rough surface. However the difference between
experimental and numerical calculation may result from
other factors such as the choice of optical index of metal,
the precision of the numerical method, the fabrication er-

rors, etc. Therefore, a theoretical comparison of smooth and
rough surfaces (with different level of roughness) is critical
to get more significant conclusions.

Few modeling studies took account of the biosensor
roughness. Michel et al. [5] considered a roughened grat-
ing composed of the sum of a sinusoidal profile and a one-
dimensional Gaussian random process. Byun et al. [4, 5]
modeled the roughness using one-dimensional Gaussian
random surface of plan biosensor or gratings. All these pre-
vious studies [4-6] are restricted to specific biosensors or
particles [ 7] and sometimes present one-dimensional model
quite different from the three dimensional one needed to
fully describe rough surfaces of biosensors. To overcome
the limitations of these models, a numerical method that
can describe rough surface should be used (the analytical
solution being known only for simple shapes of biosen-
sors). Some numerical methods can deal with different
shapes but most of them necessitate fitting boundary con-
ditions which makes describing a rough surface critical [7].
Hence, we decide to use the discrete dipole approximation
(DDA) which is volume-integral method overcoming this
limitation. Finally, using the DDA, the rough surface can
be easily described by adding or removing material from
the target surface as it be will fully explained in the second
section.

The model is applied to a dimer antenna based biosen-
sor. Two characteristics of the biosensor should be im-
proved for SERS (Surface Enhanced Raman Spectroscopy)
applications. Firstly, the position of the plasmon resonance,
described by the spectroscopic model in far field, should
be adjusted to match with target biomolecule characteris-
tics in SERS. Secondly, the field intensity in the vicinity
of the biosensor should be enough to yield intense SERS
signal from molecules enabling their identification. To deal
with both issues, we analyze the effect of roughness on the
dimer antenna based biosensor in the far-field and near-field
as well as the correlation between the two levels.

This paper is organized as follows: the second section
present an overview of the DDA and describe the method
used to model the rough surface. The third section is de-
voted to the validation of the model by comparison with
experimental results, and the fourth one gives different sim-
ulation results on nanoantenna and their discussion. Finally
conclusions and future works will be presented in the fifth
section.
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Figure 1: The basic idea of DDA: discretizing the target in
a set of dipoles, and roughness control.

2. Numerical method and model of rough
surface

Maxwell’s equations describe the interaction of biosensor
with incoming illumination. When the analytical solutions
of these equations are unknown, it is necessary to use nu-
merical methods. A number of numerical methods were in-
troduced such as the discrete dipole approximation (DDA),
the method of moments, the finite difference time domain
method and the finite element method. Each of these meth-
ods presents some advantages and drawbacks. Some of
them are able to deal with 3D target shapes with smooth
surfaces. However, including roughnesses can be criti-
cal [4,7,9-11]. In fact, to get a three-dimensional rough
object, small pieces of materials should be added to or re-
moved from the surface. Therefore, the numerical methods
that necessitate setting the boundary conditions at surfaces
(unlike DDA) are less suitable.

The DDA was firstly developed by Devoe [12, 13] and
Purcell and Pennypacker [14]. The accuracy of DDA was
proved when compared to exact solutions for some spe-
cific shapes (spherical nanoparticle [15], ellipsoid [15] and
infinite cylinder [16]). The main idea of DDA is to dis-
cretize a target shape into a set of IV polarizable elements
(figure 1). These elements get dipole moments and inter-
act each with others when an electric field is applied and
hence are called dipoles. Details on the theoretical setting
of the method can be found in many papers such as [17];
but here we concentrate on how the method can be inves-
tigated to model rough surface of any target shape. Many
development of the method were done [16, 18, 19] to deal
with periodic structures. These latest contributions make
the DDA method able to compute the scattering and ab-
sorption of biosensors based on reproducing periodically a
shape as the dimer antenna based biosensor considered in
this study (figure 2). Due to the dipolar meshing of objects,
DDA is able to describe any biosensor with arbitrary shape
and even with rough surface, with minimal efforts .

