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APPLICATION OF VITREOUS As-S-Se CHALCOGENIDES AS ACTIVE LAYER
IN SURFACE PLASMON RESONANCE CONFIGURATION
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National Institute of R&D for Optoelectronics INOE 2000,
409 Atomistilor str., Magurele, Ilfov, 077125, Romania

Surface Plasmon Resonance (SPR) in four layer configuration was analyzed in this paper.
Thin film, less the 400 nm thickness, of chalcogenide glass was used as 4-th layer in such
SPR interaction. Software for numerical simulations was developed. Calculations are
performed for the film refractive index of 2.47 and GaP coupling prism. Some
chalcogenide materials, like As-S-Se or GalLaS, which exhibit photoinduced changes of
the refractive index can be used as active media. Many reflectivity dips exist in such
configuration as for p-polarization as for s-polarization. The later are more sensitive to the
film refractive index changes that can be on the order of 10* — 10”°. SPR configuration
opens new possibilities for the development of optical memory devices based on
chalcogenide glasses.
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1. Introduction

Today, the chalcogenide glasses (ChG) have extensive commercial applications in CD
memory largely on the effect of crystal-amorphous phase changes [1] that occur at the time scale
of nanosecond. In the nearest future the re-writable CD with data transfers up to 200 Mbit/s [2, 3]
are predicted. The registration of the informational signal may be or on the reflectivity change up
to 100 %, or on the refractive index change that may be up to 0.1. The systems based on surface
plasmon resonance may achieve considerable improvement as they are sensitive to small, on the
order of 10”-10 changes of the refractive index. Many optical sensors are based on the principle
of SPR, among them biosensors are especially important.

Among the several SPR sensing structures, the most prominent is the Krestschmann
attenuated total reflection configuration [9] in which a thin metallic layer is deposited directly on
the base of a prism. In general, silica substrates are used for SPR sensing applications. SPR
measurements with silica-based glass do not allow the detection in infrared (IR) wavelength
region.

Chalcogenide materials are characterized by high transparency in IR region and also have
high refractive index [10]. In paper [11] SPR biosensor has been set up by using chalcogenide
compound Ge,,GasSh,Ses (called 2S2G) as coupling prism. Sensor detection limit for refractive
index was 5x10°. Another SPR experiments can be find in paper [12] were the photoinduced
modifications in As,Se; [13] was enhanced in SPR resonance configuration. The transmission
change of planar structure was measured during the illumination with He-Ne laser. In a recent
investigation of chalcogenide materials as active media in paper [14] the light-by-light modulation
was demonstrated in SPR configuration. A rutile coupling prism was used in experiments. As the
authors mention, the “reflectivity dip associated with SPP coupling is only observed for p-
polarized light, in SPR”. As we expect, more complex resonance phenomena occur when a thin
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chalcogenide film, characterized by a high refractive index, is used as sensing media in
multilayer’s SRP configuration.

The aim of this article is to investigate particularities of SPR in four layer configuration
with a high refractive index chalcogenide thin film. The results may be used for experimental set
up with chalcogenide glasses like As-S, As-Se or Ga-La-S characterized by a high value of
refractive index ng=2.45 [15]. The results of investigation will consist in the appreciation of the
possibilities of application of chalcogenide glasses as high sensitive media for optical modulators
or optical storage devices.

2. Three Layer Surface Plasmon Resonance configuration — Basic
theory

A SPR system set up in the conventional three layers Kretschmann arrangement is done in
Fig. 1a). Four-layer configuration (Fig. 1b) was used for numerical simulations. The lower
medium may be a semi-infinite ChG glass. Chalcogenide glasses are characterized by high
refractive index. The GaLaS compound have the refractive index ns=2.45 [15], As,S; or other
ternary compounds As-S-Se may have nearest refractive indexes.

Metallic film
ChG film

Ambient medium

Fig. 1. 3-layer SPR configuration (left) and 4-layer SPR configuration (right). Chalcogenide glasses
with finite thickness serves as active media.

In the configuration employed an incident beam undergoes total internal reflection at the
prism base, generating an evanescent field that extends through the thin metal film to couple to the
plasmon mode on its lower surface. The resonance corresponds to the condition when the phase
velocity of light parallel to surface equalizes the velocity of density of charge excitations, named
plasmon:
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where ny, - is the prism refractive index, ns - is the refractive index of sensing media, that may be
air, water, or above mentioned chalcogenide glasses, ¢y — is the real part of metal dielectric
constant. The glass medium is considered semi-infinite for the moment.

