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Abstract. We have

reviewed

main peculiarities of amplitude and phase

transmission/reflection spectra of different model semiconductor structures, including bare
dielectric substrate, thin conductive layer placed between two dielectric media, thin
conductive layer on dielectric substrate and hybrid plasmonic structures with thin
conductive layer under metallic grating. The analysis has been performed using the
analytical expressions obtained as a result of solving the Maxwell equations at normal
incidence of plane electromagnetic waves. We have shown that specific behavior of the
amplitude and phase spectra in THz frequency range can be used to determine basic electric
parameters of electron gas, including electron concentration and electron mobility, in the
framework of advanced THz time-domain measurements. Finally, we proposed efficient,
electrically-controllable THz phase modulator based on effect of two-dimensional plasmon
resonances in hybrid plasmonic structure with a spatially modulated electron concentration
in a thin conductive layer.
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1. Introduction

Currently, for spectroscopy of different materials in sub-
and THz frequency range two well-developed techniques
are widely used: THz-time-domain spectroscopy (THz-
TDS) and Fourier transform far-infrared spectroscopy
(FTIR). THz-TDS is based on the direct time-domain
sampling with ultrafast-laser pump/probe configuration.
Particularly, broadband THz radiation is generated in the
form of picosecond pulses under fast excitation of a
photoconductive switch [1-3] or a surface emitter [4]
excited by the femtosecond laser. The shape of the
picosecond transients transmitted/reflected through/from
the sample can be recorded using photo-conductive or
electro-optical sampling schemes [5]. Both schemes are
sensitive to the electric field of the emitted pulses in time
domain. The Fast-Fourier transformation of the obtained
electric field traces provides access to both amplitude and
phase spectra in the frequency domain. The modern THz-
TDS systems utilizing thefemtosecond fiber lasers and
LT-GaAs photo-conductive antenna are relatively
compact setups with possibility of measurements in the
frequency range of 0.1...5 THz.

In contrast to THz-TDS, advanced FTIR spectro-
meters are cumbersome setup and perform measurements
indirectly in the time domain via interferometry of the
black-body radiation emitted by globar. FTIR spectro-
scopy works well at the higher frequency, typically, it
covers the spectral range from 2 THz up to the near-
infrared frequencies. The FTIR systems can be adapted
for measuring both transmission/reflection and emission
spectra [6-8].

However, FTIR as well as other well-established
spectroscopic and THz imaging systems based on
continuous wave tunable electronic sources [9, 10] and
quadratic detectors, such as bolometer [11, 12], field-
effect transistors [13], Schottky [14] or bow-tie [15]
diodes cannot be applied for measuring the phase spectra.
The knowledge of the phase spectra is crucially
important for extraction of dielectric properties (index of
refraction and absorption coefficient), as well as for some
applications, it can be achieved in THz-TDS
measurements.

After the first demonstration and discussion of the
basic principles inherent to pump-probe measurements,
dated by 1989 [16], the TD spectroscopy experienced

© 2022, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

121



SPQEO, 2022. V. 25, No 2. P. 121-136.

a great improvement and nowadays becomes important
tool for express analysis of different semiconductor
materials [17-20]. Moreover, the generation of high-field
pulses with a maximum peak of the electric field of
100...300 kV/cm [21] opens excellent perspectives for
high-field THz-TD spectroscopy and study of strongly-
nonequilibrium dynamics of the carriers [22-24].
Recently, THz-TD spectroscopy was applied to investi-
gations of resonant properties of hybrid plasmonic struc-
tures with two-dimensional electron gas [25-29]. These
structures are in focus of current THz applications [30],
including electrically driven emitters [7, 8, 31], detectors
[32—34] and modulator [35] of THz radiation. Also, they
are very promising for fundamental investigations of 2D
plasmon instabilities under the grating [36—39].

Nevertheless, the phase retrieval from THz time-
domain measurements and correct reconstruction of the
basic parameters is not trivial problem [40, 41], espe-
cially for the case of THz-transparent plasmonic struc-
tures with multi-layered geometry. The aim of this paper
is to provide theoretical analysis of main peculiarities
inherent to the phase spectra in both transmission and
reflection geometry as well as their correlations with the
features in the amplitude spectra for several model
structures with a thin conductive layer, including grating-
based plasmonic structures. Below, the conductive layer
will be considered as delta-thin, i.e. this layer will be
described by two-dimensional parameters. Such assump-
tion is valid when the layer thickness is much less then
the wavelength of an incident electro-magnetic wave.

We will show that some features in the phase
spectra can serve for unambiguous determination of
important parameters of the conductive layer, namely:
electron concentrations, scattering time and mobility at
high frequencies. We will discuss the possibility of the
fast electrical control of the phase shift by the grating-
gated conductive layer in regime of the plasmon
resonance. The latter can be important for the different
photonic application, such as THz wave front control,
manipulation of polarization, THz imaging, THz digital
holography, etc. [42, 43].

The paper is organized as follows. In Section 2, we
systemize analytical expressions and perform analysis of
both amplitude and phase transmission/reflection for
model non-resonant structures: a single dielectric
substrate, the conductive layer on the interface between
two half-spaces, the conductive layer on a substrate. The
resonant structure such as the conductive layer under the
grating is analyzed in Section 3. In Section 4, we
performed numerical simulation of the phase and power
spectra for the grating-gated plasmonic structure with
spatially modulated electron concentration of the
conductive layer. Main conclusions are summarized in
Section 5.

2. Non-resonant structures

Usually, the electrodynamic response of an investigated
structure is formulated as response on plane

electromagnetic (em) wave, E; = Eq() exp(i¢; (5,1)),

with amplitude Eq and phase ¢;(p,t) = iIZi()—icor, where
‘Izi‘:co\/;/c, p is the coordinate vector, o is the

frequency, ¢ is the light velocity in vacuum and
g is dielectric permittivity of the ambient medium.
General  solution of the Maxwell equations
contains the transmitted/reflected waves,
E.(p.t)=E, (@) expli¢;(5.t)) with complex-valued

amplitudes E; (o) = | Et,r(w)| exp(kpt'r (w)). Complex

valued transmission, t(w), and reflection, r(o),
coefficients can be defined as the ratios:
Er(@) _[Er(@)] o
{t,r}(o)=—=Z=1= exp g, , ). (1)
Ei(@)  [Eo(o)
These coefficients define the power and phase
transmission/reflection spectra and the phase:
TR} =[itr@)] o @ =Aglitri@]. @

The designation Arg[z] stands for the argument of the
complex number, z=x+iy and can be defined as

follows:
arctan (y/x), if x>0

Argx +iy] = <arctan (y/x)+ sign(y), if x<0  (3)
n/2sign (y), if x=0

where sign(y) is the signum function. According

definition (3), function Arg(z) returns the phase value in
the interval [—x...x].

