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ABSTRACT: In nanoplasmonic sensing, the bulk refractive index sensitivity is
often used as a metric for performance evaluation. However, for biosensing
applications, which involve molecular binding events, only the refractive index in a
confined region close to the metal surface is altered. The correlation between the
bulk and the surface sensitivity strongly depends on the nanostructure geometry,
especially in strongly coupled systems. In this paper, we thoroughly investigate the
surface sensing performance of diffractively coupled plasmonic crystals using the
atomic layer deposition of conformal Al2O3 layers with well-defined thickness and
refractive index. It is demonstrated that the surface sensing capacity cannot be fully
described by the bulk sensitivity. It not only shows opposite dependence on the
coupling strength compared to the bulk sensitivity, but also the bulk sensitivity
cannot reflect the fact that the surface sensitivity could be different in different
thickness ranges on the metal surface. The reason rests on the different decay
lengths of the plasmonic crystal arrays with different coupling strengths and can be well explained by the second order surface
sensitivity that has recently been proposed. Furthermore, we provide a quantitative method to evaluate the surface sensing
performance of specific target analyte. This method is generic and can be applied to other nanoplasmonic systems and a broad
range of biomolecules with various sizes.

KEYWORDS: surface plasmon resonance, plasmonic crystals, bulk sensitivity, surface sensitivity, decay length

Nanoplasmonic biosensors take advantage of the resonant
spectral shifts induced by the molecular binding on the

metal nanostructure surface.1,2 Due to the miniature sizes, they
are promising candidates for high-throughput, multiplexed, and
quantitative detections of a broad range of biomolecules.3−6 In
a common biosensing scheme, the metal nanostructures are
functionalized with capture molecules through various surface
chemistry modification methods. These capture molecules
preferentially recognize the target analyte by specific binding
interactions. However, since the electric field of the metal
nanostructures is highly confined and decays away from the
surface, the capture molecules occupy the most sensitive
regions and degrade the sensitivity to the target analyte.7

Therefore, how to characterize the sensitivity and apply it for
optimum biosensor design is of great significance.8

In the literature, the bulk sensitivity is extensively evaluated,
which measures the refractive index change to the spatial
infinite and covering all the accessible volume of the plasmonic
electric field.9−12 This bulk sensitivity, divided by the resonance
full width at half-maximum (FWHM), is also used in the
conventional definition of the figure of merit (FoM) to indicate
the general sensor performance. Nevertheless, the bulk
sensitivity and thus defined FoM do not take into account
the fact that the sensitivity of plasmonic biosensors decays
rapidly away from the surface, and their performance also

depends on the sizes of the capture molecule and the target
analyte. On the contrary, the surface sensitivity, measuring a
fraction of the electric field close to the metal surface, is more
pertinent to biosensing applications. The bulk and surface
sensitivity are related to the plasmonic electric field
distributions, and could be fundamentally different.13,14 For
example, in localized surface plasmons (SPs), the bulk
sensitivity is much lower than that of the propagating SPs,
although their surface sensitivities have been reported to be
comparable.15−17 Carefully designed plasmonic nanostructures
with a larger bulk sensitivity could also show lower surface
signals due to the mismatch of the electric field decay length
and the target analyte size.15,18−21 We have recently reported
that in diffractively coupled plasmonic crystals the bulk and
surface sensitivities are even diverging with respect to the
FoM.22 Therefore, the commonly studied bulk sensitivity is not
the optimal parameter to indicate the biosensing performance.
The surface sensitivity has been investigated by using self-

