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Preface

This master thesis is written by Kristian Nedergaard Jakobsen and Niklas Linaa Larsen
4th semester master’s students of physics at the Department of Materials and Produc-
tion, Aalborg University. The subject of the project is Numerical Modelling of Terahertz
Response from a HEMT Structure and studies plasma waves in a HEMT structure and
attempts to use numerical modelling to describe the phenomena.

The report is divided into five parts; a theoretical introduction which introduces the for-
mulae and concepts which are used to describe and discuss the results; a section which
describes the methods used in the modelling of the HEMT structure; an analysis in which
specific structures are modelled and analysed; a discussion of the models where the theo-
retical knowledge is used to discuss the results; and the conclusion where the theoretical
knowledge is utilised to conclude upon the models. In addition an appendix with long
derivations, complementary theory, and additional figures is included.

Reading guide

In this report, references are a part of the text and are collected in the bibliography in
the back of the report.
References are indicated with [number]. These numbers refer to the bibliography where
books are stated with author, title, edition, and publisher while web-pages are stated with
author, title and last date accessed.
In the text, vectors and matrices are shown as A.
Figures are numbered according to the chapter they appear in, i.e. the first figure in
chapter 2 is numbered 2.1, the second figure has the number 2.2, etc. Figures have an
explaining caption placed below.

Kristian Nedergaard Jakobsen Niklas Linaa Larsen
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Introduction

Frequencies in the range of 0.1 THz to 3 THz, are often called the terahertz gap, as
this range lies between the two well known domains of electronic and optical devices.
Technology operating in this range is di cult to fabricate, as the technologies which work
for higher or lower frequencies are not directly applicable to terahertz technology [1]. Many
common materials, and even living tissue, is semi-transparent in the terahertz domain
and because it is non-ionising, terahertz technology can be used for screening purposes.
This can be utilised in more commercial applications such as monitoring of compounding
processes or quality inspection of food products [2]. It has also gotten the attention in
military uses or security for airports for being able to detect weapons and drugs [3]. The
health sector has also gotten a keen interest as terahertz imaging has a potential for
detection of cancer [4].

Everything with a temperature of over 10 K, emits terahertz radiation as a part of
blackbody radiation, thus astronomers are also interested in terahertz technology to analyse
the cosmic background radiation [1]. A limiting factor for technologies utilising terahertz
radiation is that it is not capable of penetrating through water and therefore has limited
range in the atmosphere. It is, however, reasonable for uses within 10 m, thus might
have uses for short range technologies, i.e. high bandwith wi systems [3]. There are
several methods which are capable of producing terahertz radiation, however most methods
are either expensive or ine cient. Terahertz technology is still in the developing stages
and cheap and e ective terahertz sources and receivers are sought [3]. A new method
for creating terahertz radiation was postulated by Michael I. Dyakonov and Michael S.
Shur in 1993 [5], where the theory behind using the propagation of plasma waves in a
High Electron Mobility Transistor (HEMT) to create and measure terahertz radiation was
established. Since then a lot of e ort has went into the construction of HEMT structures
which are capable of interacting with terahertz radiation. This could help revolutionise the
terahertz technology, as HEMT structures are well known and thus the existing knowledge
in the eld can help create more e cient terahertz sources.

This project aims to understand the generation of terahertz radiation from the
propagation of plasma waves in a HEMTs two-dimensional electron gas (2DEG).
Furthermore, it seeks to develop a model for the response of a HEMT, to an incident
electromagnetic wave, in the terahertz range, in order to determine resonance frequencies
for a HEMT structure. To this end classical electromagnetism is used in combination with
Fourier analysis relevant structures. The project has put special focus on the AlIGaN/GaN
HEMT structure, as this is a newer more prominent candidate for e cient terahertz sources

[6][7].







Electromagnetic Theory

2.1 Maxwell's Equations

This section is based on references [8] and [9]

In order to establish the propagation of plasma waves, basic electromagnetic theory will
be established. Propagation of electromagnetic waves are governed by Maxwell's equations.
In a homogeneous, linear and isotropic material they are given as

r D(r;t)=; (2.1)

r B(r;t)=0; (2.2)

rOE(Y) = @((a;;tt) ; (2.3)
@ (r;t)

r H(r;t)= J¢(r;t) + (2.4)

@t ’
where is the free chargesE is the electric eld, B is the magnetic induction eld, J¢ is
the free currents,D = "E is the displacement eld andH = £ is the magnetic eld. The
electric permittivity, ", of the material and is given as" = ","g, where ", is the relative
permittivity and " is the vacuum permittivity, and  is the magnetic permeability and is
givenas = | o, where . isthe relative permeability and g is the vacuum permeability.
The time dependence is assumed to be "' unless otherwise speci ed.

Taking the curl of Eq. (2.3), taking the time derivative, and using the de ned time
dependence, gives

rr E=1! r H=il (3 II"E); (2.5)
where the last equality comes from inserting Eq. (2.4). Eqg. (2.5) is known as the vector
wave equation. The vector identity r r f=r(r f) r 2fisused to obtain

r(r E)r 2E=i (I il" E): (2.6)

Inserting Eq. (2.1) and de ning ! 2" = k? gives

F24 k2 E= it g @2.7)

For a situation where there are no free currents or charges,= J; =0, which is known as
the Helmholtz equation.

