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Abstract. We have presented the results of terahertz time-domain spectroscopy 

measurements and a rigorous electrodynamic modeling of the optical characteristics of 

grating-based AlGaN/GaN plasmonic structures with low-doped two-dimensional electron 

gas in the frequency range of 0.1...1.5 THz. Two samples with grating aspect ratios (strip 

width/period) of 2.4/3 and 1.2/1.5 µm have been investigated. The measured transmission 

spectra are reconstructed in the calculations with high accuracy. The transmission spectra 

for p-polarized incident radiation exhibits Fabri–Pérot oscillation behavior due to the 

optically-thick substrate. The specific values of amplitude and spectral position of the 

transmission maxima are associated with the coupling of terahertz radiation with 2D 

electron gas due to plasmon excitations. Both calculations and transmission/reflection 

measurements demonstrate that plasmonic structures with micro-scaled metallic grating 

have three-fold increase of non-resonant absorption of terahertz radiation in comparison 

with the bare heterostructure. The polarization measurements of the transmission spectra of 

the plasmonic structures well agree with calculations and indicate a well-pronounced 

filtering effect of the grating for the s-component of the incident electromagnetic wave. The 

obtained values of the transmission for p- and s-polarized incident radiation demonstrate 

the high quality of deposited metallic grating with the extinction ratio higher than 80:1 for 

sub- and few THz frequency range. 
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1. Introduction 

In the recent decade, a great success in the terahertz 

(THz) technologies is in part associated with the rapid 

development of a special field of research often 

mentioned as THz plasmonics [1]. From a basic scientific 

point of view, THz plasmonics uses the effects of strong 

coupling of electromagnetic (EM) waves with plasmon 

oscillations of electron gas in the presence of artificially 

structured surfaces (plasmonic metamaterials). The 

application area of plasmonic metamaterial-based devices 

involves THz-waveguiding [2], subwavelength focusing 

and imaging [4, 3] as well as THz emission. The latter 

includes plasmonic THz thermal emitters [5, 6], THz 

quantum cascade laser with plasmonic cavity [7] and 

plasmonic photoconductive switches for picosecond 

pulse generation [8], etc. The mentioned examples 

exploit the resonant excitation of surface plasmon-

polaritons. 

An important development of THz plasmonics deals 

with grating-based plasmonic structures coupled with a 

two-dimensional electron gas (2DEG) [9]. Operation 

principles of such hybrid plasmonic structures are based 

on excitation of plasmon oscillations in the conductive 

channel of a quantum heterostructure or in a doped sheet 

of graphene in the presence of a plasmonic element like 
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to a subwavelength metallic grating. The broad 

functional abilities of these structures are due to the 

essential wavevectror dispersion of 2DEG plasmon 

oscillations [10], their strong dependence on the 

dielectric surrounding of 2DEG [11] and small damping 

of the plasmons at high mobilities of 2DEG. 

Moreover, these structures open the possibility to 

control the characteristic frequencies by the applied gate 

voltage [12-14] or lateral electric fields [15]. In the 

former case, the hybrid plasmon structure with 2DEG 

can be configured as a grating-gate field-effect transistor 

where the plasmon spectra can be modified by an applied 

gate-to-channel voltage leading to a spatial modulation of 

the 2DEG concentration. The grating-gate field-effect 

transistors are widely investigated as sensitive detectors 

of THz radiation [16-19]. In the latter case, by applying a 

lateral electric field, one can renormalize the plasmon 

spectra due to plasmonic nonreciprocity induced by 

Doppler effect in the presence of an electron drift. This 

effect can be identified as a specific splitting of the 

frequency band of the plasmon resonance in 

transmission/absorption spectra of the grating-based 

plasmonic structures [15, 20, 21]. 

Moreover, the heating effect of 2DEG by the lateral 

electric field can lead to the appearence of specific peaks 

in the emission spectra of the hybrid plasmon structure. 

The origin of these peaks is associated with the radiative 

decay of the 2D plasmons under the grating [22]. The 

frequency selective emission properties of the hybrid 

plasmon structure were recently demonstrated for highly-

doped (n0 ~ 10
13 

cm
–2

) AlGaN/GaN plasmonic structures 

with micron [14, 23] and submicron [24] grating periods. 

The above-mentioned THz thermal emitters are inhe-

rently incoherent and have broadband emissivity spectra. 

The development of electrically-driven coherent 

THz sources remains the great challenge for modern THz 

technologies. The possible physical principles to develop 

these devices can be based on excitations of plasmon 

instabilities in 2DEG induced by strong steady-state 

electric fields. There are several mechanisms of plasmon 

instabilities that can be developed under the grating. One 

of them is Cherenkov-like instability that can be achieved 

when the electron drift velocity exceeds corresponding 

values of the phase velocity of plasmons. Theories of this 

type dealing with plasmon instability were proposed and 

discussed by K. Kempa and coworkers [25] and by  

S. Mikhailov [26]. At sufficiently strong applied electric 

fields, the conditions for the triggering of another type of 

convective instability associated with the effect of the 

stationary electric field on the high-frequency ballistic 

electron dynamics can be achieved. Theory of this kind 

of instability was recently developed in Ref. [27] using 

analytical solutions of the Boltzmann transport equation 

for an electron gas with parabolic dispersion law. It was 

shown that grating-based AlGaAs/GaAs plasmonic 

structures with deeply submicron periods at applied 

electric fields of the order of 1 kV/cm can possess a 

negative absorptivity in the THz frequency range. In the 

framework of similar transport models, the effects of the 

field induced negative absorptivity and triggering of the 

plasmon instability were predicted for narrow graphene 

strips [28] and low-doped sheet of graphene [29], 

respectively. Recently, another mechanism of 

electrically-driven plasmon instability associated with a 

strong renormalization of the plasmon spectra under the 

grating by an electron drift was proposed in Ref. [30]. 

