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Abstract: Single-mode distributed feedback laser structures and parity-time 
symmetry broken grating structures based on dielectric-loaded long-range 
surface plasmon polariton waveguides are proposed. The structures 
comprise a thin Ag stripe on an active polymer bottom cladding with an 
active polymer ridge. The active polymer assumed is PMMA doped with 
IR140 dye providing optical gain at near infrared wavelengths. Cutoff top 
ridge dimensions (thickness and width) are calculated using a finite element 
method and selected to guarantee single-mode operation of the laser. 
Several parameters such as the threshold number of periods and the lasing 
wavelength are determined using the transfer matrix method. A related 
structure based on two pairs of waveguides of two widths, which have the 
same imaginary part but different real part of effective index, arranged 
within one grating period, is proposed as an active grating operating at the 
threshold for parity-time symmetry breaking (i.e., operating at an 
exceptional point). Such “exceptional point” gratings produce ideal 
reflectance asymmetry as demonstrated via transfer matrix computations. 
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1. Introduction 

Surface plasmon polaritons (SPPs) are evanescent electromagnetic waves coupled to free 
electrons at the surface of a metal. SPPs have a field maximum at the interface between the 
dielectric and metal, and are strongly confined to the interface [1]. SPPs have been widely 
studied for applications to, e.g., photovoltaic cells [2], data storage [3], and waveguide 
structures [4] due to their interesting properties. However, SPPs generally have a short 
propagation length because of the strong confinement to the metal surface. For application to 
waveguide-based optical structures, long-range SPPs (LRSPPs) guided along a thin metallic 
stripe bounded symmetrically by dielectric materials are more suitable because of their lower 
propagation loss [5]. Many optical devices operating with LRSPPs on stripes have been 
reported [5], including recently, amplifiers [6], single-mode laser concepts [7] and optical 
biosensors [8,9]. 

Structuring the top dielectric in a dielectric-metal-dielectric structure produces lateral 
confinement - such a structure may still support LRSPPs and is referred to as a dielectric-
loaded LRSPP (DL-LRSPP) waveguide [10,11]. Typically, DL-LRSPP waveguides are 
composed of a top dielectric ridge patterned on a thin metal film on a dielectric substrate. Key 
advantages of the DL-LRSPP waveguides are low propagation loss and ease of fabrication. 
Also the dielectric regions can be comprised of an optical gain material such as an organic 
dye-doped polymer, so they have potential as active optical devices [12,13]. 
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In the field of quantum mechanics, much research has been carried out on parity and time 
symmetric (PTS) Hamiltonian systems after it was shown that they can have purely real 
eigenvalues even for non-Hermitian operators [14]. Complex potentials obeying the PTS 
condition are required for realizing a PTS Hamiltonian. In the field of optics, complex 
potentials can be realized by employing complex refractive indices representing optical gain 
or loss, so it is possible in principle to realize a PTS system. Optical PTS systems require that 
the complex refractive index obeys the condition that the real part of the refractive index must 
be an even function of position whereas the imaginary part must be odd. Moreover, to clearly 
observe interesting optical behavior due to a PTS refractive index distribution, it is necessary 
to ensure a balanced distribution of the real and imaginary modulation of complex refractive 
index, enabling operation at the so-called parity-time symmetry breaking point (also referred 
as an exceptional point). Many interesting phenomena, such as non-reciprocal wave 
propagation [15–17], coherent perfect absorption [18], and giant wave amplification [19] were 
reported based on this phenomenon. A theoretical discussion of PTS optical systems at the 
exceptional point based on plasmonics [20], the experimental realization of synthetic lattices 
using optical couplers [21], and micro-resonators [22,23] were also reported. 

Plasmonic structures have intrinsic loss, which may be an advantage when applied to PTS 
systems because complex index modulation is necessary. In this paper, we propose two active 
step-in-width grating structures based on DL-LRSPP waveguides, leading to a novel single-
mode distributed feedback (DFB) laser concept, and a PTS grating operating at an exceptional 
point, both at near-infrared wavelengths. The extraordinary behavior of the effective index of 
the fundamental mode of the DL-LRSPP waveguide as the width of the ridge is altered allows 
operation of the gratings at the exceptional point where ideal asymmetry is produced. 