2.2 Optical Cross Sections

This section is based on reference [10].
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In this section expressions for far eld approximations for the magnetic eld from a
scatterer will be derived, in order to calculate the radiation pattern emitted from a
structure and the related cross sections.

2.2.1 Scattering Cross Section

For a scatterer on a layered structure, which will be considered here, the expression of the
far eld pro le depends on which half-plane is considered. However since the derivation
is similar for both half-planes, only the upper half-plane, corresponding to 2]0; [ will
be derived thoroughly. Writing the eld in the upper half-plane in its angular spectrum

representation yields

1 ) )
Hza(Xy) = Ha(kx;y =0) elkxxelky;aydkx; (2.8)
1

. . P—oi——
where the subscripta denotes the upper half-plane (ambient) ancky.a =  k3"a k2. For
far eld calculations, the evanescent waves can be ignored, thus the integral can be limited
to values for which Im(ky.a) = 0. Furthermore, by writing the spacial coordinates in polar
form:

x=rcos() y=rsin(); (2.9)
and performing a similar change of variable for the wavevector components
kx = konacos(k) Ky = konasin( g); (2.10)

with dky = kgnhgsin( k)d k, Eq. (2.8) becomes
HID( ) Ra(ke)domereest igngsin( )d &; (2.11)
0

where cos( k) cos( ) + sin( g)sin( ) = cos( k) has been used and the integration
direction has been reversed. For large the exponential function ekonar cost ) will vary
very rapidly comparably to the rest of the terms of the integrand, except for when ' .
Therefore for very larger, only values of g will contribute to the integral. For these

values the cosine term can be approximated by a Taylor expansion:
1
cos( )" 1 5 K2 (2.12)

The integration limits can be extended to 1 and 1 due to the rapid oscillation of the
exponential function, as when values of ¢y are not near the extended limits will not
contribute to the integral. Furthermore, the slowly varying terms can be placed outside

the integral evaluated in = as these will only contribute to the integral when k-
This leads to

HAD(n )" kona€ oM Ha(ke( ))sin( ) e konarzt 0% . (2.13)
1

The integral of Eg. (2.13) is a Gaussian integral with an imaginary argument. This has
the known solution [10]
r_

1
1 e a22+bde — eb2:4a 5, (214)
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which reduces Eq. (2.13) to
r

. ) 2 .
HER(r )" kona€ o™ Ha(ke( ))sin( ) ~—e'e; 0< <; (2.15)
oNal

where it is used that lzpf = e 174 The far eld expression governing the eld in the
lower half-plane (denoted bys) can be obtained from a similar derivation by changing
the refractive index to that of the substrate, ng, and remembering that the eld is now
examined in the interval 2] ; O[, which leads to

r

HIT)(n ) konse *oMs Hg(ky( ))sin( ) kozn reiz; < < O (2.16)
S

In order to nd the scattering cross sections, the scattered power is divided by the incident
beam, given as
r

1 0. .2
| = Hai2: 2.17
T on, 7 jHoj (2.17)

The scattered power is found by integrating over the time-averaged Poynting vector ux,
giving
r
1 1 ,
Psowp = 5 wone HE(n )iPrd: (2.18)
2 0Na o

The out-of-plane scattering cross sections is then given by normalising Eq. (2.18) with
the incident power, Eq. (2.28), and likewise for transmitted, by substituting n with ng,
yielding

1
. = (ff ) 12 .
s = o2, JHar (6 iTrds (2.19)
1 n )
sc;down = iH JZ = jH;. (” )(I’ )erd : (2.20)

In order to plot the radiation pattern, the scattered power per unit angle is needed, this
is termed the di erential cross section and is given by

8
ff .
@sc_<jH%u Her (T 0< < 2.21
@ 1 (ff) 2 . (2.21)
ol (r, )jeRar < < O

2.2.2 Extinction Cross Section

The extinction power represents the power lost due to scattering by the scatterer and
absorption by the scatterer. For a layered structure an extinction cross section for both
the re ected eld due to scatterer and the transmitted eld can be found. In order to
derive these expressions the beam power is examined in the far eld over a small an@e,,
which is done in order to not include too much of the scattered intensity. In the upper
half-plane, the upward propagating part of the eld will consist of the re ected eld from
the structure and the scattered eld from the scatterer:

Hiotr ()= Hox(r; )+ Hse(r ); (2.22)
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where the amplitude of Ho, is related to amplitude of the incident eld by the Fresnel
re ection coe cient for the layered structure. In order to nd this re ected eld, a
Gaussian wave is used to describe the incident eld, and it is given as

Hoi(X;y =0) = Hoe X*™6; (2.23)

wherewy is the beam waist radius. In order to propagate this beam, the Fourier transform
and a propagator is used to get

Foi(keiy) = 5 Hog(x 0)ehrekorde (2.24)

The angular spectrum, Ho(ky;y = 0), can be found by

22 Hqw 22—,
Ho(x; 0)e ¥**Woe kxXgx = —§0e kws=4,

Ho:i(kx;y =0) = >

— 2.25
5 (2.:25)
where the last equation is found using Eq. (2.14). Now to nd the re ected part of the
incoming wave, the Fresnel re ection coe cient, r(ky), is used to get