The absorption, scattering or extinction efficiencies
as well as electromagnetic field could be computed us-
ing DDSCAT 7.1, which is a Fortran code based on the
DDA [20,21]. This code can be edited to change some of
the existing shapes or introducing new ones. Therefore, we
first introduce the smooth target dimer antenna presented
by figure 2 including the adhesion layer (usually ignored in
the modeling work but of great influence [22,23]. Then, a
modified version of this shape is introduced by adding or
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Figure 2: Nanonantenna based biosensor: two-dimensional
array of dimer antenna.

Figure 3: Nanorod with rough surface. Each dipole is rep-
resented by a star.

removing dipoles to/from the surfaces to get the rough ob-
ject [24]. We should note that different level of roughness
can be simulated by removing or adding more than a dipole
at once (see Fig. 1). The root-mean-square (rms) rough-
ness is controlled through a uniform probability law gov-
erning the events of adding, removing or keeping dipoles at
the surface of objects. Figure 3 shows an example of rough
nanoantenna (the surface presents some granulations).

In the following section we propose a validation of the
model by using a comparison of the results with or without
roughness with those of experiments.

3. Validation of the model

The lack of systematic experimental studies of the above
described nanoantennas by varying sizes for example, force
us to turn to cylindrical shapes. Two validations are pro-
posed, using experimental results from [25, Fig. 2] and
[26].

In that references the extinction spectrum of cylindri-
cal gold nanostructures was measured. The maximum of
Qext over the wavelength \g is associated to the Local-
ized Surface Plasmon Resonance (LSPR) [27]: n}\ax(Qem).

0

In experiments, the uncertainty on the determination of the
wavelength corresponding to this maximum is evaluated to
420 nm [28]. The Scanning Electron Microscope images
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Figure 4: Experimental data from [25] with standard uncer-
tainties. Intervals for the position of the LSPR computed
with DDA, using experimental uncertainties, for smooth
and rough nanostructures.

show residual roughness. The smooth and rough samples
are considered for the model. The distance between sam-
ples is P = 200 nm. A chromium adhesion layer with
thickness of e = 3 + 1 nm was used to stick gold struc-
tures on the C'aF; substrate. The maximum uncertainty on
height of nanostructures was +2 nm, that on diameter was
420 nm. The sizes are supposed to be uniformly distributed
in the above intervals. Then the standard uncertainty are
the ratio of the above maximum uncertainties to /3 [29].
These values are reported as error bars for the experimental
data in Figs. 4-5.

For the validation, we consider the maximum experi-
mental uncertainties on sizes to generate numerical data.
Actually it is well known that increasing the diameter D or
decreasing the height i of cylinders redshift the LSPR [30].
The influence of the adhesion layer for D = 100 nm is a
tiny blueshift [31]. Therefore, intervals for the positions of
the LSPR can be numerically evaluated by using the experi-
mental uncertainties. In Figs. 4-5, the computed LSPR falls
between the dashed and the solid lines for smooth (blue)
and rough (red) structures.

Figure 4 shows the result a systematic study of the di-
ameter D of cylinders, their height being fixed to 50 nm.
For figure 5, the diameter is fixed to 100 nm and the height
of dots is varied. Both figures show a better agreement be-
tween rough numerical results and experimental data. The
intersection of the intervals of uncertainty is visible for
rough structures on the contrary of smooth ones.

For D = 100 nm, ~ = 50 nm, P = 200 nm, DDA
gives results (Ao(LSPR) € [603;628]) that are closer to
experiments [25] (A\o(LSPR) = 615 nm) than FDTD [31],
where the LSPR was found between 541 nm (e = 5 nm)
and 583 nm (e = 1 nm).

For each diameter D (Fig. 4) or height h (Fig. 5), the
difference of LSPR between the dashed and solid lines
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Figure 5: Experimental data from [26] with standard uncer-
tainties. Intervals for the position of the LSPR computed
with DDA, using experimental uncertainties, for smooth
and rough nanostructures.

can be considered as an evaluation of the sensitivity of the
LSPR to the uncertainty on the thickness of chromium and
on the size of structures. The sensitivity is lower than 10 nm
for all diameters and is almost constant. On the contrary,
the sensitivity on h for D = 100 nm decreases with h. The
agreement between rough simulations and experiments is
better for significant heights and the experimental uncer-
tainty for small heights may be undervalued.

