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Abstract 

Solid state organic gain medium using optically-pumped dye molecules doped in a polymer 

host is considered as the top cladding of a long-range surface plasmon polariton (LRSPP) 

structure to enable active plasmonic devices with interesting applications operating in the near-

infrared.  

The gain media is a thin film of PMMA (poly (methyl methacrylate)) doped with ~ 0.9 wt% 

organic dye molecules of IR-140 and is pump optically using 8 nsec laser pulses at 810 nm to 

enable stimulated emission by excited dye molecules to the LRSPP mode at ~ 880 nm.  

The gain media was modeled through rate equations for a four-level energy system, relating 

the small signal gain coefficient to the dye photo-physical parameters, dye concentration and 

pump irradiance. Distributed Bragg reflector (DBR) and distributed feedback (DFB) lasers were 

proposed using Bragg reflectors based on modulation of the metal stripe width, forming a 

stepped-in-width Bragg grating in the LRSPP waveguide. Single mode surface plasmon DFB 

and DBR lasers were designed at 882 nm, by applying coupled-mode theory and transfer matrix 

method (TMM). 

The IR-140 doped PMMA gain medium was experimentally characterized. The maximum 

available material gain was identified for various pump intensities and two possible pump 

polarization in the gain media using the variable stripe length (VSL) method. The maximum 

available material gain agreed well with the theoretical gain modeling performed previously. 

The DFB lasers and passive Bragg gratings were fabricated in the microfabrication 

laboratories at Center for Research in Photonics in University of Ottawa. Main fabrication 

processes included electron beam lithography to create stepped-in-width Bragg grating patterns 

with sharp corners and edges, with features as small as 150 nm.  

Passive Bragg gratings were successfully characterized by my colleague showing a clear dip 

in the transmittance spectra (~ 40%) at the designed Bragg wavelength 882 nm.  

DFB lasers were characterized and successfully demonstrated a highly narrowed (FWHM ~ 

0.2 nm) single mode lasing peak at 882 nm. The mode profile from the DFBs’ output facet was 

captured by an infrared camera showing a tiny bright spot surrounded with dim spontaneous 

emission.   
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Parity Time symmetry Bragg gratings using stepped-in-width metal stripe in LRSPP 

structures were proposed in two different configurations. In the first configuration the top 

cladding PMMA was alternately dope and undoped with the same period as the stepped-in-width 

metal stripe but was a quarter-period spatially shifted. Asymmetric reflectance with high contrast 

ratio was theoretically demonstrated in the proposed PT symmetry Bragg gratings with a 

reasonable realization margin. In a different PT symmetric Bragg grating structure, doped 

PMMA stripes were considered instead of alternate doped and undoped PMMA which gave the 

same reflectance response but with a different fabrication processes.  
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1.  Introduction 

In this chapter the surface plasmon-polariton (SPP) excitation is introduced. The motivation for 

research on amplification and lasing with SPP structures is addressed and a brief description of 

quantum mechanical processes involved in the optical amplification of SPP is provided. Long-

range surface plasmon polariton (LRSPP) mode supported by a narrow thin metal stripe in a 

dielectric medium is described and its key properties are presented. A recent review of the 

literature on amplification and lasing with SPP including various SPP structures and gain media 

is presented. The scope and organization of the thesis is provided at the end of this chapter. 

1.1 Surface plasmon-polariton excitations 

Plasma oscillations of conduction electrons on the surface of a metallic structure can couple to 

incident electromagnetic fields and generate coupled excitations of transverse magnetic (TM) 

polarization called surface plasmon polaritons (SPPs) [1]. Metals with a negative real part of 

permittivity at optical and near infrared frequencies (e.g. Au, Ag, Al, Cu) can support SPPs. SPP 

fields are tightly bound to the metal’s surface and decay exponentially from the metal-dielectric 

interface. The surface-wave nature of SPPs implies that their momenta will be larger than that of 

photons at the same frequency. Indeed, SPPs can be confined to subwavelength dimensions, 

below the diffraction limit of light. Strong field enhancement, subwavelength localization, and 

high sensitivity to the local dielectric environment are among the SPP’s remarkable features 

which offer interesting applications in integrated photonics [2], bio-sensing [3], imaging [4], 

spectroscopy [5], and nano-lithography [6]. See also Refs. [7] and [8] for reviews of SPP 

applications. SPPs excited on metallic nano-particles can enable investigation of light-matter 

interactions on the scale of single molecules [9]. Moreover, significant improvements in nano-

fabrication techniques have facilitated the construction of SPP structures.  
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Unfortunately, the usefulness of SPPs is limited by the fact that these excitations have a 

very short lifetime due to the intrinsic loss in metals. Inter-band transition absorption at short 

wavelengths and free electron collisions and scattering are the main sources of attenuation in 

metals. Although the SPP loss could be reduced by carefully selecting the operating wavelength 

and by improvements in fabrication techniques, they can never be fully eliminated. Increasing 

the SPP mode confinement increases its spatial overlap with the metal so its attenuation also 

increases. Therefore, a fundamental trade off always exists between SPP mode confinement 

versus its attenuation.  

1.2 Loss compensation, amplification, and lasing with SPPs 

The applications of SPP excitations are greatly limited by the high attenuation in metals at 

optical and near-infrared frequencies. For instance, the performance of LRSPP biosensors can be 

highly enhanced if the mode’s attenuation is reduced or removed. Reducing loss and 

simultaneously maintaining SPP confinement has been a topic of investigation for a long time. 

Compensation of the SPP loss is generally accomplished by adding optical gain to the dielectric 

adjacent to the metal. Optical gain has been shown to reduce or even eliminate the attenuation, 

producing lossless SPP propagation. Optical gain may also exceed total attenuation and produce 

amplification of SPPs [10]. The gain requirement varies significantly depending on the SPP 

structure and mode of interest. Various gain media can be used including good dyes, quantum 

dots and semiconductors. Dielectrics, particularly polymers, can be doped by optical dipoles 

such as dyes and integrated with metals. Optical pumping is usually applied to excite such 

materials. Epitaxial semiconductors can be pumped electrically, but their integration with 

metallic structures, especially buried ones, can be difficult and their gain may be polarization 

dependent. 
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  SPP amplifiers can be built as stand-alone component or as a gain section integrated with 

other SPP devices to improve their performance. SPP lasers can also be constructed similar to 

conventional lasers, such that SPPs are directly excited at the interface of a metal with the gain 

medium within a cavity which allows SPPs to resonate. Nano-scale SPP lasers, referred as 

Spaser, are also feasible by coupling the surface plasmon resonance (SPR) of metallic nano-

particles to an optical gain medium and produce a high-intensity, ultrafast source of light. A new 

application of amplified SPPs has emerged in optical parity-time (PT) symmetric materials 

where the intrinsic loss of SPPs is balanced with optical gain to produce a PT symmetric media 

satisfying ε(z)= ε*(-z) [11], where ε(z) is the relative permittivity of the medium as a function of 

spatial coordinate z. These materials exhibit extraordinary optical phenomena such as 

unidirectional reflectance [12]. 

The focus of this thesis is on excitation and propagation of SPPs in a metal stripe which 

is embedded in non-uniform dielectric media. This mode offers a reasonable two-dimensional 

confinement with relatively lower attenuation and is termed a long-range surface plasmon 

polariton (LRSPP). LRSPP amplification using IR-140 dye molecules in a solution was studied 

before in the Berini’s group [13] and a mode power gain coefficient ~ 8.55 dB/mm was 

demonstrated in a structure consisting a narrow, thin Au stripe on SiO2. In this thesis we extend 

the LRSPP amplification to lasing with LRSPP using an optical gain based on the same IR-140 

dye molecules, but embedded in a polymer host. Through distributed feedback and distributed 

Bragg reflector configurations we demonstrate tunable and coherent source of SPP with good 

modal confinement. Moreover, we manipulate the LRSPP structure by balancing the gain with 

the loss and exhibit a PT symmetric Bragg grating which shows unusual unidirectional 

reflectance.  
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Before going through the details of the LRSPP structure, we briefly look into the 

quantum processes that are involved with SPP amplification using optical dipolar gain media 

such as dye molecules. 

1.3 Quantum processes involved in SPP optical amplification 

Similar to light, SPPs can be quantized in energy (considering dispersion [14,15] and absorption 

[16]) to provide a quantitative description of microscopic interactions between SPPs and matter. 

The quantum nature of SPPs has been investigated and proven experimentally, for example by 

the excitation of a single quantum SPP along a metallic nanowire. SPPs can be created or 

annihilated in a medium consisting of, e.g., optically-active atoms and molecules through 

processes such as absorption, spontaneous emission and stimulated emission. Some quantum 

processes that may occur for dipolar emitters near a metal-dielectric interface supporting single-

interface SPPs are sketched in Figure 1.  

 

Figure 1 Optical processes occurring for dipoles (filled red circles) near a single metal–dielectric interface. 

The magnitude of the SPP’s transverse electric field is shown along with the associated dipole energy 

transition. The black dotted curves indicate energy transfer. (a) Spontaneous emission of SPPs, (b) absorption 

of SPPs, (c) stimulated emission of SPPs, (d) creation of electron-hole pairs, (e) spontaneous emission of 

radiation. (Adapted from Ref. [10]) 

In close vicinity to a metallic interface, dipoles may also emit radiative modes, or interact with 

electron-hole pairs in the metal via dipole-dipole transitions. The photonic mode density (PMD), 
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which is a critical factor in the assessment of spontaneous emission rates, is modified due to the 

presence of a metallic interface [17]. 

1.4 Long-range surface plasmon polariton (LRSPP)  

A thin metal stripe of finite width embedded in an optically infinite homogeneous dielectric can 

support a low loss SPP mode referred to as a long-range surface plasmon polariton (LRSPP) 

mode [18]. This mode is also termed the ssb
0 mode since it provides a symmetric profile along 

both lateral dimensions; it is bound to the metal stripe and it is the lowest order SPP mode guided 

in this structure. A single LRSPP mode can be ensured in such structures by thoughtful design of 

stripe dimensions (width and thickness) at a given wavelength. Figure 2 illustrates a LRSPP 

structure similar to the one used mainly in this thesis. A 20 nm-thick, 1 μm-wide Au stripe is laid 

on a 15 μm-thick SiO2 film on a Si substrate, and covered with an optically thick polymer to 

guide a ssb
0 mode at around 882 nm. The top cladding polymer has to be index-matched to 

bottom cladding SiO2 at the wavelength of interest (882 nm) to enable propagation of the ssb
0 

mode in this structure.   

 

Figure 2 Cross section of LRSPP waveguide, with w = 1 μm, t = 20 nm, supporting a single ssb0 mode at 882 

nm 

The ssb
0 mode propagates in +z direction with e-γz, where γ=α+jβ is the mode’s complex 

propagation constant, α and β are the attenuation phase constants respectively and e+jωt harmonic 
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time dependence is implied. This waveguide is modeled using the commercial numerical solver 

Comsol Multiphysics v.5.2 and the propagation constant at λ0 = 882 nm is derived. For the 

modeling the refractive index of Au and the surrounding media (SiO2 and polymer) at λ0 = 882 

nm are assumed as nAu = 0.22138-j5.3142, and npolymer=nSiO2 = 1.452 respectively [19]. The ssb
0 

mode effective index (neff ) and mode power attenuation (MPA) [20] are defined in Eq. 1 and Eq. 

2 and obtained as neff =1.4527 and MPA=2.6 dB/mm. 