Hor (Xy) = r(ke)Hoi (ky; )€ X sV dky: (2.26)

If the incident wave is a plane wave, this can be achieved by assuming a very large
beam waist, and lettingwgp ! 1 . The far eld is sought, thus the re ected wave is
transformed into polar coordinates in the far eld, where it is used thatky = kong sin( k),

Ky = konacos( k), x = rsin( ) andy = r cos( ). These angles are de ned with respect to
the normal incidence, in order to simplify the calculations. This allows for the eld to be
written as

H . w naz .
H(ff)( )= 2&@ r(ky)e S°( ) OG- dkonar cos( konacos(k)d «;  (2.27)

where cos( k) cos( ) + sin( k) sin( ) = cos( k) has been used. As stated earlier, this
type of integral only gives something when is close to . Thus the slowly varying terms
can be moved out, making the Fresnel coe cientr (kx = 0) and using a Taylor expansion
to get sin?( ) 2. The faster varying term can be handled with a second order Taylor
expansioncos(x ) 1 1=2(x )? giving
r
Her () Howo k‘;?ar(kX = 0)e = (kovona)?g 1= 4gkonar. (2.28)

where again Eq. (2.14) has been used. The re ected beam power is obtained by integrating
over the time-averaged Poynting vector ux over the small angular interval

b1
Pbeam:r = éRe EA)N Yy H ) ) frd

o

ni HIO (e )+ M )j2rd (2.29)

NI =

= b

In the limit for ! O the total power can be divided into two parts

Pbeam;yr = Por  Pextr ; (2.30)
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where the re ected part, Po,, from the structure is given by
r

o1l
"0 na = b

Poy = HE(r; )j?rd; (2.31)

NI =

and the negative re ected extinction power, Peyir iS given by

r— h i

ol ° ff

0= Re HO (n ) HEE () rd: (2.32)
Ona = b

Pextr =

The squared term ofHéf;f;r) has been neglected as the incident eld is several magnitudes

stronger than the scattered eld. Inserting Eq. (2.28) gives

r— h i
Kor b 2 =4
Poxir = woHowo o1 (kx = 0) Re e w(kowona)g i=dgkonar L(ff)( )y (.
' 0 2na = b !
(2.33)
: . ; (ff ) ¢ (ff ) — i
Again using Eq. (2.14) and using thatHsc '(r; ) Hsc '(r; =0) gives
" oMo 7T h i
Poxtr = 7o r(kx =0)Re e '=4gkonar H(r, =0) @  (2.34)
0o Na KoNna '

The extinction cross section is given as the fraction of the total scattered power against
the power of the incident beaml;,

Pext:
extr = el>f,r ; (2.35)
|
wherel; is given in Eg. (2.17). A similar derivation is valid for the extinction cross section
for the transmitted beam, where the refractive index has to be that of the nal layer and
the re ection coe cients should be changed to the transmission coe cients for the layered
structure.







Field-Effect Transistors

This chapter is based on references [11] and [12].

In this section the concept of Field-E ect Transistors (FETS) will be presented. The idea
was rst proposed by Lilienfeld in 1926 when he led for a patent for a three electrode
structure in Method and Apparatus for Controlling Electric Currents later to be known as
a eld e ect transistor [13]. Today a large number of variations exists but the principle,
illustrated in Fig. 3.1, has remained the same. The FET is a three terminal structure,
which functions as a capacitor with one plate working as a conducting channel between
two of the terminals, denoted the source and drain terminal. The other plate, i.e. the
gate terminal, regulates the charge carriers induces into the channel, which comes from
the source and moves toward the drain.

Figure 3.1. Schematic structure of the concept of a eld-e ect transistor.

The FET principle has been implemented in a plethora of di erent devices, which are
mainly categorised by their gate material, location of the gate with respect to the channel,
how the gate is isolated from the channel and which type of carriers is moved through
the channel. This gives rise to the distinction of n-channel devices, p-channel devices, and
Double Injection Field-E ect Transistors, which uses electrons, holes or both as carriers
respectively. Some of the most common devices are the Metal Oxide Semiconductor
Field-E ect Transistor (MOSFET), the MEtal Semiconductor Field-E ect Transistors
(MESFET) and the Junction Field-E ect Transistors (JFET) [11]. The MOSFET has
especially been used extensively in electronic circuit applications due to its small size,
which allows for hundreds of millions transistors to be placed on a single chip [14].
As transistors continue to become smaller quantum mechanical e ects starts to have a
signi cant e ect, which introduces new problems, thus limiting the scaling of conventional
MOSFETSs [15][16].

A relatively new FET structure is the Heterostructure Field-E ect Transistors (HFET)
[17], also commonly referred to as High Electron Mobility Transistor (HEMT), has been
emerging as a subject of great interest. A HEMT consists of two semiconductor materials,

9
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which forms an abrupt discontinuity in conduction and valence bands and will be the main
subject of this chapter. Firstly the theory of heterojunctions will be presented with focus
on their banddiagrams and the formation of a Two-Dimensional Electron Gas (2DEG)
adjacent to the interface. Secondly the HEMT will be examined with special focus on the
AlGaN/GaN heterostructure.