Note, ¢¢(w) describes the phase shift between the
transmitted wave through the sample and the plane wave
propagating at the absence of the sample under the
assumption that both waves are recorded in the same
spatial point. This condition is realized in THz-TDS
setup configuration in the transmission geometry, when
time traces of the reference signal (recorded without
sample) and the sample signal (recorded with sample) are
measured without changing the optical alignment. In the
reflection geometry, ¢, (®) has a sense of the phase shift
between wave the reflected from the sample and the
wave reflected from the ideal mirror.

2.1. Substrate

We start our analysis from the simplest case of non-
absorbing dielectric plate with the scalar dielectric
permittivity, &, and the thickness, Ds. This plate is the
constitutive element of many heterostructured samples,
and it plays a role of the substrate. For example, sapphire
(Al,Q5) or silicon-carbide (SiC) plates are widely used as
substrates in growth processes of AlGaN/GaN hetero-
structures. Particularly, a considerable attention is paid to
group-111 nitrides structures on SiC substrates due to their
great potential in high-power electronics. In sub-THz and
few-THz frequency ranges, both materials exhibit weak
frequency dispersion of g5 with small optical losses
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(Re[g1] >> Im[e,]) [44]. However, due to the fact that

typical substrate thickness is comparable with the wave-
length of THz electromagnetic wave, its affect on trans-
mission and reflection spectra is crucial and leads to the
emergence of Fabry—Perot fringes in the power trans-
mission/reflection spectra. As can be seen below, some
peculiarities relating to the effect of Fabry—Perot fringes
also exist in the phase transmission/reflection spectra.
The solution of Maxwell equations at normal
incidence provides the following complex-valued
transmission, t, and reflection, r, coefficients:

exp(-iv,) %)

t(¥,)= cos (W, )—io* sin (¥;)

(i o sin (%)

*"" cos (W, )—io" sin (%)’ 2

where W o = ,/e(s0p ®Ds /e denote  dimensionless

frequencies. We introduced effective dielectric permitti-

e . te . . . .
=520 where ¢, is the dielectric permitti-
2,/€¢&

vity of the surrounding. Then, power transmission, T, and
power reflection, R, coefficients read as:

1
1+(afsin?(¥,)
R(W,)= (o sin?(w, )T (W, ),

vities oF =

T(¥)=

(6)

where we used that (oc*)zz(a’)zﬂ. The phase

transmission coefficient, ¢, and the phase reflection
coefficient, ¢, can be expressed in the forms of piece-
wise functions:

o (¥, )=—¥, + Arglcos(¥; ) +ia* sin(¥, )] =

arctan (oc+ tan (¥, )) Y, e {0%}
n—arctan (a+| tan(‘PS)), ¥, € —E,n} @
=-Y, + L2 3
—m+arctan (oc*| tan(‘}'s]), Y, e ?n}
—arctan ((x+| tan(‘PS)), Y, e _37“,275}
o, (¥,)= Arg [i sin (‘Ps)(cos(‘Ps)+ io* sin (¥ ))] =
o (¥)+Z+%,  ¥iclon] ®)

3
Pt (lijs)_"?n_"qjo ’

Y, €[n,27]

The phase transmission and reflection coefficients are
obtained using properties of the complex numbers, i.e.,
argument of the product of complex numbers is equal to
the sum of their arguments.

T
0 2 3n/2 2n

T
¥

5

Fig. 1. Power (black lines 1) and phase (red lines 2)
transmission (panel (a)) and reflection (panel (b)) coefficients
as functions of W,. Curves are shown for g=9.7 (SiC) and

go=1 (vacuum). Parameters o® are equal to 1.7 and 1.4,
respectively. The upper axis is rescaled according to the
thickness of the substrate Dg= 500 um.

The typical forms of the power and phase (reduced
to the interval [-m, w]) spectra of dielectric plate are
shown in Fig. 1. Note, the phase transmission spectrum is
shown here in terms of the reduced phase,

6t (lPs): Py (\Ps)"'lPO'
As follows from Egs (6) to (8), the power
coefficients, as well as o,, are periodic functions with

respect to ¥, with the period of m. The phase
transmission coefficient, ¢, has the period of 2x. The
functions T(‘PS) and R(‘I‘s) reach maximal value,
Tmax = 1, and minimal value of Ry, = 0, respectively, at
the points ¥, =7k (k=0, 1, ...). It corresponds to the
D, =X¢/2xk, where
Ls = 2n/kye is the wavelength of em wave in the
medium with dielectric permittivity &. The minimal
transmissivity,  Tniq :1/(1+((x’)2), and  maximal

reflectivity, Ry :(a’)z/(1+(a’)2), are realized for

cases of half-wave plates,

the cases of quarter-wave plates, ¥, =n/2+7nk or
D, = 7»5/4><(2k +1). Note that minimal/maximal values
of the transmissivity/reflectivity depend on only effective

dielectric permittivity o~ . The latter can be used for
determination of e; from experimental spectra without
knowledge of the geometrical thickness of substrate.
Indeed,

o = |1Tmin ong
Tmin (9)

— -2
€ = ¢ Tminl:1+ \ 1_Tmin :| !

where Tmin = (Z_Tmin )/Tmin .
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In the selected representation, the phase spectra (see
red curves in Fig. 1) are the discontinuous functions.

Particularly, at the points ¥ = n+2nk, the reduced
phase ¢, has the offsets by 2z. At the same time, ¢, has
offsets by 2z at the points W, = n/2+nk and offsets by

n at the points W, =nk . All offsets by 2z have no

physical sense and can be removed in the representation
of unwrapped phase [41]. In this representation,

)=, (¥, )+ 21k — | S0y
(%)= () L
S

for ¥, e[(2k -1)x, (2k +1)x],

unw

Ot

unw

Pr
for W, e {(Zk —1)%, (2k +1)g} :

(¥5)= r (s )+ 27k,
(10)

where we used that ¥, =,/ &q/es ;. The spectra for
unwrapped phases given by Egs (10) are shown in Fig. 2.