This mechanism belongs to the internal type of plasmon 

instabilities and predicts the existence of a specific range 

of wavevectors within the Brillouin zone for which 

traveling plasmons will be unstable. 

Observation and exploitation of the electron-drift-

induced instabilities are possible if a set of requirements 

for parameters of the plasmonic structures are met. In 

order to decrease the threshold values of the electron drift 

velocities and plasmon damping due to electron 

scattering the plasmonic structures should use as core 

elements the low-doped and high-mobility quantum well 

heterostructures or graphene-based structures. It is also 

desirable to have the possibility to apply nondestructively 

high electric fields of the order of several kV/cm and 

higher to the conductive channel of the heterostructure. 

Finally, a large-area metallic grating of micron or sub-

micron periods with small fluctuations of the strip widths 

and periods should be formed on the top of barrier layers. 

We suggest that plasmonic structures based on low-

doped AlGaN/GaN heterostructures are promising 

candidates to observe the above-mentioned plasmon 

instabilities. Moreover, low-doped AlGaN/GaN 

heterostructures with low collision rate for electron-

electron scattering and large electron-optical phonon 

coupling can provide the necessary conditions to achieve 

the optical phonon transit-time (OPTT) resonance 

associated with a quasi-ballistic electron dynamics. In the 

past, the OPTT resonance was discussed in many papers 

[31-33] as an electrical mechanism for generation of EM 

waves in the sub- and THz frequency ranges. Later, in 

Ref. [34] it was shown that in the OPTT resonance 

regime the plasmon spectrum has a non-trivial multi-

branch character that can be observed in THz 

spectroscopy measurements of plasmonic structures with 

appropriate gratings. The investigated AlGaN/GaN 

heterostructures [35], including the plasmonic 

structures [23], had electron concentrations of the order 

of 10
13

 cm
–2

. However, at these high values of electron 

concentrations, the OPTT resonance and related 

phenomena are probably washed out by the strong 

electron-electron scattering. 

The aim of this paper is to present the results of the 

electrodynamic modeling and THz time-domain 

spectroscopy (TDS) characterization of grating based 

AlGaN/GaN plasmonic structures with unusually low 

electron concentrations of the order of 10
12

 cm
–2

 achieved 

without any modulation doping but using the small Al 

content (~10%) in the barrier layer. The THz-TDS 

measurements were performed for large-area optical 

sample under equilibrium conditions. The plasmonic 

nature of the coupling between the electromagnetic 

radiation and the grating-based structures is investigated 

through the comparison of the electrodynamic modelling 

and the results of spectroscopy measurements. 
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The paper is organized as follows. Fabrication 

details, geometry and basic electric characteristics of the 

plasmonic structures including the details of the THz-

TDS setup are highlighted in Section 2. A theoretical 

model and preliminary calculations are given in 

Section 3. The results of THz-TDS measurements their 

discussions and comparison with the results of the 

theoretical modeling are presented in Section 4. The 

main results are summarized in Section 5. The details of 

the calculations algorithms are collected in Appendix. 

 
2. Plasmonic samples. Fabrication, basic 

characterization and details of THz measurements 

The bare AlGaN/GaN heterostructures were grown by 

metal-organic vapor-phase epitaxy on a (0001) Al2O3 

substrate with the thickness Ds = 430 µm. The resulting 

heterostructure consist of the undoped GaN layer 

followed by the Al0.1Ga0.3N top layer with thicknesses  

d1 = 3 µm and d0 = 20 nm, respectively (see Fig. 1a). In 

unintentionally doped AlGaN/GaN structures, the built-in 

piezo- and polarization-fields form a quantum well for 

the electrons under the AlGaN/GaN interface. For a 

small Al content, the electrons are well confined near the 

interface, while their surface concentration, n0, is not 

large. For the studied heterostructure, by performing Hall 

measurements, the temperature dependences of the 

concentration, n0(T0), and the mobility, µ(T0), were 

obtained in the wide temperature range, T0 = 10…300 K 

(see Fig. 1b). The concentration of 2DEG was found to 

be almost constant in the considered temperature range, 

≈ 2.2·10
12 

cm
–2

. As for the group-III-nitride structures, 

the electron concentration was relatively small. The latter 

is due to a low Al-content in the AlxGa1–xN barrier layer 

resulting in smaller polarization doping [36]. The 

mobility of the electron gas was reasonably high,  

approximately 4500
 
cm

2
/V·s at low temperatures (T0 =  

= 10…200 K). At higher temperatures, the mobility 

progressively decreases down to the value 1500
 
cm

2
/V·s 

at room temperature. Recently, similar AlGaN/GaN 

heterostructures were used as a core element for 

fabrication of planar GaN nanoribbons [37]. 

