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We experimentally demonstrate the color tuning abilities of two-dimensional periodic arrays of

gold nano-patches on silicon substrate. We observe that changes in the geometrical parameters of

the array can shift significantly the plasmonic resonance that occurs at the edge of the plasmonic

band gap. Experimental proof of this shift is provided by the observation of an important change in

the color of the diffracted field. Calculations of the diffracted spectra match the observed color

changes very well and provide an efficient means for the design of sensing platforms based on

color observation. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4718764]

Since the first observation of surface plasmon resonan-

ces,1 the extreme sensitivity of these surface waves to envi-

ronmental changes has stimulated the interest of the scientific

community for the great potential for sensing applications.2–7

Several configurations of surface-plasmon-based sensors

have been investigated, mostly based on field-enhancement

in sub-wavelength regions, namely, nanocavities, nanopar-

ticles, nano-antennas, and nanoclusters, etc.8–12 Surface

plasmons are deemed to play a prominent role in the extraor-

dinary transmission of light in metal gratings with sub-

wavelength features,13 and the formation of a plasmonic
band gap.14–16 While a lot has already been said about guided

surface plasmons and their applications, one should not lose

sight of the considerable instrumentation needed to detect the

excitation of such surface modes and eventually monitor their

spectral shift. But it is also true that sensing devices relying

on localized surface plasmon resonances offer a simplified

detection approach based on a direct observation of scattered

fields.17–19 In this letter, we propose an alternative detection

scheme based on the measurement of diffraction efficiencies

in plasmonic metal gratings. We experimentally monitored

color changes of the reflected, diffracted field from two-

dimensional arrays of gold nano-patches grown on silicon

substrate and found an almost perfect correspondence

between the simulated diffraction spectra and the observed

color. This proof-of-principle experiment paves the way for

yet unexplored plasmonic sensor devices that may eventually

help to determine the presence of certain chemicals species

or other foreign substances on the surface of a device, with-

out resorting to additional instrumentation.

It is well known that periodically milled slits in metal

films lead to peculiar resonant features in their transmitted

and reflected spectra.15,20,21 It has been proven both theoreti-

cally and experimentally that the spectral position of sur-

face-plasmon-related features may be linked either to the

geometrical parameters of the structure or to the optical

properties of the dielectric material adjacent to the

metal.15,20,22 A change in refractive index of the dielectric

medium induces a modulation of the effective refractive

index of the surface plasmon supported by that interface.

The same effect may also be achieved by modulating the ge-

ometrical parameters of the grating. For example, let us con-

sider the center of the plasmonic band gap.14–16 The

formation of this forbidden band, which is associated with

the coupling and back radiation of the unperturbed surface

plasmon of the metal/dielectric interface, occurs every time

the following condition is satisfied:

ksp ¼
k0

nspp
¼ p

m
; (1)

where nspp ¼ <
ffiffiffiffiffiffiffiffiffi
emed

emþed

q� �
(Ref. 23), em and ed are the real

part of the dielectric permittivities of the metal and dielec-

tric material, respectively, p is the periodicity of the array,

m is an integer number, k0 and ksp are the vacuum wave-

length and the surface plasmon effective wavelength,

respectively. From Eq. (1) one can easily infer that a reduc-

tion of the effective wavelength of the surface plasmon can

be induced by either an increase of the refractive index of

the dielectric material ed or by a reduction of the periodicity

of the array. Moreover, the shift of these features corre-

sponds to a dramatic change in the spectrum of all the dif-

fraction orders of the array, which produces significant

change in the color of the structure when seen through a

dark field (DF) microscope with the naked eye or a com-

mercial camera.

We fabricated a variety of 2D-periodic arrangements of

gold patches on silicon by means of electron beam lithogra-

phy, followed by thermal evaporation and lift-off processes,

with the aim to find an accessible way to monitor changes in

the environment, such as the presence of biochemical agents.