/2w, THz
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0.5

Fig. 2. Panel (a): The phase transmission (blue line 1) and
phase reflection (green line 2) coefficients in the representation
of the unwrapped phase. Panel (b): derivatives of the phase
transmission (blue dash-dotted line 2) and phase reflection
(green dash-dotted line 3) coefficients. The power transmission
spectrum is shown with the solid blue line 1 for comparison.
Other parameters are the same as in Fig. 1.

The phase transmission spectrum is a continuous
function and the phase reflection spectrum has

unremovable offset at the points ¥ = nk . At the points

(frequencies) of the maximal transmissivity (case of half-
wave plate) the transmitted wave has the phase, which is
multiple of = and the reflective wave changes phase by
jumping on w. For the case of quarter-wave plate
(minimum transmissivity and maximum reflectivity), the
phase of the transmitted wave has values multiple of odd
numbers of /2 and the phase of the reflection wave is
multiple of odd numbers of x.

The both unwrapped phase spectra experience a
visible modulation that is the result of the effect of
Fabry—Perot fringes. This modulation leads to well-

pronounced oscillation behavior with period of = in the
derivative of the phase, do{t" (¥ )/d¥, (see Fig. 2b).
As follows from Eqgs (7) and (8), both derivatives can be
calculated as:

unw

dot™ (%)

doy
dw, €
(Ot+)2 sin?(¥;)
unw
() - g (w,).

_}8_0+
& cos?(W)+

= B0 iy, dor )
85

v,

2, darctan golc; tan (¥, )) _
S

(X,+

(11)

As seen, the derivative of the phase coefficients
with respect to ¥, is proportional to power transmission

coefficient with proportionality factor o*. We can

conclude that extremal points of deit" (¥, )/d¥, and

tr
T(¥,) coincide. It means that phase coefficients have

inflection points at the extremal points of the power
coefficients.

Thus, we showed that the phenomenon of the
Fabry—Perot fringes for dielectric plate can be easily
traced in the phase spectra as the emergence of the
inflection points. These points correspond to extrema in
power spectra. Moreover, first derivative of the phase
spectrum coincides up to a prefactor with the power
transmission coefficient. This prefactor is a combination
of the dielectric permittivities of the substrate and the
ambient medium.

2.2. A thin conductive layer over interface

Another useful example is a thin conductive layer. The
latter is formed by strongly localized mobile carriers. It is
a key component of modern plasmonic devices. For
example, doped semiconductor QW heterostructures or
monoatomic layers of graphene provide nanometer
scaled electron localization in one dimension. For
interaction with relatively large wavelength of radiation
this electron gas can be treated as delta-thin conductive
layer.
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In sub- and THz frequency ranges, the high-
frequency response of the conductive layer is well
described by Drude-Lorentz model. In the framework of
this model, the frequency dispersion of the electron
conductivity is read as

2 .
en,p i
*

o?P(w) = —,
m* o+iy,

(12)

where ny,p and m* are the electron concentration and the

effective mass, respectively. Parameter vy, describes
electron scattering and is determined by particular
electron collision mechanisms. The complex-valued
transmission and reflection coefficients for the model of
the conductive layer placed between two dielectric half-
spaces with permittivities ¢; and ¢, have the following
forms:

t(0) =1, fiH‘iYe . r(w):—ireji-ro((oﬂye), (13)
03+|(Fe+ye) co+|(Fe+ye)
where T, = 2re? nyp /m* ¢ [ gy with

JEet = (\/a+1/82)/2. In literature, parameters I, and

ve are often mentioned as rates of radiative and non-
radiative losses, respectively [36]. Two factors,

I s )

are the standard Fresnel’s amplitude transmission
and reflection coefficients of the interface without
the conductive layer. The power transmission,

OENC |t(co)|2 , reflection, R(o) = |I’((D)|2, and
absorption, A(w) =1-T(®)— R(w), coefficients take
the form:

2 2
_ o +Yy
T)=Ty—2 e _
® +(Fe+Ye)

R(0) = m2R02+(FeJ_r|ro|32/e)2
® +(Fe+Ye)
- 2l v, (l$|l’0|)

m2+(re+Ye)2 .

, (14)

Alw)

Here, Ty =4/¢,/¢; tg and R;= rO2 are standard
transmissivity and reflectivity of the interface in the
absence of the conductive layer. Note that Ty + R, =1.
Upper (lower) signs correspond to a negative (positive)
ro. Negative ry corresponds to the case (I) when em wave
travelling in an optically low dense medium strikes the
surface of an optically denser medium (g, < ¢, ). Positive

ro corresponds to the opposite case (I1). As seen, T(o),
R(w) as well as A(w) are monotonic functions of

frequency. At the low frequencies, such as o <<Tj,y,,
2
T(w) _)Toyezz/(re +Ye) <Tp,

R(w) _>(Fe i|"O|Ye)2/(re +Ye)2 ,and

A(w) = 2Ty, (1-T-|r0 |)/(Fe +7v, ) . For the case (1), the
reflectivity is larger and the absorptivity is smaller than
for the case (I1). The transmissivity is the same for both
cases. At high frequencies, such as ©>>I,,y,, the
response of the conductive layer becomes negligibly
smalland T(0) > Ty, R(0w) > Ry and A(w) — 0.

Modifications of phase of the wave under
transmission and reflection (the phase coefficients) can
exhibit more interesting behavior. From Eqgs (13) and
definition (2), we obtain that

¢, (o) = —arctan [Z(D—FEJ . (15)

@ +Ye(re +Ye)

Analytical expression of the phase reflection coefficient
is different for the cases (1) and (Il). In the case (I):

coFe(l—|r0|) }
|I’0 |(02 +(Fe 'H/e)(re +|r0|Ye)
(16)

denominator

¢, (0) = -+ arctan(

In the cae (I} if
|r0|°32+(1"e+ve)(|"0|ve—Fe)>0,then

oL (1+]r)) J
. (A7)
|r0|032 +(Fe +Ve)(|r0|Ye _Fe)

¢, (o) = —arctan[

otherwise

onfo) |

¢, (®) = —m—arctan
["‘0|(")2 +(re +Ye)(|r0|Ye _Fe)

(18)
In contrast to the power coefficients, the phase ones
exhibit non-monotonic behavior with at least one
extremal point. Indeed, in the case (I), ¢; — 0, ¢, > —=x
for both limits of ® — 0 and oo. For the case (II), ¢,
remains the same as for the case (I) and asymptotic
behavior of ¢, depends on the ratio, |ro|yele. If
[rol yeI'e>1, then ¢, — 0 at ® — 0, otherwise ¢, — —;
at @ — o, ¢, — 0 and it does not depend on ratio of
[ro] Ye[e. Thus, for case (1) both ¢ (o) and ¢, (») have
non-monotonic behavior. Also, non-monotonic behavior
of ¢ (o) is realized in the case (I1), if |ro| o[> 1.