According to Drude-Lorenz model, many metals possess negative dielectric constant, but
only some of them like Ag, Au, and Cu satisfy this condition in the VIS wavelength region. The
calculations will be done for silver film.

At the resonance a sharp dip appear in the reflected signal due to strong light absorption
by plasmon. By using the Maxwell’s theory the analytical formulae for the reflection of light was
obtained [9] for three layer configuration, the lower medium being considered as semi-infinite.
From this formula it can be sawn that a) only p-polarized light excites plasmons and b) the
coupling prism refractive index must be higher than the lower cover medium (chalcogenide glass
in our case).
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3. Four-layer plasmonic structure - Matrices method for numerical
simulation

The physical model for optical configuration with a lower finite thickness film (Fig. 1b)
corresponds to a four-layer optical system. For this configuration is impossible to obtain explicit
formula for the reflectance calculation.

Explicit formulas are derived for the mean-square electric fields induced by plane
electromagnetic radiation in a two-phase, three-phase, and N-phase stratified medium. The first
(incident) and last phases are semi-infinite in extent. Boundaries separating phases are plane and
parallel. Phases are isotropic with arbitrary optical constants.

However, simple relationships can be obtained by deriving the equations for the N-layer
case in terms of characteristic matrices which can be readily programmed for a computer [16, 17].
In this formalism the tangential fields at the first boundary are related to those at the last boundary

by
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The matrices My have the form
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where S and gy can be computed as:
G =+ £ — (ny sin 6 ) 4
By = i—r dif £ — (1 5in G, )2 (5)
Here g, denotes the complex refractive index.
The calculated reflectivity R, for the p-polarized has the form
2
R :%(Mll-i_MquN)ql_(M21+M22qN)| (6)
p
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N-1
with M, ; =(HMkj i,j=12.
k=2 ij
Similar equations may be written for the reflectivity Rs in the case of s-polarized wave.
Surface Plasmon computation was accomplished in Maple and comprises two programs: the first
calculates the reflectivity for different incidence angles and for several values of the thickness of
the ChG layer. All results are stored in an Excel worksheet. This worksheet acts both as data
storage and as pipeline for the second program that processes these data.
Software for numerical Surface Plasmon Resonance calculations of four layer structure is
presented in APPENDIX.

4. Results

Calculations of the reflectivity R, and R; for p-polarization and respectively s-polarization
were performed for a four-layer system made up of a GaP prism, a 50 nm silver layer, a ChG layer
with variable thickness and air. Two different thicknesses for the ChG layer were considered: dcng
=50 nm and dcre = 250 nm. Gallium phosphate is an optically isotropic material has the refractive
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index ny, = 3, 31 and it is transparent for the wavelength of 633 nm. It was used before for the
characterization of planar chalcogenide waveguides [18, 19]. An average refractive index value for
this class of ChG films was taken to be 2.47.

A remark must be done about the silver dispersion curve &(®).

There are many tabulated data in the literature that contains the refractive index dispersion
for silver. In some cases they differ very much. The reason is in different measurements and
preparation methods that are used: some of them are deduced from the electron reflectance of the
bulk material surface; other are obtained from thin film transmission of electromagnetic wave. The
film is usually obtained by thermal vacuum evaporation on NaCl substrate and later it is detached.
The properties of Ag films that are used in SPR experiments strongly depend on the preparation
technology. This is because the needed film thickness is approximately 50 nm and 25-30 nm is
many the limit of film discontinuity. We used the refractive index data presented in E.D.Palik’s
Handbook [20]: n = 0.0575 + 4.27i. In some cases the silver optical parameters are obtained even
from SPR data [21]. In paper [22] a method for the preparation of ultra-smooth Ag film is
presented.