The comparisons of numerical results to experimental
data show that the rough model with adhesion layer is more
efficient to describe the experiments on a wide range of pa-
rameters. Therefore, the proposed model may be extended
to the nanoantenna shapes.

4. Numerical simulations and discussion

We consider the biosensors represented in figure 2 with the
following size characteristics: each of the nanorods has
length of 100 nm (along x-axis), and width and height of
60 nm. A gap of 20 nm separates the pairs that are repro-
duced periodically with a separation distance of 200 nm.
For all simulations we use Johnson and Christy optical in-
dex for gold and choose an inter-dipole distance of 1 nm
(which is also the size parameter of a dipole). Then, we
apply the procedure described in the previous section to
get rough surface by adding or removing a unique dipole
in a first case and up to two dipoles in a second case.
The used random variable is based on uniform probabil-
ity law, so that the events of adding, removing or keep-
ing the same height are equiprobable. Hence, the root-
mean-square (rms) surface height deviation from a mean
plane are rms = /((—1)2+ 0+ 12)/3 = 0.82 nm and
rms = \/((=2)2 4+ (-1)2+ 0+ 12 +22)/5 = 1.41 nm,
respectively.

We present the effect of surface roughness on the LSPR
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Figure 6: Extinction efficiency spectra of nanoantenna-
based biosensor for smooth (blue curves) and rough topog-
raphy.

biosensor characteristics. Therefore we plot the extinction,
absorption and scattering spectra as a function of the wave-
length for smooth and rough surfaces. The comparison will
be held in terms of extinction peak wavelength and am-
plitude as well as the absorption and scattering efficien-
cies. The roughness deteriorates the scattering peak am-
plitude while the absorption peak amplitude is improved
as shown by figures 7-8. For rougher surface, the overall
extinction peak amplitude decreases as the drop of scatter-
ing is more drastic than the increase of absorption. There-
fore, to get a maximal extinction peak amplitude the sur-
face of the biosensor should be as smooth as possible. Fi-
nally, for the considered biosensor, the roughness red shifts
the wavelength of extinction peak (the shift is about 50
nm when comparing the results for the rough structure of
rms = 1.41 nm to the smooth one). The redshift of the
extinction peak is greater for nanoantenna than for cylinder
(section 3). This behavior is probably due to the roughness
of the nanometric gap for nanoantenna where the field en-
hancement is known to be very intense and confined.

As a first conclusion, these results suggest that the ef-
fect of roughness on biosensor efficiency could not be ig-
nored. This is expected as the considered biosensor size pa-
rameters are some tens of nanometers and hence a surface
with roughness of some nanometers cannot be considered
as smooth. The roughness effects are basically:

e A red shift of the extinction peak (figure 6). The red-
shift of LSPR is also observed for cylindrical nanos-
tructures in section 3.

e A drop of the scattering and extinction peak ampli-
tude (figures 6 and 8).

e An increase of the absorption peak amplitude (fig-
ure 7).

As commonly thought, the roughness is supposed to
produce efficient nanosources, which could excite locally
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Figure 7: Absorption efficiency spectra of nanoantenna-
based biosensor for smooth (blue curves) and rough topog-
raphy.
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Figure 8: Scattering efficiency spectra of nanoantenna-
based biosensor for smooth (blue curves) and rough topog-
raphy.

the target molecules. The impact of rough surface on SPR
characteristics of plane biosensor was already studied by
Raether [2]. Raether found that for small roughness, in
the range of 0.5-2 nm, the nonradiative surface plasmons
(SPs) become radiative as a result of the optical coupling
between excited SPs and photons. Hence, rough nanoan-
tennas are expected to be more diffusive objects, however
we find that their scattering efficiencies are less than those
of the smooth nanoantennas (figure 8). The reasons of such
behavior should be clarified. Actually, prediction of behav-
ior of the nanosensor is difficult as the absorption is in com-
petition with the scattering and more analysis is needed.
The above mentioned far field quantities are the unique
measurable values in experimental setup. However, the
electric field intensity |E|? just behind the surface is the
source of the far field quantities. It is also more interest-
ing to characterize the biosensor ability to excite biologi-
cal molecules trapped at few nanometers from its surface.