If the conductive layer is placed into uniform
dielectric media, (s; =€, =¢) g =¢, to=1, rp=1, then
formulas for the power and phase coefficients are
essentially simplified:

2 2
T(e)=— e
® +(Fe+7e)
FZ
R((D):—e , 19
o +(T, +7, ) 9
A((D): ?-FeYe

o +(To 47, )
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¢; (o) = —arctan [Zw—lﬁej
] +YS(Fe +YE) (20)
¢, () = —n+arctan( ]
et7e
Typical behavior of the power and phase

coefficients are shown in Figs 3 for the case (I) and in
Figs 4 for the case (ll). In calculations, we set the
following parameters of electrons n,p = 5-10% cm™,
m" = 0.22m, (m, is free electron mass) and y, = 0.8 THz.
The latter corresponds to the electron mobility of
10° cm?V-s. The selected values of the parameters

correspond to the typical parameters of AlGaN/GaN QW
at liquid nitrogen temperatures. For three considered
types of the interface with [e;=1, & =9.7], [e,=1,
& = 5], and [g; = &, = 1] (free-standing conductive layer
in vacuum) we have that To = 0.74, 0.85, 1, Ry = 0.26,
0.15, 0 (|ro| = 0.51, 0.38), I'.=0.58, 0.75, 1.2 THz and
parameter |ro| vy I'e= 0.7, 0.4, 0.

As seen, in the case (I) power coefficients are
monotonic functions. Particularly, electrons essentially
suppress the transmissivity (panel (a)) of the structure at
the frequencies w/y, <4. The smaller T(w) occurs for
uniform dielectric medium (blue curves) and can be less
than 20%. The same tendency is observed in the
reflectivity spectra (panel (b)). The larger difference
between dielectric permittivities of the media formed
interface leads to an increase of the reflectivity and
decrease of the total absorption (panel (c)) of the
structure. At the frequencies w/y, = 10 the response of the
conductive layer becomes very weak. As a result, T(w)
and R(w) are saturated and tend to the corresponding
values of Ty and Rg. At this absorption tends to zero.

The phase spectra (dash-dotted lines) demonstrate a
non-monotonic behavior with an emergence of the
minimal/maximal points in the transmission/reflection.
The both phases are negative with modulation of the
order of 0.2z. The position of the extremal points,
®minmax, and corresponding values of the phases in these
points, o minr, max, CaN be found analytically. We obtain

Omip = Ye(re+Ye) !
T T
Py min = —arctan| ———=—— :—arctan( £ j
2\] Ye (re +Ye) ©min
(21)
and
_ (Fe +Ve)(re +|r0|Ye)

Omax = |r | !

’ (22)

1He (1_| r0|)
2| r‘0|('0max

J.

Or max = —n+arctan(

w/2n, THz
0.00 0.25 0.51 0.76 1.02 1.27
bt T T T T T 0.00
1.09 (a) 3
0.8 . -0.04
=
=
Shas 008 S
= =g
0.4+
1:3121,5229.7
y i 4-0.12
. Vs o =1 o=
2% 2:6,=1,6,=5
—3g,=1,6,=1
0.0 T T v T T -0.16
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Q
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(©)
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£

0.4 i
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<
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0.0 T T . T
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Q
Fig. 3. The transmission (a), reflection (b) and absorption (c)
spectra as functions of dimensionless frequency, Q = @/y, of
the conductive layer lying on three different interfaces
corresponding to the case I. The solid lines 1-3 are power
coefficients and the dash-dotted lines 1'-3' are phase

coefficients. The upper axis is rescaled according to the
parameters of conductive layer listed in the text.

Note, the latter is valid if ry=0. For the conductive

layer in the uniform media, ro=0, phase reflection
coefficient is the monotonic function defined by the
second equation (20)). The decrease of I'. with an
increase of the effective dielectric permittivity, e, is
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a result of the red-shift of wmi, and decreasing of ¢t min
for interface with optically denser medium. For three
considered interfaces with ¢, =9.7, 5, 1, Egs (21) give
®min/ye = 1.31, 1.4, 1.58 (0.166, 0.177, 0.2 THz) and
@t min = —0.086m, —0.1w, —0.14x, respectively. At the same
time, for the first two interfaces wmax/ye = 2.05, 2.58
(0.26, 0.33 THz) and @y, max = —0.946m, —0.91m.

In the case (Il), the transmissivity remains the same
as in the case (). However, the reflectivity (Fig. 4a)
demonstrates inverse behavior in the low-frequency
range, i.e., the optically denser interface essentially
suppresses reflection. It leads to an increase of total
absorption (Fig. 4b) as compared with the case (I). At
selected parameters, the phase reflection spectra are
monotonic functions.

To finalize this section, it is worth to note that the
phase transmission spectrum has minimum point. The
coordinates of this point are described by the rates of
radiative and non-radiative losses (see Egs. (21)).
Determination of this point in the measured spectra can
be used for identification parameters of the conductive
layer. Particulary,

_ _ 2
1—‘e - _2(’0min tan ((Pt,min )’ Ye = Te+0)min _7e. (23)
w/2r, THz
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Fig. 4. The same as in Figs 3b and 3c for the case (I1).