3.1 Heterojunctions

A heterojunction consist of an interface of two semiconductors with di erent bandgaps.
This di erence results in a discontinuity of the bandgaps at the junction interface. In
general there are two methods of designing a heterojunction; either an abrupt junction
in which the semiconductor changes abruptly from one to the other, or a graded
heterojunction as for example GaN/AlkGa; «N, where x may vary continuously. The
graded heterojunction essentially enables one to design the bandgap energies at the
interface.

3.1.1 Energy-Band Diagrams

Many of the characteristics of the heterojunction can be determined from its bandgap.
Especially the formation of the 2DEG at the interface can be understood from the bending
and discontinuity of the bandgaps at the interface. In the formation of a heterojunction
between a narrow-bandgap material and a wide-bandgap material the alignment of their
bandgap energies plays an important role for the resulting structure. In this report the
type of heterojunctions called a straddling heterojunction is considered. This is the
most common type of heterojunction and is the case where the wide-bandgap material
completely overlaps the narrow-bandgap material as seen in Fig. 3.2. The heterojunction
can further be seperated into four types based on how the two semiconductors are doped:
Anisotypes in which the dopant type changes at the junction, nP or Np where the large
letter indicates the wide-bandgap material. Isoptyes which have the same dopant type on
both side forming either nN or pP heterojunctions.

Figure 3.2. Banddiagrams of straddling heterojunctions, where (a) separated AlGaN and GaN
and (b) AlIGaN/GaN heterojunctions. Ey is the valence bands maximumEc is the
conduction bands minimum, Eg is the Fermi level, s is the work functions, s is
the electron a nities and Ug is the built-in voltage. A 2DEG gas is con ned on in
the triangular quantum well on the GaN side.

10
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Only the bandgap of an isotype junction will be considered here, as only they can form
the 2DEG at the interface [12]. In particular the AlGaN/GaN heterojunction will be
examined, but this exposition should be valid for most isotype junctions. In Fig. 3.2(a)
the band diagrams of isolated AlGaN and GaN, being the wide-bandgap and narrow-
bandgap semiconductor respectively, are shown with the vacuum level used as reference.
Here Ec1; Evi, EF1, s1; s1 and Ugi are the conduction band minimum, the valence
band maximum, the Fermi level, the semiconductor work function, the electron a nity and
the built-in voltage for AlIGaN and Ecy, Eva, EF2; s2, s2 and Ug, are the respective
parameters of GaN. The energy discontinuity between the conduction bands and valence
bands are denoted Ec = Ec; Eczand Ey = Eyi Ev» and from Fig. 3.2(a) it can
be seen that

Ec=¢e s1 s2 (3.1)

and
Ev= Eyg Ec; (3.2)

where Eg= Eg Eg is the energy gap discontinuity.

When joining two semiconductors to form a heterojunction, the atoms at the interface
need to form chemical bonds. As the lattice constants of the two materials di er, atoms at
the interface have to adjust, by developing strain. Depending on the degree of mismatch the
interface can be far from ideal and noticeable unwanted consequences can occur. However,
in order to establish the theoretical foundation, an ideal heterojunction will be assumed.

The ideal model was rst developed by R. L. Anderson [18], which states that the energy
bands in both materials forming the heterostructure are not a ected by the combination of
the two materials. This reduces the problem to alignment of the band edges at the interface.
The assumption for an ideal heterojunction is that the vacuum level is continuous and thus
the discontinuities in the conduction band and valence band, Egs. (3.1) and (3.2), will
exist at the interface, this is also known as the electron a nity rule.

3.1.2 Two-Dimensional Electron Gas

This subsection is based on reference [1].

When forming a heterojunction the Fermi level must be constant throughout. This is
due to a varying Fermi level will induce an electric current. Therefore, under equilibrium
conditions where no such current ows, the Fermi level must be constant throughout the
system. This requirement leads to band bending, illustrated in Fig. 3.2(b). For the system
to reach equilibrium and thus aligning the Fermi level, electrons from the wide-bandgap
AlGaN region ow across the junction. This ow causesEr; to lower and Ef, to increase,
due to several factors, e.g. repulsion e ects, until the two fermi levels align. This creates a
depletion region in AlGaN and an accumulation region in GaN. This leads to the electrons
being con ned in a potential well adjacent to the interface, wherein the Fermi level is higher
than the conduction band. As is known from quantum mechanics electrons in a potential
well will have their energy quantised. In other words, the electrons are accumulated in the
discrete quantum states of the quantum well and the 2DEG is formed at the interface on
the GaN side.

11
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The term two-dimensional electron gas is used to emphasise that the electron energy
is quantised perpendicular to the interface, but are free to move in the plane parallel to
the interface. A quantum mechanical description of the energy of the 2DEG based on a
one-dimensional triangular well is derived in App A.1l.

The main advantage of the 2DEG is its high electron mobility compared to the bulk
material and large electron concentration, as a current parallel to the interface will be a
function of these parameters. In bulk material, electrons are often supplied by ionised
donors and will as such su er from scattering of impurities. While, in the accumulation
region a large electron concentration can be created in an lightly doped or intrinsic region,
which in turn will diminish impurity scattering and the low- eld mobility can therefore
be much higher. This is especially the case for low temperatures, where the ionised
impurity is the dominant form of scattering. In general for heterojunctions the wide-
bandgap material would have to be moderately to heavily doped, while the narrow-bandgap
material could be lightly doped or in some cases intrinsic. However, due to spontaneous and
piezoelectric polarisations the 2DEG can be induced in the AlGaN/GaN heterojunction
without intentional doping [1][19]. This among other prominent properties, e.g. high
breakdown voltage [20] making them candidates for high-power applications, makes the
AlGaN/GaN heterojunction excellent candidates for HEMTs [21].

