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Liquid Crystal Control of Surface Plasmon
Resonance Sensor Based on Nanorods

VICTOR YU. RESHETNYAK,' IGOR P. PINKEVYCH,!
VICTOR 1. ZADOROZHNIL,'* AND DEAN R. EVANS?

ITaras Shevchenko National University of Kyiv, Physics Faculty, Kyiv, Ukraine
2Air Force Research Laboratory, Materials and Manufacturing Directorate,
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We analyze a theoretical model of the five layer nanorod-mediated surface plasmon
resonance (SPR) sensor comprising a nematic LC layer. The light propagation through
the layered system is studied solving the Fresnel equations under SPR conditions. We
calculate the light reflectance angular spectrum and show that control of the orienta-
tional state of the LC layer enables us to manipulate position of the reflectance curve
minimums, their depth and sensitivity. It allows one to choose an interval of the light in-
cidence angles convenient for work without need in angular tuning of sensor at replacing
of the analyte.

Keywords surface plasmons; liquid crystal; columnar thin film; sensing

1. Introduction

Resonant coupling of photons from p-polarized incident light to free electron oscillations
in noble metals and the resulting excitation of surface plasmons (SP) under the surface
plasmon resonance (SPR) conditions has been widely employed in sensor applications
for monitoring chemical and biochemical binding events on surface. In the SPR sensing
technique the reflected beam strength is measured for different incidence angles and a dip
in the reflectivity is observed at a certain angle. This angle is very sensitive to the refractive
index of the layer adjacent to the layer where SP arises [1]. In recent years, different
modified SPR sensing systems were proposed [2]. Many works were done on optimizing
SPR sensor characteristics: modifying prism refractive index, optimizing metallic layer,
and using bi-metallic layer [3—7]. The performance of the SPR sensing technique was also
analyzed for light beams with finite cross-sections [8]. In paper [9] the nanorod-mediated
SPR sensor was investigated in which localized surface plasmons (LSP) were generated in
an additional anisotropic layer of aligned silver nanorod array. SPR properties of such a
sensor were enhanced due to interaction between SPs and LSPs.

In the present paper the nanorod-mediated SPR sensor which comprises an additional
layer of nematic liquid crystal (LC) will be considered. We shall study how controlling the
orientatation state of the LC layer allows one to manipulate the features of the sensor.

*Address correspondence to V. 1. Zadorozhnii, Taras Shevchenko National University of Kyiv,
Physics Faculty, 64/13, Volodymyrska Str., Kyiv, 01601, Ukraine. E-mail: viza@univ.kiev.ua
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The paper is organized as follows. In Section 2 we describe the SPR sensor scheme
with the LC layer. In Section 3 we present dielectric functions of the media compos-
ing the layers. In Section 3 we introduce equations to be solved. Results of calculations
and discussion are presented in Section 4. Finally, in Section 5 we present the brief con-
clusions. The cumbersome reflection and transmission coefficients are outlined in the
Appendix.

2. Scheme of the Five-Layer SPR Sensor

Let us consider the five-layer model of a SPR sensor in the extended-range geometry [10]
(Fig.1). A monochromatic p-polarized light is incident in the x-z plane on the plane interface
between the cylindrical glass prism 1 and the LC layer 2 with thickness /7 ¢c. Layer 3 is a
thin metal film (Ag in our study) of thickness d ; with complex permittivity £3. Next is layer
4, which is an aligned nanorod array with thickness d,, comprised of inclined metallic (Ag)
nanorods lying in the xz-plane with voids between them. The material of the target analyte
(sensing layer 5) and voids between nanorods are the same.

With an increase of the incidence angle 0, at a certain value & = gpp in the region of
total internal reflection of the glass prism, the momentum of the incident light transferred
by the evanescent wave through the LC-layer perfectly matches the SPs momentum at the
interface of layers 3 and 4. Under these conditions the SP resonance (SPR) occurs. It results
in the appearance of a minimum in the reflected light intensity at the angle 05 p . Interaction
between SPs and LSPs arising in the nanorods (Layer 4) influences SPR, in particular, it
shifts the position of minimum in SPR curve [11,12]. Nanorods surface also provides more
reaction area for the target analyte that enhances sensitivity of the sensor [13,14,9].