The relation between the reflectivity spectra and the incidence angle 6 was studied for the
632.8 nm wavelength (HeNe laser). Reflectivity was computed for a large range of incidence
angles (from 10° to 80°) with a very small step (0.005°) in order to sense the narrowest peaks and
to determine accurately the peak value of the reflectivity. For each case the reflectivity was re-
calculated using 1 % increased value of the ChG refractive index, also re-calculated were
performed using 1 % increased value of the film thickness. The results are presented in Fig. 2 -
Fig. 4.
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Fig. 2. Simulations of SPR angle as function of GLS film thickness. Results are for higher p-polarization (p-
Pol) and higher s-polarization (s-Pol)
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Fig. 3. SPR spectra R(9) for all the curve of p-polarization (left) and s-polarization (right).
Two GLS film thicknesses (50 nm and 250 nm) were taken into consideration. The prism was made of GaP
and the considered wavelength was 632.8 nm
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Fig. 4. Reflectivity changes for two values of ChG film refractive indices which have 1% difference.
Simulations are for higher p-mode (up-left), lower p-mode (up-right), higher s-mode (down-left), lower s-
mode (down-right). The prism was made of GaP and the wavelength was 632.8 nm

SPR simulations give us important information regarding experiments by use of the high
refractive index films like ChG in a four layer configuration. The first one (Fig. 2) is that besides
p-polarization mode, s-polarization modes are exited. For low thicknesses values the resonance
angle lowers also up to 20-30°. It means that silica glasses (n = 1.5) may be used as prism material
for film thicknesses on the order of 50 nm.

As SPR spectra denote (Fig. 3) two or more resonance peaks appear besides the main
plasmonic mode that corresponds to p-polarization wave and the incident angle of 65.8°. The new
resonances have sharp dips that correspond to coupled plasmon-waveguide modes. One of the first
theoretical predictions of hybrid mode was done in papers [23, 24, 25].

In order to compare the SPR sensing capacities for the changes of the ChG refractive
index, an intrinsic quality factor Qs = A6/6 has to be defined. Here A6 is the resonance angle
change for a 1% refractive index change of ChG film and & is FWHM of the reflectance dip. The
simulations results are presented in Fig. 4. The most significant shift is for the higher angle s-mode
(Fig. 4, down-left). The full sensitivity depends generally on registration schematic and usually
0.1% is achieved in the differential set up measurements. With these admittance, we estimate the
sensitivity for registration of ChG film refractive index modifications on the order of 10* - 107,
that is 1/1000 smaller than the refractive changes of 0.1 as it is required in the actual CD
technology.

5. Conclusions

In this paper, a software use matrices method for finding the surface plasmon modes in a
four-layer thin-film structure was developed. Numerical simulations concerning SPR spectra with
a ChG film as active media were performed. Besides the basic plasmonic resonance that appears at
65 deg., new resonance exists at lower angle as for p-polarization and for s-polarization. The s-
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polarization and lower angle p-polarization resonances correspond to bound plasmon-planar
waveguide modes that may be of TE or TM type. The shape of resonance dip for s-polarization is
in general sharper that improve sensibility to refractive index changes. The expected sensitivity of
SPR configuration for the ChG film refractive index changes is on the order of 10* — 10°°, opening
the possibilities of use new low energy mechanisms for optical memory devices based on
chalcogenide glasses.
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APPENDIX

Surface Plasmon
Input data: ns - number of surfaces, A - wavelength

> with(LinearAlgebra) : Digits == 16 :ns =4 : ) = 632.8¢—9 : © _Mb‘[ 211: J

with(ExcelTools) : ¢0 := 10.0 : @I := 80.0 : imax := round(200- (@] —¢0));

fomax = 1: d30 = 3506—9: d3] = 4006—9: dk = 1 —430 l_‘m :

MP = Matrix(imax + 2, kmax + 2) : MS := Matrix(imax + 2, kmax +2) :

with( plots) :
® = 9.929180321080254 10°

| imax := 14000 ()]
>
Layers: 1- GaP, 2- Silver, 3- GLS 4- Air

3.3125 0.0

0.0575 4276 50e—9

t= 1 d= : e = Vector(ns) :
2472 d30
1.00 0.0

> for_; from 1 tomdo
= Compfex n; kz ﬁ}
end do
e, :=10.97265625 + 0. 1

e, = -18.28086975 + 0.4917400 I
ey :=6.110784 + 0.1
e,:=1.0000 0.1 2

> Reflect :== proc(s) description "Reflectivities p and s"
local Mp, Ms, j, gs, qp, gs1, qp1, qsn, gpn, B, a, b, bp, bs, cp, cs, Ap, Bp, As, Bs, rp, rerp, rs, rers,

global e, d, ns, ®, Rp, Rs

0
Mp = Ms:=Mp:
/4 0 l‘ s p

forjfrom 1 tons—1do
= L — 2 = ﬂ s ifi= = . = L if:
qs /e), s :gp e : ifj=1 thengs! := gs: gpl = gp : endif:
B:= (ﬂ-d)’,-qx‘a '=cos(B) : b == Complex(0.0,-1.0) sin(B) :
= tcpi=b-gp:csi=b-gs:

oot 2])