3.1.3 AlGaN/GaN Field E ect Transistor

In this subsection the workings of a common HEMT will be explored, this includes a
short overview of the practical operation of a typical AlIGaN/GaN HEMT, derivation of

a current-voltage characteristics and relating the gate voltage to the charge density of the
2DEG.

Fig. 3.3 illustrates a typical AlIGaN/GaN HEMT structure. All HEMTs work by the same
principle. By applying a positive voltage to the gate (here a Schottky contact) electrons
are capacitively induced into the narrow channel at the GaN interface, i.e. the 2DEG,
allowing for a current to ow between the source and drain.

Figure 3.3. Schematic structure for a AIiGaN/GaN HEMT on a substrate.

A Schottky contact is a switch utilising the Schottky barrier formed between a metal and
semiconductor. The Schottky barrier is the potential barrier the electrons have to pass if
they are to move from the metal into the semiconductor. In an ideal junction it is given

by
B= m ; (3.3)

where |, is the work function of the metal and is the electron a nity of the adjacent
semiconductor. The electrons in the conduction band of the semiconductor have a similar

12
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barrier called the built-in potential, if they are to move into the metal. It is given by
Us= B n; (3.4)

where  is the di erence between the Fermi level and the conduction band.

Applying a negative gate bias increases the semiconductor-to-metal barrier, where for the
ideal case g is constant. This raises the triangular potential well at the GaN interface
above the Fermi level and the accumulation layer is emptied. This lowers the carrier density
of the 2DEG signi cantly, making the current in the HEMT essentially zero, switching it
o, shown in Fig. 3.4(b). When zero or positive gate bias is applied the conduction band
is below the Fermi level and the situation is as described in previous section, with a large
electron density, shown in Fig. 3.4(a).

Figure 3.4. Energy band diagram of AlGaN/GaN HEMT in the direction from the gate to the
substrate. (a) with zero gate bias. (b) negative gate bias.

In the remainder of this section the current-voltage characteristics of the HEMT will
be developed based on a charge control model and assuming the Gradual Channel
Approximation (GCA). The GCA is based on the assumption that the electric charge
density which is related to the change in the electric eld parallel to the conduction channel
is much smaller than the change in electric eld perpendicular to it, i.e. % %. This
means that the channel potential is assumed to change "gradually" and very little over
distances of the order of the insulator (here the AlGaN layer) thickness along the channel
length.

In the charge control model the channel carrier concentration is assumed to be given as

_ "1 .
where d is the thickness of the AlGaN layer, d is the thickness of the 2DEG,"; is the
dielectric permittivity of the AlGaN layer, Ug is the gate voltage, Uy, is the threshold
voltage and U(x) is the potential along the channel due to the drain-to-source voltage,
which varies from 0 to Ugs at x =0 and x = L respectively. The source-drain current is

wherev is the carrier drift velocity and W is the channel width. This expression is obtained
by considering the change in the resistance at a point in the channel

dx

R= 200

(3.7)
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where is the resistivity and A(x) is the cross section aix. The cross section can change
along the channel by a varying thickness. For simplicity it is assumed to be constant

A(X)= A= dW. The resistivity due to the 2DEG is
1

= . nns; (3.8)

where | is the electron mobility, and ng is in charge per volume. Inserting Eqg. (3.8) into
Eq. (3.7) yields

dx
dR - m. (3.9)
The change in voltage across a length afix can be written
dU(x) = l4sdR(X); (3.10)

where the source-drain currentl 4 is constant through the channel. Isolating the source-

drain current and using the expression for the resistance gives

dU(x)
dx

The potential is related to the electric eld as E(x) = ‘é—g Furthermore the drift velocity

can be obtained asv = E (x) and by including d in ng making it charge per surface

area, one obtains the source-drain current in Eq. (3.6). Using Eq. (3.5), the source-drain
current can be expressed as

Idsz dWe nns

: (3.11)

WII 1ns

Applying E(x) = ‘é—g the drain-source current becomes
_ W"ieng du
lgs = m[ug Ut U(X)]& (3.13)
Multiplying both sides by dx and 1=L and integrating along the channel yields
1t wry o U
— lgsdX = ————— U, U U(x)ldU: 3.14

Assuming that the current and mobility are constant through the channel, the source-drain
current can be written as
Wll 1

lds = m[z(ug Uth ) Uds U§s]: (3.15)

It is clear that the source-drain current can be controlled by both the source-drain voltage
and the gate voltage. Furthermore, the gate voltage can be used to regulate the electron
density in the 2DEG. This can be seen from Eq. (3.5) and by lettingJ(x) = 0 the system
of the gate and the 2DEG can be seen as a capacitor with capacitance per area

1

Cyg= g+ d: (3.16)
The electron density can thus be regulated by the induced gate voltage as a capacitor by
ens
Cyg= ——: 3.17
97 Uy Un (3.17)
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3.2 Plasma Waves

This section is based on references [22] and [23].