These parameters allow us to determine the electron
concentration, n,p and the electron mobility, p.:

e
—.
YeMm

*
_FemC Eoff

n —_—
2D )
2ne®

He = (24)

2.3. The conductive layer on a substrate

This model structure has a geometry close to that of the
existing heterostructure samples. The complex-valued
transmission and reflection coefficients of this structure
can be written as follows:

_ 0)+iYe 25
t(w) ts(m)w+iye+ire(1+rs(m))’ -
_ K@) (o+iye) =il (141, (0))
o= ) -
o/2r, THz
0.05 0.70 LB
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6n T T T T
© 21
=, 4n- i g
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:ah
= ’
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: | 1-\\’_ 1
=3 4 2
0 - - -
0 n 2n in 4n
5

Fig. 5. Power (black lines 1, 1') and phase (red lines 2, 2")
transmission (panel (a)) and reflection (panel (b)) coefficients
as functions of ¥,. Panel (c): the phase transmission (blue lines
1, 1') and phase reflection (green lines 2, 2") coefficients in the
representation of the unwrapped phase. In all the panels, solid
lines correspond to the structure 2D conductive layer on
substrate and dashed lines correspond to the single substrate.
The parameters of substrate are the same as in Fig. 1. The con-
ductive layer is described by the following parameters: the elec-
tron 2D-concentration is equal to 3-10*2 cm™ (I, = 0.72 THz at
the effective mass of 0.22m, and gy = 1) and y, = 1 THz.
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where t;(w) and rs(w) are the complex-valued
transmission and reflection coefficients of the substrate
(see Egs (4) and (5)), respectively. Also, we assumed the
Drude-Lorentz dispersion of the conductive layer given
by Eq. (12), and the factor of radiative losses is expressed

— a2 *
here as follows, I', = 2ne nZD/m Cy &g -

Figs 5 provide comparison between spectral
characteristics of the structure the conductive layer on a
substrate and a single dielectric plate. As seen, the
presence of moderate values of electron concentration
(o= 3-10" cm™) essentially modifies the power
transmission and phase reflection spectra. The power
reflection and phase transmission spectra are less
sensitive to the presence of the conductive layer.
Particularly, the effect of the electrons manifests itself as
well-pronounced suppression of em wave transmission in
the low-frequency range, ®/y,<1. The power

transmission and reflection spectra become non-periodic
functions, while maximal/minimal values of T(w)/R(w)-
dependences are blue-shifted with respect to
characteristic frequencies W, =k (see solid lines in

panels (@) and (b)). Also, the maximum of T(w) and
minimum of R(w) do not reach values of 1 and O,
respectively. All of these is the result of essential Drude
absorption of em wave by the conductive layer.
Additionally, it should be noted the modification of
the offset by = that is realized in the phase reflection
spectrum, for single substrate at the points ¥ = nk . Due

to the presence of the conductive layer, ¢, (®) acquires
offset by 2z at the points corresponding to the minima of
R(w). As a result, the phase reflection spectrum in the
representation of the unwrapped phase becomes a
continuous function (see panel (c)).

3. Grating-based resonant plasmonic structures

As mentioned in Introduction, the plasmonic structures
consisting of the conductive layer placed in the vicinity
of the metallic grating are in the focus of the many
modern THz applications. These plasmonic structures
possess resonant properties due to the excitations of the
2D plasmons. The analysis of the resonant line in both
amplitude and phase spectra can provide valuable
information about parameters of the conductive layer.
Particularly, we will show here that characteristic
parameters of the radiative, T, and non-radiative, v,
losses can be directly obtained from the phase
transmission spectrum.

The simplified analytic theory of the interaction of
em wave with such structures was developed by
S. Mikhailov in [36]. Following his approach, the
complex transmission coefficient for the structure with
“perfect metallic grating-conductive layer” in the
frequency region of the m-th order plasmon resonance
can be written as follows:

2
(O]

2 .
_(Doym + |'Ye(,0
n+Te)

where resonant frequency g, = ®, n xo(m, f,d) is the

t(w) = ; (27)

I,

oaz—oagm+ico( o

renormalized frequency of the ungated 2D plasmons,

V 2me’ng|q,|/m’e , calculated at characteristic

grating wavevector, g, = 27rm/ag (ag — grating period).

The  parameter l:e]m: . 7a(m, f,d)  characterizes

renormalized radiative decay. The renormalization
functions XO,l(m! f,d) contain geometrical parameters

of the structure: grating filling factor, f, distance between
grating and the conductive layer and also depend on the
order of plasmon resonance (for details see [36]).

It should be noted that approximate expression (27)
is obtained under a few assumptions. Among the others,
it is assumed: (1) the delta-thin perfect metallic grating
with semi-elliptic profile of the conductive strip, (1) high

quality plasmon resonances (g, >>T, ,7.) and

(111 negligibly small interaction between neighboring
resonances. Nevertheless, Eq. (27) provides rather
sufficient description of the resonant line in both power
and phase spectra (see below comparison between
Michailov’s approach and rigorous electrodynamic
simulation).

Eg. (27) gives that

o?

¢, (®) = arctan

®p,m

coz(lze%m + 21:e'mye)

)Z+C°2( ,m+Ye)2 |

(680 ~0) ol
2 2 - 2

(0) _mO,m)z +Ye(r m +Ye)m

Far away from resonant frequencies (o >> o, ), the

e
power transmission coefficient (28) is close to unity. It
corresponds to weak Drude-Lorentz response of the
conductive layer and weak interaction of the perfect
metallic grating with em wave. In the vicinity of the
resonant frequency T(w) provides Lorentz-type shape of
the spectral line with resonant values, T zT(o)oym)

and full-width at half-minimum (FWHM), §, . Both
characteristics are:

Tres,m = Yg/(Fe,m "'Ye)z7 8t,m =

Two mentioned characteristics of the resonant line
in the power spectrum can be used for determination of
non-radiative and radiative decay rates. They are:

Ye = \ Tres,m 8t,m ) m= 8t,m (1_\/ Tres,m )

The obtained form of the phase transmission spectra
(29) corresponds to the definition (3), at x>0

(Re[t(w)] is always positive). As seen, ¢,(®) exhibits

T(w)=1-

(28)

2

-y m T

e

2
Oy m — O

(29)

Tem+7Ye- (30)

T,

e

(31)
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non-monotonic alternating behavior, ¢(0) >0, if
>0y, and @ (w) <0, if otherwise. Zero of the phase

transmission coefficient corresponds to the minimum in
the power transmission coefficient. This fact is the result
of the Bode relations [45]. Far away from resonant

frequencies, we obtain ¢;(®) — 0. Such behavior denotes
that ¢,(®) has at least two extrema. Their positions and
values can be found from the equation dg(w)/do =0,

where g(w) is the argument of arctangent in Eqg. (29).