0
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The propagation length of the mode is the distance from the ssb
0 launch point to where the 

mode power drops by a factor of 1/e and is equal L=1/2α which is found as 192 μm for our 

waveguide. Comparing the LRSPP waveguide to a single interface Au/SiO2 which supports a 

one-dimensional SPP mode at λ0 = 882 nm, the propagation length of the LRSPP mode is about 

120 times larger indicating a much lower attenuation. We can see now that the reduced 

attenuation sacrifices the mode confinement. The SPP field’s penetration depth into the dielectric 

medium w and can be approximated by Eq. 3 [21].  
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               (3)  

where m = 1 for the single interface SPP and m = 2 for the LRSPP waveguide, εd = nd
2 is the 

relative permittivity of the dielectric, ω = 2π/λ0 is the angular frequency, and c = 3×108 m/s is 

the speed of light in vacuum. Thus, the field penetration depth into the cladding is roughly a 

factor of 2 larger for the LRSPP compared to the single-interface SPP for the same materials and 

operating wavelength, meaning that the single-interface structure confines SPPs more strongly 

than an LRSPP structure.  
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The mode profile for the main transverse electric field component (Ey) of ssb
0 mode in 

LRSPP structure is plotted in Figure 3(a) and it is compared to the mode profile of a standard 

single mode fiber for 882 nm (e.g. Thorlabs 780HP). The coupling efficiency of the ssb
0 mode to 

the single mode fiber can be estimated using Eq. 4 [20]. 

  
1 2

1 1 2 2

*

* *
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where Ey1 corresponds to main transverse electric field component of the ssb
0 mode and Ey2 

corresponds to electric field of a single mode fiber which can be defined as a Gaussian 

distribution aligned to the center of LRSPP waveguide (as shown in Figure 3(b)).  

 

Figure 3 Electric field profiles of (a) LRSPP waveguide and (b) single mode fiber modes 

Coupling efficiency calculation results in 94% coupling efficiency between the ssb
0 mode 

and the single mode fiber. It should be noted here that the polymer used in this thesis was 

PMMA and it was doped with about 0.9wt% IR-140 dye molecules. The refractive index of dye-

doped PMMA at λ0 = 882 nm is nPMMA ~ 1.5 which does not match the refractive index of SiO2 at 

that wavelength. No LRSPP mode can be supported using optically thick dye-doped PMMA on a 

SiO2 substrate due to index mismatch. The solution to this problem is to lower the thickness of 
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the dye-doped PMMA sufficiently so that with the air on top an effective index match with that 

of SiO2 can be achieved. The ssb
0 mode profile in this structure does not look fully symmetric; 

however it has all other properties of a symmetric ssb
0 mode. The Ey profile of an asymmetric ssb

0 

mode using a 450 nm-thick dye-doped PMMA is shown in Figure 4 and its key properties are 

summarized in Table 1.  

 

Figure 4 Electric field profile in an LRSPP structure using 450 nm thick PMMA as the top cladding 

Table 1 Key properties of the asymmetric ssb0 mode compared with the symmetric ssb0 mode 

  MPA (dB/mm) L (μm) Mode size (μm) C 

asymmetric LRSPP 4.6 110 4.1 71% 

symmetric LRSPP 2.6 192 6.2 94% 

 

1.5 Literature review 

Numerous theoretical and experimental works have been reported on amplification and lasing 

with SPPs. Various SPP structures and optical gain materials have been investigated. I will 

classify the literature by the SPP structure and whether the SPP is confined in one, two or three 

dimensions. 

1.5.1 Single metal-dielectric interface 
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SPP amplification in a single-interface structure comprising a thin Ag film sandwiched between 

a prism and a gain medium was investigated in theory by Plotz et. al.[22] Using Fresnel 

reflection formulas, they computed the reflectance of light incident onto the prism versus angle 

of incidence and as a function of the gain of the medium. In the passive case, near the angle for 

surface-plasmon excitation, the usual attenuated total reflection (ATR) associated with the SPP 

mode was observed. However, by increasing the gain, the ATR monotonically reduced such that 

above a certain gain threshold, enhanced reflectivity resulted. They also showed that above the 

gain threshold one could adjust the metal film’s thickness to produce a singularity in the 

reflectance. Figure 5 shows the ATR configuration used in this modeling along with the 

reflectance computed as function of gain. 

 

Figure 5 (a) Attenuated total reflection configuration with θI as the angle of incidence. (b) Reflectance 

computed versus angle of incidence (θI) and as a function of gain (α). (Adapted from Ref. [22]) 

The same structure was also studied by Sudarkin and Demkovich [23] considering higher 

gain in the amplifying medium. They showed that at high gain the Fresnel formulas are not valid 

to calculate the reflectance of the incident beam, which is of limited width. They also predicted 



 20 

super-luminescence of surface waves in the high gain regime and were the first to suggest a SPP 

laser based on this phenomenon.  

The propagation properties of SPPs along a planar single interface structure were 

theoretically investigated by Nezhad et al. [24] They analyzed the case of an infinite interface 

between a metal and a gain medium, rigorously working with propagation constants and 

Poynting vectors, and found the required gain coefficient for lossless SPP propagation. A 

material gain of ~ 1260 cm−1 was estimated for a lossless SPP propagation for an Ag-InGaAsP 

interface at λ0 = 1550 nm.  

Kumar et al. [25] considered a metal-semiconductor diode structure comprising a p-n 

junction of GaAs adjacent to an Au substrate. The electron-hole recombination energy coupled to 

SPPs on the Au-GaAs interface. They showed how the carrier injection level in GaAs controlled 

the spontaneous emission rate and provided gain for SPP amplification. Lu et al. [26] considered 

optical parametric amplification of SPPs in a nonlinear hybrid waveguide consisting of Ag-

LiNbO3. The seed and pump wavelengths required for efficient power conversion were found. 

They estimated ~ 30 dB gain over 3 mm of coupling length for a pump intensity of ~ 50 

MW/cm2. Sirtori et al. [27] used a single interface SPP waveguide on a quantum cascade 

semiconductor laser at far-infrared wavelengths (λ ~ 11 μm). Their goal was to increase the 

mode’s confinement and overlap with the gain medium, while simultaneously reducing the total 

layer thickness in the structure. Shortly later, Tredicucci et al. [28]  similarly proposed a single-

mode SPP laser at λ0 ~ 17 μm, in a distributed feedback (DFB) configuration using two-metal 

(Ti/Au) grating adjacent to a quantum cascade active semiconductor.  

Seidel et al. [29] experimentally demonstrated SPP stimulated emission at optical 

wavelengths. They used 39 and 67 nm thick Ag films in contact with liquid dye gain media 
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(Cresyl violet or Rhodamine 101 in ethanol) in the Kretschmann-Raether configuration. A p-

polarized probe at λ0 = 633 nm was focused on the Ag-dye interface with a specific incidence 

angle near the SPP excitation angle while the dye medium was pumped at λ0 = 580 nm. The 

ATR was measured as a function of the probe incidence angle, with and without pumping the 

gain medium. The difference between the pumped and un-pumped cases was attributed to 

stimulated emission of SPPs on the Ag-dye interface. The reflectance increased over the SPP 

excitation angle for the 39 nm thick Ag films whereas it narrowed and deepened for the 67 nm 

thick Ag films, both cases in agreement with theory [23]. A similar study was conducted by 

Noginov et al. [30] but with the gain medium formed as a 10 μm-thick film doped with 

Rhodamine-6G. The gain medium was pumped at λ0 = 532 nm by a Nd:YAG laser and a He-Ne 

laser beam at λ0 = 594 nm was illuminating the Ag-gain interface through the prism. Increased 

reflectance at the SPP excitation angle was observed due to the stimulated emission of SPPs on 

the interface. They obtained an optical gain of 420 cm-1 with a dye concentration of N = 1.2×1022 

cm-3 and a pump intensity of I = 1.7×107 W/cm2, which compensated ~ 35% of the SPP loss. In 

another experiment [31] they excited SPPs through pumping a thinner (~ 3 μm) dye-doped 

polymer film at the dye’s peak absorption wavelength, and decoupled spontaneously emitted 

SPPs to the prism in ATR configuration. They demonstrated narrowing of the SPP spectra by 

increasing the pump intensity, which was attributed to stimulated emission of SPPs. Figure 6(a) 

sketches the SPP excitation and decoupling in the ATR configuration used in the experiment. 

The SPP emission spectrum narrowing with increasing pump intensity from 10.9 mJ/cm2 to 81.9 

mJ/cm2 is shown in Figure 6(b). 
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Figure 6 (a) Sketch of the sample under experimental, excitation and decoupling of SPPs. (b) Spectra of SPP 

emission at pump intensities below and above threshold. (Adapted from Ref. [31]) 

Amplified spontaneous emission of SPPs (ASE-SPP) at the interface of a 1 μm-thick 

PMMA layer doped with PbS quantum dots (QDs) and a 100 nm thick Au film on a Silica 

substrate was observed by Bolger et al. [32] SPPs were excited at the QDs emission peak and 

out-coupled through a grating on the interface. The full-width half-maximum (FWHM) SPP 

emission was observed to decrease with increasing pump intensity as expected for ASE-SPP. 

The pump intensity threshold for ASE-SPP was measured as 5 W/cm2. It was found that ASE-

SPP at high pump intensities limits the available gain such that only a 30% increase in SPP 

propagation length was obtained. The gain depletion due to ASE was suggested as the reason.  

1.5.2 Metal slab in symmetric/asymmetric dielectric 

The properties of strong optical amplification of SPPs for flat or corrugated (~ 10 nm period) Ag 

slabs in contact with a gain medium were investigated theoretically by Avrutsky [33]. SPP 

resonance was obtained at λ = 350 nm, when the optical gain increased to ~ 80,000 cm−1. The 

SPP resonance was accompanied by a huge group index (~ 5.4×104), extremely low group 

velocity (~ 1 km/s), highly localized SPPs, and an abrupt change of positive SPP loss to negative 

SPP loss (meaning loss overcompensation). The large material gain required in this scheme 

sounds challenging, but it is interesting that such extreme confinement may be possible. 
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Although strongly enhanced ASE-SPP may compromise the available gain and noise 

performance. Nezhad et al. [24] considered a 40 nm Ag slab embedded in InGaAsP gain media 

and found that ~ 360 cm−1 of gain is required for lossless LRSPP propagation at λ0 = 1550 nm. 

Lasing in plasmonic bandgap structures was investigated [34,35,36] using a 2D corrugated metal 

film sandwiched between two symmetric dielectrics doped with dye molecules. It was shown 

experimentally that the dye molecules’ fluorescence was highly enhanced in the vicinity of the 

corrugated film. SPP lasing was proposed in these structure provided that the dye peak emission 

wavelength falls at the edge of the plasmonic bandgap, supporting a standing LRSPP mode due 

to highly enhanced SPP fields and lower absorption of this mode. The same concept was also 

considered by Winter et al. [37] who argued that fluorescent dye can also decay into asymmetric 

SRSPP guided modes reducing the available gain for stimulated emission of LRSPP.  

Genov et al. [38] developed a new method based on a quasi-metal approximation for the 

explicit solution of the dispersion relation of an insulator-metal-insulator (IMI) structure, where 

the metal slab is bounded by multiple quantum well (MQW) gain media.  Using their method, 

they could obtain the critical gain required for lossless SPP propagation in a thin Ag film cladded 

by InGaAsP, InGaN MQW gain media.  

De Leon and Berini [39,40] developed a theoretical model for treating SPP amplification 

in planar structures where gain is provided by a laser dye solution. They assumed a four-level 

dipolar gain system, and accounted for the position dependency of dye molecules’ lifetime as 

well as an inhomogeneous pump intensity distribution. Through their modeling, they predicted 

lossless LRSPP propagation on a Ag film bounded in symmetric dielectric media involving R6G 

in solvent using a modest pump intensity of ~ 200 KW/cm2 and a reasonable dye concentration 

of N = 1.8×1018 cm-3. They also considered a single interface system using the same gain media 
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but found that a higher dye concentration (N = 2.4×1019 cm-3) and a much stronger pump 

intensity (~ 3.5 MW/cm2) were needed for lossless SPP propagation. They later investigated the 

noise figure for amplified single interface SPPs and LRSPPs [41] and found that the noise figure 

of LRSPPs is less than that of the single interface SPPs, and that it diverges as the energy 

asymptote is approached in both cases due to increased spontaneous emission rate. They also 

showed [42] that the spontaneous decay rate into LRSPPs is lower than for decay into SRSPPs in 

close proximity to a metal slab in a symmetric one-dimensional structure. Figure 7 shows the 

computed decay rates into the guided modes of an infinite metal slab in symmetric dielectric. 