assembled monolayers (SAMs) of alkanethiols with various
chain lengths,23−26 multilayers of oppositely charged poly-
electrolytes,15,20,27,28 and atomic layer deposition (ALD) of
conformal dielectric layers.29−32 Although there have been
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definitions of surface sensitivity based on the biomolecule
size,1,15,33 they disregard that the biosensor performance is also
affected by the distance of the target analyte away from the
metal surface.7 A practical and reliable definition of surface
sensitivity is still lacking, especially in strongly coupled
plasmonic systems, such as Fano resonances.15,34,35 We have
recommended a second order surface sensitivity in our previous
report,22 and it was corroborated by the detection of protein
bilayers. Nevertheless, the size and refractive index of the
proteins are difficult to be precisely characterized. For this
reason, how accurate the second order surface sensitivity can
describe the surface sensing performance is still an open
question. Therefore, in this paper we further investigate the
surface sensitivity using the ALD method to deposit conformal
dielectric Al2O3 layers with well-defined thickness and refractive
index. To be specific, we thoroughly measure the resonance
shifts induced by the surface Al2O3 layers in the diffractively
coupled plasmonic crystals and compare it to the bulk
sensitivity as a function of the coupling strength. It is
demonstrated that the bulk sensitivity cannot fully describe
the surface sensing performance. We quantitatively evaluate the
differences between the bulk and the surface sensitivity based
on the second order surface sensitivity. In addition, a reliable
method is proposed to more accurately assess the resonance
shifts caused by the target analyte. This method is generic and
can be applied to other nanoplasmonic structures, such as
nanorods and nanoholes.3−5 It is also useful for a broad range
of biomolecules with various sizes, from a thin SAM to bigger
viruses.

■ RESULTS AND DISCUSSION
Plasmonic crystals are ordered arrays of metal nanostructures
and have been well-known to achieve extremely sharp spectral
features.36−42 By forming a two-dimensional grating system in
the periodic array, the diffractive coupling of the localized SP
resonance (LSPR) of the metal nanostructures leads to the
surface lattice resonance (SLR) mode, which could be
considered as a Fano resonance between the broad LSPR
and the narrow Rayleigh anomaly (RA) resonance.41 The
coupling strength of the SLR can be easily adjusted by
engineering the nanostructure geometry and the array pitch,
and a broad range of FWHMs and sensor FoMs can be
achieved. In this investigation, periodic square arrays of Au
nanodisks are also used in order to take advantage of the highly
tunable coupling strengths. (SEM images and spectra with

controllable FWHMs are shown in Figures S1 and S2,
respectively.) If the array pitch is fixed (thus, the RA
resonance), larger Au nanodisks demonstrate broader
FWHMs, indicating stronger diffractive coupling.41,42 There-
fore, in this paper the bulk and surface sensitivities will be
studied as a function of the FWHM, which are further
categorized for different array pitches.
One of the methods to measure the bulk sensitivity is to

immerse the nanoplasmonic structures in liquids with various
refractive indexes (Figure S3). All the electric field around the
metal nanostructures above the substrate can be accessed and
should be taken into account when analyzing the corresponding
resonance shifts. On the contrary, only a confined region on the
sensor surface changes the refractive index for biomolecule
detections. Hence, in order to investigate the surface sensitivity,
the ALD method is employed, which is capable of forming
conformal Al2O3 dielectric layers with high uniformity and
controllable thickness (Figure S4). The refractive index of the
deposited Al2O3 layers is also well-defined (Figure S5). In
Figure 1a, the results of a representative array with the pitch of
500 nm and the Au nanodisk diameter of ∼155 nm are shown.
The spectra were measured in ethanol instead of index
matching oils so that the Al2O3 surface chemistry can be
preserved for the sequential depositions. Nevertheless, the
tunability of the coupling strength is maintained in ethanol for
the nanodisk sizes under our consideration (Figure S2c,d).
It is demonstrated in Figure 1a that the SLR dips red shift as

the Al2O3 thickness increases. The spectral shifts per 10 nm of
Al2O3 also gradually decrease upon the sequential Al2O3

depositions, implying that the surface sensitivity is dropping.
This is because the electric field of the Au nanodisk decays
away from the surface. To compare the surface sensitivity of
arrays with various coupling strengths, four examples of the
spectral shifts as a function of the Al2O3 thickness are shown in
Figure 1b. For similar nanodisk sizes (solid symbols), the array
with smaller pitch shows a higher surface sensitivity. In contrast,
arrays with larger pitches demonstrate higher bulk sensitivities
(Figure S3b). Similar opposite dependence of the surface and
bulk sensitivity on the array pitch has been reported.22 It is also
observed that the spectral shift curves against the Al2O3

thickness could intersect (open purple vs solid red symbols),
suggesting that over different thickness ranges the surface
sensitivity can be different. FDTD simulations for similar arrays
corroborate the results (Figure S6). Therefore, it is evident that