For simplicity, we introduce variable 6 = (w%ym -

Then, dg(w)/do = dg(0)/d6x do/dw
do/dw = —(mg,m +0)2)/c0 is always negative) and the

search of characteristic frequencies of these extrema is
reduced to the solution of equation

o?)fo.
(note,

dg@® _d|  Ted |, @)
do o o2 +Ye(re,m +Ye)
The latter gives two roots
e1,2 = i\/ Ve (fe,m +Ve) ’ (33)
which correspond to
T, + Ty +
o, = \/ oF ; + A n re + el o ) . (34)

The distance between positions of these extrema,
A®ygg :|o)2 —oa1|, and swing of the phase modulation,

AQyres = |(Pt((02)_(Pt((Dl)| ,are:

el ).

@y res = 2arctan

A(’Ores = I‘e,m +7e

(35)

em
2\/ Ve (fe,m +Ve)

Using two resonant characteristics Amres and Ay, res,
we can alternatively determine T ;, and y. from resonant
peculiarities in the phase transmission spectrum:

~ A
Tom = 2A0 tan%,

— _ (36)
e, re,m

m 2
+ A0y ———

Ye =

Examples of the power and phase transmission
spectra for the particular case of the modeled plasmonic
structure are shown in Fig.6. The sketch of the
considered structure is shown in the inset. We considered
the delta-thin gold grating with the semi-elliptical profile

of conductive strip, o (x) = 2x10% 1—(2x/wg>2 cmys .

1.0
(a)
0.8

0.6

T(o)

0.4

7 1(b)
0.06

0.00

o (®)/n

-0.06

-0.13

w/2n, THz

Fig. 6. Power (a) and phase (b) transmission spectra obtained in
accord with Eqgs (28) and (29) containing the parameters listed
in the text (black lines 1) and full electrodynamic calculation
(red lines 2). The dash-dotted blue lines are the same black
lines but centered with respect to resonant frequency 5 THz
realized for the red curves. (Color online)

The grating period, a4, strip width, wy, are assumed to be
equal to 1 and 0.5 um (grating filling factor f=0.5),
respectively. The conductive layer located at the distance,
d =0.025 um, from the grating. We set the following
parameters for the conductive layer: electron effective
mass m'=0.22m, (m, is the free electron mass), sheet
electron concentration n.= 6-10" cm™, and mobility
e = 10% cm?/Vs. The selected parameters are close to
those realized in the high-quality AlGaN/GaN QW
heterostructures. Whole structure is placed into the
uniform media with € = 1.

For these parameters, 0p,1 = 21%8.3 THz,
I'e = 1.44 THz and vy, = 0.8 THz. The geometrical factors:
% =0.68 and y;=0.36. As a result, the resonant
frequency ®q; = 2nx5.7 THz and renormalized radiative

decay rate 1:8]1:0.53TH2. The resulting power and

phase transmission spectra obtained in the frames of
Michailov’s approach demonstrate the existence of the
high-quality ~ plasmon resonance  for  which

wo,l/{YeJ:e,l}: {45,68} >>1. Here, we restrict ourselves

by the analysis of the 1-st order plasmon resonances
(m=1). For comparison, we performed complete
electrodynamic simulation of power and phase spectra
(see red curves 2) in the framework of integral equations
method [34, 46]. The exact calculations give slightly
smaller resonant frequency, wg; = 2nx5 THz. The origin
of this deviation was discussed in Ref. [47]. However,
the obtained form of the resonant lines in the power and
phase spectra can be well-described by the approximate
formulas (28) and (29) with the resonant frequency
obtained from exact calculations (see dash-dotted blue
lines).
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Fig. 7. Power (a) and phase (b) transmission coefficients calculated at several values of the modulation degree for the conductive
layer concentration, p, in the plasmonic structure with membrane-like substrate (Ds =1 um). The electron concentration in the
ungated region of the conductive layer, ng, = 5.10' cm™, is assumed to be constant. The dielectric permittivities of the barrier
layer, €;, and substrate, &, are equal to 9 and 9.72, respectively. The thickness of barrier layer is equal to 0.025 um. The gold
grating has a step-like profile with the period close to 1 um and filling factor 0.5. (Color online)

Now, we check that resonant peculiarities of phase
transmission spectra can be wused for inverse
electrodynamic  problem, i.e., extraction of the
parameters of the conductive layer. From the phase
spectrum (red curve 2 in Fig.6b), we have that
Ay res = 0.56 and Awyes = 2nx0.17 THz. The formulas

(36) give that l:e,m =0.62 and y.=0.81. The first
parameter is used to estimate the value of the conductive
layer electron concentration, n, = cem’ feym/Znele .

The second parameter directly provides the value of the
electron mobility inherent to the conductive layer,

1, =e/m"y, . The obtained values n, = 7.1-10" cm™ and
e = 9840 cm?*/V's are close to the input parameters

n. = 6-:10% cm™and p, = 10* cm?/Vs.

Thus, definite peculiarities of resonant line in phase
transmission  spectra can be used for basic
characterization of the conductive layer, particularly, for
determination of electron concentration and mobility.

4. Electrical control of the phase and power
transmission spectra

As it was shown in the previous section, the resonant
peculiarities in the power and phase spectra are directly
related to the excitation of 2D plasmons under the
grating. The spectral position and form of resonant lines
depend on several parameters [33, 48], namely: period of
the grating, grating filling factor, dielectric ambience of

the conductive layer and, what is important, the electron
concentration. The latter provides perspective method of
fast electrical control of the optical characteristics of the
plasmonic structures. Indeed, the hybrid plasmonic
structure with the conductive layer can be configured as a
grating-gate field-effect transistor (FET), where the
plasmon spectra and plasmon resonances can be
modified by an applied gate-to-channel voltage due to a
spatial modulation of the electron concentration. Such
possibility was experimentally verified in Refs. [26, 49],
a theoretical approach for description of the plasmonic
structure with non-uniform profile of the electron
concentration was proposed in Ref. [46].

However, the mentioned papers were focused on the
study of amplitude characteristics. Here, we discuss the
possibility to control the phase characteristics. The
results shown in Figs 7 to 10 are obtained numerically by
using the method for solving the Maxwell equations from
Ref. [46], which was generalized by us for the multi-
layered geometry of the structure. Particularly, we
considered two types of AlGaN/GaN plasmonic structure
on membrane-like and thick SiC substrates. The selected
parameters of the plasmonic structures are similar to
those of the existing structures [28, 29].