 

Figure 7 Normalized excited state decay rates for isotropic dipole into different energy decay channels on an 

infinite metal slab in symmetric dielectric media. (Adapted from Ref. [42]) 

Gather et al. [43] reported LRSPP gain at visible wavelengths in a symmetric structure 

consisting of a 1 μm thick fluorescent polymeric gain layer and a 4 nm thick Au film. Figure 8(a) 

illustrates the LRSPP structure under test which was optically pumped from the top using 5 ns 

laser pulses at λ0 = 532 nm. They performed ASE-LRSPP measurements by increasing the pump 

stripe length and demonstrated the emission threshold and spectrum narrowing as plotted in 

Figure 8(b). They obtained an LRSPP net gain coefficient of ~ 8 cm−1 at λ0 ~ 600 nm. 
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Figure 8 (a) ASE-LRSPP measurement setup in a symmetric dielectric-metal-dielectric configuration. (b) 

Normalized spectrum of the TM polarized component of output emission for different pump intensities. 

(Adapted from Ref. [43]) 

Hahn et al. [44] considered the interaction of the LRSPP mode with optical gain in a 

symmetric PMMA-Ag-PMMA structure where both claddings (top and bottom PMMA) were 

doped with IR-140 dye. They theoretically showed that the gain medium in the bottom cladding 

doubles the LRSPP gain at high pump intensities ~ 4 MW/cm2, even though the pump is applied 

from the top and is partially reflected by the Ag film. They also measured the LRSPP gain by the 

variable stripe length (VSL) method and found a gain coefficient of 16.7 cm-1 with a pump 

intensity of 4 MW/cm2. 

I. P. Radko et al. [45] implemented an asymmetric dielectric-metal-dielectric waveguide 

consisting of a 50 nm-thick Au film deposited on a quartz substrate and covered with a thin layer 

of PMMA doped with lead-sulphide (PbS) QDs. The sample was optically pumped from the top 

at λ0 = 532 nm, whereas a CW probe at λ0 = 860 nm was used to excite the SPP mode in the 

waveguide through a grating coupler. By collecting the leakage radiation from the quartz side of 

the sample at the Kretschmann angle they could estimate a SPP gain of ~ 200 cm-1. 

1.5.3 Metal-cladded dielectric 
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Maier [46] computed the gain required for lossless SRSPP propagation in a symmetric metal-

insulator-metal (MIM) heterostructure where the core material exhibits optical gain. Gain 

coefficients of 1625 cm-1 and 4830 cm-1 were required for lossless propagation at λ0 = 1550 nm 

in 500 nm-thick and 50 nm-thick semiconductor cores, respectively.  

Chang and Chuang [47,48] formulated quasi-orthogonality and normalization conditions 

suitable for computing field-enhanced spontaneous and stimulated emission rates in micro- and 

nano-sized metal-cladded dielectrics. They also modified the definition of the confinement factor 

in SPP nano-lasers, where the group velocity is very low and the SPP fields are highly confined.  

SPP amplification and lasing were investigated by Li and Ning [49] in metal-

semiconductor-metal (MSM) structures. They demonstrated a SPP mode power gain 1000 times 

greater than the semiconductor’s material gain near the energy asymptote where the group 

velocity is very low. They also investigated the amplification and lasing threshold conditions in 

these structures assuming electrical injection [50]. Khurgin and Sun [51] investigated similar 

MSM structures near the SPP energy asymptote. They found that a significantly high current 

density injection of ~ 100 kA/cm2 is required for loss compensation due to the Purcell effect 

inherent to sub-wavelength confinement in these structures.   

Chen et al. [52] used a finite difference time domain (FDTD) method to model amplified 

SPP propagation in MSM structures. They specifically considered an Au-InGaAs-Au structure 

and predicted lossless SRSPP propagation in a 75 nm-thick structure with a material gain of 

2500 cm−1 at λ0 = 1550 nm.  

Yu et al.[53] investigated the reflection and transmission of a short-length, metal-cladded 

dielectric waveguide coupled to a small cavity filled with an InGaAsP gain medium, showing 

that the cavity losses can be fully compensated for a material gain of ~ 2000 cm−1 at λ0 ~ 1550 
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nm. The gain assisted MDM plasmonic waveguide can work as an ON/OFF switch in the 

presence/absence of pumping.  

Hill et al.[54] demonstrated electrically-pumped lasing from rectangular etched InGaAs 

pillars coated by 20 nm silicon nitride then by a thick Ag layer. Vertical confinement was 

provided by steps in refractive index in the gain region, whereas sub-wavelength confinement 

along the horizontal direction occurs due to the Au coating. Mirrors at the end facets define a 

Fabry-Perot cavity. Lasing was obtained at cryogenic temperatures (10 K) observed via leakage 

radiation microscopy through the substrate. 

1.5.4 Metal stripe in symmetric dielectric 

Alam et al. [55] considered a 1 μm-wide, 10 nm-thick Ag stripe on AlGaInAs multiple quantum 

wells (MQWs) covered by barrier material for the purpose of LRSPP amplification. The required 

material gain for lossless LRSPP propagation at λ0 = 1550 nm was found to be~ 400 cm−1. 

LRSPP whispering gallery modes in GaAs-based, micro-disk cavities incorporating a thin metal 

film were investigated at λ0 = 1400 nm by Chen and Guo [56]. They computed the resonator’s Q 

and lasing gain threshold as ~ 4000 and ~ 200 cm−1 respectively.  

Experimental demonstration of the stimulated emission of LRSPPs on a 8 μm-wide, 20 

nm-thick Au stripe cladded by Er-doped glass was performed by Ambati et al. [57] at λ0 = 1532 

nm. Probe and pump signals were both coupled to the waveguide LRSPP mode. By applying a 

maximum pump power of 266 mW, the probe signal was enhanced to ~ 50%.  

De Leon and Berini [13] reported LRSPP amplification in a waveguide comprising a 1 

μm-wide, 20 nm-thick Au stripe on a 15 μm-thick SiO2 on Si, and covered by IR-140 dye in 

solvent index-matched to SiO2. The structure was probed at λ0 = 882 nm using butt-coupled 

polarization maintaining, single-mode fibers and pumped optically from the top at λ0 = 808 nm 
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using 20 mJ/cm2, 8 ns laser pulses. A small-signal mode power gain coefficient of γ = 8.55 

dB/mm was obtained in this experiment.  

A direct observation of plasmonic gain was reported by Kéna-Cohen et al. [58] in an 

asymmetric structure consisting of a 1 μm-wide, 21 nm-thick Au stripe of different lengths on a 

glass substrate and covered by a thin polymeric gain medium (Alq3:DCM). The thickness of the 

optically pumped gain medium was selected to support a confined LRSPP mode. Grating 

couplers were used to probe the waveguide using broadside incident beams and the pump was 

applied to the top. Figure 9(a) sketches the waveguides in top view with input and output grating 

couplers indicated. A typical loss-compensation measurement showing the pump (200 μJ/cm2) 

and probe (TE and TM) for a 30 μm-long waveguide is sketched in Figure 9(b).  

 

Figure 9 (a) Optical micrograph of the plasmonic waveguides with locations of the input and output gratings 

indicated. (b) A typical loss-compensation measurement showing the pump (200 μJ/cm2) and probe (TE and 

TM) for a 30 μm-long waveguide. (c) Signal enhancement as a function of length for a pump intensity of 200 

μJ/cm2. (Adapted from Ref. [58]) 
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Direct fluorescence is observed for both pump−probe (TE) and pump only configurations. 

However, for the pump−probe (TM) arrangement, the DC contribution due to the CW probe is 

seen and the additional signal in the presence of the pump corresponds to both the CW 

contribution and gain, giving a signal enhancement factor of F = 3.2 ± 0.1. Using systematic 

measurements of the signal enhancement as a function of waveguide length, they measured a net 

gain of (3.4 ± 16) dB/mm at λ0 = 633 nm using 200 μJ/cm2 pump intensity as shown in Figure 

9(c). 

Flynn et al. [59] demonstrated LRSPP lasing at λ0 ~ 1.46 μm in a symmetric structure 

based on InP and consisting of a 15 nm-thick Au film placed between MQW heterostructure 

layers with a minimum lateral width of 100 μm. A 1 mm long Fabry-Perot structure formed a 

LRSPP laser cavity which emitted a TM-polarized light under optical pumping from the top at λ0 

= 1.06 μm with 140 ns pulses. The emitted spectrum narrowed with increasing pump intensity, 

and the emitted power was linearly dependent on the pump intensity beyond a clear threshold. 

1.5.5 Dielectric-loaded SPP waveguide 

Dielectric-loaded SPP waveguides (DLSPPW) using 600 nm thick, 400 nm-wide PMMA stripes, 

doped with PbS quantum dots (QDs), and deposited on a 40 nm-thick Au film were investigated 

by Grandidier et al [60] Optical gain was provided by pumping QDs in the waveguide from the 

top at λ0 = 532 nm. Stimulated emission of the SPP guided mode was qualitatively confirmed by 

linewidth narrowing of the SPP mode. The SPP propagation length was measured versus pump 

irradiance exhibiting a linear increase of propagation length above the pump threshold ~ 500 

W/cm2. A maximum increase in propagation length of ~ 27% was obtained.  The gain coefficient 

of the amplified waveguide versus the pump irradiance was also measured near the QD peak 

emission (λ0 ~ 1550 nm). They subsequently studied PMMA stripes doped with CdSe/ZnSe QDs 
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deposited on a 50 nm-thick Ag film. Their work was based on leakage radiation microscopy 

combined with surface plasmon coupled emission. They reported a similar increase in SPP 

propagation length at λ0 = 632.8 nm [61].  

C. Garcia et al. [62] considered a DLSPPW at λ0 ~ 860 nm comprising a 300 nm-thick, 

300 nm-wide PMMA ridge doped with PbS QDs deposited on a 70 nm-thick Au film on a glass 

substrate. They similarly used leakage radiation microscopy to study stimulated emission of 

SPPs in the waveguide. About a 33% increase in the propagation length of SPPs was reported for 

a probe power of 16 mW and pump intensity of ~ 4460 W/cm2 which produced an optical gain of 

~ 143 cm-1.  

Colas des Francs et al. [63] modeled in general the local density of guided modes for 

two-dimensional SPP waveguides incorporating a gain medium. They assumed a 4-level dipolar 

gain medium to describe spontaneous and stimulated emission rates into SPPs. They specifically 

applied their model to a DLSPPW reported earlier [60] and deduced the stimulated emission 

cross-section of PbS QDs.  

Rao and Tang [64] derived conditions for lossless SPP propagation in a single metal 

dielectric structure assuming stimulated emission in the active dielectric. They considered a wide 

range of wavelengths in the visible and infrared regions, and various metals. In particular they 

studied lossless propagation at extremely short wavelengths near the energy asymptote. Using 

their model, they designed a nanoscale DLSPPW with a dielectric cross section of 22×20 nm2 

and computed a required optical gain of ~ 5×104 cm−1 in the dielectric to produce lossless sub-

wavelength propagation at λ0 = 450 nm.  

