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In this study, we fabricated nanopillar arrays of silicon oxide for use as two-dimensional periodic

relief gratings (2DPRGs) on Si surfaces. We deposited antibodies onto the pillar surfaces of

2DPRGs modified with protein G to obtain optical detectors that were specific for the targeted

antigen; the antigen units that filled the spaces between the nanopillars of the 2DPRG lead to a

dramatic change in the pillar scale. The effective refractive index (neff) of the 2DPRGs was related

to the pillar scale of the 2DPRG; after coupling of the antigen, a color change from pure green to

orange was observable. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812340]

Several optical biological sensors that function based

on the measurement of diffraction patterns as assay readouts

have been reported recently. In addition, optical-label-free

detection methods can also be employed, including surface

plasmon resonance (SPR) spectroscopy,1 Mach–Zehnder

interferometry (MZI),2 fiber optical techniques,3 and wave-

guides.4 Optical reflectometry, SPR spectroscopy, and

ellipsometry are all based on the detection of changes in re-

fractive index; although they can provide useful estimates of

the degree of adsorption on a surface, they are inherently

insensitive to the layer thickness and composition.5,6 The

detection of proteins in a sensitive and rapid manner is

essential in a variety of clinical applications; accordingly,

many antibody-based immunoassay systems have been

developed as recognition elements for detecting proteins.7

In addition, biosensors based on optical diffraction have

also been demonstrated for recognizing the binding events

of various biomolecules; they operate based on changes in

effective height or refractive index on periodically patterned

gratings.8 The antibodies that have been used as recognition

elements in most biosensing platforms are generally those

produced in vivo.9 Although antibodies are unique in their

ability to transduce the recognition of antigens into readily

observable signals, small quantities of antigens can be diffi-

cult to detect using antibodies alone, pointing to a need for

signal enhancement schemes.

Subwavelength structured (SWS) surfaces are attractive

materials for many different optical elements. Through care-

ful design of an SWS surface, highly efficient diffraction gra-

tings can be synthesized, even with a binary profile. When

the SWS element is a one-dimensional (1-D) or an unsym-

metrical two-dimensional (2-D) periodic surface, the effec-

tive refractive index depends upon the polarization state of

the incident light.10,11 Nanopillar (NPL) arrays are SWS

surfaces—symmetrical 2-D periodic surfaces—that are

currently attracting great interest for their potential applica-

tions in grating or photonics.12 NPLs have unique optical

properties that result from their 1-D geometries, including

polarized photoresponses, diameter-tunable band structures,

and biosensing ability.13,14 When the NPLs interact specifi-

cally or nonspecifically with target molecules, changes typi-

cally occur to the geometrical parameters of the gratings

and/or the refractive index contrast.15

In many studies, the detection of small amounts of bio-

molecules has required additional signal enhancement,16 ei-

ther through microfabrication of solid diffraction gratings or

through the use of in situ–assembled diffraction gratings

self-fabricated from nano- or micro-sized particles. In this

study, we employed NPL arrays of silica oxide—generated

using lithography and reactive ion etching (RIE)—as two-

dimensional periodic relief gratings (2DPRGs) to increase

the dimensions of the interface available for protein

adsorption and, thereby, enhance the optical sensitivity.

Sequentially, we immobilized antibodies on the surfaces of

the NPL arrays and used them to couple with antigens from

sample solutions, thereby changing the geometrical parame-

ters (filling factor) and the refractive indices of the gratings

(Figure 1). Detection of the bound antigens was possible by

illuminating the surface with visible light that diffracted af-

ter the binding of the biological material. This versatile pro-

cess appears to be amenable to the creation of large-area

uniform coatings on essentially any surface with precise

control over the scale of the silicon oxide pillars and the op-

tical properties of the antibodies.

Figure 2 outlines the basic strategy for the fabrication of

an antibody-modified NPL array using the very-large-scale

integration (VLSI) process and RIE. (A) First, deposition was

performed through plasma-enhanced chemical vapor deposi-

tion. A silicon oxide film was deposited on the wafer, with

the oxygen atoms supplied by tetraethoxysilane (TEOS).17

The Si wafer was then treated with hexamethyldisilazane

(HMDS) to transform the OH groups on the surface of wafer

into an inert film of SiMe3 groups.18 (B) Next, a negative
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photoresist was spun on the HMDS-treated Si wafer.

Advanced lithography was then employed to pattern the pho-

toresist with a NPL array of 300 nm scale after development.