The LC layer acts here as a several light wavelength thick tunnel barrier to excite SPs
on the bottom surface of the metal layer [15]. Besides, in the LC layer the half-leak modes
can propagate [16]. Properties of the LC depend on its orientational state. Changing the
orientational state of the LC layer by external (e.g. magnetic) field allows the manipulation
of the features of the SPR curve.

3. Dielectric Functions of the Media Constituting Layers

Nematic LC (layer 2) is a uniaxial medium whose dielectric function at optical frequencies
can be written as &.¢;; = n%(Si i+ (ng — ni)d,-d i, where d; is the director Cartesian compo-

Light
Glass prism
1 X
2 LC
3 B e e e e = Ag film
4 3 - 5 W, Ag nanorod
LR R RER it
5 ¥

Target analyte

Figure 1. Schematic of the 5-layer nanorod-mediated SPR sensor.
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nent, n, and n.are the ordinary and extraordinary refractive indices, respectively, §;;is the
Kronecker symbol. We shall neglect the small absorption in the LC layer.

Let the director lie in the x-z plane and be subject to a very weak anchoring at the
LC layer substrates. We also suppose that the incident light wave intensity is small and
does not disturb the director. Then, denoting the angle of the director with the z-axis by ¢
and parameterizing the director as follows, d = {sin ¢, 0, cos ¢}, we put, for simplicity, the
angle ¢ to be constant over the LC layer.

For p-polarized incident wave (E, = H, = H, = 0) the wave inside the LC layer is
the extraordinary one. Its wave vector depends on the incidence angle 6 and has different
values for waves traveling in the forward direction and the reversed direction after reflection
[17,18]. In particular, the z-projection of the wave vector of these waves follows from
Maxwell’s equations and has the form [17]:

—n18iN0 erc ;£ NoNey) ELcz — N3 SiN? 0

ka.+ = ko . ; 1)
LCzz

where the plus (minus) sign corresponds to the wave propagating in the forward (backward)

. . . . . . _ _ 2 . 2
direction, n; is the refractive index of the glass prism, kg = w/c, €rc.; = n;sin” ¢ +

n?cos?pand ey, = (n>—n2) sing cos . Note, that the component of the incident wave

e
vector k, = ko n sin 6 remains constant in each interface of the sensor, so that ky,+ = k,.
The LC dielectric function e,y for these waves can be then obtained from equation

&y = (kf + k%zi)/kg and reads as (see also [19])

2
—ny8iN0 e1c ;£ Nohey/ ELco — N SIN2 O

ELCzz

2

oy = n% sin? 6 4+

We adopt the one-pole Drude-Lorentz-Sommerfeld formula for the dielectric function
of the thin metallic layer (layer 3) and metallic nanorods in layer 4, which is reasonably
accurate in the wavelength range of interest for sensor applications [20-22]:

w? Fw?
e(w)=1- el SR L S—
wlotiay(Lep)] op—w?—itwl)

3)

where the last term in (3) is the contribution of the bound valence electrons of the ion
cores, w, is a plasma frequency, f is a weighting factor (oscillator strength), w;, and T,
are the bound-electron resonant frequency and decay constant, respectively, « and ¢ are
adjustable parameters, y (L.yy) is a damping constant of the free electron motion dependent
on effective mean free path of electrons, L.ss. In the nanorods y (L.ss) is given by [23]

Y(Leff) = Voo + Ysurf = Voo + AVE/Lesy, 4)

where Y is the scattering rate of the free electrons in the bulk metal, v is velocity of
electrons on the Fermi surface, A is a parameter of order unity, depending on the features
of the particle surface scattering. The term y;,,s accounts for the additional damping due
to the increase in slightly inelastic scattering of free electrons at the particle surface when
the size of the particle is smaller than the electron free path [23,24].

We use a geometrical probability model for calculating L. in nanorods of spheroidal
shape [25]. In this model L./, is expressed in terms of geometrical invariants and takes
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the form L.,y = 4V /S, where V is the nanorod volume and § is its surface area. Explicit
expressions for L, rare presented in paper [9].