2. Active DL-LRSPP grating structures 

Schematics of the suggested step-in-width grating structures are shown in Figs. 1(a) and 1(d); 
similar step-in-width gratings have been demonstrated as high-quality narrowband plasmonic 
reflectors for LRSPPs on metal stripe waveguides [24]. The DL-LRSPP waveguide is 
composed of a top ridge on a thin Ag stripe of finite width on a semi-infinite bottom cladding, 
as shown in in the cross-sectional view of Fig. 1(b). The thickness of the bottom dielectric 
layer should be large enough for it to be considered optically semi-infinite (> 5 μm). The 
thickness of the top ridge tt, and the width of top ridge and Ag stripe, should be selected such 
that all TE modes and all higher-order TM modes are cut-off in order for the waveguide to 
operate as a single-mode structure. Details on the required dimensions are given in the next 
section. Typically tag affects the propagation loss of the LRSPP mode, so a smaller tag is better 
in order to have a larger gain in the laser structure. However, for the PTS grating structure, tag 
affects the balance of the complex refractive index, as will be discussed in Section 4, so it 
should be selected carefully. For these grating structures, organic dye material (IR140) which 
has optical gain at near-infrared wavelengths is assumed doped into poly-methylmethacrylate 
(PMMA) and selected as the dielectric material for the top ridge and bottom cladding of the 
DL-LRSPP waveguide; these regions are shown in purple in Fig. 1. The IR140-doped PMMA 
provides optical gain over the 850 – 900 nm wavelength range when pumped by a pulsed 
laser near 810 nm [25]. The thin Ag stripe, shown in gray in Fig. 1, has the same width as the 
top ridge. The active DL-LRSPP waveguide structure can be patterned into step-in-width 
gratings of period Λi (i = g or PT) with Ni periods leading to a DFB laser structure as sketched 
in Figs. 1(a) and 1(c), or a PTS grating structure as sketched in Figs. 1(d) and 1(e). For the 
DFB laser, we require two widths within one period (wgj, j = 1, 2) carefully selected to 
produce low propagation losses. For the PTS grating, we require four widths (wk, k = 1 - 4) 
within one period to form the even-function spatial distribution of the real part of effective 
index and the odd-function spatial distribution of the imaginary part of effective index. 
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Fig. 1. (a) 3D view of a DFB laser structure. (b) Cross sectional view of the DL-LRSPP 
waveguide. (c) Top view of a DFB laser structure. (d) 3D view and (e) top view of a PTS 
grating structure. 

3. Single mode distributed feedback laser 

The real part (nR) and imaginary part (nI) of the effective refractive index of the first two DL-
LRSPP waveguide modes were calculated using the finite element method as a function of the 
top ridge width for the passive case (no material gain) at a free-space operating wavelength of 
λ0 = 880 nm, and are plotted in Fig. 2(a) as solid curves. In the calculations, tag = 25 nm thick 
Ag and a top ridge tt = 950 nm thick were selected. The propagation loss of the guided modes 
is affected by tag, so for a DFB laser, a thinner tag is advantageous. Here we choose tag = 25 nm 
bearing in mind fabrication constraints which place a lower limit on the thickness of a Ag film 
to about this value. tt was determined from the calculation of cutoff thickness of the TE 
modes. All TE modes can be cut-off by controlling tt and the width of the ridge. Figure 2(b) 
shows the cutoff thicknesses for some cases of ridge width. For a 4 μm wide ridge, the cutoff 
thickness is 980 nm so we choose tt = 950 nm (we will work with ridges that are about 4 μm 
wide). Also, to achieve a single-mode waveguide, the width should be selected narrower than 
the cutoff width of higher-order TM modes. The red curves in Fig. 2(a) correspond to the 
effective index of the ssb