Figure 1. Surface sensitivity measurements using the ALD method. (a) Transmission spectra measured in ethanol for the array with the pitch of 500
nm and the nanodisk diameter of ∼155 nm for different Al2O3 layer thicknesses. (b) SLR position shifts as a function of the Al2O3 thickness. The
solid and dashed curves are fitted according to eq 1.
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the surface sensing performance cannot be adequately
described with only the bulk sensitivity.
The surface sensitivity strongly depends on the electric field

distributions. Since the field decays away from the metal
surface, the surface sensitivity should be a function of the
distance from the surface. Hence, the bulk sensitivity,
measuring the whole accessible volume of the electric field, is
too oversimplified to be a benchmarking metric. Moreover, the
common biosensing scheme with the capture molecules
pushing away target analyte from the surface makes it a more
complicated problem. A practical definition of surface
sensitivity better takes into account the decay of the electric
field. It should consider the distance of the target analyte away
from the metal surface and be able to estimate the spectral
shifts of biomolecules with various sizes. It should also
acknowledge the role of refractive index as in the definition
of the bulk sensitivity.
Further analysis of the surface sensitivity is based on the

theoretical equation considering both the adsorbate index
nadsorbate and thickness t43

λΔ = × − × − −m n n e( ) (1 )t l
adsorbate medium

2 / d (1)

where m is the sensitivity factor, nmedium is the refractive index of
the medium, and ld is the decay length of the electric field.
Equation 1 was first proposed for propagating SPs to estimate
the adsorbate thickness and surface coverage and later used to
interpret surface sensing performance of localized
SPs.25,26,28,30,44 This equation takes a simple one-dimensional
exponential decay length and is sufficient to describe the
propagating SPs on a planar metal surface. On the contrary, the
localized SPs of asymmetrically shaped nanostructures are a 3D
problem. However, specific to the biosensing scheme, the
capture molecules can be modeled as a conformal layer on the
metal nanostructure surface, and the estimate of the spectral
shifts of conformal layers can also be used for the target
analytes considering their random adsorption locations on the
surface. This simplifies the 3D problem into a 1D case, and the
decay length in eq 1 can be considered as an effective quantity
specific to such a biosensing scheme. It is also consistent with
the ALD method used in our paper. In addition, in cases where
the full coverage assumption is not possible,45,46 the following
surface sensitivity analysis method can be extended as well by
forming conformal layers on specific locations.
Using eq 1, we have fitted the spectral shifts against the

Al2O3 layer thicknesses, and the obtained curves are shown in
Figures 1b and S6. Through such fittings, the sensitivity factor

m and the decay length ld could be extracted, and the results are
summarized in Figure 2 (similar FDTD simulation results are
available in Figure S7).
In eq 1, as the adsorbate thickness t approaches to infinite,

the sensitivity factor m should be the bulk sensitivity. We have
compared the m sensitivity factors obtained by this method to
the bulk sensitivities experimentally measured using aqueous
glycerol solutions over a refractive index range close to nethanol =
1.36 (Figure S8), and these two quantities are similar to each
other. This confirms that the m factor equals the bulk sensitivity
in eq 1. Figure 2a demonstrates the bulk sensitivity as a
function of the FWHM. The 450 nm pitch array shows lower
bulk sensitivity, contrasting the surface sensitivity results in
Figure 1b as well. Notably, in arrays with narrower FWHMs
(less than 30 nm), the bulk sensitivity drops fast with reducing
FWHM. In these arrays, the electric field is less confined on the
nanodisk surface (larger decay length ld, as discussed below).
Due to the index mismatch between the ethanol and the quartz,
the field is more concentrated in the quartz substrate, becoming
inaccessible to the background refractive index change.
Therefore, the bulk sensitivity is greatly decreased.
The obtained effective decay length ld is plotted in Figure 2b.

