
 

1

Supporting Information for 

Surface plasmon polariton amplification upon electrical 

injection in highly-integrated plasmonic circuits 

Dmitry Yu. Fedyanin,1,* Alexey V. Krasavin,2 Aleksey V. Arsenin,1 Anatoly V. Zayats2 

1Laboratory of Nanooptics and Femtosecond Electronics, Department of General Physics, Moscow 

Institute of Physics and Technology (State University), 9 Institutsky Lane, Dolgoprudny 141700, 

Russian Federation 
2Nano-optics and Near-field Spectroscopy Group, Department of Physics, King’s College London, 

Strand, London WC2R 2LS, United Kingdom 

Numerical simulation of surface plasmon polariton (SPP) amplification 

Carrier flow in the structure is predominantly directed along the y axis (Figure S1) and, consequently, 

one-dimensional electronic simulations are appropriate for description of the proposed amplification 

scheme.1 

 

Figure S1. Transverse cross-section of the T-shaped waveguide under consideration. 

Therefore, the carrier behavior within the semiconductors is described six first order non-linear 

differential equations 
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which are solved using the finite difference method. Here all notations have their usual meaning,2 i.e. φ 

is the electrostatic potential; Ey is the electric field; e is the electron charge; ε is the static dielectric 

constant; p and n are the concentrations of holes and electrons, respectively; Nd and Na are the donor and 

acceptor impurity concentrations; Dp and Dn, μp and μn are the diffusion coefficients and mobilities for 

holes and electrons, respectively; Jp and Je are the hole and electron current densities; U is the electron-

hole recombination rate that includes the stimulated emission (Ustim), spontaneous emission (Uspont) and 

non-radiative Auger (UAuger) recombination rates. The contribution terms used in the present study are 

expressed as follows: 

     ),( eqeqspspont pnnpBFU       (s2) 

        ,eqeqnpAuger pnnpnCpCU      (s3) 

     ,/stim zgPU        (s4) 

where n and p are the electron and hole concentrations, neq and peq are the equilibrium electron and hole 

concentrations, B is the radiative recombination coefficient, Cn and Cp are the electron and hole Auger 

recombination coefficients, ω is the SPP frequency, g is the local optical gain, Fsp and Pz are the 

normalized Purcell factor and power density given by 
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In the above expressions, Sz(x,y) is the projection of the Poynting vector on the z axis taken from the 

eigenmode optical simulations (as described in the main text), ),( yxn  is the real part of the refractive 

index, υg is the SPP group velocity, E(x,y) and H(x,y) are the complex electric and magnetic fields of the 

SPP found in the eigenmode optical simulations, ),( yx  is equal to 2),( yxn  in the semiconductors and 

SiO2, while in the metal  ,/1),( 222
p   yx  found from the complex dielectric function of the 

metal calculated using the Drude model    i22
p /1)(  (see section "Calculation of the 

dielectric function of gold" below). Optical gain connected with band-to-band transitions is given as4 
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where me0 is the free-electron mass, Fe and Fh are the quasi-Fermi levels for electrons and holes, n  is 

the real part of the refractive index of the semiconductor, Mb is the average matrix element connecting 

Bloch states near the band edges and finally ρc (ρv) is the density of states in the conduction (valence) 

band and Menv is the envelope matrix element, both are calculated using Stern's approach.5,6 In order to 

use the expression for the optical gain in the finite difference solver, we fit Eq. s8 with a linear function 

     .),min(),( tr1 Npngpng N       (s9) 

In the case of InAs under consideration,3 214
1 cm1041.1 Ng  and .cm100.5 314

tr
N  Band-to-band 

transitions in AlAs0.16Sb0.84 are neglected, since the SPP energy is much less than the bandgap energy of 

AlAs0.16Sb0.84 (1.77 eV). 

To complete the model, 12 interface boundary conditions are implemented: three – at the metal-

semiconductor contact (y=0), six – at the InAs/AlAs0.16Sb0.84 heterojunction (y=h) and three – at the 

back contact (y=H). In accordance with the thermionic emission theory, boundary conditions at y=0 

(Schottky contact) can be written as2,7 
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where  TkEFNn Bgb2/1
InAs
c0 /)(    and  TkFNp Bb2/1

InAs
v0 /  are the quasi-equilibrium electron 

and hole concentrations at y=0 ( 2/1F  is the Fermi-Dirac integral, b  is the Schottky barrier height for 

holes, Nc
InAs and Nv

InAs are the effective densities of states in the conduction and valence bands of InAs), 

υnr and υpr are the effective recombination or collection velocities for electrons and holes, respectively. 
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At the InAs/AlAs0.16Sb0.84 heterojunction, again, the thermionic emission boundary conditions8,9 are 

used: 
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Here, me
InAs (me

AlAs0.16Sb0.84) and mh
InAs (mh

AlAs0.16Sb0.84) are the effective electron and hole masses in 

InAs (AlAs0.16Sb0.84), ε
InAs and ε AlAs0.16Sb0.84 are the static dielectric constants of InAs and AlAs0.16Sb0.84, 

ΔEc (ΔEv) is the difference in energy of the conduction (valence)-band edges in InAs and AlAs0.16Sb0.84. 

For simplicity, the back contact is modeled as an ideal Ohmic contact: 
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where V is the bias voltage, neq
AlAs0.16Sb0.84  and peq

AlAs0.16Sb0.84  are the equilibrium electron and hole 

concentrations in AlAs0.16Sb0.84. 