In particular, we report the results relative to two differenta)Electronic mail: mvincenti@aegistg.com.
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samples, all grown on a 200 nm-thick gold film, having the

following geometrical parameters: (i) a¼ 120 nm,

p¼ 630 nm, (ii) a¼ 160 nm, p¼ 560 nm, where a is the

width of the slits and p is the periodicity of the array. All

samples have the same periodicity in both directions (square

patches). This choice is not accidental since this is the only

condition for which the 2D-periodic structure behaves as the

1D-periodic equivalent (1D array of slits), regardless of the

polarization of the incident light.24,25 It is worth stressing

that such a simplification significantly reduces computational

burden and computer memory issues.

The 2D patterns have been written using a Raith150 e-

beam lithography system operating at 30 kV. A bi-layer,

composed of a 500 nm-thick polymethylmethacrylate-metha-

crylic acid (PMMA-MA) and 200 nm-thick PMMA layers,

was adopted as positive resist to ensure good resolution of

e-beam writing. The total thickness of the resist layer was

chosen to facilitate the lift-off process thus avoiding the pres-

ence of resist in the slits. Moreover the bi-layer configuration

allowed the fabrication of totally square metal patches with

well-controlled geometrical feature sizes easily reproducible

with simulations. A proximity error correction (PEC) has

been employed in order to achieve identical patches within

the single periodic array while a preliminary dose-test has

been performed to identify the correct electron dose deter-

mined through scanning electron microscope (SEM) inspec-

tions. The patterned resist has been used as a mask for the

evaporation of the 200 nm-thick gold layer by means of a

thermal evaporator with a current of 300 A and a deposition

rate of 2 Å/s. It is worth pointing out that the adhesion

between the gold layer and the silicon substrate has been

aided with the introduction of a 5 nm-thick chrome layer.

Finally, a lift-off process in an acetone bath was employed to

remove the resist regions and reveal the final 2D array. Fig-

ure 1(a) shows the SEM image of one of the devices

(a¼ 120 nm, p¼ 630 nm). The roughness of the evaporated

gold layer was estimated by means of an atomic force micro-

scope (AFM), obtaining a root mean square value of about

6 nm.

All the fabricated samples have been characterized by

means of the optical setup sketched in Fig. 1(b). A white light

lamp, with a pass band between 400 and 700 nm, was focused

on the sample by means of a low numerical-aperture infinity-

corrected microscope objective (10�, NA¼ 0.25). Since we

are interested in monitoring light diffraction in the far field, a

microscope in dark field configuration mode was used to

investigate the scattering behavior of the periodic structures.

We began our investigation by simulating the 1D-

periodic equivalent of samples (i) and (ii) with the aim to find

a way to predict the reflected, diffracted spectra of the sam-

ples and, as direct consequence, to develop a tool to design

sensing platforms based only on color observation. All simu-

lations were performed using a rigorous coupled wave analy-

sis (RCWA) code, validated using a commercial finite

element method (FEM) by Comsol Multiphysics. FEM simu-

lations were used also to confirm the equivalent spectral

behavior of 2D- and 1D-periodic gratings. Since the DF

microscope suppresses the zeroth diffraction order of the

array almost completely, we calculated the diffraction effi-

ciencies of all the non-zero diffracted orders that fall within

the visibility cone of the microscope. The diffraction orders

that contribute to the scattered field could not be the same for

all samples since they depend on array periodicity, angle, and

wavelength of incident light. In the measurements reported

below, the color of samples (i) and (ii) were recorded with an

incident light beam incident at �14� onto the samples. From

the grating equation pðsin#m þ sin#inÞ ¼ mk0, where #in and

#m are the incident and the mth-order diffracted angles, one

can easily conclude that the diffraction order available in the

visibility cone of the DF microscope will be only m¼�1. As

mentioned above, the roughness of the sample is not negligi-

ble. In order to take into account roughness contributions to

the diffraction efficiency, the field scattered from the gold

film without slits was measured by collecting the reflected

light with an aspherical fiber lens collimator whose signal is

sent to an optical spectrometer (HR4000 from Ocean Optics)

with an integrated CCD-array detector that enables an optical

resolution of about 1 nm through a multimode optical fiber.