(C) RIE was used for dry etching after the photoresist had

been patterned onto the surface to cover the silicon oxide as a

protection mask. The remaining photoresist hard mask was

removed from the surface through the action of solvents,

leaving behind a 2DPRG (NPL array) of silicon oxide. (D)

The 2DPRG of silicon oxide was immersed in a solution of

3-aminopropyltriethoxysilane in toluene, resulting in a sur-

face presenting amino groups.19 (E) Commercially available

recombinant protein G (proG), which minimizes nonspecific

interactions of serum/cell proteins, was covalently immobi-

lized on the NPL surface through conjugation to the amino

groups to give a proG-2DPRG. The presence of ProG ensured

efficient orientation of the antibody units. The proG was

activated through the addition of N-ethyl-N0-(3-dimethylami-

nopropyl)carbodiimide hydrochloride (EDC) and N-hydroxy-

succinimide (NHS) before reacting with the amino groups on

the pillar surface of the 2DPRG. Antibodies were then depos-

ited on the NPL surface through interactions with the immo-

bilized proG, thereby yielding a promising general platform

for the specific and sensitive detection of antigens through a

mechanism involving changes in effective refractive index.20

In particular, purified mouse anti-human albumin was succes-

sively immobilized with efficient orientation on the surface

of the proG-2DPRG conjugates. The MAHA-modified

2DPRGs were then incubated overnight with the target [puri-

fied mouse HRP-human albumin (MHHA)] and the control

[bovine serum albumin (BSA)] at various concentrations in

phosphate-buffered saline (PBS). Ellipsometry and atomic

force microscopy (AFM) were used to determine the effective

refractive indices and morphologies, respectively, of the

2DPRGs after selective deposition of the immunosorbent and

lyophilization to preserve the structure formed in aqueous

solutions.

To obtain useful artificial dielectric elements, it must be

possible to relate the effective refractive index to the grating

profile in a simple way. By solving Maxwell’s equations

with relevant boundary conditions, many authors have

obtained the effective refractive indices of 1-D and 2-D sub-

wavelength gratings.21 Alternatively, effective medium

theory generally yields a good approximation if the period-

to-wavelength ratio is sufficiently small. For 1-D gratings,

the theory gives the following simple expressions for the or-

dinary and extraordinary indices:

nTE
2 ¼ f1n1

2 þ f2n2
2; (1)

nTM
–2 ¼ f1n1

–2 þ f2n2
–2; (2)

FIG. 1. Schematic representation of

the cross-section of the sensor—a sym-

metric 2-D periodic relief grating

(2DPRG) with FF in the x direction

(fx). The geometrical parameters

changed when antigens attached to the

antibody-modified 2DPRG; they could

be detected through ellipsometry when

illuminating the 2DPRG.

FIG. 2. Schematic representation of the process used to fabricate the

MAHA-modified 2DPRG. (A) Silicon oxide film deposited using plasma-

enhanced chemical vapor deposition; the surface was treated with HMDS in

a thermal evaporator. (B) Negative photoresist was spun on the HMDS-

treated surface to pattern the photoresist as a 300-nm-scale NPL array. (C)

Only the exposed regions of silicon dioxide were dry-etched by supplying a

mixture of CHF3 and CF4 gases; sequentially, the remaining photoresist

hard mask was removed from the surface by solvents. (D) The 2DPRG of

silicon oxide was treated with ATPES to present amino groups from the sur-

face. (E) ProG was activated in a solution of EDC and NHS for reaction

with the amino groups on the surface of the 2DPRG and, thereby, immobili-

zation on the pillar surface; MAHA units were oriented on the proG-

modified pillar surface; the presence of MHHA could be detected using

ellipsometry; schematic representation of light traveling through a 2DPRG

surface with incident angles a and b.
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where f1 is the fill factor (FF) for medium 1 and f2 (equal to

1�f1) is the FF for medium 2. The refractive index in the

direction normal to the grating vectors of a 2-D subwave-

length grating is given in effective-medium theory by

neff ¼ ½ð1� fxfyÞn1
2 þ fxfyn2

2�1=2; (3)

where fx and fy are the FFs of medium 2 in the x and y direc-

tions, respectively (Figure 1). It has been noted that there

are no simple closed-form zero-order expressions for the

transverse principal effective indices of a 2-D subwave-

length grating; on the other hand, the indices can be

bounded approximately by using the simple expressions

derived from effective medium theory.22 For simplicity, we

will consider rectangular cylindrical geometries only. To

set the upper bound, we view the 2-D rectangular grating as

a 1-D grating consisting of strips aligned perpendicular to

the electric field. Each strip in turn can be considered as a

section of a 1-D grating with ridges parallel to the electric

field. We used Eq. (1) to calculate the effective index of

each strip; we then combined these strip indices with Eq.