The plasmonic samples used in this study were 

obtained by deposition of a large-area and highly-ordered 

metallic grating on the top of the barrier layer. To fabrice 

the gold (Au) line arrays with ratios of bar width/period 

of 2.4 µm/3 µm (Sample 1) and 1.2 µm/1.5 µm 

(Sample 2), high resolution e-beam lithography (EBL) 

and lift-off process were used. First, the individual 

sample was spin-coated with the positive tone resist 

ZEP520A-7 diluted 4:1 in anisole, which resulted in the 

resist thickness close to 145 nm. Pre-exposure bake of 

150 °C for 4 min was applied. Then the resist was 

structured by means of EBL (Vistec EBPG 5000plus 

tool) to create the desired line arrays. A suited exposure 

dose was determined using the dose test series. For this 

purpose, the patterned area was reduced to 250×250 µm
2
, 

still large enough to provide a representative electron 

backscattering profile of the sample. Beam step size of 

10 nm and beam current of 3 nA led to an optimal dose 

of 125 µC/cm
2
 for both bar widths. The samples were 

developed in standard developer ZED-N50 for 90 s 

followed by development stop in isopropanol for 30 s 

and DI-rinse. For the final samples, the patterned area 

was enlarged to 5×5 mm
2
 and the determined EBL 

parameters were applied. After development, the metal 

layer system consisting of a sticking layer of 10 nm 

chromium with 40 nm thick Au layer on top was 

deposited by electron beam evaporation setup (Pfeiffer 

PLS 500) with an evaporation rate of 0.1 nm/s for both 

metals. The lift-off was performed with the standard 

resist remover ZDMAC for 3 hours followed by two 

isopropanol baths with 30 s duration for each. For the 

2.4-µm lines almost a perfect pattern over the whole 

grating area could be created with only three misplaced 

lines. For the thinner linewidth of 1.2 µm, a sticking 

problem was more pronounced, which resulted in peeling 

off approximately 5% of the lines. This effect can be 

effectively reduced by applying a critical point drying 

technique in the future studies. 

The SEM images of a part of the grating coupler are 

shown in Fig. 1c. The area covered by the grating, Sg, 

was in the middle of the samples with Sg = 5×5 mm
2
 for 

both samples. The total area of the sample, including the 

region without the grating, was S = 10×10 mm
2
 (see 

sketch in Fig. 1d). 

THz spectroscopy of the AlGaN/GaN plasmonic 

samples, including the measurements of the 

transmittance, reflectance and their polarization 

dependences, was performed using commercial THz-

time-domain spectrometer TeraPulse 4000 by TeraView. 

The operation principles of the TeraPulse 4000 are based 

on the standard THz pulse technique [38]. The 

instrument provides generation of terahertz pulse 

radiation using ultra-fast (femtosecond) laser excitation 

of a biased GaAs photoconductive switch/antenna. The 

THz photoconductive antenna produces few-cycle 

picosecond pulses that in frequency domain cover the 

spectral range from 0.1 up to 3.5 THz. The power of THz 

radiation used for the measurements was below 1 µW, so 

no thermal strain was induced in the sample. Coherent 

detection of the terahertz radiation was performed in a 

similar photoconductive antenna circuit. By gating the 

photoconductive gap with a femtosecond pulse 

synchronized to THz emission, the current proportional 

to the terahertz electric field was measured. By varying 

the optical path length to the receiver, the terahertz-time 

domain signal was sampled. 

The example of the THz pulse produced by the 

TeraPulse 4000 in time- and frequency-domains recorded 

on air is shown in Figs. 2a and 2b, respectively. The 

emitting THz pulse is collected and focused close to the 

diffraction limit. As a result a spot size on the sample is 

different for different Fourier harmonics (Fig. 2d). 

This detail is important for a careful analysis and 

interpretation of the experimental data. As seen from the 

sketch in Fig. 2c, a large part of the sample uncovered  

by the grating was illuminated by radiation of lower fre-

quencies. The higher frequency spectral components of 

radiation  were  predominantely collimated on the region  
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Fig. 1. (a) A schematic sketch of the bare AlGaN/GaN quantum well heterostructure. (b) Results of the measurements of temperature 

dependences of the mobility and the electron concentration of 2DEG. (c) Scanning electron microscopy (SEM) images of two 

plasmonic samples with different grating periods and strip width. (d) A sketch of the plasmonic sample with grating coupler. 

Fig. 2. (a) Waveform of the electric field of the THz pulse in the time-domain. (b) The corresponding power spectrum in the 

frequency-domain; (c) Sketch of the plasmonic sample illumination by different spectral harmonics. Wide red and narrow blue 

circles schematically illustrate the spot sizes corresponding to the lower and higher frequency harmonics, respectively. (d) Variation 

of the focal spot size with the frequency. 
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covered with the grating. The transmittance/reflectance 

spectrum was measured as the ratio of the power spectra 

of the waveform transmitted/reflected through/from the 

sample to the power spectrum of the reference waveform 

of the THz pulse. In both configurations, incoming THz 

radiation is linearly polarized. 

 
3. Theoretical model and preliminary calculations 

The plasmonic structures under consideration and their 

interaction with the THz radiation are complex and 

involve different electrodynamic and electronic 

processes. To understand expected experimental results, 

at first we present theoretical model describing the 

processes in the structures. 

 

3.1. Theoretical model 

We formulate our approach as a linear problem of 

interaction of the plane THz waves with the grating-

based plasmonic structures. This means that the different 

spectral harmonics, which compose the time-domain 

signal, are considered as uncoupled. To analyze the 

electromagnetic fields, we use solutions of the Maxwell 

equations by applying the integral equation technique 

and Galerkin scheme [21, 39], which provides fast 

convergence and controlled accuracy of computations. 