Hahn et al. [65] proposed a dielectric-loaded LRSPP waveguide in a symmetric PMMA-

Ag-PMMA structure, where a top PMMA ridge is used to laterally confine a LRSPP mode. Both 
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the top and bottom PMMA layers were assumed to be doped with IR-140 dye molecules and the 

waveguide is pumped optically from the top. They introduced single-mode DFB lasers by 

stepping the width of the top PMMA while optical gain is provided in both PMMA regions.  

1.5.6 Hybrid SPP waveguide 

Hybrid SPPs are a coupled TM-polarized wave, guided in a nanoscale low-index dielectric gap 

between a high-index dielectric and a metal surface. It is a super-mode excited by coupling the 

SPP mode on a metal-gap interface to the photonic mode of high-index dielectric [66,67,68]. 

Loss compensation or lasing with hybrid SSPs is possible if the high-index region provides 

optical gain over which the hybrid SPP overlaps sufficiently.  

Oulton et al. [69] reported an experimental demonstration of a nanoscale laser in hybrid 

plasmonic structures consisting of a high-gain CdS nanowire separated from a Ag substrate by a 

5 nm-thick MgF2 gap. Multi-mode lasing at λ0 ~ 489 nm was observed from the end facets of the 

nanowire under a ~ 76.25 MW/cm2 pump irradiance. Other designs for lasing using CdS nano-

squares [70] and an embedded waveguide (WEM) [71] were also reported in hybrid structures.  

A hybrid SPP laser consisting of an InGaN/GaN core-shell nanorod separated from an Ag 

film by a thin SiO2 layer was demonstrated by Lu et al [72]. The nanorod as well as the Ag film 

were epitaxially grown to provide the atomic-scale smoothness necessary for reducing 

diffraction loss and providing low threshold CW lasing. Figure 10(a) sketches the hybrid SPP 

structure showing the field concentration in the low-index region but also significant overlap 

with the nanorod in order to provide gain. Figure 10(b) shows lasing emission spectra with 

increasing pump irradiance at 78 K. Bimodal lasing at 510 and 522 nm was obtained with a CW 

pump intensity of ~ 26 KW/cm2 at 78 K as seen in Figure 10(b). 
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Figure 10 (a) Sketch of a hybrid SPP nanolaser consisting of an InGaN/GaN core-shell gain nanorod on a thin 

SiO2 layer on an epitaxial Ag film. (b) Lasing spectra at 78 K with increasing pump irradiance. Inset: Far-

field laser spot with contrast fringes indicative of spatial coherence resulting from lasing. (Adapted from Ref. 

[72]) 

Sidiropoulos et al. [73] reported ultra-fast (shorter than 800 fs) hybrid SPP lasing using 

ZnO nanowires separated from a Ag substrate by a thin LiF gap. ZnO excitons at room 

temperature lie near the SPP frequency in the hybrid SPP laser, and strong mode confinement 

leads to accelerated spontaneous emission recombination. The dynamics of the ZnO nanowire 

SPP laser were compared to those of conventional ZnO nanowire photonic lasers revealing a 

sub-picosecond pulse width for the SPP nanolaser but a much broader pulse width for the 

corresponding photonic nanolaser.  

A low loss hybrid SPP laser design using MQWs in a P-N heterojunction and electric 

pumping was reported by Li and Huang [74]. Their design optimized the hybrid SPP mode’s 

overlap with the P-N active region.  
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1.5.7 Amplification and lasing in nano-structures 

Conduction electrons in metal nanoparticles irradiated by linearly polarized light form dipolar 

oscillations is referred to as a surface plasmon resonance (SPR) [75,76]. Resonant surface 

plasmons are supported by metal nanoparticles smaller than the skin depth (~ 25 nm) so that 

optical fields can penetrate throughout their volume and drive electron oscillations. SPRs of high 

quality in proximity to a gain medium can lead to surface plasmon amplification by stimulated 

emission of radiation (spaser) [77,78]. Figure 11 sketches the spasing mechanism as explained 

by Stockman [78] in a spaser composed of a silver nanoshell covering a dielectric core of 10–20 

nm radius, and surrounded by two dense monolayers of nanocrystal quantum dots (NQDs).   

 

Figure 11 (a) Schematic of a spaser using a silver nanoshell on a dielectric core, surrounded by two dense 

monolayers of NQDs. (b) Energy levels and transitions in a spaser. External radiation excites e–h pairs 

(vertical solid arrow). The e–h pairs relax to excitonic levels (dotted arrow). The exciton recombines and its 

energy is transferred to the plasmon excitation of the metal nanoshell through resonant coupled transitions 

(dashed-dotted arrows). (c), (d) Field amplitudes, φ, around the nanoshell in two different resonant plasmon 

modes. (Adapted from Ref. [78]) 
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Pumping the gain medium (optical or electric) excites electron–hole (e–h) pairs (solid arrow). 

The e–h pairs relax to excitonic levels (dotted arrow). The excitons recombine and their energy is 

transferred to the plasmon excitation of the metal nanoshell through resonant coupled transitions 

(dashed-dotted arrows). 

Noginov et al. [79] demonstrated a spaser using spherical nanoparticles consisting of a 14 

nm Au core, coated with a 15 nm SiO2 shell and doped with Oregon Green 488 dye. The quality 

factor of nanoparticles was found as ~ 13.2. Stimulated emission of SPPs at λ ~ 531 nm by 

individual nanoparticles was reported. Meng et al. [80] considered a monolayer of randomly 

oriented Au nanorods embedded in the mesopores of a silica shell dispersed on a glass substrate 

and covered with a 200 nm thick R6G-doped PVA film to supply gain. The spaser emission was 

tunable from 562 to 627 nm with a spectral line width narrowed down to 5 -11 nm. In a 

theoretical study by Khurgin and Sun [81], they showed that lasing in electrically-pumped 

semiconductor spasers has an extremely high current threshold of ~ 105 A/cm2. They attributed 

the high current threshold to gain depletion caused by enhanced spontaneous emission.  

Dorfman et al. [82] proposed a low threshold and efficient spaser using quantum 

coherence in a three-level quantum emitter based gain medium coupled to plasmonic 

nanostructures. Ginzberg and Zayats [83] developed a theory to obtain the linewidth and its 

enhancement in semiconductor spasers.  They specifically considered bulk GaAs as the active 

medium of a spaser and estimated a linewidth enhancement of ~ 3-6 which is about an order of 

magnitude larger than that predicted by the Shawlow-Townes theory. Single molecule detection 

based on surface enhanced Raman scattering (SERS) is possible using spacers as they can 

produce near-singular scattering hot spots [84,85,86]. Array of nanoparticles for improved spaser 

quality has also been investigated. Suh et al. [87] reported coherent and directional emission 
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from optically pumped arrays of Au bowtie resonators on slabs of IR-140 doped polyurethane on 

a Si substrate and covered with a dielectric over-layer. Zhou et al. [88] reports a two-dimensional 

plasmonic lattice consisting of a pattern of Au nanoparticles on a glass substrate, covered by a 

polyurethane layer doped with IR-140. Their structure features high directionality due to lattice 

bandedge lasing and ultrafast response due to plasmonic-enhanced localization. Loss 

compensation in extraordinary optical transmission (EOT) systems was theoretically studied by 

Marani et al [89]. They specifically analyzed the spectral response of an optically pumped 

periodic array of subwavelength slits in an opaque Au film sandwiched between two thin layers 

of Rh800-doped polymer. They showed that this structure can behave as an absorber, laser or 

amplifier due to strong spatial hole-burning effects, depending on the pump intensity.   

Van Beijnum et al. [90] demonstrated laser emission in the near infrared from an array of 

subwavelength holes in a Au film on an optically pumped InGaAs/InP gain medium at 150 K. 

Linewidth narrowing and lasing threshold were observed with increasing pump power, and 

surface plasmon lasing was justified by experimental observations.  

Highly directional single-mode spasing at red wavelengths (λ ~ 620 nm) was demonstrated at 

room temperature by Meng et al. [91], where the plasmonic nano-cavity was formed by a 

periodic subwavelength hole array perforated in a Ag film supporting SPP Bloch waves at λ ~ 

620 nm. They suggested that the optical feedback for spasing was provided by SPP Bloch waves 

in the hole array nano-cavity rather than the plasmonic resonance in individual holes.  

1.5.8 Thesis scope and outline 

This thesis aims to investigate incorporation of optical gain in the form of optically-pumped IR-

140 doped PMMA in a two-dimensional LRSPP structure based on stepped-in-width metal 

stripe, to develop and demonstrate active LRSPP devices with interesting applications at near 
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infrared. Theoretical and experimental studies are conducted to characterize and evaluate the 

gain media for plasmonic applications. Active LRSPP devices based on the described gain media 

are proposed and designed. Transmission matrix method (TMM) and Coupled-mode theory are 

widely used in this thesis for Bragg grating design and simulation.  

This thesis consists of a collection of scientific articles, each of them presented as a 

chapter. The remainder of this document is organized as follows. Chapter 2 describes design of 

single mode DBR and DFB lasers operating in LRSPP structure. The devices’ architecture and 

design methodology is discussed in this chapter. Also, the IR-140 doped PMMA gain media is 

theoretically modelled and LRSPP mode power gain is derived.  Single mode lasing, low noise 

performance and thermal tuning are the key properties of the LRSPP lasers proposed and 

designed in this chapter. In chapter 3, IR-140 doped PMMA is investigated experimentally and 

the maximum material gain versus the pump intensity, dye concentration in the PMMA, and the 

pump polarization in the PMMA is identified. The experimental work is based on variable stripe 

length (VSL) method in which the output amplified spontaneous emission (ASE) intensity that is 

collected from the gain PMMA slab waveguide is proportional to the length of the pump stripe 

applied on the gain media. In chapter 4, Ag and Au DFB lasers are designed and optimized in a 

non-uniform LRSPP structure. Fabrication processes are described and scanning electron 

microscope and atomic force microscope images of Ag and Au DFB patterns are presented. 

Moreover, Ag and Au DFBs are testes and results including, lasers’ L-L curves, emission 

spectra, and output facet’s mode profile are presented. Chapter 5 introduces the concept of PT 

symmetry in optics and its importance in suggesting extraordinary optical phenomena. Two 

different PT symmetric Bragg gratings based on LRSPP waveguides are proposed and designed 

in this chapter. Asymmetric reflectance with high contrast ratio is demonstrated theoretically in 
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these structures by operating the PT symmetric Bragg gratings near a so-called exceptional point. 

A journal article co-authored with Choloong Hahn on unidirectional PT symmetry Bragg 

gratings is also presented in chapter 5 providing a comprehensive literature review on optical PT 

symmetric systems with emphasis on the group and energy velocity dispersion behavior near the 

PT symmetry breaking threshold.  Conclusion and future work are provided finally in chapter 6.  
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2. Long-range surface plasmon single-mode laser concepts 

2.1 Summary 

Single mode double-DBR, single-DBR and DFB lasers are proposed at near infrared in a LRSPP 

waveguide consisting a 20 nm-thick, 1 μm-wide Ag stripe bounded by a layer of IR-140 doped 

PMMA on top and a passive index-matched cladding on the bottom [92]. The index-matched top 

and bottom claddings enable a symmetric ssb
0 mode in the waveguide. The Bragg grating used in 

all proposed devices is implemented by stepping the width of Ag stripe periodically which 

produces a high reflectance over a very narrow bandwidth.  Lasers are designed for λ0 = 882 nm 

but wavelength tuning is envisioned through current injection into the Ag stripe resulting in 

thermal modulation of the cladding material’s refractive index. Ease of fabrication, and low 

noise performance in these structures yield useful, cost-effective, near infrared plasmonic 

sources for optical integrated circuits and improvement of the plasmonic biosensors’ 

performance.  

2.2 Contribution 

The results provided in this chapter were published in the journal of Applied Physics. I modeled 

the gain coefficient of IR-140 doped PMMA, derived the LRSPP mode power gain (MPG) and 

designed LRSPP Bragg gratings using TMM and coupled-mode theories. I generated and 

interpreted the design and modeling results, and wrote the manuscript. Dr. Tait and Dr. Berini 

contributed to the device proposal, the interpretation of the results, and revised the manuscript. 