For the 450 nm pitch array, the decay length slightly increases
with the nanodisk size, since the sensing volume increases with
the size as well. For the arrays with narrow FWHMs (less than
30 nm), the ld increases abruptly with reducing nanodisk sizes
due to the diffractive coupling between the nanodisks, implying
that the electric field is more extended into the medium. It can
also provide an explanation for the opposite dependence of the
bulk and surface sensitivity on the array pitch. The bulk
sensitivity is determined by the entire medium volume above
the substrate surface, while the surface sensitivity only probes a
fraction of that volume. The fraction occupied by the adsorbate
dictates the corresponding spectral shifts.47 For a larger pitch
array, although the bulk sensitivity is higher, its larger decay
length ld gives rise to the lower electric field fraction occupied
by the adsorbate, resulting in the smaller surface sensitivity.
Based on these two quantities, m sensitivity factor and decay

length ld, the second order surface sensitivity can be calculated
as the second order derivative of the spectral shift Δλ in eq 1:

λ∂ Δ
∂ ∂

= −

n t
m

l
e

2 t l
2

a d

2 / d

(2)

This definition takes into account the surface sensitivity
dependence on both the refractive index and the size of the

Figure 2. Experimental results of (a) m sensitivity factor (bulk sensitivity) and (b) effective decay length ld obtained by fitting to eq 1 as a function of
the FWHM. The FWHMs are measured for arrays without the Al2O3 depositions. The solid lines are to guide the eyes. The black arrows indicate the
increasing trend of the Au nanodisk diameters for the data set of each array pitch.
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adsorbate. It reflects that the sensitivity relates to the distance
of the target analyte away from the surface, indicated by t. It is
also evident that the sensitivity decays away from the
nanostructure surface, and the decaying rate can be
characterized by the exponential decay length ld. This surface
sensitivity also directly correlates to the bulk sensitivity (m
factor).
An essential factor in this surface sensitivity is the prefactor

2m/ld, which can be considered as the sensitivity when the
adsorbate thickness t approaches zero or the sensitivity very
close to the surface. Since it is a quantity with ld as the
denominator, it indicates that a large decay length can result in
a small sensitivity at the nanostructure surface. In Figure 3, the

dependence of this prefactor 2m/ld on the FWHM is
demonstrated (FDTD simulation results are available in Figure
S9). The 450 nm pitch array shows the largest 2m/ld since the
electric field is mostly confined at the surface, while it rapidly
drops down for other arrays with narrower FWHMs due to the
largely stretched out electric field.
On top of the discussions above, optimized plasmonic

biosensor design needs to carefully evaluate the second order
surface sensitivity, namely the prefactor 2m/ld and the decay

length ld. With these two quantities, more reliable insight on the
biosensor performance can be gained. The surface sensitivity is
largest at the very surface, indicated by the prefactor 2m/ld, and
exponentially decays away with a rate defined by ld. The bulk
sensitivity or m factor cannot solely determine the surface
sensing performance since the effect of the decay length ld is
quite significant. The ultimate goal is to design a biosensor with
a prefactor 2m/ld as large as possible and a decay length ld that
matches the target biomolecule size. However, the close
correlation between the prefactor 2m/ld and the decay length
ld implies that careful assessment is needed.
In Figure 4a, one example of the second order surface

sensitivity is plotted against the distance from the surface, and
the curve is applied for the common biosensing scheme. It
shows that the sensitivity decays away from the surface. The
area below the curve, which is the integral over the thickness,
indicates the sensitivity to the biomolecule refractive index. The
capture molecule pushes the target analyte a distance of tC away
from the biosensor surface, and exponentially degrades the
sensitivity to the target by a factor of exp(−2tC/ld). The area
corresponding to the thickness range of the target analyte (tC to
tC + tT in Figure 4a) provides a more accurate estimate of the
resonance shifts to the specific target. This graphic method is
equal as integrating eq 2 in the corresponding thickness range.
Therefore, the sensitivity performance of a nanoplasmonic
biosensor can be simply evaluated by the area in the thickness
range specific to the target biomolecule.
In addition, as shown in Figure 4b, because of the differences