The plasmonic structure schematically shown in 

Fig. 1a is modeled as follows. The grating is presented  

as a set of infinitely thin metallic strips along the  

Oy-direction, which are periodically arranged along the 

Ox-direction (see Fig. 1d). The grating is separated by 

the distance d0 from a uniform quantum well layer with 

electrons. The latter are considered as two-dimensional 

electrons situated in the {x, y}-plane. Both assumptions 

are valid when the thicknesses of the grating strips and 

the quantum well thickness are much smaller than 

corresponding skin-layers. Then, it is assumed that the 

incident THz-beam uniformly illuminates the plasmonic 

structures. 

The master equation for the electric field, ),( trE , 

of the EM wave is:  
 

t

t

ct

t

c

z
trotrot

∂

∂π
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where c is the light velocity in vacuum, ε(r) is the 

dielectric permittivity different for various layers 

composing the plasmonic structure:  
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Here, ε0, ε1, ε2, and ε3 stand for the dielectric 

permittivities of the air/vacuum, AlGaN barrier layer, 

GaN layer and sapphire substrate, respectively. ),( trj  is 

the space- and time-dependent conduction current 

density, which includes the currents flowing in the 

grating strips, j
G
(r,t), and that flowing in the quantum 

well layer, j
2D

(r,t). 

Below, we consider the normal incidence of the 

plane EM wave polarized perpendicularly to the grating 

strips (the p-polarization). In this case, as the result of 

interaction of the incident wave with the grating, the 

electric field E(r,t) acquires two components, Ex(x,z,t) 

and Ez(x,z,t). 

Within the proposed model, the current densities j
G
 

and j
2D

 have only x-components, and the total current j 

can be written as follows:  

 

),(),()(),(=),( 0
2 dztxjztxjtj D
x

G
xx −δ+δr  (3) 

 

where δ denotes the Dirac delta-function. To find the 

current in the grating, we use the Ohm law in the local 

approximation,  

 

),,0,()(=),( txExtxj x
GG σ  (4) 

 

where Ex (x,
 
0,

 
t) is the x-component of the electric field 

of the THz-wave. The coordinate dependence of σ
G
(x)  

is determined by the grating period. In particular,  

for the periodic step-like grating profile, 

][0,),(=)( axxwx GG ∈−Θσσ  where Θ is the Heaviside 

step-function. We also assume that the conductivity of 

the metal strips σ
G
 has no frequency dispersion; this 

condition is realized for the majority of the highly-

conductive metallic materials in the sub- and few-THz 

frequency range [40]. 

The electron current in the quantum well is 

described in the framework of the linear response: 

 

∫
∞−

′′−′σ

t

x

DD
tdtdxEtttxj ),,()(=),( 0

22
,    (5) 

 

where the Fourier component of σ(t), i.e., the frequency-

dependent conductivity, can be used in the Drude–

Lorentz form:  

 

ωτ−

σ
ωσ

i

D

1
=)( 02

. (6) 

 

Here, µσ 00 = en  with n0 being the electron 

concentration, µ is the mobility, τ – electron relaxation 

time, related to the electron mobility as τ = µm
*
/e; e and 

m
*
 are the elementary charge and the electron effective 

mass, respectively. It should be noted that the Drude–

Lorentz model (6) implies dissipative high-frequency 

electron dynamics and neglects the effect of the spatial 

dispersion (wavevector-dependence) of the high-

frequency conductivity. The spatial dispersion of D2σ  

can be important for the electron gas subjected to strong 

stationary electric fields [26, 27]. 
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Due to the periodicity of the plasmonic structure, 

we can introduce the spatial Fourier transform of the 

electric field and the currents with respect to the x-

coordinate, then assuming harmonic temporal 

dependences with the frequency ω, we obtain:  
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where amqm π2= . Now the wave equation (1) can be 

transformed into a system of differential equations with 

respect to the z-coordinate (in every layer) for each  

m-spatial Fourier harmonics of the x-component of the 

electric field. For each Ex,m , we obtain:  
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where the subscripts r = 0…4 correspond to different 

media: vacuum, barrier layer, buffer layer, substrate and 

vacuum, respectively; the characteristic parameter  
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describes the spatial localization of the m-th spatial 

Fourier harmonic and defines the spatial dependences of 

the resultant fields in the near-field zone of the grating. 

The m-th spatial Fourier harmonics of the z-component 

of the electric field Ez,m can be expressed through Ex,m in 

the following way:  

 

.=
,

2
,
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dEq
iE

mx
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For the case of normally-incident wave with  

s-polarization (polarization oriented along the grating 

strips), the electric field, ),( trE , has one non-vanishing 

Ey (x, z, t) component. The differential equation (1) for 

the Ey,m-Fourier harmonics takes the form:  
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The optical characteristics, such as the 

transmittance, Tp,s, and reflectance, Rp,s, are measured in 

the far-field zones. For the case of subwavelength 

grating, they are defined through the zero-order spatial 

Fourier harmonic:  

 

( ) ,
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2

0

2
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where 0

~
E  is the amplitude of the incident plane wave. 

Having Tp,s and Rp,s, we can calculate the absorptance of 

the plasmonic structure as spspsp RTA ,,, 1= −− . The 

subscripts p, s denote the cases of p- and s-polarizations. 