Nanorod array represents the oblique columnar microstructure with tilting angle § in
the plane parallel to the x-z plane (Fig.1). Optical properties of this anisotropic layer are
described by dielectric constant tensor &4 [26]

gy cos’ B +essin? B 0 (e; — &) sinBcos B
Eq4 = 0 Ey 0 s (5)
(s —ey)sinfcos B 0 epsin® B+ e, cos’ B

where ¢,, = ¢,,,¢,, are effective dielectric constants in the coordinate system of spheroids
and can be calculated using the effective medium theory [27,28]. Considering the analyte
embedded in an aligned metal nanorod array (in array voids) as the host and using the
Maxwell-Garnett theory to calculate the effective dielectric tensor of the anisotropic layer
4 we obtain that [27,28]

~ B &5 — &3
gj=¢3 |:1+(1 f’")mej(gS—83)‘}‘83]7 ©

wherej = x', y’, 7/, fn is the volume fraction of metal (Ag), 3 is the dielectric constants of
metal (i.e. formula (3) for metal nanorods) and &5 is the dielectric constant of the analyte,
L ; is the depolarization factor calculated and presented in paper [29].

Similarly to eqgs. (1)—(2) for anisotropic layer 2 we can also obtain the wave vector for
the z-projection and the dielectric function of the waves propagating in the forward and
backward directions in anisotropic layer 4

—nysinf 4., F \/szrsx/ (&m — n? sin? 9)
kaz = ko ; (7

€477

2

—nysinf 4y, F \/szlexr (54ZZ — n? sin? 9)

E4zz

4y = n% sin 0 +

®)

Thickness of the nanorod-array layer can be calculated using the shape and size of the
nanorods.

4. Calculation Scheme

In order to investigate the SPR sensor properties associated with adding of the LC layer,
we use the 5-layer model of the sensor and study the propagation of p-polarized incident
light through the layered system shown in Fig. 1. In our model we deal with a system of
alternating isotropic (1, 3, 5) and anisotropic (2, 4) layers, each of which is characterized by
the corresponding dielectric function. The relevant computational scheme for calculation
of light propagation in the 5-layer system is presented in

We take in account the phenomenon of nonsymmetrical reflection at the boundaries
between anisotropic and isotropic layers [26, 27]. Then, using the approach described in
[30, 31], we obtain the following system of equations for propagation of p-polarized waves
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in the 5-layer system:

Ry — 1Ay =112, ©)

Az — 1 Ar- =12, (10)

Ar— exp(iko;—hrc) — r3Asy explikazhic) — t32A3 =0, (11)
123A24 expli ka1 hrc) +rnAs — T3 = 0, (12)
Azexp(iks,—dy) — r3aT3exp(iks 4 ds) — t43A4- =0, (13)
r3As +t3aT3exp(i ks dy) — Agy =0, (14)

145 A4y exp(i kazyd,) — As_ exp(iks;—d,) =0, (15)

tysAsy exp(ikyqd.) —Ts =0 (16)

where k;, = \/e;ki — k2 (j =1...5), k, = /e1kosin; r;; and ¢; are reflection and
transmission coefficients at the boundary of the i-th and j-th layers [30], R; and 75 are the
reflection and transmission coefficients of the hybrid sandwiched film, A; (j = 2, 3, 4) and
T; are the ratios of the magnetic field magnitude at the beginning of the j-th layer to the
incident magnetic field magnitude in the layer 1 (see. Fig.2). The sign “+4” or “-” in the
subscript of k;.+ denote the sign of the projection of the wave vector onto the z-axis and
also notes the corresponding amplitude A ;..

Solving the system of equations (9)—(16) we can calculate the reflectance R of the
5-layer system defined as

R =|R?. (17)

Expressions for coefficients r;; and ¢;; at each interface appearing in (9)—(17) are given
in Appendix.

5. Results and Discussion

For numerical calculation we use the following parameters. Thicknesses of layers in our
model are Ay c = 2.5 um for LC, dy = 40 nm for metal (Ag) layer and d, = 28.8 nm for
nanorods of diameter D = 30 nm and length/ = 10 nm, volume fraction f = 0.4 and tilting
angle of the oblique columnar microstructure 8 = 73° [9]. The wavelength of incident light
is A = 632.8 nm; the refractive index of a glass prism isn; = 1.51.

The reflectance in Fig. 3 is calculated for experimentally often used nematic LCs hav-
ing different refractive indices and birefringence: 5CB (n, = 1.7060,n, = 1.5319, An =
0.1741), E7 (n. = 1.7303,n, = 1.5189, An =0.2114), and E44 (n, = 1.7753, n, =
1.5240, An = 0.2513) [32]. The dielectric function (3) of the metal (Ag) layer calculated
for & = 632.8nm using data of paper is g3 &~ —18.3714+4-i0.4710 [22].