in the surface sensitivity prefactor 2m/ld and the decay length ld,
the sensitivity curves can intersect, meaning that over different
thickness ranges the sensitivity can be different. The shadowed
areas in black/red colors indicate the range in which the
corresponding array is more sensitive. To more accurately
evaluate the biosensing performance, the thickness range of the
target should be identified first. If the target analyte is located in
the black region, the array corresponding to the black curve is
more sensitive; if in the red region, the other array is
recommended. Therefore, compared to the commonly used
bulk sensitivity, the second order surface sensitivity offers a
more intuitive and reliable method to estimate the biosensing
performance as well as compare the sensitivity to different types
of target biomolecules. As a rule of thumb, if both the capture
molecule and target analyte are small in size and close to the

Figure 3. Experimental results of the second order surface sensitivity
prefactor 2m/ld as a function of the FWHM. The FWHMs are
measured in ethanol for arrays without the Al2O3 depositions. The
solid lines are to guide the eyes. The black arrow indicates the
increasing trend of the Au nanodisk diameters for the data set of each
array pitch.

Figure 4. (a) Second order surface sensitivity applied for the common biosensing scheme. The sizes of the capture molecule and target analyte are
indicated as tC and tT, respectively. The blue/orange areas indicate the sensitivity to the refractive index change in the thickness range specific to the
capture molecule/target analyte. Comparisons of (b) the second order surface sensitivity curve and (c) surface FoM for two arrays with different
coupling strengths. The shadowed areas show the thickness ranges in which the curves in corresponding colors have the higher surface sensitivity or
surface FoM.
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metal surface (e.g., a thin SAM in direct contact with the
surface is the target without capture molecules), an array with a
small pitch should be used to take advantage of its highly
confined surface electric field, even though its bulk sensitivity is
small. In contrast, if a larger molecule (e.g., a virus of tens of
nanometers in size or bigger) is the target, or the capture
molecule is large, pushing the target analyte far away from the
surface, a larger pitch array with an extended electric field
distribution is a better choice. In this manner, the diffractively
coupled plasmonic crystals provide a flexible platform with
easily tunable coupling strength to better match different types
of target analyte in various biosensing schemes.
Moreover, in plasmonic sensing applications, the spectral

resolution, indicated by the FWHM, is the other important
performance factor. A narrower FWHM can result in higher
spectral resolution.35,48,49 Conventionally, the FoM is defined
as the bulk sensitivity over the FWHM (named bulk FoM
here). It has been reported that a universal scaling rule of the
bulk FoM is present for the diffractively coupled plasmonic
crystals.41 It entails that the spectral difference between the SLR
and the RA alone can define the bulk FoM. In Figure 5a, the
bulk FoM as a function of the FWHM is plotted, and it
demonstrates that the largest bulk FoM appears in the array
with the narrowest FWHM. Nevertheless, the case is more
complex in biosensing applications. Its performance depends
on the specific biosensing scheme and the sizes of the capture
molecule and target analyte. Based on the second order surface
sensitivity, a surface FoM can be defined in eq 3.

=
−( )

FoM
exp

FWHM

m
l

t
l

surface

2 2

d d

(3)

It can be evaluated using the similar method as for the surface
sensitivity discussed above. Figure 4c demonstrates the surface
FoM of the two arrays in Figure 4b. The dependence of the
FWHM on the distance t has been taken into account by fitting
the experimental data using a polynomial function. The two
curves could intersect as well, indicating different surface FoM
values in different thickness ranges. The intersection position is
closer to the surface since the smaller FWHM of the array with
the 550 nm pitch makes the difference of the surface sensitivity
less significant.
A FoM specific to the target can also be defined as

∫
=

−

=
− − −

+

⎡
⎣⎢

⎤
⎦⎥

( )

( ) ( )

t

m

FoM
exp d

FWHM

exp 1 exp

FWHM

t

t t m
l

t
l

t
l

t
l

target

2 2

2 2

C

T C

d d

C

d
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d

(4)

in which the numerator is just the area below the second order
surface sensitivity curve bounded by the target. The FoM
defined in this manner can be more instructive for nano-
plasmonic biosensor design, and thorough assessment on a
case-by-case basis is needed. As an example, we take the
prefactor 2m/ld of the second order surface sensitivity as the
numerator in the FoM, and plot it against the FWHM as shown
in Figure 5b. This 2m/ld over FWHM can reflect the
performance of a thin SAM detection. Contrast to the bulk
FoM, in the array with the narrowest FWHM, the SAM FoM
drops down due to the larger decay length ld and is not the
highest any more. Supporting FDTD simulated results are
available in Figure S10.