The details of the mathematical procedure applied to the 

study of the spatial Fourier harmonics, transmittance and 

reflectance are given in Appendix. 

 

3.2. Results of modeling 

For the calculations, we set: the electron effective mass 

m
*
 = 0.2m0, where m0 is the free electron mass; the 

electron concentration n0 = 2·10
12 

cm
–2

 (the same for both 

considered temperatures T0 = 77 and 300 K). The 

measured electron mobility µ was equal to 4500 cm
2
/V·s 

at T0 = 77 K (the corresponding scattering time is τ ≈  

≈ 0.5 ps) and 1500 cm
2
/V·s at T0 = 300 K (the scattering 

time is τ ≈ 0.17 ps). The dielectric permittivities of the 

Al0.1Ga0.9N-barrier and GaN -buffer layers are assumed 

to be the same, ε1 = ε2 = 8.9 corresponding to the low 

frequency dielectric permittivity of GaN [41]. For ε3 of 

the Al2O3-substrate, we used the literature data [42], 

according to which its real part weakly changes from 9.5 

up to 9.7, and its imaginary part varies from 10
–4

 to 10
–2

 

in the frequency range from 0.1 up to 2 THz.  

The metallic grating is described by the effective  

two-dimensional conductivity σ
G
 = 1.6·10

13
 cm/s 

corresponding to the gold strips of thickness 40 nm at the 

bulk conductivity 4.0·10
17

 s
–1

.  

The data of the spectral dependences for calcu-

lations of the transmittance and absorptance inherent to 

the plasmonic structures illuminated with the p-polarized 

THz wave are summarized in Figs. 3 and 4. Fig. 3 

illustrates the effect on the optical characteristics related 

to different factors, namely: an optically-thick substrate, 

scales of subwavelength metallic grating and 

temperature. Fig. 4 enables to compare these two 

structures with different grating periods corresponding to 

Samples 1 and 2. 

As seen, the substrate has a crucial impact on the 

transmission and absorption spectra (thin curves). The 

effect of the substrate is inherent for the structures with 

low-doped 2DEG and manifests itself as a strong 

modulation of the spectral characteristics with the 

frequency-period corresponding to the Fabry–Pérot 

cavity modes. The maxima and minima in the 

transmission/absorption spectra, respectively, are related 

to the positive and destructive interference of these two 

waves: the wave transmitted through the substrate and 

the wave reflected from the bottom of the substrate. This 

effect is common to both structures with (black lines) and 

without (red lines) grating coupler. 
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Fig. 3. Spectral dependences of the transmittance (a), (b) and the absorptance (c), (d) calculated for different temperatures. Black and 

red curves correspond to the sample with and without grating coupler, respectively. Thin and thick curves represent the results of 

calculations for the sample under test with the optically-thick substrate, Ds ≈ 430 µm and the model sample with membrane-like 

structure, Ds ≈ 0, respectively. The parameters of the grating coupler correspond to Sample 1. Other parameters of the plasmonic 

structure are listed in the text. 

Fig. 4. Comparison of the transmittance (a), (b) and absorptance (c), (d) of Sample 1 (black curves) and Sample 2 (blue curves). 

Dash-dotted curves are the envelop curves of the maxima. 
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Let us consider structures without grating coupler. 

To exclude the effect of the Fabri–Pérot cavity modes, 

we performed the calculations for the model membrane-

like structures. In this case, the obtained spectra of 80:1 

and Ap (thick red curves) in the lower-frequency range 

(up to THz0.5≈ ) are represented by the envelope curves 

of the maxima of Tp(ω) and Ap(ω) calculated for the 

structures with thick substrate (red thin curves). The 

difference between the thick curves and the positions of 

the interference maxima observed in the absorption 

spectra (Fig. 3c) for the higher-frequency range 

(> 1 THz) can be explained by the dissipation effect of 

the THz waves in the sapphire substrate (see red thin 

curve in Fig. 3c). The absorption spectra of the 

membrane-like structure (red thick curves in Figs. 3c and 

3d) have monotonic, Lorentz-type behavior. This 

behavior corresponds to the spectral dependence of the 

real part of the dynamic conductivity of 2DEG, 

 

[ ] .
1

=
22

02

τω+

σ
σ DRe  

 

According to this expression, we obtain a larger 

absorption of sub-THz radiation (0…0.3 THz) at lower 

temperatures and larger absorption of THz radiation 

(1…2 THz) at higher temperatures (compare these two 

red thick curves in Figs. 3c and 3d). For example, the 

absorptance at 1 THz of the membrane-like structure 

uncovered with the grating is equal to 7% and 4% at T0 = 

300 K and  T0 = 77 K, respectively. 

As seen (black curves in Fig. 3), the use of the 

grating coupler on the top of the barrier layer essentially 

increases the capability of the structure in absorption of 

THz radiation. This capability is related to the near-field 

effects, i.e., a significant concentration of the energy of 

the THz wave under the grating and, particularly, in the 

quantum well with 2DEG. Even at room temperature 

(panels (a) and (c)) the transmission of THz waves 

through the plasmonic structure is strongly suppressed 

within the frequency range 0.1…1.5 THz, which is 

accompanied by the three-fold increase in absorption as 

compared to the bare heterostructure. The plasmonic 

structures show well-pronounced non-monotonic 

behavior of the transmittance and absorptance. The 

appearance of frequency maximum in the absorptance 

(frequency minimum in the transmittance) is related to 

excitations of plasmon modes in 2DEG under the grating. 