Finally, from the gain profile g(y) obtained in the finite difference simulations, the net SPP gain G is 

calculated using the power flow approach3: 
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where εAu is the dielectric function of Au, E is the SPP electric field, g is the local optical gain, Wrad 

represents SPP radiation losses and ~  is the complex SPP wavevector calculated neglecting band-to-

band transitions in InAs. 
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Calculation of the dielectric function of gold 

Dielectric function of gold was calculated in the infrared using the Drude model 
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where ωp is the plasma frequency and Γ is the damping frequency. The plasma frequency is practically 

temperature-independent10,11 and in gold is equal to12-14 116 s1037.1  . In the infrared, Γ can be 

represented as the sum of four terms: 

.sgep         (s15) 

In the above expression, γp, γe, γg and γs are related to the electron-phonon, electron-electron, grain-

boundary and surface scattering, respectively. The electron-phonon collision frequency γp is 

temperature-dependent15: 
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where θ=170 K is the Debye temperature of Au. The electron-phonon collision frequency can be also 

related to the electron mean free path Λ as ,/Fp   where υF is the Fermi velocity in gold 

cm/s).104.1( 8  At room temperature, Λ=38 nm and, consequently, .s107.3)K300( 113
p

  Electron-

electron scattering is represented by the sum of the temperature dependent and the frequency dependent 

terms10: 
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e

T
ee   T       (s17) 

where )(T
e T  is much less than γp and is neglected in our calculations, while )(f

e   is expressed as16 
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Surface scattering rate γs is determined by the thickness of the metal film h and is given by17 
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where p is the fraction of elastically scattered electrons (assumed to be zero in our calculations) and h is 

the film thickness. Grain-boundary scattering arises from the fact that the gold film is polycrystalline. It 

can drastically alter the damping frequency Γ and significantly increase Joule heating losses in the metal 
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if the grain size becomes comparable with the electron mean free path.18 According to the theory of 

Mayadas et al.,19 grain-boundary scattering rate γg is expressed as follows: 
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.
1 R

R

D 


       (s21) 

Here, D is the grain size, which strongly depends on the film thickness and the fabrication process, and 

R is the grain-boundary reflection coefficient, which is approximately equal to 0.4 in the case of Au.20 

To verify our model, we compare it with the experimental value of Johnson and Christy14 for the 

damping frequency in the Drude formula. According to the data listed in the above reference, we took 

h=40 nm and determined the grain size as 30 nm (see Ref. 21). Substituting these values into Eqs. (s15-

s21), we obtain the damping frequency in the range from 113 s108.9   (at ħω=0.64 eV) to 113 s106.10   

(at ħω=1.5 eV), which is in a good agreement with the experimental result of Johnson and Christy14 

.s10)0.18.10( 113   

Now, we apply the model to the calculation of the dielectric function of gold in the spectral range 

under consideration (0.34-0.44 eV). Assuming the gold film thickness to be about 100 nm and the 

corresponding grain size be equal to 60 nm (according to Ref. 21), we can easily calculate scattering 

contributions at room temperature: ,s107.3 113
p

  ),meV5.392at(s106.6 111
e

  

,s100.6 112
s

    ,s102.2 113
g  and obtain .meV) 392.5(at s106.6 113   At 77 K, the 

electron-phonon collision frequency decreases down to ,s102.1 113
p

  whereas the surface 

scattering rate and the grain scattering rate do not change significantly 

)s101.2,s105.6( 113
g

112
s

    and γe remains the same. Summing all the contributions, we get 

113 s101.4   at 392.5 meV. To calculate the damping frequency over the entire considered spectral 

range, we derive the explicit expression   ,s10)(43.001.4 1132    where ħω is measured in eV. 

 

Simulation of the SPP transmission through a 90-degree bend 

Transmission through a 90-degrees waveguide bend is simulated using the full-vectorial 3D finite 

element method (FEM). As a first step, the eigenmode electromagnetic problem is solved at a 

waveguide cross-section and the TM00 mode is identified. Then, the field distribution corresponding to 

this mode is set as a source boundary condition (marked by a red rectangular in Figure S2(a)) in the 3D 

simulations. The validity of the 3D simulations is confirmed by modeling a straight waveguide. It is 
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found that the mode propagates with essentially the same characteristics as predicted by the eigenmode 

simulations. 

 

 

Figure S2. (a) Field map yERe  of mode transmission through a 90-degree waveguide bend for the 

case of 1.5 μm bending radius of the waveguide central axis. (b) Transmission through the bend (curved 

interval between cross-sections 1 and 2 shown in the insert) as a function of the bending radius under 

electrical pumping providing full loss compensation in the case of a straight waveguide. 

Dependence of the bend transmission on the bending radius is presented in Figure S2(b). It is 

calculated as a ratio of the power flow integrals over the waveguide core at the output (marked by a blue 

rectangular in Figure S2(a)) and at the input (marked by a red rectangular in Figure S2(a)). The actual 

lengths of the input and the output straight waveguide sections used in the 3D simulations (cut in the 

figure) were equal to 10 μm in order to allow the mode to settle after excitation at the source boundary 

and after transmission through the waveguide bend. The mode transmission is normalized to exclude the 

straight waveguide sections and is calculated for the case of full loss compensation in a straight 

waveguide. Perfectly matched layer (PML), marked by green in Figure S2(a), is placed at the outer 

boundary to absorb the radiation escaped from the bend (essential at smaller radii R<1 μm), which could 

(being partly reflected) affect the transmission results. 

As shown in the Figure S2(b), the plasmonic mode can be transferred with 95% efficiency through a 

90-degree bend having just 1.5 μm radius. The field map corresponding to this case is presented in 

Figure S2(a). As one can easily see, there is virtually no radiation losses from the waveguide, which was 

additionally checked using power flow integration over the boundary at which the PML is placed. Such 

small bending radius ultimately defines a very small (subwavelength) size of all circuit components, 

such as splitters, ring resonators etc. 
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