The measured spectrum is reported in Fig. 2(a). At the same

time we observed and recorded the color of the gold film

(Fig. 3(a) inset M) by means of a beam splitter (see Fig.

1(b)). We then converted the measured spectrum into the CIE

1931 standard map (black marker in Fig. 3(a)). A zoom of the

area associated with the zone of the map indicated by the

marker is provided in Fig. 3(a), inset S. The quantification of

the contribution coming from the roughness of gold, which

represents a systematic error in the observation of our sam-

ples, helped us to properly reproduce the scattered field of the

other samples in the simulations. Figures 2(b) and 2(c) show

the diffracted spectra of the order m¼�1 of the gratings,

where the measured gold contribution was added. As previ-

ously done for the plain gold film, we then compared

the color observed through the microscope and recorded with

the camera (see insets M in Figs. 3(b) and 3(c)) with the

FIG. 1. (a) SEM image of the fabricated

device. (b) Sketch of the optical set-up:

the yellow and the blue lights corre-

spond to the incident and the scattered

lights, respectively.
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FIG. 2. (a) Measured scattering spectra

of 200 nm gold layer. (b) Simulated dif-

fraction efficiency in the field of view of

the DF microscope of 1D-periodic

arrangement of slits in 200 nm thick

gold film with a¼ 120 nm and

p¼ 630 nm; (c) same as in (b) with

a¼ 160 nm and p¼ 560 nm.

FIG. 3. (a) Comparison of observed

color and simulated spectra converted

into the CIE 1931 standard map for a

plain, 200 nm-thick gold layer (the simu-

lated color is indicated by the black

marker on map and inset S, while the

observed color is indicated by inset M);

(b) same as in (a) for a 1D-periodic

arrangement of slits in 200 nm thick

gold film with a¼ 120 nm and

p¼ 630 nm; (c) same as in (b) with

a¼ 160 nm and p¼ 560 nm.
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simulated spectra (in Figs. 2(b) and 2(c)) converted into the

CIE 1931 standard map. Figures 3(b) and 3(c) provide clear

evidence of a very good match of the diffracted spectra

(simulated) with the corresponding observed colors (meas-

ured). We note that in the simulations of our diffracted spec-

tra in Figs. 2(b) and 2(c) we averaged the incident field

between 10� and 14� for sample (i), while for sample (ii)

agreement with the observed color was found when averaging

was done between 12� and 16�. This small discrepancy

between the two measurements may be attributable to two

main reasons. One is that the microscope illuminates the sam-

ple with a cone of angles centered at 14� which is related to

the numerical aperture (NA) of the microscope objective

(0.25 in this case); in other words, since the illumination has

an annulus shape, it is reasonable to consider a set of angles

(instead of a single angle) in the calculation of the diffracted

spectra. Second, a slight change in the incident angle may be

consequence of slight shifts in the actual working distance

between the microscope and the sample in the two separate

measurements.

In conclusion we experimentally verified significant

changes in the color of the diffracted field associated with

changes in the geometrical parameters of 2D-periodic

arrangements of square gold patches grown on silicon. The

spectra of the diffracted fields were simulated and then con-

verted into their color equivalent into a CIE 1931 standard

map. The near perfect correspondence between the simulated

spectra and the observed color suggests that a simple, effec-

tive approach to plasmonic-based sensing techniques is pos-

sible, where a microscope or even the observation with the

naked eye may suffice to determine the presence of foreign

materials on the device. The measured color shifts and simu-

lated spectra suggest that a sensor based on the proposed

technology has sensitivity as high as �500 nm/RIU, compa-

rable or better than other sensors based on 2D photonic crys-

tal technologies,26 or ring resonators.27–29 We also envision

the possibility to develop a simple tool to design and predict

slight color changes associated with different concentrations

of certain materials. For example this approach may be im-

portant whenever the target molecules are suspended in a

generic biological liquid (analyte) that comes in contact with

the surface of the grating.
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