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ABSTRACT

In this paper, a theoretical study of loss compensation in long-range dielectric loaded surface plasmon waveguides
(LR-DLSPPs) is presented. Although extendable to other gain materials, rare-earth doped double tungstates are used
as gain material in this work. Two different structures are studied and the effect of the different waveguide
geometrical parameters on the material gain required to fully compensate the propagation losses are reported. The
simulations were performed at 1.55 um wavelength. A material gain as low as 12.5 dB/cm was determined as
sufficient to obtain complete loss compensation in one of the proposed waveguide structures supporting sub-micron
lateral mode dimension.
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1. INTRODUCTION

Surface plasmon polaritons (SPPs), evanescent electromagnetic waves propagating along metal-dielectric interfaces,
have been the subject of numerous studies due to their unique properties. Promising applications in a variety of
fields include optical biosensing, data storage, photovoltaic cells, and highly integrated photonic circuits [1]-
[3]. Many different plasmonic waveguiding configurations have been proposed and demonstrated over the past
few years [4]-[9]. In general, SPP waveguides are subject to a trade-off between mode-field confinement and
propagation loss, exhibiting either good optical confinement but short propagation distances [6], or long
propagation distances necessitating large mode profiles [7]. Recently, a novel type of plasmonic waveguide
configuration was proposed, long-range dielectric-loaded surface plasmon polariton (LR-DLSPP) waveguides that
combine the millimeter-range propagation with a relatively strong mode confinement [8], [9]. Reduced propagation
losses provided by this novel structure permit enlarging the range of gain materials that can be selected for loss
compensation.

Many efforts have been directed towards compensating propagation losses in plasmonic waveguides by use of
different gain materials [10]-[13]. In this work, we proposed the use of rare-earth (RE) doped double
tungstates, which have been recently reported to provide elevated gain [14] with very interesting characteristics,
such as amplification without distortion of very-high-rate signals in the small-signal-gain regime and large gain
bandwidth up to a few tens of nanometers, interesting for broadband optical amplification and the generation of
ultra-short laser pulses.

In this work, loss compensation in LR-DLSPP waveguides by optical gain provided by a RE-doped double
tungstate material incorporated into the LR-DLSPP configuration is theoretically studied. Two structures are
presented. The effect of different waveguide parameters on the efficiency of the material gain to compensate
propagation losses is evaluated. Lossless propagation is predicted for material gain as low as 12.5 dB/cm, with a
mode size comparable to conventional dielectric-loaded surface plasmon polariton waveguides [15].

2. DESCRIPTION OF THE PROPOSED STRUCTURES

The generic LR-DLSPP structure includes a low-refractive-index substrate material, a buffer layer of a high-
refractive-index material, a metal stripe and a dielectric ridge, the dimensions and refractive index of which should
be chosen to balance the electric fields at both sizes of the gold stripe to ensure long-range propagation [8]-[9].

In this study, the substrate material chosen is SiO, (n ~ 1.46) and the metal selected is gold (ngq = 0.55+j11.5
[16]). The wavelength utilized is 1.55 um. The dimensions of the gold stripe were fixed in all cases to a
thickness of 15 nm and a width of 200 nm. The gain material utilized is RE-doped double tungstate with
refractive index ~2.05. In Structure 1 the gain material is added as the buffer layer while the ridge is made of
polyimide (n ~ 1.9). In Structure 2, the buffer layer chosen is SisN4 (nsiang ~2.05) and the gain is added to the
ridge. A 100 nm-thin BCB adhesive layer is introduced between the buffer layer and the ridge as part of the
integration procedure of the gain material to the structure. Figure 1 shows the two structures under study.

85


mailto:s.garciablanco@utwente.nl

MINAP 2012

" Wridge —»

Air [n,]

Gold [ngal Ridge
— [T'I ri dgel

hradge Gold [n“glu]

= B5CB == Double tungstate
— Si;N, - S50,
W= Polyimide
(a) (b)

Figure 1.Proposed LR-DLSPP structures: (a) Gain material as the bufferlayer; (b) Gain material as the ridge.

3. FINITE DIFFERENCE CALCULATIONS
Finite difference (FD) calculations with perfect magnetic conductor (PMC) and perfectly matched layers (PML)
were carried out using the PhoeniX B.V. The size of the calculation window was chosen as 20 um by 20 um to
ensure that the field at the boundaries of the window was zero. Since the simulated structures present regions
with different sizes, these thinner structures were artificially divided in the required number of sublayers to
ensure that enough grid points were assigned to these critical areas. The number of sublayers was selected so that
the addition of more layers only produced negligible variation in the results. Figure 2 shows the mesh utilized in the
simulations for Structure 2. In the metal, a grid size of 0.75 nm was utilized (i.e., the metal stripe of 15 nm
thickness was represented by 20 sublayers).
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Figure 2. Mesh utiIized(ai}n Structure 2: (a) Meshed structure[; %b) Detail of the region around the gold layer.