Plasma waves are de ned as oscillations in electron density. These oscillations have
wavelike characteristics and can travel faster than the velocity of electrons. In order to
describe the propagation of these waves a wave equation is needed. This is obtained by
considering Newton's second law:

F = ma; (3.18)

where F is the force, m is the mass of the particle anda is the acceleration. In order to
simplify these waves, collisions are neglected and only the drift currenty, is considered.
In the case of an electron in an electric eld, the force comes from the electric eldE, and
Newton's second law thus becomes

dv dv

m-— = Ee, enm— = e°nE; 3.19

dt dt ( )
where e is the electron charge andn is the electron density. Considering an electron in
a semiconductor, the massm, becomes the e ective mass of the electron. The current

density, given asJ = env, can be inserted, yielding
dJ _ €n
9 WE. (3.20)

Through analysis of charge conservation, the relation between the current density and
the charge density, , can be found. The current density through a closed surface must
correspond to the change of the charge density in the volume the surface encloses, thus

@

@t
where the divergence theorem has been applied to get the last equality. As the integrals
are both over the same arbitrary volume it must hold that

av= J ndA= r Jdv, (3.21)

_ @
rJ= ot (3.22)
Di erentiating Eq. (3.22) with respect to time and inserting Eq. (3.20) yields
@  €n o
@+ —r E=0: (3.23)

In order to arrive at the dispersion relation, the divergence of the electric eld is needed.

3D Ungated Case

The rst case studied is for a three dimensional ungated structure. Heren is the electron
concentration per unit volume, and is the charge per unit volume. For a 3D case Gauss's
law, Eq. (2.1), given asr E = =, can be inserted into Eqg. (3.23), yielding

@ e?n

7+77:0'

@t e ; (3.24)
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which is the equation for a harmonic oscillator, which has the solutions
= Ae't + Be " ; (3.25)

where A and B are amplitude constants and! is the angular frequency. Inserting the
solution into Eq. (3.24) gives the frequency

|
b= &N (3.26)

m

as such for the 3D ungated case the frequency is a constant with respect to the wavelength.

2D Gated Case

In the 2D case,J is the current per unit length, n is electron concentration per unit area
and is the charge per unit area. To correlate the gate to the 2DEG, a loop is created
over the gate as shown in Fig. 3.5.

Figure 3.5. Schematic of the gate potential a ecting the charge density in the 2DEG.
Through Gauss's law, Eqg. (2.1), which in integral form is given as
D ndA = av; (3.27)
the situation in Fig. 3.5 gives
"Exdxw = wdx , Eyx= - (3.28)

where only the free charges are considered in Combining Eq. (3.28) with the relationship
of the electric eld and potential in a capacitor, E = % gives

U= = —; (3.29)

whereC = ¢ is the capacitance per unit area, which holds when the change in the electric
eld parallel to the interface is much smaller than the change in the direction perpendicular
to the interface. The electric eld depends on the potential asE = r U, thus combining
this with Eq. (3.29) gives

E=r U= —r: (3.30)
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Inserting Eq. (3.30) into Eq. (3.23) gives
@ ¢&n,
@ mC
wherer 2 is the two dimensional Laplace operator. The solution to this di erential equation
is on the form

=0; (3.31)

= Ae ilt eik r 4 Be ilt e ik r: (332)
Inserting the solution into Eq. (3.31) and de ning s? = ﬁf—g gives the dispersion relation
12 = k2s%; (3.33)

wherek is the wave vector, ands is the speed of the plasma wave.

3.2.1 Density Response Theory

This subsection is based on references [24], [25] and [26].

Another approach to obtain the plasma wave dispersion relation, for the general case, the
problem can be established as a many-body problem involving the electrons in the 2DEG.
The plasma waves will depend on a non-local response in the dielectric function. Looking
at a non-local dielectric function,"(r  r%!1), the displacement eld is given by

D(r;')="(r r%)E@r%1)d3® (3.34)

Taking the Fourier transform of the displacement eld gives

D(q;!) = PBE D(r;!)e '97d% = "(q;! )E(q;!); (3.35)

where q denotes the wavevector. Fourier transforming the vector wave equation, Eq. (2.5)
yields

g g E()+ k§"(q)E(q)=0: (3.36)

This allows for non-trivial solutions where E is in the same directions agy, if "(q) =0.

In order to nd " for the 2DEG, a quantum mechanical analysis of perturbations due to a
external eld will be made. Assuming an external eld, Vex (r), the quantum mechanical
Hamiltonian will be

X
H= e Vext (I'i); (3.37)

where N is the number of electrons. An electr(?:p density,ning (r) is induced by the

perturbation. The operator for this perturbation is lN (r r;), which gives
P P
X mj . (r r)jmihmj e . Vex(ri)jni
n|nd (r) — fnm J i ( |)J J i ext( |)J ’ (338)
m:n Em En "'I

which is derived in App. A.2 and wheref,, = f(E,) f(Em), f being a probability
distribution, and mMjwjmi = D)W (rg;ciorn)d3rg i d3ry, where  is
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the wave function for state n and W is an operator. The states used here are true many-
body states, nIBeaning they depend on the entire system of electrons. For a symmetric

function, W =, w(r;) the integrals can be simpli ed by
jwWjmi = a(rinien) W) m(rycisry)drazidiry
i
=N L(rnra)W(ry) m(roiira)d3rgcdiry
= am()w(r)d®r; (3.39)
where
am(r) = N Grriinirn) m(rrzinrn)diracdiry: (3.40)
Using this on the operators from Eq. (3.38) gives
mjx (r r)jmi= pn(r); (3.41)
iX
hmj e  Vex(r)ini= e Vea(r) mn(r9dr® (3.42)
i
which inserted into Eq. (3.38) gives
Ning (N =& (rirYVea(r9d®f (3.43)
where the density response function, (r;r9, is given as
(rir9 = :.n Fom MR (rémm:(rE‘: : (3.44)