(2) to calculate the overall effective refractive index. This

effective refractive index is an upper bound that is exact in

the static case; it is given by

neff ;upper ¼
1� fx

n1
2
þ fx

fyn2
2 þ ð1� fyÞn1

2

� ��1=2

: (4)

To obtain the lower bound, we considered the 2-D grating to

be a 1-D grating consisting of strips parallel to the electric

field. We could now use Eq. (2) to determine the effective re-

fractive index of each strip and Eq. (1) to determine the over-

all effective refractive index, representing the lower bound,

giving

neff ;lower ¼ ð1� fyÞn1
2 þ fy

fxn2
�2 þ ð1� fxÞn1

�2

� �1=2

: (5)

We obtained the bounds of the effective refractive index in

the y direction by interchanging the x and y subscripts. At all

times, the bounds lay between the indices of the two compo-

nents of the artificial dielectric.

When the antibody-modified 2DPRGs coupled specifi-

cally with the target antigen, we typically observed changes

in the geometrical parameters of the 2DPRGs and/or the

refractive index contrast. According to the effective-medium

theory, the FFs in the x (fx) and y (fy) directions represent the

pillar scales. We used AFM to visualize the morphologies

of the antibody-modified 2DPRGs. The three-dimensional

(3-D), 2-D, and line cross-section analysis AFM topographic

images of the lyophilized MAHA-modified 2DPRG reveal

(Figure 3(a)) that the MAHA-modified 2DPRG on the Si sur-

face existed as a dense distinctive overlayer, with an average

pillar width of approximately 316 nm and space of 865 nm,

within a scanning area of 5� 5 lm. The texture of the pillar

array was clearly evident in the line cross-section analysis.

Each pillar of the antibody-modified 2DPRG was positioned

in a regular array with a height of 469 6 3 nm. The 2DPRG

comprised a repeating pattern of pillars and spaces over a

large area. The MAHA units bound to the pillar surface

retained their ability to recognize and bind their antigen effi-

ciently and specifically.23 Figure 3(b) displays 3-D, 2-D, and

line cross-section analysis AFM topographic images of the

lyophilized antibody-modified 2DPRG after coupling to the

target antigen. The regular pillar array remained after the

binding of the target antigen, with the scale of each pillar

increasing from 316 6 3 to 584 6 3 nm, resulting in a

decreased distance between the pillars; we calculated the

thickness of the target antigen layer to be approximately

134 nm the aqueous solution. To magnify the changes in the

geometrical parameters of the antibody-modified 2DPRG af-

ter antigen coupling, we selected MAHA because it is rela-

tively large compared with more-typical target analytes. Note

that small molecules, such as haptens, aflatoxins, ochratoxins,

etc., may not be detected by this method with sufficient sensi-

tivity. To verify that the MHHA units were bound only to the

MAHA-modified areas, we also tested the binding of BSA to

the surface. We observed no apparent variation in the geo-

metrical parameters over the entire sample area in the pres-

ence of BSA, confirming the functionality and specificity of

the antigens after capture by the protG-2DPRG.

When measured at 632.8 nm using ellipsometry, we

obtained a standard value for the refractive index of the

MHHA thin film of 1.4374, close to those values reported

previously.24 Figure 4(a) displays the values of neff of the

bare 2DPRG (A), proG-2DPRG (B), and antibody-proG-

2DPRG (C) as measured at a wavelength of 633 nm. The re-

fractive index of MHHA was close to that of silicon oxide

(1.46); therefore, we regarded it as the same component in

effective medium theory. A dramatic response in the value of

neff occurred specifically after MHHA had coupled with

MAHA on the pillar surface, as probed using ellipsometry

(Figure 4(a), D). In addition, the value of neff of the MAHA-

modified 2DPRG was relatively unchanged after its immer-

sion in the control solution of BSA, suggesting that the BSA

units did not couple significantly with the MAHA film on the

pillar surface (Figure 4(a), E). Photographic images of the

MAHA-modified 2DPRG before and after antigen coupling,

obtained at an angle b of approximately 10�–20� (Figure 1),

are presented in the insets to Figure 4(a). We formed the

2DPRG into a die using an etching process and a 1 cm� 1 cm

contact mask. In this study, we observed the reflection of the

2DPRG by the naked eye under an invariable angle b.25 At

an angle b in the range 15�, the antibody-modified 2DPRG

displayed a pure green color prior to coupling with MHHA;