4. RESULTS

The two structures proposed in Section 2 were simulated as described in Section 3. The net propagation loss of
the structures was calculated as a function of the buffer thickness for different ridge dimensions. It is well known
that in a LR-DLSPP waveguide, the electric fields above and below the gold stripe should be as balanced as
possible in order to minimize propagation losses [8]. Furthermore, in order to enhance the effectiveness of loss
compensation by the gain material, the confinement of the mode into the gain region should be maximized. Both
effects can be related as

Oy =0 Ioss_rg mat 1)

where o, is the net modal loss in dB/cm, oy IS the propagation loss of the passive structure in dB/cm, I is the
fraction of optical power overlapping with the gain region, and gn is the material gain provided by the material

utilized in the gain region. . finds a minimum at the point of electric field balance. Figure 3 (a) shows this
effect applied to Structure 1. For each ridge size, there is a thickness of the buffer layer that minimizes the losses. In
the case of Structure 1, as the ridge height is increased for a given ridge width, a thicker buffer is required to
balance the electric field above and below the gold stripe. The power confinement to the active gain region (Figure
3 (e)), which in this case is the buffer layer, follows the opposite trend. The thinner the ridge, the more the mode
is pushed towards the active buffer layer. Figures 3 (b)-(d) shows the combined effect for different values of the
material gain of the buffer layer. Figure 3 (f) shows the evolution of the lateral mode dimension as a function of
buffer thickness for different ridge dimensions.

86



MINAP 2012

material gain = 0 dB/om material gain = 35 dB/om material gain = 106 dB/cm

@
=1
.
=

=o=h ridge = 0.6 um =e~h ndge = 0.6 pm g
-a-h ridge = 0.8 ym® —ah ridge = 0.8 ym 10-
==—h ridge = 1.0 ym =—h ridge = 1.0 ym

=&~ ridge = 0.6 ym
=a—h ridge = 0.8 um .

W
o

=—h ridge = 1.0 ym

w
-

—_ =e=h ridge = 1.2 ym — ===h ridge = 1.2 pm - 5 —==h ridge = 1.2 ymp
£ 40 ~o-h ridge = 1.4 um E.. ~+h ridge = 1.4 ym E ~e-h ridge = 1.4 um
@ —-—nnogensl.m @ —+—h ridge = 1.6 ym @ o —+—h ridge = 1.6 um
w30 =, z
8 8 g s
= = 15
g2?\'\ z A\ / g.m

" \\ \

7 -\_L&E_é
: -
(5)25 03 0.35 04 %?25 0.3 0.35 0.4
!l LMt [urll| h bl [jam] I Lufler [pm)

material gain = 246 dBicm

10 70 15
=o=h ridge = 0.8 um #  =shridge = 0.6 um
0,'& =e=h ridge = 0.8 um E@g —e-h ridge = 0.8 um P
+— I vidyger = 1.0 H + hridge = 1.0 pm T
-1 —=h ridge = 1.2 um ——h 1.2 ym S145 / /
EU\\\\\ —*'hndgni1.4:m g‘w +n:x 1d::m : M
2 ——h ricge = 1.8 um % 40.==h ridge = 1.6 ym " H ’ )
- - e
}2 73& nE _/"/’,“j’.‘—.’.: S 1
2 N §— G <-hidge =08 um
E. g - =a-h ridge = 0.8 um
50 é?W S13s —~n ridge = 1.0 um
~ — 3 ——h ridge = 1.2 pm
su\ \\3\2_. E,mﬁ:‘aﬂ’ e~ i
a —+—h ridge = 1.6 ym
W2s 0.3 0.35 0.4 &5 03 0.35 04 'it2s 0.3 0.35 0.4
h buffer [um] h buffer [jum] h buthar [um]

(d) (e) (f)
Figure 3. Effect of different geometrical parameters on the performance of Structure 1: (a)-(e) Net loss versus
buffer thickness for a ridge width of 1.6 um and different ridge heights. Material gain investigated are 0, 35, 106
and 246 dB/cm; (e) Power confinement in active area; (f) Lateral mode width.
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Figure 4. (a) Net loss for Structure 2 with no gain, ridge height of 0.8 um and several ridge widths; (b) Net loss
when using material gain of 106 dB/cm; (d) Power confinement in active area; (d) Lateral mode width.

Similar set of simulations were carried out for Structure 2 (Figure 4). The much larger confinement to the
active region, in this case the waveguide ridge, permits a much more efficient utilization of the material gain for
plasmonic loss compensation. Figure 5 shows the mode profiles of the waveguide geometries requiring the
smallest material gain to achieve full loss compensation. A minimum material gain of 37 dB/cm is required
for Structure 1 (ridge dimensions 1.6x1.6 um? and buffer thickness 0.37 pm). A gain as small as 12.5 dB/cm
suffice to fully compensate propagation losses in Structure 2 (ridge dimensions 0.8x0.8 um? and buffer
thickness 0.35 um). This latter structure supports a propagation mode with sub-micron lateral dimension (0.92
um).

5. CONCLUSIONS

The structures considered in this paper show a great potential to reach the goal of loss compensation in
plasmonic waveguides and are promising for plasmon amplification and lasing. The low material gain required
to compensate propagation losses, 37 dB/cm in Structure 1 and 12.5 dB/cm in Structure 2 broadens the range of
gain materials that can be utilized. RE-doped double tungstate gain materials were selected in this study due to
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their very good match of refractive index with the materials utilized in the structure and the
interesting characteristics of the gain they can provide. Experimental demonstration of the considered
structures will constitute the next milestone on the way towards lossless plasmonic waveguides.
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Figure 5.2-D mode profile (Re[E,]): (a) Structurel with t"?gigedimensions 1.6x1.6 pm?and buffer height of
0.37 um;(b)Structure2 with ridge dimensions 0.8x0.8 um?and buffer height of 0.35 um.
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