Using numerical data mentioned above we calculated the reflectance Rof the 5-layer
system as function of the light incident angle 6 for different director orientation in the LC
layer (Fig. 3). It is seen that the curve R(6)has several minimums, which arise due to mixing
of the extended-range-type SP mode with the half-leak modes propagating in the LC layer
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if the incidence angle 0 falls in the range [16]

2 2 _ 2 2
Re(e3) et (n n) cos® g
< 0 < arcsin .

€1 €1

(18)

arcsin

We can also see that the angular spectrum (position and depth of minimums) of the
reflected light depends strongly on the director orientation in the LC layer. Besides, it
is seen the nonmonotonic dependence of the reflectance minimum position on the LC
birefringence. A qualitative picture of the angular spectrum R(9)observed in Fig. 3 takes
also place for nanorods with length 30 and 60 nm.

In Fig. 4 there is shown influence of the analyte refractive index on the angular
spectrumR () of the 5-layer sensor. Calculations were done, as an example, for the case of
the LC layer filled by the LC E7 with director orientation angle ¢ = 20°.

As we can see from Fig. 4 in the 5-layer scheme of sensor unlike the 4-layer scheme
without the LC layer [9] the analyte refractive index influences the depth and width of

Figure 2. Computation scheme for calculation of light propagation in the 5-layer sensor system.
A4, T;, R, are amplitudes of waves, h; ¢, dy, d, are thicknesses of layers, 1, n 4,4, n, are refractive
indices.
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Figure 3. Reflectance R versus the light incidence angle 6 for a sequence of the nematic director
angles ¢ in the LC layer: 5CB (a), E7 (b), and E44 (c). ¢ = 10°- 1, 15°- 2, 20°- 3, 30°- 4, 40°- 5. The
analyte refractive indexn,; = 1.333.
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Figure 4. Reflectance R versus the light incidence angle 0 for a sequence of the refractive indices
ny of the target analyte: n; = 1.3- solid line, 1.25- dashed, 1.2- dot-dashed. The director orientation
angle in the layer of LC E7 equals ¢ = 20°.
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Figure 5. The effect of nematic director angle ¢ on the reflectance minimum sensitivity to the analyte
refractive index: ¢ = 20°- 1, ¢ = 35°- 2, ¢ = 50°- 3. LC layer is filled with LC E7. The dashed line
shows the sensitivity in the 4-layer model of the SPR sensor of Fu et al. [9].

the reflectance minimums and practically does not influences position of minimums. We
speculate that weak influence of the analyte on the reflectance minimums position is
conditioned by interaction of the extended-range-type SP mode with the half-leak modes
propagating in the LC layer since a condition of their arising (18) does not depend on the
analyte refractive index. This can be an advantage of the 5-layer scheme because there is no
need in angular tuning of sensor at replacing of the analyte. Note that any of the reflectance
minimums can be chosen for analysis depending on the incidence angle interval used.

We note that in the scheme presented in this study (fixed angle of a nematic director
orientation) the analyte refractive index influences mainly the depth of the reflectance
minimums. Thus, the sensitivity of the proposed sensor can be characterized by change of
the SPR minimum depth with the analyte refractive index change, d Ryin/dns.

In Fig. 5 the sensitivity of the deepest reflectance minimum to the analyte refractive
index in the 5-layer scheme is shown at different director angles. Here it is also presented the
corresponding sensitivity of the 4-layer (without LC) scheme of the sensor. One can see that
the sensitivity of the 5-layer sensor increases with increase of the analyte refractive index
depending on the director orientation angle and can appreciably exceeds the sensitivity
of the 4-layer sensor. Besides, as calculations show the deepest reflectance minimum in
the 5-layer scheme is much narrow than in the 4-layer scheme: ratio of half-widths of the
corresponding dips in the reflectance curves, As;/ Ay, approximately equals one-third.