We assume that applied grating strips-to-channel
voltage can modify electron concentration of the
conductive layer under the grating strip (gate region). In
the biased structure, the electron concentration in the
conductive layer inherent to the gated region, nogq, can be
smaller/larger (depending on the sign of the applied bias)
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Fig. 8. Contour plots in the plane {noy, @} of the phase
difference (a) and relative transmittivity (b) of the plasmonic
structure with the same parameters as in Fig. 7. (Color online)

than that under the grating opening (ungated region),
No.ug- TO characterize modulation of the profile typical for
the electron concentration, we introduced the following
parameter: p = (noyg —No,ug )/(nng +No,ug ) At p>0, an

additional electrical doping of gated region occurs.
Otherwise, an electrical depletion is realized. The profile
of the electron concentration is assumed to be a step-like.

The spectra of the power and phase transmission
coefficients for the plasmonic structure with thin
substrate at particular values of p are depicted in
Figs 7a and 7b, respectively. As seen, the
negative/positive degree of the modulation induces a
red/blue shift of the resonant line with respect to
the unbiased structure (p = 0). Even the moderate value
of modulation p=+0.23 (ngg—Ngu= +3-10%cm™ at
Noug= 5-10"cm™) provides a shift of the resonant
frequency of 1.58 THz estimated as +0.23 THz. The
intensity of plasmon resonance slightly increases at p < 0
and decreases at p > 0. For example, the swing of phase
modulation near the resonant frequency at p = 0 is equal
to 0.15z and reaches the values 0.18n at p =-0.23 and
0.1r at p=0.23. In this case, the resonant values of
transmissivity change from 0.29 (at 1.18 THz) to 0.48
(1.82 THz) at variation of p from -0.23 to 0.23.
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0.8 1
§ 0.6 1
&= 0.4 1
0.2 1 0 2
(b)
124
=3
= 1:p=0.17
E g
£ —0:p=0
& —2:p=-0.17
4 T T T
1.00 1.25 1.50 1.75 2.00
/2w, THz

Fig. 9. The same as in Fig. 7 for the structure with the thick
substrate (Ds = 500 pum).

For many THz applications, particularly in the field
of THz holography, it is necessary to create a
controllable phase shift between two coherent beams. For
this purpose, it is possible to use the plasmonic structure,
in which one part of the illuminated grating area is biased
and another one is unbiased. The contour plot in Fig. 8a
illustrates the phase difference, Ag, = ¢;(p,®)—¢;(0,®),

between phases of the beams transmitted through the
biased and unbiased parts of the structure. As seen, there
are two “islands” with A@;<0 and A¢@;>0. The first
island is located in the lower frequency range 1.25 to
1.5THz and second one is located in the higher
frequency range 1.5...1.75 THz. Location of these
“islands” corresponds to the total linewidth of the
plasmon resonance of unbiased structure. It denotes us
that the large modulation of the phase difference Ag; can
be achieved within the frequency interval 1.25...1.75.
Apparently, maximal modulation from —0.16x to 0.14n
will be realized at the frequency of approximately
1.5 THz.

Together with phase modulation, the essential one
with the amplitude of the transmitted waves is also
possible. It is illustrated in Fig. 8b where we depicted the
mapping of the relative transmittivity defined as
AT/T(0,0) = (T (p,0) =T (0,®))/T(0,w) . Here, we also
observed the existence of the several islands with
essential values of modulation and different signs of this
modulation. The red islands for which AT/T(0,®) >0

are located within the linewidth of plasmon resonance
observed in the unbiased structure. The blue islands
(AT/T, <0) are the traces that are followed by the

motion of the resonant line under variation of p.

The spectra of the power and phase transmission
coefficients for the plasmonic structure with thick
substrate at particular values of p are depicted in Figs 9a
and 9b, respectively. The effect of the substrate is crucial
and leads to emergence of the Fabri—Perot fringes.
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Fig. 10. The same as in Fig. 8 for the structure with the thick
substrate (Ds = 500 pm). (Color online)

However, plasmon resonance in power spectra can be
identified as an essential suppression of the Fabri—Perot
oscillation in the particular frequency range. The phase
spectra in the representation of the unwrapped phase are
monotonic functions with the absence of visible signs of
the plasmon resonance. It is the result of the large scaling
of the unwrapped phase.

In this sense, the variable Ag, is more informative.
The obtained form of the counter plot of this variable
(see Fig. 10a) is similar to that shown in Fig. 8a for the
structure with a thin substrate. However, characteristic
islands of the essential modulations are experienced
additional incisions due to the Fabri—Perot fringes. The
same impact of the Fabri—Perot fringes is observed in the
counter plot of the relative transmissivity AT/T(0,w)

(see Fig. 10b).

We also can consider a possibility of phase
modulation at constant amplitude. Indeed, a constant
amplitude regime is the main operational mode of these
phase modulators. According to Fig. 7, there are two
almost antisymmetric wings of phase spectra at the
vicinity of plasmonic resonance, which manifests itself as
symmetric minimum on power transmission coefficient
spectra. Thereafter we can choose two different levels of
modulation with equal power transmission coefficients
and different phase shifts.

:
g
g
2 0.
0.2 - T - - T
wisd(c) ¢ S
lg 0-/ Ad’l\ /
; -18 R
1.0 1.5 2.0 2.5 3.0
o/2n, THz

Fig. 11. (a) The schematic sketch of the proposed grating-based
modulator. The power (b) and phase (c) transmission
coefficients of the left (L) and right (R) parts of the device
at different levels of modulation inherent to the conductive
layer concentration. For the left part (1): ngq = 10*cm?,
Nog =8-10" cm™. For the right part (3): nguq = 10" cm?,
Nog=1.4-10%cm™. For the unmodulated channel (2):
No = 10**cm . The electron mobility is assumed to be close to
3000 cm?V s for both parts of device. The grating parameters
are as follows: grating period is of 1 um, grating filling factor is
of 0.7. The other parameters are the same as in Fig. 7.