after coupling, the color underwent an obvious change to or-

ange. Such visualized color changes appear to have potential

applicability in the rapid and convenient detection of specific

antigens. Because the effect of a diffractive grating is depend-

ent on the period and/or the angle of observation when the

structural scale of the grating is greater than the wavelength,

for this study we employed fixed values of the period and

angle of observation. Furthermore, we considered the air

layer of the 2DPRG to be filled with silicon oxide and the

antigen; in Eq. (3), n1 and n2 represent the refractive indices

of air and silicon oxide/antigen, respectively. To describe the

square pillar structure, for convenience we set the FFs in the

x directions (fx) to be equal to those in the y direction (fy).
Equations (3)–(5) could, therefore, be rewritten as follows as

Eqs. (6)–(8), respectively,

251903-3 Chen et al. Appl. Phys. Lett. 102, 251903 (2013)
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neff ¼ ½ð1� f 2Þn1
2 þ f 2n2

2�1=2; (6)

neff ;upper ¼
1� f

n1
2
þ f

fn2
2 þ ð1� f Þn1

2

� ��1=2

; (7)

neff ;lower ¼ ð1� f Þn1
2 þ f

fn2
�2 þ ð1� f Þn1

�2

� ��1=2

: (8)

We calculated the values of f from the measured values of

neff, calculated from the change in pillar scale during the

antigen coupling process. The effective medium theory is

most accurate when the period is sufficiently smaller than

the wavelength. Therefore, we use the expressions for the

bounded indices to fit our results. It has been reported previ-

ously that the effective indices were, on average, increased

by at most 3% for a 2-D 400-nm-period symmetric grating at

a wavelength of 633 nm.26 Therefore, we expected the inac-

curacy of the refractive indices for the 300-nm-scale 2DPRG

at a wavelength of 633 nm to be on the order of less than 3%.

Figure 4(a) also presents the dependence of the value of f of

the 2DPRG, calculated using Eq. (6), on the value of neff for

the 2DPRG (A), proG-2DPRG (B), antibody-proG-2DPRG

(C), antibody-proG-2DPRG after antigen coupling (D), and

antibody-proG-2DPRG after BSA absorption (E). Our data

suggest that the MAHA-modified 2DPRG underwent an

increase in the filling volume when the antigen surrounded

the pillar structure. Moreover, we used the model equations

(7) and (8) for the effective medium theory to evaluate these

values of neff and f for these samples; we constructed these

equations to fit the data only at 633 nm, thereby avoiding the

lower wavelength regions that are strongly absorbed by the

surface cover slip, as revealed in Figure 4(b). Upon increas-

ing the concentration of MHHA, the values of neff fitted well

within the bounded regions defined using Eqs. (7) and (8),

even though we had assumed that the refractive indices of

silicon oxide and MHHA were equal. The upward concavity

in the values of neff of the 2-D pillar array as a function of the

FFs is consistent with previous reports.24,26 The model

matched the measured data perfectly at various antigen

FIG. 3. 3-D (left), 2-D (upper right),

and line cross-section analysis (lower

right) AFM topographic images of the

MAHA-modified 2DPRG (a) before

and (b) after coupling with MHHA.
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concentrations during the MHHA coupling process. Our

findings indicate that the inherent sensitivity of the ellipso-

metric measurement of the change in refractive index across

the interface as a result of protein adsorption was enhanced

when using the 2DPRG structure.

We have substantially modified a specific antibody onto

the pillared surface over a large area with the capability of

antigen detection. By selecting a suitably functional antibody

and optimizing the coupling process with the antigen, the

scale of the nanostructures was readily altered. We suspect

that this simple sensor might also exhibit an apparent color

change for the detection of any cell featuring a specific anti-

gen having sufficient volume to fill in the pillar structure

when bound to a silicon surface.
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strate the grating effect of the 2DPRG. (b) Values of neff plotted with respect

to the calculated values of f for (A)–(E) and fitted to Eqs. (7) and (8).
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