6. Conclusions

We studied a theoretical model of the 5-layer nanorod-mediated SPR sensor comprising
a nematic LC layer. We show that angular spectrum of the light reflectance has several
minimums arising due to mixing of the extended-range-type SP mode with the half-leak
modes and depends on the LC layer orientational state. The results suggest that control of
the orientational state of the LC layer enables us to manipulate the position of the reflectance
curve minimums, their depth and sensitivity. It allows one to choose an interval of the light
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incidence angles convenient to use. Since the analyte refractive index practically does not
influence the reflectance minimum position there is no need in angular tuning of sensor
at replacing of the analyte. Our results may be used for designing a new type of SPR
Sensor.
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Appendix

Reflection and transmission coefficients that take into account the phenomenon of
nonsymmetrical reflection at the boundaries between the anisotropic and isotropic layers:

- 2 2
cos Yo (kiz+ €24 — Koz €1) — sinyin €1,/ kgear — k3,

rp = >
. 2 2
cos Yio(kozr&1 — kiz—24) + sinyin €1,/ kgear — ky
JErer (ki — kiz-)
fy =
. 2 2
cos Yio(kozr€1 — kiz—24) + sinyin €1,/ kgear — ky
~ 2 2
& cos Vo3i(ksz 124 — kazy83) — sinyaz;esy/ kgeay — ki
r3 = .

JE . 2 2
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- 2 2

8z €08 Vasi(Ksz+ €44 — kazr€5) — sinyus €5,/ kpeay — ki,

r45 = )

NG ~ 2 2
4+ cos yusp(kaz—&5 — ks.4-) + sinyus g5,/ kgea— — kj,_

/€5 .
lys = {COS Vasi |:COS Vasr(kaz—€4y — kaz4€4_) + SN Yys €411 ks — kiz_]
VE4+
—  sinyus; cOS Yus 84—/ kjear — kinr} /
[COS Vasr(kaz—&s — ks, €4_) + sin yas, &5,/ kea_ — kiz_] ,

. 2 2
fe75 COS Vaui(kiz—€2— — kaz—&1) — sinyayie1,) ke — ki, _
rﬂ =

W

9
Nz - : 2 2
2= cos yaur(koz 481 — kiz—€24) 4 sinyaire1,/ kgeay — ki,
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&1
v . 2 2
by = Nos {COS Vali [COS Va1, (koo €2— — koz_€24) +sinyai 82/ kjeoy — k22+]
27
o X k2 _ k2
S Y21 COS V21 rE244/ Ky€2— 2z—
. /12 2
|:COS Vo1 r(kozr81 — kiz—€2) + sinyoy 14/ kjeaq — k21+:| ,
. 2 2
cos V3o (ka;—&2— — ko, _&3) — siny3p €3,/ kger— — ki
r3 = ; -
o8 y3or (ko €3 — k3zy€2-) + sinyspe3 ) koo — k3 _
€382 (k3,— — k3z1)
I3 = > ;
o8 ya (ko €3 — k3o 62-) + sinyap €3,/ kgea— — ki
. 2 2
&y €08 Va3i(Ka—€4— — kaz€3) — sin yuz; €3,/ kjea— — ki _
F43 = N
_ . 2 2
4= 08 yu3r(kaz €3 — k3;—€44) + sin yaz, 63,/ kgeay — kg
A k k i ey — k2
I3 = —— | COS ¥43i | COs Vazr(Kaz1 84— — kaz—€41) + SN ya3,84-) kgear — ki
4—
o . k2 _ k2
SN Y43 COS V43, E444/ KyE4— P
: 2 2
|:COS Va3 r(Kazy €3 — k3;—€41) + sinya3 634/ kjear — k4z+:| )
. /12 2
o8 Vs4y(ks;—€4— — kaz—&5) — sinysy €5,/ kjea— — ki _
rsq = ; >
oS V547 (ka; €5 — ksz 184 ) + sin ysy €5,/ kgea— — ki
€584 (ks;— — ks;y)
Isy =

: 2 2
COS V54 (kaz—€5 — ksz€4-) + Sinysq €5,/ koea— — ki,
Y21i = V23r¥34t = V45iV43i = Y45rYmngq

is the angle between the wave vector and ray (Poynting) vector of a chosen wave, determined
(nf —ng) sin © cos ®
Vi, cos? O+nd sin? ©
Re(,/— /&) 5in © cos © - .

VRV o within the nanorod-array layer (see, e.g., [33]). ® is the
+/(cos ORe /&, +(sin ORe /55,)?
angle between wave vector and optic axis in a uniaxial medium, subscript g in y,,,, refers
to the incident (i), reflected (r) or transmitted (¢) wave at the interface of the m-th and n-th
layers. In these equations cos @ = XSRS ) "oy @ — Kecosy—Rek)siny,

JK2+(Rek, VE+Rek,? ¥ = ¢ for
the LC layer and y» = B for the nanorod array layer.

by expressions siny = within the anisotropic birefringent LC layer and

siny =