Therefore to depict the effect of roughness on electric field
absorbed and diffracted parts, respectively, we compute the
intensity in the symmetry plane along the two nanorods at
3 nm respectively below and above the mean upper surface
for a wavelength of 720 nm (figures 9-10).

The electric field intensity | E|? inside the biosensor and
in the gap is locally enhanced for rough surfaces (red and
green curves in figure 9). This enhancement contributes
to the difference in the spectra of the absorption efficiency
(figure. 7). On the other hand, the influence of roughness
on the electric field intensity above the biosensor (figure 10)
seems to be less important than inside it. The mean value
of the near-field intensity is equal to 23.7, 22.8 and 27.7
for smooth surface, rough surfaces with rms = 0.81 and
rms = 1.41, respectively. This shows that the contribu-
tion of the smallest roughnesses (rms = 0.81) decreases
more quickly when getting a few nanometers far from the
surface. However, when computing the electric field inten-
sity, 6 nm away from the mean surface (the typical posi-
tion of the biomolecules stuck on a functionalization layer
deposited on the metallic part of biosensor), we could con-
clude that the roughest the surface is, the less the intensity
is (figure 11). The near-field depends on not only to the dis-
tance (different levels can be seen in figures 10-11) and the
roughness level, but also to the absorption of light by the
gold nanorods. The near-field intensity is more intense for
the roughest biosensor, just above the surface (figure 10),
but not a few nanometers far from the surface. Therefore,
the overall effect is actually a decrease of the scattering ef-
ficiency as shown in figure 8.

As a general conclusion, simulations show a compe-
tition between two physical effects induced by roughness
(increase of absorption and decrease of scattering) and a
local enhancement of field damped rapidly with distance,
yielding important changes in the behavior of the consid-
ered biosensor.

5. Conclusion

In this study, we modeled rough surface to investigate the
effect of roughness on the efficiency of nanoantenna-based
biosensor. The model is based on using the DDA method
and randomly adding or removing material to/from the sur-
face. A validation of the model by comparison with exper-
imental data over a range of size parameters is given by
taking into account the experimental uncertainties. This
comparison shows that the model including roughness is
more efficient to describe experiments. This model can be
applied to any other nanometric sample and is more suit-
able than models suggested as previous studies [32,33] as
it reproduces the effective three dimensional rough surface
as in [7]. The model is applied to nanoantenna consider-
ing smooth surface and two levels of roughnesses. The re-
sults suggest that the biosensor efficiency is highly sensi-
tive to the surface roughness: the extinction efficiency peak
decreases with roughness and its position (wavelength) is
red-shifted. These effects are related to alteration in local
absorption and scattering of the electric field. In fact, the
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Figure 9: Intensity of the electric field |E|? inside the
nanoantenna (—: biosensor with smooth surface, —:

biosensor with rms roughness 0.82 nm and ——: biosen-
sor with rms roughness 1.41 nm; the gap between the two
nanorods is from x = —10 to z = 10 nm)
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Figure 10: Intensity of the electric field | E|? at 3 nm above
the nanoantenna(—: biosensor with smooth surface, —:
biosensor with rms roughness 0.82 nm and ——: biosen-
sor with rms roughness 1.41 nm; the gap between the two
nanorods is from x = —10 to z = 10 nm)

roughness disturbed the distribution of electric field inten-
sity both inside and outside the biosensor as shown by sim-
ulations. The results obtained here may be related to the
considered biosensor and roughness levels (e.g. red or blue
shift of extinction peak). However, a general conclusion
can be made: the roughness could not be ignored in mod-
eling studies as the more the surface is rough the more the
distribution of electric field is disturbed [34]. We join Reilly
et al. [8] when stating that difference between experimental
and numerical studies may result in part from roughness.
In future works, this model will be applied to some specific
shapes of biosensors of given roughness as we expect a bet-
ter match with experimental data and a better reliability for
their optimization [35-37].



Figure 11: Intensity of the electric field |E|? at 6 nm above
the nanoantenna(—: biosensor with smooth surface, —:
biosensor with rms roughness 0.82 nm and ——: biosen-
sor with rms roughness 1.41 nm; the gap between the two
nanorods is from z = —10 to x = 10 nm)
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