Let us assume a particular plasmonic device (see
Fig. 11a) that consists of two independent regions with
different electrical gate-to-channel biases that induce two
different modulation degree of electron gas. Say, the left
part of the device is described by p < 0 and the right part
by p>0. The power and phase transmission spectra of
these parts are shown in Figs 11b and 11c, respectively.
As seen, there is the special frequency (2 THz), at which
the amplitude spectra coincide, i.e., beams propagating
through left and right parts of the device have the same
amplitudes, but they acquire the certain value of phase
shift close to 24°(see panel (c)).

Thus, the performed analysis illustrates possibility
to use the grating-gated plasmonic structures as a core
element of electrically-controlled amplitude and phase
modulators for THz frequency range.
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5. Summary

We have analytically studied peculiarities of the
amplitude (power) and phase transmission/reflection
spectra of different thin-film semiconductor structures,
including grating-based plasmonic structures with the
thin layer of electrons, which can be considered as key
components of modern THz devices. In particular, we
have considered the non-resonant (optically thick
dielectric substrate, the conductive layer between two
dielectric media and electrons on dielectric substrate) and
resonant (the conductive layer under subwavelength
metallic grating) structures.

We have shown that extrema in the
reflectance/transmittance spectra of the substrate,
originated from Fabri-Perot modes, correspond to the
particular offsets in the phase spectra. In the
representation of the unwrapped phase, the phase
transmission spectrum is a continuous function with
inflection points corresponding to the extrema in power
transmission. In this representation, the phase reflection
spectrum has unremovable offsets by = at frequencies
corresponding to the minima of the power reflection
spectrum. We have ascertained that the first derivative of
the phase spectra with respect to the frequency is in
proportion to the power transmission spectra. For the
structure thin electron gas layer between dielectric
media, we found that the phase transmission spectrum is
non-monotonic function with a minimum. Positions of
this minimum depend on values of rates of radiative and
non-radiative losses, which can be used for identification
of basic parameters of the conductive layer (see Eq. (23))
from, for example, the appropriate THz-TDS
measurements.

The structure electron gas layer on dielectric
substrate reveals more complicated behavior of the
power and phase spectra. In contrast to the single
substrate, Drude absorption of em wave by electrons
leads to aperiodic behavior of the power spectra in low-
frequency range and essential modification of the phase
reflection spectra. In the representation of the unwrapped
phase, the phase reflection spectrum becomes continuous
function without any offsets. At the same time, the phase
transmission spectra of this structure and single substrate
are weakly distinctive.

For the resonant plasmonic structure, namely, the
electron layer under a metallic grating, we have shown
that the form of the resonant line in the power
transmission spectra can be approximately described by
the Lorentz-like formula (see Eq. (28)). The values of
transmission minimum and FWHM of resonant lines can
be also used for determining the concentration and
mobility of electrons in the conductive layer. Also, we
found simple relations (see Egs. (36)) between the
characteristics of electrons and particular form of the
phase transmission spectrum in the vicinity of the
plasmon resonance.

Finally, we have demonstrated that grating-based
plasmonic structure with particular spatial modulation of
electron concentration in the conductive layer can be
used as phase modulator for em waves in THz frequency
range. The latter device can be used as THz-wavefront
convertors, multi-beam splitters with electrical control of
operation parameters, including the spectral band.

We have suggested that these review and analysis
can be useful for specialists working in the fields of THz
physics and design of novel THz devices.
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Oco0ymmBocTi aMILTiTYIHIX Ta (a30BUX ceKTPiB HamiBNPoBiAHNKOBHUX cTPYKTYpP Y TT'n niana3oni yacror
IO.M. JIamyk, B.B. Kopotees, B.O. Kouenan

AHoTanis. Po3rigHyTO TONOBHI 0COOIMBOCTI aMILTITYAHUX 1 ()a30BUX CHEKTPIB MPOITyCKAHHS/BiAOWBAaHHS ACKIITBKOX
MOJIETIbHUX HAMIBIPOBIAHUKOBUX CTPYKTYp, y TOMY YHCII JENeKTPUYHY MiAKIaJIKy, TOHKWUI NpOBIJHMH wIap,
PO3MIIIEHUH MK JBOMA JIENIEKTPUYHUMH CEPEJOBHIIAMH, TOHKUH MPOBIIHUHN Iap, pO3MIIEHUH Ha JAieNeKTPUUHIH
miaKIani, i riopuaHy MmiIa3MOHHY CTPYKTYPY 3 TOHKHM HPOBIJHUM KaHAJIOM IIiJi METAJIEBOIO I'paTkor. AHaii3 Oyio
3MIMCHEHO 3 BUKOPHUCTAHHSIM aHATITUYHMX BMPA3iB, OTPMMaHHUX Y PE3yJIbTaTi po3B’s3KiB PIiBHSAHb MakcBeiuia mpu
HOpPMaJILHOMY MNaJiHHI IUIOCKOI eylekTpoMmarHiTHoi xBuii. [lokazaHo, mo cnenn¢ivyHa MoBeaiHKa aMIUIITYIHHX Ta
¢azoBux crektpiB y TI' nianasoHi Moke OyTH BUKOpHCTaHa /Il BU3HAUSHHS 0a30BHX napaMeTpiB 2D-enekTpoHHOTrO
rasy, BKJIIOYAI0YH KOHIIEHTPALI}0 BUILHUX €JIEKTPOHIB Ta iX PyXJIMBICTh, Y paMKax eKCIepuMeHTaIbHUX MeToauk Ty
CIEKTPOCKOMIT 3 po3iieHHsM y daci. Hamu 3ampornonoBaHo epexTuBHUMA (azoBuit MoxynsaTop TI 1 BUTpOMiHIOBaHHS
3 eJEeKTPHYHUM KOHTPOJEM pOOOYHMX ITapaMeTpiB, IO TIPYHTYETbCcs Ha edekTi 2D-mra3sMoHHOTO pe3oHaHCY B
TiOpUIHUX MIa3MOHHUX CTPYKTYPax 31 MPOCTOPOBO-MOAYIHOBAHUM Tpo(disieM KOHIIEHTpAIlil Y TOHKOMY MPOBITHOMY
mapi.

KirouoBi cioBa: daza, daszosuit cnexrp, TI'm cmektpockormis 3 po3aiieHHsAM y daci, T ¢a3oBuii MomymsaTop,
IUIa3MOHHA CTPYKTYpa, MeTalliuHa IpaTka.
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