2.3 Article 

The published article follows verbatim.  
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3. Gain characterization of IR-140 doped PMMA slab waveguides 

3.1 Summary 

Organic gain media are greatly attractive for their large transition cross section and wide 

chemical tunability and new organic lasers have been developed with great potential in 

integrated optics applications [93]. The gain behaviour of optically-pumped, solid-state IR-140 

doped PMMA was experimentally characterized for applications in active LRSPP structures 

[94]. Thin, IR-140 doped PMMA films were created on SiO2 substrate by spin coating and 

curing and cleaving the sample’s to produce a good quality optical facet. The optical pump was 

perpendicularly applied to the gain film from the top using a cylindrical lens and a variable slit to 

form a 300 μm-wide pump stripe of variable length on the sample. Pump intensity varies from ~ 

1 mJ/cm2 to ~ 45 mJ/cm2 and its polarization can be parallel with or perpendicular to the pump 

stripe. The output amplified spontaneous emission (ASE) was passed through an objective 

followed by a polarizer and sent to a spectrograph. A variable stripe length (VSL) method was 

used to derive the ASE gain coefficient with respect to the pump intensity and pump polarization 

for gain films of different dye concentrations. Maximum available gain and gain anisotropy were 

derived and discussed.  

3.2 Contribution 

The results provided in this chapter were published by OSA in the journal of Optics Express. I 

fabricated the slab waveguides, designed and implemented the experimental setup, generated the 

experimental results, and fit them to the theoretical models. I also interpreted the results, and 

wrote the manuscript. Dr. Tait and Dr. Berini contributed to the interpretation of the results, and 

revised the manuscript. 

3.3 Article 
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The published article follows verbatim. 
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4. Surface plasmon DFB laser: design optimization, fabrication and test 

4.1 Summary 

A distributed feedback (DFB) laser using stepped-in-width Ag stripe in a uniform long-range 

surface plasmon polariton structure was proposed in chapter 2. In this chapter realization of the 

DFB laser at λ0 = 882 nm is presented, using both Ag and Au metal stripes and in a non-uniform 

LRSPP structure. The non-uniform LRSPP structure refers to the index mismatch between the 

top cladding gain media, IR-140 doped PMMA, and the bottom cladding SiO2 at λ0 = 882 nm. 

The non-uniform cladding prevents the ssb
0 mode from being excited unless the top cladding’s 

thickness is reduced sufficiently, as was explained in section 1.2. The DFB laser design is 

optimized to remove any TM polarized slab mode emission in the IR-140 doped PMMA top 

cladding, and simultaneously maximize the LRSPP mode power gain in the structure. Using 

coupled-mode theory the minimum and maximum DFB length is determined for single mode 

lasing. DFB lasers were fabricated and tested. The fabrication processes, experimental setup, and 

results are fully described in this chapter. Electron beam lithography is used to create stepped-in-

width Ag/Au DFBs with a spatial period of Λ ~ 303 nm. It will be seen that Au DFBs are 

produced with better quality, with less roughness and well defined corners compared to Ag 

DFBs. However; both Ag and Au DFBs exhibit single, narrow emission peaks at around λ0 = 882 

nm. The light-light plots show a clear lasing threshold of ~ 7.8 mJ/cm2 and ~ 10.4 mJ/cm2 for Ag 

and Au DFBs, respectively.  

4.2 Contribution 

I modeled, designed and optimized the DFB structures. I produced IR-140 doped PMMA with 

0.9wt% dye concentration and through an ASE characterization I obtained the extinction 

coefficient of this material. The real index of IR-140 doped PMMA was measured accurately 
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using ellipsometry by Choloong Hahn, the post-doctoral fellow in the Berini’s group. I fabricated 

and tested the DFB samples. Anthony Oliviery and Dr. Berini provided very helpful fabrication 

hints. Choloong Hahn and Maude Amyot-Bourgeois also offered very useful suggestion for 

experimental setup. I wrote the DFB laser’s manuscript. Dr. Tait and Dr. Berini contributed to 

the interpretation of the results and revised the manuscript.  

4.3 Article 

The manuscript presented in this section is going to be submitted for publications.  
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Single-mode distributed feedback lasers are realized in the near infrared as a two-dimensional, non-uniform 

long-range surface plasmon polariton structure supporting a transverse magnetic polarized surface wave. The 

surface plasmon structure consists of a 20 nm-thick, 1 μm-wide metal stripe (Ag or Au) on a silica substrate, 

where the stripe is stepped in width periodically, forming a 1st order Bragg grating. Optical gain is provided by 

optically pumping a 450 nm-thick IR-140 doped PMMA layer as the top cladding, which covers the entire length 

of the Bragg grating, thus creating a distributed feedback laser. The design, fabrication and experimental results 

are presented. These lasers are suitable as a highly coherent single-mode source of surface plasmons, or for 

integration with other surface plasmon elements of similar structure.  

 
I. INTRODUCTION 

Surface plasmon–polaritons (SPPs) are transverse 
magnetic (TM) polarized surface waves propagating 
along a metal-dielectric interface and their fields are 
coupled to the electron plasma oscillations in the metal1. 
SPPs exhibit unique properties including strong field 
enhancement, subwavelength confinement and high 
sensitivity to the bounding dielectric environment. 
However, SPP excitations are highly dissipative which 
constrains their applications. Significant theoretical and 
experimental work has been conducted over the past 
decade to compensate for SPP loss or even produce 
amplification and lasing with surface plasmons2. Indeed, 
lasing with surface plasmons is of strong current interest 
because the structures can be miniaturised, potentially 
offering compact coherent sources for photonic 
integrated circuits. Surface plasmon lasers involving the 
interaction of an amplifying medium with plasmonic 
nano-particles were proposed3,4 and demonstrated5 as 
nano-scale, ultra-fast and low-threshold surface plasmon 
sources, referred to as spasers. Array of nano-particles 
for improved spaser quality has been investigated. 
Coherent and directional band-edge lasing in two-
dimensional plasmonic lattices were reported using IR-
140 doped polyurethane gain media.6,7 Spasers based on 
hybrid dielectric-metal structures involving a high-gain 
nano-scale dielectric waveguide separated from a metal 
substrate by a very thin gap were also proposed and 
demonstrated.8-14 It was shown that in close proximity to 
a metal film, the spontaneous emission rate in these 
structures is significantly enhanced and the lasing 
threshold is reduced. Lasing with surface plasmons in 
single-interface metal-semiconductor structures was 
reported at far infrared wavelengths, where the metal was 
used as a way to increase the mode confinement and 
overlap with the gain medium, while simultaneously 
reducing the total layer thickness of the structure.15,16 

There are also reports of surface plasmon lasing in 
symmetric metal-dielectric-metal17 and dielectric-metal-
dielectric18 structures forming Fabry-Perot cavity 

resonators. Moreover, the use of distributed feedback 
(DFB) to enable surface plasmon lasing was proposed in 
metal-insulator-metal19,dielectric-loaded SPPs20, single 
metal-dielectric interface SPPs21, and in long-range 
surface plasmon polariton (LRSPP)22 structures, where 
low noise performance is expected due to the low 
spontaneous emission into the LRSPP lasing mode23.  

In this paper we report the realization of optically-
pumped surface plasmon DFB lasers based on a step-in-
width metal stripe grating, operating at room temperature 
in the near infrared. The metal stripe is embedded in non-
uniform dielectric media and confined SPP propagation 
is achieved by using a thin upper cladding similar to the 
SPP amplifier discussed in Ref. [24]. Optical gain is 
provided by laser dye molecules in a dielectric host (a 
polymer film); the same molecules were used in a liquid 
solvent in previous work on SPP amplification25. This 
laser configuration is interesting because it can emit a 
single lasing mode with high coherence. Single mode 
lasing peaks of very narrow linewidth are demonstrated 
using Ag and Au DFBs at ~882 nm. Kinks in the light-
light curves are observed at threshold pump energy 
densities of ~7.8 and ~10.4 mJ/cm2 for Ag and Au DFBs 
respectively. The lasing emission is exclusively TM 
polarized.  

The organization of this paper is as follows. In 
section II the theory related to the design and modeling 
of the lasers is presented. Section III describes the 
fabrication details and the experimental results. Finally, 
conclusions are drawn in Section IV. 

II. THEORETICAL 

A. Laser Architecture 

A 3D sketch of the laser architecture is shown in Fig. 1. 
A 20 nm-thick, 1 μm-wide metal stripe (Ag or Au), is 
formed on a 15 μm-thick SiO2 substrate. The metal stripe 
is periodically stepped in width from 1 to 0.5 μm in a 
pitch of Λ ~ 303 nm and duty cycle of ~50%, forming a 
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1st order Bragg grating with a Bragg wavelength of λB ~ 
882 nm. 

 

Fig. 1 Sketch of a plasmonic DFB laser comprising a step-in-width 
metal stripe Bragg grating on a SiO2 substrate and covered with a layer 
of IR-140 doped PMMA as the optical gain medium. The structure is 
pumped optically from the top by a ~ 400 μm-wide pump line as 
shown.  

The structure is covered with a thin film of IR-140 
doped PMMA as the laser active medium. This gain 
medium provides ~ 81 cm-1 of material gain at a peak 
wavelength of ~ 880 nm26. The gain medium is pumped 
optically from the top by a 400 μm-wide pump line of 
length equal to that of the step-in-width metal grating. 
The grating is terminated at each end by uniform metal 
stripes about 200 μm long, reaching to the end facets of 
the device. All dimensions are selected such that the 
fundamental LRSPP (the ssb

0 mode27) propagates as the 
only long-range mode in the structure. 

B. Laser Design 

Our DFB lasers operating with LRSPPs are designed 
using the theory of coupled modes in a Bragg grating with 
a periodic perturbation of the refractive index28 In this 
theory, a complex coupling coefficient is defined which is 
proportional to the modulation of real (index) and 
imaginary (gain) refractive index in the periodic structure. 
The coupling coefficient measures the strength of 
coupling between the forward and backward propagating 
modes in a DFB configuration, and as it increases, 
stronger feedback is provided for lasing which decreases 
the lasing threshold. 

In our modeling approach, we use an equivalent 
dielectric stack where each dielectric layer represents a 
section of metal stripe waveguide of width wi (i = 1, 2; w1 
= 1 μm, w2 = 0.5 μm). Specifically, the refractive index 
of a dielectric layer in the stack is taken as the complex 
effective index, neffi (i = 1, 2), of the LRSPP mode 
propagating in a corresponding waveguide section, and 
the thickness of the dielectric layer is taken equal to the 
corresponding length of waveguide22. Mode analysis 
using a numerical solver (COMSOL Multiphysics v5.2) 
is performed to calculate the LRSPP mode’s effective 
index on the metal stripes. For modal analysis, the 
refractive indices of the materials used (Fig. 1) were 
taken from Ref. [29] at our wavelength of interest, λ0 = 
882 nm, which corresponds to the peak emission 

wavelength of IR-140 molecules in PMMA30. However, 
the refractive index of our gain medium (IR-140:PMMA) 
was found experimentally. As discussed in Section III, 
our gain medium consists of PMMA doped with ~0.9 
%wt IR-140. This dopant alters the refractive index of 
PMMA, which we have found to be n = 1.5 using 
ellipsometry and k = +5.5×10-4 deduced by measuring the 
amplified spontaneous emission (ASE) response30 using 
the variable stripe length (VSL) method31. 

The refractive index of IR-140 doped PMMA, as 
stated above, does not match the refractive index of the 
SiO2 lower cladding at λ0 = 882 nm. The LRSPP mode is 
unguided for optically-thick doped PMMA with SiO2 as 
the lower cladding due to index mismatch. The solution 
to this problem is to lower the thickness of the dye-doped 
PMMA sufficiently so that in combination with air 
(above) an effective index match to that of SiO2 can be 
achieved.  