If instead of many-body states, single particle states are analysed, the potential a ecting
the perturbation is given as the external eld, and an induced Coulomb potential between
the electrons, thusVie (r) = Vext(r) + Ving (r). For a single particle, the density operator
becomes (r rj) and the Hamiltonian becomes eV (r), giving the induced density as

X mj (r ry)imihmj eV (ry)jni

Ning (1) = N f o e E. o = e (Vi (r9d3C
(3.45)
where S(r;r9 is the single particle density response and is
X
S(r;r(): fnm n(r) n(r% m(r% m(r) (346)

m;n
The induced potential from the perturbations, is given through the Coulomb potential as

e Nind (r(bdsra

Ving = 4" jirrg

(3.47)
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By de nition the total and external potentials are related by the dielectric function [26],
Vet (1) = "(r; 1Y Vior (rYdr® (3.48)

Combining this with Vit = Vext + Ving gives

e? 1

< s¢,0 .0§43,00
PR (r®r99g3roc (3.49)

"nr)= ()

Assuming a periodic structure, the wave functions can be written as Bloch waves, giving
n(r) = Un;k(r)eik " m(r) = um;k+q(r)ei(k+q) " (3.50)

where u are periodic with the same periodicity as the lattice. As the product ofu, and
Um is also periodic with the lattice, it can be written as a Fourier series on the form

X _
Un:k (N Um:k+q(r) = nm: kg (G)EC (3.51)
G
where G is the reciprocal lattice vector. Inserting these de nitions into Eq. (3.46), and
integrating over g and k to account for every solution, gives

X _ .
S(r;r9 = S o(q;1)e@r 87rgalr Mqg; (3.52)
G;GO

where

n;m; k;q(G) n;m; k;q (G%d

X
%;Go(q;! )=2 [f (Enk) f(Emk+q)l ~ +Epk Emk
. n; mikK+q

nm

k:  (3.53)

where the factor 2 comes from spin. Bottk and q are within the Brillouin zone. Inserting
this expression for S(r;r9 into Eq. (3.49), gives

e? 1 X

i TR %;Go(q;! )ei(G r0 GOrO()eiq (r° rO()dqdrO(:)

"(r;rY= (r 19

G;Go
(3.54)

For the potential, Tlroq the inverse Fourier transform is used on the Fourier transform,

where the derivation of the Fourier transform can be found in Appendix A.3. For the three
dimensional case it gives
1 1 X e i(p+G) (r %
4r 1% 2)% ip+ Gj?

dp; (3.55)

where p is within the Brillouin zone. Inserting this into Eq. (3.54) gives

"(r;r9= (r 9
2 X | | e i(b+GO (1 1%
@) Sico(g;! )ee " SIrga o+ GY2 dpdqdr®
G;GO
X S, 1) . _
= (@ r9 (262)3" ij’iO((;’z)el(G 0 Gor)d(qr® pr) g p)rOOdrOijdq:
G;GO
(3.56)
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The integral over dr®gives (q p) thus the equation simpli es to

e X &.co(a;!)

000 G Taror

(G 0 G reld (ro r)dq; (3.57)

where G and G%have been swapped. The Fourier transform of(r;r9 is sought, and can
be found by

(@)= (rr9e 190 Drdrd (3.58)
thus
"(q;t)= e "D (v Odrdr®
(26‘2)3":60 we@ G Nga’r® Ng 19 Ngrgrlg®  (3.59)

The integral over the Dirac-delta function gives 1. For the second part, the contributions
can be split into the parts regardingr and r° yielding

e X &.co(@S!)

- _GeRHA 7 i(@ 9° G)r,i(q® g+G9r0 0
2 ) . QO+ GJ2 e e drdr%q® (3.60)

"(g;1)=1
The integrals overr and r®gives zero unless; q° G = q° g+ G°=0. As both g
and q° are in the Brillouin zone jq° qj < jGj and likewise for G thus G = G°%=0 is
necessary for the integral to give a value di erent from zero. The only solution is then
q = q° Therefore, the dielectric function becomes

"(g;1)=1 Gzigf&dqﬂ): (3.61)

In order to simplify this expression, for smallq, mn;k:q(G) mn G0 [26] and if the
only signi cant contribution is from a single band, then 3y(q;! ) can be approximated by
the Lindhard function ,[26], given as

f(Ek) f(Ek+q)
~+ Ey Ek+q

L(g;!')=2 dk: (3.62)
Looking at the long wavelength limit, whereq/ 1! 0, and assuming the energy follows
a parabolic dispersion,E = ;n—kz wherem is the e ective mass, the termEy  Eg+q can
be approximated with