0 mode (fundamental LRSPP mode) and the black ones to the asb
2 

mode (first higher-order LRSPP mode) - see Ref [3]. for the mode nomenclature. The solid 
curves are for the passive case (no material gain in the PMMA) and the dashed curves are for 
the active case assuming 67 cm−1 of material gain in the PMMA [20]. The cutoff width of the 
asb

2 mode is ~4.5 μm, so the DL-LRSPP structure can be single-LRSPP-moded by choosing 
the width and thickness of the top ridge as selected. 
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Fig. 2. (a) Effective index as function of the ridge width of the DL-LRSPP waveguide for a 25 
nm thick Ag stripe and a 950 nm thick ridge. Red curves represent effective indices for ssb

0 
mode and black curves are for asb

2 mode. The solid curves are for the passive case and the 
dashed curves for the active case (67 cm−1 of material gain for IR140-doped PMMA). (b) TE 
mode cutoff thickness of top ridge. (c) Mode profiles for widths having a low propagation loss. 

There are some large dips in nI, as observed in the bottom panel of Fig. 2(a), due to 
changes in the supermode character as different constituent SPP modes couple in and out of 
the supermode (modes in DL-LRSPP waveguides are supermodes formed by the coupling of 
constituent SPPs as in metal stripe waveguides [3]). However, the losses can be compensated 
by introducing material gain in the adjacent dielectric parts, as shown by the dashed curves in 
the bottom panel of Fig. 2(a). Also we can choose several candidate widths which produce 
low loss and that can be selected to form a DFB laser with a well-defined mode profile. For 
example, we choose four candidate widths as 2.3, 3.2, 4.3 and 5.5 μm marked by vertical 
dashed lines labelled 1 to 4 in Fig. 2(a). The candidate widths 1 to 3 are narrower than the 
cutoff width of the asb

2 mode so the structure will be single-LRSPP-mode. Candidate width 4 
can support the asb

2 mode, however, it will be suppressed due to gain competition with the 
ssb

0 mode because its propagation loss is larger. The nI of the candidate widths are all near 
−610−4 (the minus sign implies propagation loss) but they can become positive (~3.510−4) 
with 67 cm−1 of material gain in both the top ridge and the bottom cladding (67 cm−1 of 
material gain has been measured for IR140-doped PMMA [25]). All widths thus have ~50 
cm−1 of modal (LRSPP) gain. Figure 2(c) shows the mode profiles for the candidate widths 
and their effective index for the active case. The candidate width 3 was selected as the width 
for the waveguide (i.e., as wg1 in Fig. 1(c)) because it has a small propagation loss and the 
waveguide is single-mode; the other widths are selected as the perturbed widths (i.e., as wg2 in 
Fig. 1(c)). 

The three combinations of the candidate widths, i.e., wg1 = 4.3 μm with wg2 = 2.3, 3.2 and 
5.5 μm, were considered and are denoted Set 1, Set 2 and Set 3, respectively. The operating 
(lasing) wavelength was selected to be near λ0 = 880 nm because the gain material chosen 
provides maximum material gain around that wavelength. The grating pitch can be obtained 
as Λg = Oλ0/2nave where O is the order of the grating, nave is average effective index within 
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one period taken as nave = Re{neff1 + neff2}/2, where neffj is the effective index of a waveguide 
section of width wgj (j = 1,2). The order of the grating was selected as 3rd because the grating 
period is then easier to fabricate although it leads to a longer structure than if 1st order 
gratings were selected. The physical dimensions of the proposed DFB lasers (widths and 
period) are realizable using, e.g., e-beam lithography. Also the designed tag = 25 nm is easy to 
fabricate by, e.g., metal evaporation. 

The lasing properties were determined via the transfer matrix method (TMM) [26]. The 
threshold number of pitches (Ng,th) can be obtained by finding the value of Ng that makes the 
denominator of the transfer matrix zero. The lasing wavelength was obtained by computing 
the reflectance/transmittance spectra for Ng,th periods. The DFB laser designs obtained, 
including Ng,th for the 1st and 2nd lasing modes (longitudinal), their lasing wavelengths, and 
the difference in nR (ΔnR) within one period are listed in Table 1. 