= evalf (Mulhply[Mp,

end do:
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— . . gsn |

gsn == fem—s 1gpn = i

Ap = (MPL 1 +Mp1’2‘qpn) -gpl : Bp = MPz, 1 +Mpi 5'gpn: As = [MsL 1 +Ms1_2‘g.m)
"qs1:Bs = Ms, | +Ms, ,-gsn:

. Ap—Bp = i o .
w: Ap + Bp s rerp = evalf(rp-conjugate(rp)) : Rp = Re(rerp) :
. As—Bs | L . st . - .
rs = As + Bs : rers == evalf(rs-conjugate(rs)) : Rs := Re(rers) :
. end proc:

> @ = Vector(imax + 1) : refp := Vector(imax + 1) : refs := Vector(imax+1) : S
= Vector(imax + 1) :
> forifrom 1 toimax + 1 do
. i—1 . | T . . o
cp‘.-—goﬂ+(qa1—qaﬂ]-—l_m 0§, = | n;-sin 180 -MP5+1,1'— cpj.MSHl_l_ P,:
end do:
> for kk from 1 tokmax + 1 do MP, ., , | := sprintf("d=%5.2f nm", (d30 + (kk—1)-dk)-1e9) :
MS, giq1=MP g, enddo:
> for kk from 1 to kmax + 1 do
dy ==d30 + (kk—1)-dk:
for i from 1 toimax + 1 do
s:=Si:Rquct(s}:reﬁ;,.:=Hp:rq.'s".==Rs:MPi+l_u+l:=Rp:MSl+l_kk+l:=Rs:

end do:
| enddo:
> XLf = "GaP_633_7.xIs" : MD := Matrix(ns +4,3) : MD, | := A:MD, , = ns: MD, , = ¢0:
M’Dz_2 =gl

MD; | = imax:MD, , = kmax:MD, , = d30:MD, ,=d31:

forjfrom 1tonsdoMD; , , | =MD, , = k:MD,  , 3 = d;: end do: Export(MD, XIf,
"Data", "Al") :

Export(MP, XLf, "p Pol", "A1") : Export(MS, XLf, "s Pol", "A1") :

B

Plasmon - prelucrare date
| > with(LinearAlgebra) : with(ExcelTools} : with(plots) : Digits i= 16 :
| > MP := Import("Refxls", "p Pol", "A1") : MS := Import("Refxls", "s Pol", "A1") :
> rngx = ArrayDims(MP); img = mgx; krng = mgx,;
rmgx:=1.14002,1..12

irng =1..14002
i krmg:=1.12 (60
> imax = rhs(irng) — 2; kmax := rhs(krng) —2
imax = 14000
kmax =10 2

Solp = Matrix(20, kmax + 1) : Sols = Matrix(20, kmax + 1) :
with(ArrayTools) :
Rp = Vector(imax + 1) : Rs == Vector(imax+1) :
mp = convert(MP, Matrix) : ms = convert(MS, Matrix) : vp == Vector{imax + 1) : vd
= Vector(imax+1) :
vd = mp[2 ..imax +2,1]: vs:= Vector(imax+1) :
> for k from 1 tokmax +1 do
vpi=mp[2. imax+2,k+1]:vs:=ms[2..imax +2,k+1]:
jp=0:js=0:
for i from 2 to imax do
if (vp‘. < "Pi—l) and (vp; < 1pi+1) thenjp:=jp+1:ja:==24p—1:jb:= ZJP:SDIP;'a,k
= vd,: So{pjbj &= vp;: end if:
if (vs‘. < "-’;—1) and (vsi <vs‘.+1] thenjs :=js+1:ja:=2+js—1:jb = Z'jS:Sﬂhja.k
= vd;: Solsy, = vs;: endif:
| enddo: end do:
| > Export(Solp, "Ref.xls", "Sol p", "A1") : Export(Sols, "Refxls", "Sol s", "A1") :
| >
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