The plasmon resonance frequencies can be 

estimated using the dispersion law of the gated plasmons 

obtained for double-layered structure in the electrostatic 

approximation [11, 21]  
 

,
)(

4

*

22
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m
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m
qm

qne

ε

π
=ω  (13) 

 

where εeff (qm) is the effective dielectric permittivity given 

by the following expression:  

( ) ( ) .
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The estimations give that the first three resonance 

frequencies are ω1,2,3 = 0.27, 0.54, 0.79 THz for the 

grating period, a = 3 µm and ω1,2,3 = 0.54, 1.03, 1.49 THz  

for the grating period, a = 1.5 µm. 

At room temperature, the effect of the plasmon 

resonances is strongly broadened due to the short 

electron relaxation time. However, the calculations 

predict well-pronounced plasmon resonances (see black 

curves in Fig. 3b and 3d) at liquid nitrogen temperatures. 

These resonances manifest itself as characteristic dips in 

the transmission spectra of the membrane-like plasmonic 

structure and as a non-monotonic behavior of the Fabri–

Pérot maxima for the case of thick substrates. The 

resonance frequencies ωm calculated according to 

Eq. (13) are shown by arrows in Figs. 3b and 4b. As 

seen, the values of the plasma frequencies ωm almost 

correspond to the positions of characteristic dips in low-

temperature transmission spectra. This good agreement 

between the results of the rigorous electrodynamic 

modeling and the approximate expression (13) occurs for 

the grating with large filling factor, w/a close to 1. This 

factor is equal to 0.8 for both samples under test. 

Fig. 4 provides the comparison of these two 

plasmonic structures with different grating periods. At 

room temperature, the transmission/absorption spectra of 

these two structures are similar. However, a shift of the 

minimum/maximum of the envelope curves to the higher 

frequency range can be seen for the sample with smaller 

a (blue curves). The larger difference should be observed 

at T0 = 77 K. For the sample with smaller a, the plasmon 

resonances are shifted to the higher-frequency range and 

they become more pronounced. 

 
4. Experimental results, their analysis and discussions 

Modification of the form of THz pulse as a result of the 

passage through the plasmonic structure is shown in 

Fig. 5a. As seen, the amplitudes and the position in time 

of the main peak in the time-domain signal transmitted 

through the sample (red curve) is decreased and shifted 

in comparison with the reference signal. The decrease of 

the amplitude can be attributed to energy losses of the 

THz pulse due to absorption in the plasmonic structure 

and partial reflection from the interfaces. The delay time 

of the main peak is related to deceleration in the optically 

dense substrate. The effect of the substrate can be also 

identified as the appearance of additional and much 

lower peaks, which are echos of the main peak. The time 

interval between the main peak and the first echo 

corresponds to the time of double pass of the pulse 

through the substrate. 

The appearance of these echos in the time domain 

produces characteristic oscillations of the spectral 

(Fourier) components of the transmitted signal (see red 

curve in the inset to Fig. 5a). In the frequency domain, 

the period of these oscillations corresponds to the period 
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Fig. 5. (a) The reference (black) and transmitted through the 

Sample 1 (red) signals. In the inset: corresponding power 

spectra of these signals. (b) Thin solid curves are calculated 

transmission spectra, Ttot(ω) for Sample 1 (black curve) and 

Sample 2 (blue curve). Dotted curves are measured 

transmission spectra for Sample 1 (black squires) and Sample 2 

(blue circles). In the inset: corresponding envelope curves. The 

polarization angle, α = 0 is the same for both measurements. 

 

 
 

Fig. 6. Transmission spectra of Sample 2 for different 

polarization angles, α = 0°, 45°, and 90° (black, red and green 

curves, respectively). Solid lines are the results of calculations 

according to Eq. (14). Circles are the results of the 

measurements. 

of Fabri–Pérot cavity modes. The measured transmission 

spectrum is the ratio of the squared Fourier component, 
2

ωE , of the transmitted and reference pulses. The 

obtained room-temperature transmission spectra for the 

Samples 1  and 2  are shown in Fig. 5b by black and blue 

dots, respectively. 

In our experiments, the incident THz pulses 

illuminated the samples completely, including the part 

covered with the grating and the uncovered one (see 

Fig. 1d). Moreover, as discussed above, the focal spot of 

illumination was dependent on the frequency (see Figs. 

2c and 2d). These factors should be taken into account 

when comparing the experimental results with the 

modeling ones and drawing conclusions on the coupling 

of the plasmonic structures with the THz radiation. In the 

following equations for the calculated transmission Ttot 

and reflection Rtot spectra, we took into account the above 

mentioned factors, as well as different polarization angles 

α with respect to the grating orientation:  
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 if Ssp > Sg , 

 
22

)(sin)()(cos)(=)( αω+αωω sptot TTT , if Ssp < Sg. (14) 

 

Here, Tp and Ts are the transmittances obtained for 

spatially-unrestricted plasmonic structure for p- and s-

polarization (α = 0° and α = 90°, respectively) of the 

incident EM wave. Th is the transmittance of the bare 

heterostructure. The latter can be calculated in the 

framework of the discussed algorithms by setting σ
G
 = 0. 