Table 1. Threshold number of pitches and lasing wavelength of DFB laser designs. 

 λ0 
[nm] 

Λg 3rd 
[nm] 

1st lasing mode 2nd lasing mode ΔnR 
Ng,th 3rd Lasing λ [nm] Ng,th 3rd Lasing λ [nm] 

Set 1 880 888.9 492 λ0 ± 0.607 682 λ0 ± 0.886 0.005 
Set 2 887.9 776 λ0 ± 0.321 994 λ0 ± 0.566 0.002 
Set 3 887.1 990 λ0 ± 0.230 1206 λ0 ± 0.456 0.001 

4. Parity time symmetry broken gratings 

4.1 Supermode character of DL-LRSPP modes 

In optics, PTS demands that the complex refractive index should obey the condition n(r) = 
n*(-r), which means that nR must have an even-function spatial distribution whereas nI must 
have an odd-function spatial distribution. To achieve this condition with step-in-width 
gratings, we need four widths within one period which satisfy following conditions: 

 1 3 2 4

1 4 2 3

Re{ } Re{ } Re{ } Re{ },

Im{ } Im{ } Im{ } Im{ }.

n n n n

n n n n

= ≠ =
= ≠ =

 (1) 

In the above, nk are complex effective indices of the ssb
0 mode for waveguide segments of 

width wk in Fig. 1(e). Thus we need two pairs of widths which have same nI but different nR. 
If we can find those pairs, we can satisfy the PTS distribution of complex refractive index 
(n(r) = n*(-r)) by arranging those widths in a specific sequence. The supermode character of 
the ssb

0 mode in the DL-LRSPP waveguide makes it possible to find four widths which satisfy 
the above conditions. It is thus possible to form a grating structure which satisfies the PTS 
distribution of complex refractive index. 

The effective index computed as a function of width in the passive case is shown in Fig. 
3(a) for tag = 30 nm (it is difficult to find widths that satisfy Eq. (1) for thinner tag). The black 
curves for nR and nI in Fig. 3(a) correspond to the effective index of the ssb

0 mode, and the 
colored curves are for higher-order highly-confined and high-loss asymmetric modes. The 
insets to Fig. 3(a) give the corresponding mode profiles. Of particular interest are the 
crossings in nR between the asymmetric modes and the ssb

0 mode. 
The supermode character of the ssb

0 mode is apparent as it couples (hybridizes) with some 
of the asymmetric modes near crossings in nR. The coupling width is slightly wider than the 
cutoff width of the asymmetric modes, marked with vertical red dashed lines in Fig. 3(a). 
Figures 3(b) to 3(d) show expanded views near the black dashed circles in Fig. 3(a), i.e., near 
the regions of nR crossings of the ssb

0 mode with the sab
3, aab

4 and sab
5 modes. The sab

3 and 
sab

5 modes share the same vertical symmetry as the ssb
0 mode, so they couple (hybridise) near 

their crossings in nR, as shown in Figs. 3(b) and 3(d). As they couple, their field distribution is 
perturbed, as is apparent from the plots in inset, and nR oscillates as the width changes. It is 
the peculiar behavior of nR and nI with width, near the nR crossing of the ssb

0 and sab
3 modes, 
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that enables a PTS grating, as will be discussed below (the other crossing with the sab
5 mode 

produces perturbations that are a bit too weak). 
As the ssb

0 mode couples to an asymmetric mode, its propagation loss increases due to the 
higher loss of the latter, and conversely, the loss of the corresponding asymmetric mode 
decreases, as is apparent from the bottom panel of Fig. 3(a). 

The aab
4 mode does not share the same vertical symmetry as the ssb

0 mode so it does not 
couple at the nR crossing, as is evident from Fig. 3(c) and the field plot in inset, and from the 
lower panel of Fig. 3(a) (i.e., nI is unperturbed at the nR crossing). 