■ CONCLUSION
In summary, we have investigated the surface sensing
performance in diffractively coupled plasmonic crystals
composed of periodic Au nanodisks using the ALD method.
By sequentially depositing conformal Al2O3 dielectric layers
with different thicknesses, the refractive index in a confined
region on the plasmonic crystal array surface can be accurately
modified. The surface sensitivity shows an opposite depend-
ence on the array pitch compared to the bulk sensitivity and
can also be different over different thickness ranges away from
the nanodisk surface. The second order surface sensitivity not
only well explains the surface sensing performance, but also
provides a more reliable method for nanoplasmonic biosensor
design. The area below the second order surface sensitivity
curve in the thickness range specific to the target analyte can
more precisely estimate the sensitivity and is recommended for
the biosensor performance evaluation. The method suggested
here is generic and can find broad applications to other
nanoplasmonic biosensor systems and biomolecules with
various sizes. It can be interesting to apply this method to
investigate the surface sensing performance of nanoplasmonic
biosensors with various other coupling strategies, such as
coupling to the Fabry−Perot mode or propagating SP. It is also
not limited by the biomolecule size under consideration so that
a diversity of sensing applications can be evaluated. Matching

Figure 5. Experimental comparisons between (a) the FoM defined by the bulk sensitivity and (b) the FoM defined by the surface sensitivity
prefactor 2m/ld as a function of the FWHM. The solid lines are to guide the eyes. The black arrows indicate the increasing trend of the Au nanodisk
diameters for the data set of each array pitch.
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the target biomolecule size with the optimum coupling strategy
will maximize the nanoplasmonic biosensing potential.

■ METHODS
The periodic Au nanodisk square arrays were fabricated on
quartz substrates by electron beam lithography using negative
resist ma-N2400.6 (micro resist technology GmbH). The array
size is 500 μm × 500 μm. The nanodisk height is kept a
constant at 30 nm. A Philips XL30 FEG instrument operated at
an accelerating voltage of 5 kV was used to take the SEM
images. The transmission spectra were measured with a Bruker
Vertex 80v Fourier transform infrared (FTIR) spectrometer
equipped on a Hyperion 2000 microscope using collimated
excitation light. The bulk sensitivity was measured using either
refractive index matching oils (Cargille Laboratories, from n =
1.52−1.58), or aqueous glycerol solutions with a series of
refractive indexes (from n = 1.333−1.4011). Liquid was
sequentially injected into a custom-made flow cell starting
from low to high refractive index. The surface index change was
realized by ALD of conformal Al2O3 layers up to the thickness
of 60 nm in steps of 10 nm (ALD Savannah). Before the first
ALD step, the Au nanodisk surface was functionalized with 1
mM ethanol solution of 16-mercaptohexadecanoic acid over-
night in order to make the Au surface compatible with the
following ALD process,50 rinsed thoroughly with ethanol, and
dried with N2 gas. The transmission spectra after each ALD
step were taken in ethanol to maintain the surface chemistry for
the following depositions. The refractive index of the deposited
Al2O3 was characterized using a Sopralab GES5E variable angle
spectroscopic ellipsometer. The numerical simulations were run
using Lumerical FDTD Solutions v8.5 (Lumerical Solutions
Inc.). In the x- and y-directions, a periodic boundary condition
(BC) with various pitches was taken, while in the z-direction
perfectly matched layer BC was used. An x-polarized plane
wave was employed as the incidence light. A mesh size of 2 nm
was taken. The permittivity data of the Al2O3 was
experimentally measured, while the data of the quartz and Au
were taken from the Palik and Chris Johnson handbooks,
respectively.
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