Eq. (14) can be applied if the spot area Ssp (ω) is smaller 

than the sample surface S. The frequency dependent 

Ssp (ω) can be estimated as )(=)(
2 ωπω spsp rS , where the 

spot radius, rsp (ω), is presented in Fig. 2d. After 

substitution of hsphsp RT ,,,, → , the same equation (14) 

can be used for the calculation of the reflection spectra. 

The results of calculations of Ttot (ω) are presented 

in Fig. 5b. Comparing these results with the 

measurements presented in the same figure, one can see 

that the measured transmission spectra of both samples 

are well-described by the proposed model. Within small 

experimental errors, the calculations reproduce all 

peculiarities of the measured curves such as, for example, 

the increase of the transmission maximum in the  

low-frequency range, THz0.1/2 ≈πω . We remark that, 

at this frequency, the spot area is so large that a 

considerable part of the surface uncovered by the grating 

is illuminated (see Fig. 2c). In the higher frequency 

range,  when  the spectral components  of the  THz  pulse 

are collimated on the grating, the transmission maxima 

are decreased as a result of the enhanced coupling 

between THz radiation and 2DEG.  The  envelope curves  
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Fig. 7. Reflection (a) and absorption (b) spectra of Sample 2 for 

p-polarization. Solid lines are the results of calculations. Circles 

correspond to the measurements. Calculated absorption 

spectrum of the bare heterostructure is shown with the dash-

dotted line. 

 

 

of the maxima of the measured transmission spectra for 

both samples are in good agreement with calculations, 

and their behavior emphasizes the plasmonic nature of 

the coupling of THz radiation with 2DEG. 

The measured polarization dependences of the 

transmission spectra are presented in Fig. 6 for Sample 2. 

As seen, the obtained results of the transmission 

measurements practically coincide with the calculations 

at different angles of the polarization, α = 0°, 45°, 90°, in 

the wide frequency range 0.1 to 1 THz. 

Due to the filtering effect of the grating for the 

electric field component corresponding to s-polarization, 

the transmission essentially decreases at α = 45°, as well 

as the amplitudes of the Fabri–Pérot oscillations. At 

α = 90° (s-polarization) the transmission is almost totally 

suppressed: indeed, the observable values of transmission 

are less than 1%. Comparing this value with the 

maximum of the transmission obtained for the case of  

p-polarization, we can conclude that the extinction ratio 

of the grating-based plasmonic structures is 80:1 for the 

sub- and THz frequency ranges: it confirms the high 

quality of the fabricated grating coupler. 

The measurement of the reflection spectra facilitates 

determination of the absorptance for the plasmonic 

structures. In Fig. 7a, the measured and calculated 

reflection spectra are shown for p-polarized illumination 

(Sample 2), while the corresponding absorptance is 

presented in Fig. 7b. One can see the good agreement 

between experimental and theoretical data in the whole 

analyzed frequency range. 

The obtained results indicate a significant 

enhancement of interaction for sub- and THz radiation 

with 2DEG assisted by the metallic grating couplers. For 

example, at the frequency equal to 1 THz the grating 

provides the maximum absorption value 27%, which is 

three times higher than that for the bare AlGaN/GaN 

heterostructure (see dash-dotted curve in Fig. 7b). 

5. Conclusions 

We have performed a comprehensive analysis of the 

optical characteristics of grating-based low-doped 

AlGaN/GaN plasmonic structures within the frequency 

range 0.1 to 1.5 THz. The fabrication process of the 

plasmonic sample, THz time-domain spectroscopy 

measurements and approaches used for the theoretical 

modeling have been discussed in details. The room 

temperature measurements indicate a significant grating-

assisted enhancement of the coupling of sub-THz 

electromagnetic waves with 2DEG. This coupling is 

associated with the non-resonant excitations of plasmon 

modes in the 2DEG channel. The plasmonic nature of 

this effect was identified as a characteristic shift of the 

envelope curve of the transmission maxima for the 

sample with smaller grating period. We found that, due 

to the substrate, a strong modulation of the 

transmission/reflection spectra by the Fabri–Perot 

resonances takes place for AlGaN/GaN plasmonic 

structure with the low electron concentrations 

1…2·10
12

 cm
–2

. The existence of this modulation can 

negatively affect observation of plasmon resonances. For 

further investigations of the THz properties of such 

plasmonic structures in the external electric fields, the 

samples should be provided by antireflection coatings at 

the bottom interface or samples with membrane-like 

substrates can be used. The polarization measurements of 

the transmission spectra revealed the high quality of the 

deposited metallic grating with an extinction ratio higher 

than 80:1 for the sub-THz frequency range. 

The theoretical modeling of grating based 

plasmonic structure was based on the rigorous solution of 

Maxwell’s equations using the Fourier expansion of the 

electric field components of EM waves in the coordinate 

space and the integral equation technique. The 

calculation algorithm was developed for the multi-

layered geometry of the samples and for p- and s-

polarized normally incident plane EM wave. In contrast 

to commercial software that typically uses the finite-

element schemes, the proposed method gives a fast 

convergence and can be applied for the calculations of 

the optical characteristics for plasmonic structures with 

deeply subwavelength elements. The results of the 

modeling and measurements at room temperature were in 

a good agreement. The modeling predicts further 

enhancement of THz waves-plasmonic structure coupling 

with decreasing the temperatures. 