 

Fig. 3. (a) Effective index as function of width of the ssb
0 mode and several asymmetric modes 

in a DL-LRSPP waveguide with a 30 nm thick Ag stripe. Vertical red dashed lines indicate 
cutoff widths for each mode and the figures in inset show the mode profile of each mode. (b-d) 
Expanded plots for the range marked with black dashed circles in Fig. 3(a). The insets of (b-d) 
are mode profiles for the widths marked with a black dot. 

4.2 Balanced PTS distribution of complex refractive index 

The PTS grating requires four widths as shown in Fig. 1(e) (wk, k = 1 - 4), to achieve an even 
spatial distribution for nR and an odd spatial distribution for nI. To satisfy this condition, we 
need to find four widths satisfying the constraints of Eq. (1). Normally in a typical waveguide 
it is impossible to achieve this because both nR and nI change monotonically with geometry. 
However, in the DL-LRSPP waveguide, it is possible to find widths around nR crossings, for 
instance, where the ssb

0 and sab
3 modes couple, that produce effective indices that satisfy Eq. 

(1), because nR and nI do not vary monotonically in this region; a large dip for nI and a local 
peak then a dip for nR are observed in Fig. 3(b). Thus it is possible to find an arrangement of 
widths which allow a PTS distribution of complex refractive index. 

In Fig. 4(a), nR and nI are re-plotted in expanded view over the nR crossing region, for 
clarity. We can select the widths at the local peak and dip in nR, denoted w2 and w3, on Fig. 
4(a). In this case, we have different nR values but equal nI values because the dip in nI occurs 
between the peak and dip in nR. Also we can select w1 and w4 as shown, which again produces 
equal nI values, but nR values that are now equal to those produced by w3 and w2, respectively. 
Now, by arranging the widths within one grating period as shown in Fig. 4(b), in the sequence 
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w3, w2, w4, w1, we satisfy Eq. (1), and thus produce a PTS broken distribution of complex 
refractive index (i.e., the condition n(r) = n*(-r) is satisfied about the bisector of each period, 
taken at the junction of the sections of width w2 and w4). The red curve in Fig. 4(b) pertains to 
the nR distribution and the blue curve pertains to the nI distribution within one grating period. 
The length of each section of width wk is set to a quarter period, ΛPT/4. The dimensions of the 
sections within a period (steps in width of ~30 nm) are realizable using a high-resolution 
patterning method such as e-beam lithography [27]. 

The results of Fig. 4 were obtained in the passive case; i.e., the gain of IR140-doped 
PMMA was not included. It would be desirable to introduce optical gain to make the average 
value of nI zero or positive, thus producing better performance. Introducing gain to offset the 
average value of nI does not alter the design in principle, because this corresponds to a gauge 
transformation [28]. 

 

Fig. 4. (a) Real and imaginary part of effective index near the nR crossing region of the ssb
0 and 

sab
3 modes. Vertical red dashed lines indicate four widths selected for a PTS grating. (b) 

Schematic of the real and imaginary index distribution within one period. (c) Index difference 
as a function of Ag thickness. 

Another important condition for a PTS grating structure is the balance between ΔnR, the 
difference in nR, and ΔnI, the difference in nI. Typically extraordinary behavior appears 
around the balance point (i.e. ΔnR = ΔnI), which corresponds to the PTS breaking point (i.e., 
the threshold for parity-time symmetry breaking or the exceptional point). Exceptional optical 
properties engendered by a PTS index distribution are not evident when the balance between 
ΔnR and ΔnI is destroyed (even if the structure satisfies the PTS distribution of complex 
refractive index). But our proposed grating structure can have an exactly balanced index 
modulation by controlling tag, leading to grating operation at the threshold for PTS breaking 
(exceptional point). Consequently, the proposed PTS broken grating structure should have a 
maximally asymmetric reflectance at the balance point. The index differences as a function of 
tag are plotted in Fig. 4(c) from which the balance point can be identified: ΔnR = ΔnI for tag = 
35 nm (i.e., the balance point can be obtained by careful adjustment of tag). 
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The PTS broken grating was also assumed to be of 3rd order and the Bragg wavelength 
was selected to be 880 nm for the same reasons as in the DFB case. NPT was taken to be 1000. 
The reflectance spectra from the left side (Rl) and from the right side (Rr) for tag = 35 nm is 
shown in Fig. 5(a) for the passive case. We note a reflection from the left side but not from 
the right, so the reflectance is clearly asymmetric. The reflection port Rl has a low reflectance 
because the structure is passive and there is loss. Figure 5(b) shows the reflectance from each 
port at 880 nm as a function of the material gain in the PMMA regions. By increasing the 
gain, which means increasing the optical pumping power in a real experiment, Rl increases, 
eventually becoming larger than 1 for a material gain of about 40 cm−1, whereas Rr remains 
near zero. Rl would increase more rapidly with gain by increasing NPT. The amount of optical 
gain considered in Fig. 5(b) is realizable in IR140-doped PMMA [25]. The effective index 
differences ΔnR and ΔnI change slightly as the material gain increases, and thus so does the 
balance, which is the reason why Rr grows slightly beyond 60 cm−1 of material gain. This 
could be corrected by adjusting tag for operation with a prescribed amount of material gain. 