The finite thickness of the IR-140 doped PMMA 
layer creates a slab waveguide on both sides of the metal 
stripe which can support transverse electric (TE) and 
transverse magnetic (TM) slab modes. It is desired to cut-
off these slab modes because they can collect strong ASE 
under pumping. Fig. 2 shows the computed effective 
index of the TE0 and TM0 slab modes along with that of 
the LRSPP mode on 20 nm-thick, 1 μm-wide metal 
stripes formed of Au and Ag, vs. the thickness of the 
doped PMMA layer. The refractive index of fused silica 
(FS) is also plotted and used to identify the cut-off points 
of the modes. The modes become radiative into the silica 
lower cladding when their effective index drops below 
the refractive index of fused silica.  

 

Fig. 2 Effective index of TE0 and TM0 slab modes along with that of the 
LRSPP mode supported in a 20 nm-thick, 1 μm-wide Au or Ag stripe. 
The index of fused silica (FS) defines the mode cut-off points. 

According to Fig. 2, the TE0 and TM0 modes are cut-
off for PMMA thicknesses below 430 and 500 nm 
respectively, whereas the cut-off thickness for the 
LRSPP mode for Au or Ag stripes is about 410 nm. 
Since the LRSPP is a TM mode, we can simply filter the 
TE0 slab mode using a polarizer at the output facet of the 
structure. The cut-off thickness to consider is that of the 
TM0 mode (500 nm), so the thickness of the doped 
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PMMA layer should be selected within the range from 
410 to 500 nm.  

In this range of thickness there is an optimum where 
the LRSPP mode power gain (MPG) is maximised. Fig. 
3 plots the computed MPG of the LRSPP mode for Au 
and Ag stipes, with the red and black dashed lines 
bounding the design range. The MPG must be positive, 
so for the case of Au stripes the thickness of the doped 
PMMA is limited to tPMMA < 470 nm. For Ag stripes, the 
upper range is determined by the TM0 cut off thickness, 
tPMMA < 500 nm. The smallest thickness of the doped 
PMMA layer for both Ag and Au stipes is limited to 410 
nm in order for the LRSPP to remain guided. The 
maximum MPG for Au and Ag stipes occurs at tPMMA ~ 
450 nm, as observed in Fig. 3. 

 

Fig. 3 MPG in cm-1 of the LRSPP mode on Au and Ag stripes vs. the 
thickness of the doped PMMA layer. The red and black dashed lines 
identify the design range based on mode cut-off. The green dashed line 
identifies the transparency thickness (MPG = 0) for the case of the Au 
stripe. 

We proceed with DFB design using a doped PMMA 
thickness of tPMMA = 450 nm. The distribution of the main 
transverse electric field component (Ey) of the LRSPP 
mode, computed at λ0 = 882 nm for Ag stripe widths of 
w1 = 1 μm and w2 = 0.5 μm, is shown in Figs. 4(a) and 
(b), respectively. The use of the equivalent dielectric 
stack model is justified by considering that the LRSPP 
modes in Figs. 4(a) and (b) resemble a y-polarised plane 
wave propagating longitudinally along the metal stripe. 
Most of the fields in the LRSPP are located in the 
background dielectric27. The LRSPP mode size in Fig. 4 
(a) is about 4 μm and it can be shown that it can couple 
to Gaussian beams and single mode fibers at λ0 with 
coupling efficiency around 0.95%32. 

The average real effective refractive index for the Au 
and Ag step-in-width gratings is found to be nave = (neff1 + 
neff2)/2 = 1.4528, similar for Au and Ag stripes. The pitch 
of the first order Bragg grating used in our DFB lasers is 
then computed Λ = λ0/2nave = 303 nm. Using the 
coupled-mode formulation in Ref. [28], the coupling 
coefficients for DFB lasers based on our stepped-in-
width Au and Ag gratings are found as κAu  =  36 cm-1 
and κAg  = 34 cm-1. The mode gain coefficient on the Au 
and Ag gratings are αAu = 1.2 cm-1 and αAg = 1.8 cm-1, 
respectively (averaged over the two stripe widths used 

within a unit cell). Fig. 8 in Ref. [28] was used to find the 
minimum and maximum grating lengths for single 
(longitudinal) mode lasing: Lmin-Ag = 2.7 mm, Lmax-Ag = 
6.1 mm for Ag DFBs, and Lmin-Au = 4.2 mm, Lmax-Au = 9.2 
mm for Au DFBs.  

 

Fig. 4 Computed distribution of the main transverse electric field 
component (Ey ) of the LRSPP mode on 20 nm-thick, (a) 1 μm-wide, 
and (b) 0.5 μm-wide Ag stripes on SiO2, covered with a 450 nm-thick 
doped PMMA layer. 

III. EXPERIMENTAL 

A. Device Fabrication 

DFB lasers as described in Section II were fabricated in a 
standard clean room. Four inch Si wafers bearing a 15 
μm-thick thermally grown SiO2 layer were cleaved into 2 
cm × 2 cm samples and cleaned thoroughly in Acetone, 
Isopropanol, and DI water baths. After dehydration on a 
hot plate, two layers of PMMA (Mw: 950K / Mw: 495K) 
were spun on the sample, baked, and used as the positive 
resist for electron beam lithography (two molecular 
weights are used to produce a re-entrant profile). Layouts 
of 1st order stepped-in-width gratings of three pitches 
(293, 303 and 313 nm) were prepared for electron beam 
lithography. An equal spacing of 400 μm was introduced 
between adjacent DFBs. The Ag and Au step-in-width 
gratings comprised NAg = 9,000 and NAu = 15,000 unit 
cells, resulting in ~ 3.0 mm-long and ~ 4.8 mm-long Ag 
and Au DFBs, respectively. Immediately before electron 
beam lithography, a thin layer of conducting polymer (E-
Spacer) was spun on the PMMA bilayer on the sample to 
avoid charging during electron beam exposure. The 
sample was patterned by electron beam, then developed 
in a solution of MIBK:IPA at 20 ºC for 2 min, resulting 
in the creation of step-in-width grating patterns. A 20 nm 
thick Au or Ag film was then deposited via thermal (for 
Au) and electron beam (for Ag) evaporation. Immediate 
and gentle lift-off in an Acetone bath is then carried out 
to produce the metal grating pattern on the sample. Next 
a solution of 5 %wt PMMA in dichloroethane with 0.9 
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%wt IR-140 is spun and backed on the sample producing 
a 450 nm-thick doped PMMA film on top of the metal 
gratings. Finally, the sample is cleaved, producing optical 
quality facets. Fig. 5 summarizes the fabrication process 
as described.  

 

Fig. 5 Fabrication process for realizing LRSPP DFB lasers. (a) Bi-layer 
PMMA electron beam resist is spun and backed; (b) E-Spacer is spun; 
(c) electron beam lithography and development is performed; (d) metal 
deposition using electron beam evaporation; (e) Immediate lift-off in an 
Acetone bath; (f) Spin coating and backing of a 450 nm-thick doper 
PMMA layer. 

The thickness of Ag and Au gratings were 
determined by atomic force microscopy (AFM) prior to 
coating with the doped PMMA layer, and found to be tAg 
= 21 nm and tAu = 22.5 nm. Thickness of the doped 
PMMA film on Ag and Au dies was measured using a 
Dektak profilometer, and found to be 470 ± 15 nm in 
both cases. Fig. 6(a) gives an atomic force microscope 
image for a Au grating, and Figs. 6(b) and 6(c) give 
scanning electron microscope images for Au and Ag 
gratings, post lift-off (step (e) in Fig. 5).  

 

Fig. 6 (a) Atomic force microscope image of a 20 nm-thick thermal 
evaporated Au stepped-in-width grating; (b) Scanning electron 
microscope image of a Au grating; (c) Scanning electron microscope 
image of a Ag grating. 

It should be noted that the same fabrication process is 
used for Ag and Au DFBs, however, as seen in Fig. 6(c), 
the Ag grating does not look as good as the Au grating. 
We surmise that this is due to Ag de-wetting from the 

SiO2 surface, causing Ag to ball up on the sample rather 
than wetting and adhering properly. Moreover, larger 
grains and a higher roughness are observed. Optimisation 
of the deposition conditions and the inclusion of a thin 
adhesion layer would improve the outcome.  

B. Setup 

All experiments are carried out at room temperature. The 
experimental setup is illustrated in Fig. 7.   

 

Fig. 7 Experimental setup for characterizing DBB lasers. SW: electro-
mechanical switch for pump blocking; WP: λ/2 waveplate; PBS1 and 

PBS2: Polarizing beam splitters; L1: spherical lens; L2: Cylindrical lens; 
VS: variable slit; M: Mirror; DUT: Die under test; VH: Vacuum holder; 
L3: 20× objective; D: Diaphragm; LPF: 850 nm long-pass filter; BS: 
beam splitter; IRC: Infrared camera; SP: Spectrograph. 

The second harmonic from a Nd:YAG pulsed laser 
(Spectra Physics, Mod. Quanta-Ray Lab 190) pumps a 
tunable dye laser (Sirah, Mod. Cobra-Stretch) to produce 
8 nsec pulses in a 10 Hz repetition rate at the peak 
absorption wavelength of IR-140, λp = 810 nm.30An 
electro-mechanical switch (SW) is used to block the 
pump beam as needed. A λ/2 waveplate (WP) and a 
polarizing beam splitter (PBS1) are used to control the 
pump intensity and polarization. A biconvex spherical 
lens (L1) is used to magnify the beam spot, which is then 
followed by a cylindrical lens (L2) to convert the 
Gaussian beam into a pump line about 400 μm wide. A 
variable slit is used to control the pump line length and 
match it to the length of the die under test (DUT). A 
mirror is used to reflect the pump line onto the DUT 
which is held tightly by a vacuum holder (VH) mounted 
on a micro-stage positioner. Using a microscope camera, 
the pump line is aligned parallel to and centered on a 
DFB on the die, such that only a single DFB is excited. 
The spacing between adjacent DFBs on the die is 400 μm 
(similar to the width of the pump line), so that no two 
DFBs can be excited simultaneously. The output 
emission from the DFB under test is collected by a 20× 
objective (L3) and passed through a polarizing beam 
splitter (PBS2) to remove any TE polarized spontaneous 
emission. An optical diaphragm (D) is used reduce the 
TM polarized spontaneous emission that may be carried 
by the slab on either side of the DFB, and a long pass 
filter (LPF) which cuts wavelengths below 850 nm is 
used to block the pump signal. A glass slide is used as a 
beam splitter (BS) to split the DFB’s output between an 
infrared camera (IRC) and a spectrograph (SP). The 
infrared camera (MIicronViewer, Mod. 7290A) captures 
images of the emitted mode. The spectrograph (Princeton 
Instruments, Mod. IsoPlane SCT-320)  is a high 
resolution diffraction system attached to an ultrafast 
gated ICCD camera (Princeton Instruments, Mod. PI-

http://www.princetoninstruments.com/userfiles/files/assetLibrary/Datasheets/Princeton_Instruments_IsoPlane_SCT_320_Rev_N4_1_11-10-14.pdf
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MAX4), and is synchronized with the pump pulses, 
enabling time-resolved characterization. The pump 
polarization is set to be parallel with the pump line and 
the DFBs to maximize optical TM gain, as explained in 
Ref. [30]. Also, the energy density of the pump varies 
from 1 mJ/cm2 to a maximum 47 mJ/cm2 in the 
experiments. 

C. Results 

In terms of design parameters, we expect Ag and Au 
DFBs to have similar lasing performance (i.e. lasing 
threshold, and linewidth). This is because the coupling 
and mode gain coefficients, as presented in section II, are 
very similar for Ag and Au DFBs.  