The presented results and, in particular, the 

enhanced coupling of the THz waves with high-mobility 

low-dimensional electrons allow us to suggest that the 

plasmonic structures based on low-doped AlGaN/GaN 

heterostructures are the well-promising candidate for 

observation of the plasmon instabilities mentioned in 

Introduction. Indeed, the AlGaN/GaN heterostructures 

with low electron concentrations (n0 ≤ 10
12 

cm
–2

) 

demonstrate plasmonic oscillations with the frequencies 

1 THz at the wavevectors of the order of 10
5 
cm

–1
, which 

can be efficiently excited in plasmonic structures with 

grating periods ≤1 µm. Due to the peculiar character of 
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the electron-optical phonon interaction in these structures 

[34], the plasmonic instability can be induced in 

moderate stationary electric fields (1…5 kV/cm). 

 
6. Appendix 

Looking for the solution of Eq. (8) in the form of a 

superposition of transmitted and reflected waves in each 

layer and using the appropriate boundary conditions at 

the r-th interface:  
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together with Eqs. (4) and (5) written in the Fourier 

representations, (0)= ,, mx
G

mmm

G
mx Ej ′′−′

σ∑ , 

)(= 0,
22

, dEj mx
D

m
D
mx σ , we can obtain the infinite system of 

algebraic equations formulated for the spatial m-th 

Fourier harmonics of the electric field in the grating 

plane:  
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The coupling factor, Wp,m, for the case of p-polarized 

incident wave includes all geometrical and high-

frequency parameters of the layers as well as 2DEG. The 

cumbersome analytical expression of this factor for the 

structure “grating – barrier layer – 2DEG – substrate” is 

given in Ref. [21]. 

If the plasmonic structure has a more complicated 

geometry (see sketch in Fig. 8) with N interfaces that 

separate the different N + 1 media, Wp,m can be expressed 

as follows:  

 

[ ] [ ]mmm

mp

RR

W

1,1,1,

,

111

2
=

+−β+
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where mrrmrrmr ,11,, = λελεβ −−  and 

)(2exp ,,,, rmrmrmrmr zBAR λ≡  is the ratio of reflective 

and transmitted waves in the r-th layer (r = 1…N). The 

value of R1,m for each m-th Fourier harmonic can be 

obtained iteratively, using the following recursive 

relationship [43].  
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Fig. 8. Sketch of the geometry of multilayered plasmonic 

structure. 
 

 

Starting from RN,m = 0 and applying the iterative 

procedure N – 1 times, we can numerically calculate R1,m. 

The condition RN,m = 0 denotes the absence of the 

reflected waves under the lowest interface of the 

structure. Eq. (19) is obtained under assumption of 

possible existence of 2DEG with D
r
2σ  at the r-th 

interface (for our structure r
D

m
D
mr 2,

22
, = δσσ ). The 

parameters 11
2
,, 41= −−

± ωελσπ±Λ rr
D
mrmr i  take it into 

account. 

Having Ex,m(0), the reflectivity Rp is 

straightforwardly given by  

 
2

0,0 1
~

(0)= −EER xp . (20) 

 

The transmitivity can be obtained as  

 

.
~

=
2

0,0 ETT Np  (21) 

 

Calculation of TN,0 requires the use of the following 

recursive formula:  
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where the starting value T1 can be calculated as 

( )mmx RET 1,,1 1(0)= + . 

It should be noted that the solutions of Eqs. (17) 

have slow convergence with respect to the rank of the 

system. Therefore, usage of the direct Fourier method for 
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the case of p-polarization is ineffective from the 

viewpoint of computational time. This difficulty can be 

overcome using the method of integral equations. For 

this purpose, the system (17) can be rewritten in the 

coordinate representation in the form of a linear integral 

equation with respect to spatial distribution of the  

x-component of the electric field in the grating plane:  

 

( ) ( ),0,
~

=,0)(
/2w

/2w
00 xExxLxdEWxE xx ′′′− ∫− , (23) 

 

where ( )xxL ′,  is the kernel of the integral operator:  
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The Galerkin scheme can be used for the solution of 

Eq. (23) with the expansion of the electric field 

distribution in the strips in terms of orthogonal 

polynomials, ∞0..=},{ lOl . For the step-like profile of 

the grating conductivity assumed in the calculations, the 

Legendre polynomials are used as a basis. Substituting 

the expansion of the field )~(=,0)~(
0=

xOCxE ll
lM

l
x ∑  

( 1|~|,w/2=~ ≤xxx ), Eq. (23) transforms into a system of 

algebraic equations with respect to the expansion 

coefficients Cl:  
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with the grating filling factor f = w/a and  
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By finding the coefficients Cl, we can express the 

Fourier-harmonics of the field in the grating plane:  
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thus allowing to calculate the reflectivity Rp and the 

transmittivity Tp according to Eqs. (20) and (21), 

respectively. 

The projection of the integral equation (23) on the 

Legendre polynomials results in the fast convergent 

matrix equation (25). Indeed, the use of Ml = 10 

polynomials provides the computational accuracy of the 

spectral characteristics higher than 0.1%. 

For the case of s-polarized normally incident EM 

wave, the boundary conditions used for the solution of 

Eq. (11) are as follows  
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The transmission and reflection spectra can be 

directly obtained using the solution of the system of 

Eqs. (30):  
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where  
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The recursive relationship of Eq. (19) takes the form  
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with mr
D
mrmr ci 1,

22
,, 41= −

± λσπω±Λ . For the calculations 

of the transmission spectra, Eq. (22) should be used with 

( )mmy RET 1,,1 1(0)= +  and Rr,m that are given by the 

relationship (32). 
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