 

Fig. 5. (a) Reflectance from the left side Rl and the right side Rr of a passive PTS grating 
operating at the exceptional point. (b) Reflectance at 880 nm from the left and right sides as a 
function of material gain. (c) Direct and contrast ratio computed from the passive reflectances. 
(d) Left and right passive reflectances at 880 nm. 

Figure 5(c) shows the direct ratio and the contrast ratio (C) of the passive Rl to Rr at 880 
nm as a function of Ag thickness. The contrast ratio is defined as C = (Rl-Rr)/(Rl + Rr) and is 
helpful to characterise the degree of asymmetry. The direct ratio has its maximum at tag = 35 
nm, which corresponds to the balance point as shown in Fig. 4(c). This strong peak originates 
from the decrease of Rr as shown in Fig. 5(d) as the red curve, whereas Rl shown as the black 
curve in Fig. 5(d) increases smoothly which is typical of a grating when the effective index 
increases. However, even though there is a strong peak in the direct ratio at the balance point, 
C remains close to 1 over the whole range of tag considered. So the asymmetric reflectance 
property is sufficiently tolerant to variations in tag for practical fabrication. 
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The proposed PTS broken grating is similar in construction to the DFB laser of the 
previous section. However, the PTS broken grating cannot oscillate because, as shown in Fig. 
5(a), it does not reflect light from one side; this is due to the lack of contra-directional 
coupling which also inhibits the optical feedback necessary for oscillation. However a cavity 
can be formed by concatenating two PTS broken gratings with opposite non-reflective ends, 
and a gain waveguide placed within the cavity, to create a laser [29]. 

5. Conclusion 

DL-LRSPP waveguides are easy to fabricate and can guide a LRSPP mode which has a low 
propagation loss. Two grating concepts implemented as step-in-width structures in this 
waveguide, a single-mode DFB laser and a PTS broken grating, were proposed and analyzed. 
For single-mode operation of the DFB laser structure, tt should be thinner than the cutoff 
thickness of all TE modes and the ridge width should be narrower than the cutoff width of the 
first higher-order LRSPP mode. Several candidate designs were proposed as DFB laser 
structures, and laser parameters such as the threshold number of periods and the lasing 
wavelength were calculated. Features in nR and nI curves as a function of ridge width, due to 
the coupling of the fundamental LRSPP with a high-order asymmetric mode, were observed 
and exploited to satisfy the constraints for a PTS grating structure. By arranging four 
waveguide segments of four different widths within one grating period, the complex refractive 
index distribution required for PTS broken gratings was obtained. Asymmetric reflectance 
spectra were computed which is a well-known property of a PTS broken grating structure. 
Ideal (reflectionless) asymmetry was observed for a design that produced ΔnR = ΔnI, 
corresponding to operation at the PTS breaking (exceptional) point, but asymmetric operation 
was observed over a large range of tag (30 – 45 nm), which is an advantage from the 
fabrication point of view because it means that the designs are tolerant to fabrication 
imperfections in the Ag thickness. 
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