About 20 DFBs on different fabricated dies were 
tested. Typical responses for Ag and Au DFBs are 
presented in this section. Fig. 8 plots output emission 
spectra from a Ag and a Au DFB tested with a pump 
energy density of Ip = 15 mJ/cm2, showing narrow peaks 
at 882 nm and 881.6 nm respectively. The insets in Figs. 
8(a) and (b) zoom into the narrow peaks. The linewidth 
of these emission peaks are 0.2 nm (Fig. 8(a)), and 0.35 
nm (Fig. 8(b)), clearly limited by the resolution of the 
spectrograph used in the experiments - the actual 
linewidths are narrower. Even though spectrograph-
limited, these linewidths place a ceiling of 0.2 nm on the 
linewidth of our lasers, and this ceiling corresponds (to 
our knowledge) to the narrowest peaks reported to date in 
the literature for surface plasmon lasers. 

 

Fig. 8 Lasing emission spectra from: (a) Ag DFB and (b) Au DFB 
lasers pumped with an energy density of Ip ~ 10 mJ/cm2. Insets: 
zoomed peaks. 

As can be observed, weak broadband spontaneous 
emission is present in Fig. 8(a), and some ASE (~7 nm 
linewidth) is evident in Fig. 8(b), both near 860 nm, 

which corresponds to the location of maximum gain in 
the doped PMMA. It is noteworthy that the lasing peak in 
Fig. 8(b) is much narrower than the ASE peak. The 
linewidths observed are narrower than the narrowest 
linewidths reported to date for SPP lasers, such as 
FWHM = 0.5 nm, obtained at cryogenic temperatures for 
a Ag laser in an electrically pumped metal-insulator-
semiconductor-insulator-metal structure at 
telecommunication wavelength19, or FWHM = 0.4 nm, 
reported for a surface-plasmon enhanced DFB laser at ~ 
615 nm in a Ag-polymer single-interface structure. 21 

L-L graphs are generated by plotting the output 
emission intensity at the lasing peak vs. the pump energy 
density, as shown in Fig. 9. The clear kinks in these plots 
indicate the onset of lasing. The insets to these figures 
illustrate sudden emission narrowing at the onset of 
lasing. The L-L characteristic of each DFB laser in the 
linear region before saturation is fitted to a linear model, 
as shown by the red dashed lines in Fig. 9. The intercept 
of these lines with the emission floor gives the lasing 
thresholds for the Ag and Au DFBs as 7.8 mJ/cm2 and 
10.4 mJ/cm2 respectively which is a moderate pump 
energy density.  

 

Fig. 9 Peak emission intensity vs. pump energy density for (a) Ag and 
(b) Au DFBs. The lasing threshold for the Ag DFB is 7.8 mJ/cm2 and 
for the Au DFB is 10.4 mJ/cm2. Insets: linewidth narrowing with 
increasing pump energy density. 

The lasing threshold was lower in most tested Ag 
DFBs compared to Au DFBs. This is due to the lower 
absorption of Ag compared to Au, as was similarly 
observed in two-dimensional band-edge nano-particle 
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lattice lasers7. Also, the DFB lasing  threshold is higher 
than the ASE threshold (~ 1 mJ/cm2) in IR-140 doped 
PMMA slab waveguides, in part because of the lower 
propagation loss in the latter and the cavity leakage loss 
in the former (to create an emitted signal).26 Also, the 
pump intensity for our DFB lasers is comparable with the 
pump intensity used for amplification of LRSPPs with 
IR-140 in solution (a solvent mixture).25 However, the  
threshold is about 20×  larger than the threshold (0.5 
mJ/cm2) of strongly coupled plasmonic nano-particle 
arrays using IR-140 doped polyurethane7. 

Fig. 10 gives a mode image of the output from a Ag 
DFB captured by the infrared camera. A bright spot is 
observed, against a dim background corresponding to 
TM-polarized spontaneous emission propagating in the 
slabs adjacent to the Ag DFB, as slab modes that are 
radiative into the SiO2 lower cladding. The bright spot 
corresponds to the emission of the LRSPP lasing mode in 
the Ag DFB (cf. Fig. 3). The mode appears strongly 
guided and robust. 

 

Fig. 10 Output mode from a Ag DFB captured by the infrared camera, 
showing a robustly-guided and bright lasing mode. 

These results show that Ag and Au DFB lasers can 
generate highly coherent LRSPPs with good modal 
confinement, at near infrared wavelengths and lab 
temperature, using moderate pump energy densities.  

Although LRSPP lasers offer less confinement than 
hybrid plasmonic nano-lasers,8-12 the former produce 
narrower linewidths (compared to a few nanometers for 
the latter, as deduced from emission spectra). Also the 
optical pump intensity used in the latter is usually very 
high, e.g., above 100 MW/cm2,8 or are operated at 
cryogenic temperatures.9 A FWHM of 0.7 nm was 
reported in a subwavelength confined, waveguide 
embedded (WEB) plasmon laser at visible 
wavelengths,9,10 but with using a very strong pump 
intensity above 3 GW/cm2.   

IV. CONCLUSION 

Single-mode, optically-pumped DFB lasers operating at 
room temperature with LRSPPs, based on step-in-width 
Ag and Au grating stripes, in a non-uniform dielectric 
structure involving a dye-doped polymer as the gain 
medium, are designed, modelled, realized and 
demonstrated. Details of the modeling and design, along 
with the fabrication processes applied and the 
experimental procedures developed are provided. DFB 
LRSPP lasing was achieved at the design wavelength of 
882 nm, and linewidths of 0.2 and 0.35 nm were 

observed for Ag and Au DFBs, respectively, which are 
the narrowest  linewidths observed to date for SPP lasers. 
The TM-polarized emission and high-quality lasing 
mode, along with their ease of fabrication, make these 
DFB lasers interesting as high-coherence sources of 
surface plasmons for integration with passive elements. 
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4.4 Surface plasmon DFB laser optimization on alternative substrates 

The refractive index difference between SiO2 (nSiO2 ~ 1.452) and 0.9wt% IR-140 doped 

PMMA (nPMMA ~ 1.506) reduces the available mode power gain in the ssb
0 mode in the 

LRSPP structure. The design range and performance of DFB lasers can be improved by 

using substrates with refractive indices closer to the refractive index of the doped 

PMMA. Pyrex with refractive index nPyrex ~ 1.47 is a reasonable and cost effective 

substrate which has been considered and DFB designs have been completed using it. It 

will be seen in this section that the design range increases with this substrate as opposed 

to Silica, however; wafer dicing and facet polishing will be required for this substrate.  

4.4.1 DFB lasers’ design using Pyrex substrate 

The refractive index of a Pyrex optical wafer is about 1.47 at near infrared wavelengths. 

The thickness of IR-140 doped PMMA needs to be modified using Pyrex as the new 

substrate, since the cut-off thicknesses for TE and TM polarized slab modes will change. 

Figure 12 provides the effective index of the LRSPP, TE and TM polarized slab modes in 

comparison to the index of a Pyrex substrate. This figure is equivalent to Fig. 2 in the 

article of section 4.3, only Pyrex replaces SiO2 as the substrate. The guided mode is cut 

off where its effective index is less than the substrate’s index (i.e. neff  <  1.47).  

According to Figure 12, the cut-off of the LRSPP mode occurs at tPMMA-LRSPP ~ 500 nm 

using either metal stripe material. The TE and TM polarized slab modes are cut off at 

tPMMA-TE ~ 550 nm and tPMMA-TM ~ 620 nm, respectively. Neglecting the TE mode, as it 

can be simply filtered out by a polarizing cube, the acceptable doped PMMA thickness is 

in the range of 500 nm < tPMMA < 620 nm.  
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Figure 12 Effective indices of TE and TM slab modes in doped PMMA on Pyrex, and the LRSPP 

mode’s effective index supported in a 20 nm-thick, 1 μm-wide Au and Ag stripe on Pyrex, and 

covered with doped PMMA. Index of Pyrex substrate is plotted for comparison and specifying the 

cut-off regions 

For the DFB design we would like to maximize the mode power gain (MPG), within the 

acceptable tPMMA range. Figure 13 plots MPG versus doped PMMA thickness for the 

LRSPPs using 20 nm-thick, 1 μm-wide Ag or Au metal stripes on a Pyrex substrate.  

 

Figure 13 MPG (cm-1) versus doped PMMA thickness for the LRSPPs using 20 nm-thick, 1 μm-wide 

Ag or Au on a Pyrex substrate 
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In contrast to Fig. 3 in the article of section 4.3, the LRSPPs’ MPG using Pyrex substrate 

is always positive. This means that the DFBs’ design range is only limited by the LRSPP 

and TM modes’ cut-off region, i.e. 500 nm < tPMMA < 620 nm which is specified by the 

dashed lines in Figure 13. Also MPG in Figure 13 is almost two orders of magnitude 

larger that MPG using Silica. Larger MPG is preferred in DFB laser design, and as Figure 

13 suggests, thicker IR-140 doped PMMA is better. However, it should be noted that the 

LRSPP’s MPG eventually saturates with increasing tPMMA, as is seen in Figure 13. In 

practice also it is not good to increase tPMMA unnecessarily, since the pump intensity can 

weaken in a thicker doped PMMA film. Moreover, numerical computation of the ssb
0 

mode’s field distribution shows that a thicker doped PMMA layer can alter the symmetry 

of the ssb
0 mode. Figure 14(a) shows the ssb

0 mode’s field distribution in a LRSPP 

structure with a 20 nm-thick, 1 μm-width Au stripe on a Pyrex substrate using a 700 nm-

thick doped PMMA layer.   

 

Figure 14 Computed LRSPP mode electric field distribution for (a) 20nm-thick, 1 μm wide Au stripe 

and 700 nm-thick PMMA, (b) 20nm-thick, 1 μm wide Au stripe and 600 nm-thick PMMA, (c) 20nm-

thick, 0.5 μm wide Au stripe and 600 nm-thick PMMA, all on Pyrex substrate 

Figure 14 (b), shows the mode’s profile using the same Au stripe but with a thinner 

doped PMMA layer of tPMMA = 600 nm. The ssb
0 mode looks more symmetric in the 
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thinner doped PMMA (Figure 14 (b)) compared to the thicker film (Figure 14 (a)), while 

both doped PMMA layers produce almost the same MPG ~ 4.5cm-1. Figure 14 (c) shows 

the ssb
0 mode’s profile in a 20 nm-thick, 0.5 μm-wide Au stripe on Pyrex and with tPMMA 

= 600 nm. 

We follow the lasers’ design by considering a 600 nm-thick IR-140 doped PMMA on the 

Pyrex substrate, and for 20 nm-thick stepped-in-width Ag and Au Bragg gratings. The 

average refractive index in Ag and Au Bragg gratings are found using a numerical solver, 

COMSOL Multiphysics v.5.2., with both values equal to nave = 1.4718. The pitch of the 

first order Bragg grating for lasing at λ0 = 882 nm is then computed as Λ = λ0/2nave ~ 300 

nm.  

The coupling and mode gain coefficients in Ag and Au Bragg gratings are obtained as κAu  

=  73 cm-1, κAg  = 66 cm-1, αAu = 2.3 cm-1, and αAg = 3.3 cm-1. Following the laser design 

methodology in the article (part B., section II), the minimum and maximum DFB lengths 

for single mode lasing in Ag and Au DFBs, are obtained as Lmin-Ag = 1.5 mm, Lmax-Ag = 3.3 

mm, and Lmin-Au = 2.2 mm, Lmax-Au = 4.8 mm. It is interesting to note that although the 

gain constant in Au DFBs is smaller than that in Ag DFBs (αAu < αAg), however; Au 

DFBs produce larger coupling coefficients which compensates for the lower gain 

constant. 
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5. PT symmetry Bragg gratings based on LRSPP structure 

5.1 Summary 

It is shown in quantum mechanics that non-Hermitian Hamiltonians respecting a parity-

time (PT) symmetry condition can generate real eigenvalues. Hamiltonians with a 

complex potential V as a function of position r obeying the condition V(r) = V*(-r), with * 

denoting the complex conjugate, are PT symmetric. By forming analogy between the 

corresponding equations of quantum mechanics and optics it is easy to show that the 

refractive index plays the role of the potential in optics and photonic systems satisfying 

n(r) = n*(-r) are PT symmetric. PT symmetric optical materials are realized by 

judiciously manipulating the complex refractive index to produce even- and odd- 

symmetric distributions for the real and imaginary indices, respectively. These artificial 

materials have gained great attention due to their extraordinary behaviour at a so-called 

exceptional point where the PT symmetry breaks abruptly.  

In this chapter, two PT symmetric Bragg grating structures are introduced 

operating in a LRSPP structure near the exceptional point. The Bragg gratings are 

proposed and designed to produce asymmetric reflectance for signals incident from the 

left or right of the grating. The non-reciprocal reflectance is due to the unidirectional 

coupling coefficient between the forward and backward propagating modes and is not 

against Lorentz reciprocity theorem in linear systems. In both structures index 

modulation is implemented by stepping the width of a metal stripe in a LRSPP 

waveguide. To generate gain/loss modulation, the first PT symmetric Bragg grating uses 

a PMMA top cladding which covers the metal stripe and is periodically doped by IR-140 

[95]. Step-in-width IR-140 doped PMMA stripes covering the metal stripe are used for 
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gain/loss perturbation in the second PT symmetric structure [96]. Both structures lead to 

the same functionalities but the fabrication processes will be significantly different.  

5.2 Contribution 

The results provided in this chapter were published in two journals, first one in Applied 

Physics Letters, and the second one in Applied Physics A. I proposed and designed the 

structures, modeled them by modal analysis and the TMM method. I interpreted the 

results and wrote the manuscripts. Dr. Tait and Dr. Berini contributed to the interpretation 

of the results, and revised the manuscript. 

5.3 Articles 

The published articles follow verbatim.  
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5.4 Unidirectional PT symmetry breaking Bragg grating, remarks on group and 

energy velocities  

5.4.1 Summary 

A comprehensive literature review on PT symmetric optical systems is provided in this 

section. Moreover, two PT symmetry Bragg gratings operating in LRSPP structure based 

on step-in-width metal stripes, and dielectric-loaded metal stripes are proposed [12]. 

Using modal and TMM computations, asymmetric reflectance is demonstrated in these 

Bragg gratings. The conditions for switching the PT symmetric grating to exist in the 

unbroken state, at the breaking threshold, and in the broken state are discussed. 

Additionally, pulse reshaping and energy transport in generic gratings as well as 

proposed PT symmetric Bragg gratings are investigated. It is shown that unlike 

conventional Bragg gratings, PT symmetric Bragg gratings at the exceptional point 

produce no dispersion in group or energy velocity. Also the group delay dispersion in 

broken and unbroken states is inverted. These properties make these gratings suitable for 

novel applications in optical switching and distortion-less pulse transfer.  

5.4.2 Contribution 

Choloong Hahn and I reviewed the literature. He and I had proposed and designed PT 

symmetric Bragg gratings based on dielectric-loaded metal stripes, and step-in-width 

metal stripes respectively. We formulated the group and energy velocities for generic 

Bragg gratings, and each of us applied the theoretical model to our corresponding PT 

symmetric Bragg gratings. We both interpreted the results and made conclusions. I wrote 

the manuscript. Dr. Tait, Dr. Berini and Hahn’s supervisors contributed to the results’ 

interpretation and manuscript revision.   
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5.4.3 Article 

The published article follows verbatim. 
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6. Conclusions and future work 

6.1 Concluding remarks 

Plasmonic structures suffer highly by their intrinsic metallic attenuation which constrains 

their application to a great extent. Incorporation of optical gain in plasmonic devices has 

been greatly investigated during the last decade using various gain media in different SPP 

supporting structures. The goal has been to compensate the attenuation and increase SPP 

propagation length. Over compensation of loss has also been pursued to develop SPP 

amplifiers or SPP laser sources. Although numerous theoretical studies have been 

conducted on this topic but yet there are many avenues open to explore and in particular 

experimental demonstrations have been limited.  

In this thesis we successfully demonstrated lasing with two-dimensional long-

range surface plasmon polariton (LRSPP) structure. This type of plasmonic laser offers 

new architecture suitable for integration with passive LRSPP elements, and uses organic 

gain media based on optically-pump IR-140 doped PMMA. IR-140 dye molecules have a 

relatively large transition cross section and they produce a fair optical gain (about 80 cm-

1) at about 880 nm. Cost effectiveness, ease of processing and fabrication, and wide 

wavelength tunability are properties which turn IR-140 doped PMMA to be a promising 

gain media at near infrared.  

Ag and Au DFBs in LRSPP configuration were realized and showed highly 

coherent lasing with good modal confinement at near infrared using moderate pump 

intensities and at room temperature. 

We also suggested PT symmetric Bragg gratings operating in LRSPP structure by 

using the same gain media and balanced with the LRSPP’s loss to exhibit unidirectional 
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reflectance. The proposed plasmonic-based PT symmetry Bragg gratings in this thesis are 

novel devices with great application potential. While the materials used in these 

structures are linear they demonstrate asymmetric reflectance and dispersion-less pulse 

transmission. Optical processing and switching are among applications can be predicted 

for this kind of devices. 

List of articles published in the refereed journals throughout this Ph.D. are listed 

in below: 

• Elham Karami Keshmarzi, R Niall Tait, Pierre Berini, “Long-range surface 

plasmon single-mode laser concepts”, Journal of Applied Physics 112, 063115 (1-

5), 2012. 

• Elham Karami Keshmarzi, R Niall Tait, Pierre Berini, “Near infrared amplified 

spontaneous emission in a dye-doped polymeric waveguide for active plasmonic 

applications”, Optics Express 22, 12452-12460, 2014. 

• Elham Karami Keshmarzi, R Niall Tait, Pierre Berini, “Spatially nonreciprocal 

Bragg gratings based on surface plasmons”, Applied Physics Letters 105, 191110 

(1-4), 2014. 

• Elham Karami Keshmarzi, R Niall Tait, Pierre Berini, “Parity-time symmetry 

broken Bragg grating operating with long-range surface plasmon polaritons”, 

Journal of Applied Physics A 122 (4), 1-5, 2016. 

• Choloong Hahn, Elham Karami Keshmarzi , Seok Ho Song , Cha Hwan Oh , R. 

Niall Tait , Pierre Berini, “Uidirectional Bragg Gratings Using Parity-Time 

Symmetry Breaking in Plasmonic Systems”, IEEE Journal of Selected Topics in 

Quantum Electronics 22 (5), 1-12, 2016. 

• Elham Karami Keshmarzi, R Niall Tait, Pierre Berini, “Surface Plasmon Single-

Mode Distributed Feedback Lasers”, to be submitted for publication. 

http://scitation.aip.org/content/aip/journal/jap/112/6/10.1063/1.4754417
http://scitation.aip.org/content/aip/journal/jap/112/6/10.1063/1.4754417
http://www.researchgate.net/profile/Elham_Karami2/publication/263096132_Near_infrared_amplified_spontaneous_emission_in_a_dye-doped_polymeric_waveguide_for_active_plasmonic_applications/links/547378890cf245eb436db32d.pdf
http://www.researchgate.net/profile/Elham_Karami2/publication/263096132_Near_infrared_amplified_spontaneous_emission_in_a_dye-doped_polymeric_waveguide_for_active_plasmonic_applications/links/547378890cf245eb436db32d.pdf
http://www.researchgate.net/profile/Elham_Karami2/publication/263096132_Near_infrared_amplified_spontaneous_emission_in_a_dye-doped_polymeric_waveguide_for_active_plasmonic_applications/links/547378890cf245eb436db32d.pdf
http://scitation.aip.org/content/aip/journal/apl/105/19/10.1063/1.4901818
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http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Seok%20Ho%20Song.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Cha%20Hwan%20Oh.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.R.%20Niall%20Tait.QT.&newsearch=true
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6.2 Future work 

Although extensive work has been performed already in this thesis, there is still much 

future work to accomplish. The future work can be summarized as in below: 

• Fabrication improvement to produce high quality stepped-in-width Ag 

stripes  

Ag has a lower loss compared to other plasmonic metals and is widely used in plasmonic 

systems. However, Ag is a highly reactive material which turns it susceptible to its 

ambient environment. For Ag deposition using thermal or electron beam evaporation 

techniques, it is essential that a high pressure vacuum (~ 1× 10-8 Torr) is supplied in the 

evaporation chamber. Otherwise any oxygen or water vapor molecules can interact with 

Ag and induce impurities. Also it is critical that the chamber temperature is not too high. 

This is because Ag cannot properly wet the sample’s surface even at the room 

temperature.   

For a 20 nm-thick Ag deposition, a very low roughness (sub nanometer) is required. In 

my best deposition attempts so far 1.2 nm roughness is achieved for a 20 nm-thick Ag or 

about 6% roughness.  

The other factors important in producing a good quality stepped-in-width Ag stripe is to 

have a right bi-layer resist for electron beam lithography and fine exposure parameters. It 

is necessary to produce adequate undercut in the resist so that after Ag deposition and lift 

off, artifacts such as wings will not remain.  

• Accurate linewidth measurement for LRSPP DFB lasers using heterodyning 

techniques 
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Up to now the best performing LRSPP DFB laser has shown a FWHM ~ 0.2 nm which is 

almost as narrow as the resolution of the spectrograph used for DFB characterization. A 

more accurate linewidth measurement is necessary to evaluate the coherency of LRSPP 

DFB lasers. Heterodyning techniques based on beating the laser beams from the source 

under test and a tunable source of know linewidth and detecting the beat note by a fast 

photo receiver is usually an established method to obtain the linewidth of unknown 

source.  

• Realization of LRSPP DFB lasers using Pyrex  

As was explained in chapter 4, the contrast between the refractive index of the SiO2 

substrate and IR-140 doped PMMA top cladding decreases the LRSPP’s MPG and 

tightens the design range for Ag and Au DFB lasers. Pyrex is an available substrate 

which can replace with SiO2 to reduce the index contrast and increases the design range. 

Also Ag and Au DFBs using Pyrex have larger MPG which can lower the DFBs lasing 

threshold and increase the quality factor. The challenge with Pyrex wafers is that they 

cannot be easily cleaved to produce high quality optical facets. It is required to dice the 

samples made of Pyrex substrates and then polish the sample’s edge without damaging 

the deposited layers. 

• Realization of a LRSPP PT symmetric Bragg grating using periodic doped 

and undoped PMMA top cladding 

The fabrication processes for this device is already considered. After depositing the 

stepped-in-width Ag stripe on the substrate, an undoped PMMA is spun and cured on the 

sample. Then an electron beam lithography followed by development is performed to 

create an undoped PMMA pattern. A liquid gain media in the form of IR-140 molecules 
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dissolved in an index-matched solution is poured on the sample in a precise quantity so 

that the liquid fills in the hollow regions and arrive at a same thickness as undoped 

PMMA regions. 

• Investigation of a LRSPP PT symmetric laser  

Using a long stepped-in-width Ag Bragg grating (up to 10 mm) and replacing the SiO2 

substrate with Pyrex to increase LRSPP modal gain, would increase the non-zero 

coupling coefficient in the PT symmetric Bragg grating with periodic doped and undoped 

PMMA top cladding, so that an amplified reflectance would occur. Lasing is possible 

with reflectance greater than 1 and this laser unlike the two output port DFB lasers, has 

only one output port. 
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