~2)2 2 2

Ex Eiugq= S (C+2k g+ ) (3.63)

2m
The Fermi-Dirac distributions can be approximated by [25]

f(Ex) f(Ek+q)=TFf(Ex) (F(E)+ g r«f(Ex) ::) g r«f(Ex): (3.64)

Inserting these approximations into Eq. (3.62) gives

X G @f(Ek) om X G @f(Ex)
. Ok 3 — @k 3
L(g;!) 2 | - ~2de k w 1 kg d°k; (3.65)
i : m i w
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wherei is the components ofk and w = ;ni Asg! 0, qu < 1, thus the denominator
can be written as
1
1 kK4 1+ 59 . (3.66)
w w

Inserting this into Eq. (3.65) gives

2m X @1E) k g 3

o —— + ; .
L(g;!) il G @k 1 W d°k (3.67)

|
The rst term in the bracket gives 0, as after the integration it corresponds to takingf (E)
for k' 1 |, which gives zero. The second term is then solved using integration by parts,
yielding
(y )

[ (Ex )kiGl - Gf (Ex)gdk (3.68)

2m

L(g;!) 202

The rst part is zero, as it corresponds to taking the distribution function for k at 1 ,
which is zero. In order to solve the integral, assume a square box containing all the
possible states, with lengthL. Then the distance between each state i%, thus the area
occupied by each state will be ZT % The amount of electrons then becomes

2
3 | (Ex)d3k; (3.69)
T

N =

where the 2 comes from spin. Isolating the integral gives
NE) @)
v 2 2
where the box have been changed into a container with volum&. Thus the Lindhard
function for long wavelengths become

(2 )°m ofn _ (2 )°¢n.

f (Ey)dk = (3.70)

L) St = (3.71)
Inserting this expression into (3.61) gives
&€ (2 )3¢n 2e’n
" 1) = = '
(g;')=1 2 ¢ mi2 1 e (3.72)
The transverse plasma modes are wheh= 0, thus
r—
= f;” ; (3.73)

which was the same as found in Sec. 3.2. For a 2D structure, the calculation are similar,
however the inserted Fourier transform of the Coulomb potential is di erent, the derivation
can be found in Appendix A.3, giving

@ n@)?_,  &an_

"(g;!) = =
(g:t)=1 2'q(2 )2 m!?2 2'm 12’ (3.74)
which makes the plasma frequency
r
e?n
o= SO (3.75)

These correspond to the expressions stated in [23].
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3.3 Plasma Wave Instability

This section is based on references [5], [23] and [27].

In this section the main mechanisms behind the generation of spontaneous terahertz
radiation, termed the Dyakonov-Shur instability rst described by M. Dyakonov and M.
Shur [5], will be presented. For short HEMTs the electrons have practically zero phonon or
impurity scattering as the transit time is shorter than the mean relaxation time. The main
type of scattering is electron-electron collisions and due to the high electron concentration,
the electrons can not be assumed as ballistic particles. Thus the electrons behave as a
uid in a channel with no external friction and can be described through hydrodynamic
equations.

It will be shown that the steady state of this current-carrying HEMT can be unstable
due to the growth of plasma waves at terahertz frequencies, which can be exploited for a
variety of applications such as detectors, mixers and frequency multipliers [28][29].

Consider the HEMT of Fig. 3.1, but with a 2DEG at the interface of the substrate and
insulator. The electron sheet and the gate electrode form a capacitor, which above the
threshold voltage controls the surface concentration in the channel following Eqg. (3.17),
as

ns = CU=e; (3.76)

whereU = Uy Uy and C is the capacitance per unit area given by Eq. (3.16). The
Dyakonov-Shur model is a classical model of the conduction channel. The model is
described by the surface concentration given by Eqg. (3.76) and the electron velocity
as a function of position and time. Limiting the motion to the source-drain axis, say the
x-axis, the elds obey the equation of motion

@v, @v_ e@U

at vV— (3.77)

@x m @Xx
where @ U=@is the longitudinal electric eld in the channel, v(x;t) is the local electron

velocity and m is the e ective mass. Eq. (3.77) is called the Euler equation and its
derivation is done in App. A.4 . Furthermore, the elds also obey the continuity equation

so Eq. (3.77) has to be solved together with

@ @nsv) _ .
@t+ @x =0; (3.78)
which by using Eg. (3.76) can be rewritten as
@u_@uv) _ .
@t+ @x =0; (3.79)

which is derived in App. A.4. These equations coincide with the hydrodynamic equations
governing shallow water.

The aim of this section is to study the time dependent e ect a small perturbation has on
the steady state of the current. The instability of the steady state occurs for a uniform ow
of current through the channel, while being subject to speci ¢ boundary conditions. At
rst assume that the gate voltage is xed and no current is running through the channel.
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When analysing instabilities, the potential, the velocity, and the density are described as
a sum of a large dc part and a small ac part [30], i.e(U; v; ng) = ( Up; Vo; Ng) +( U1; v1; N1,
where (Ug;vi;n1)  exp( i't ). Applying this in Eq. (3.77) and Eqg. (3.79) yields

@vo + V1) @vo+ vy) e @Uo+ U) _
7@t +(V0+ Vl)T"' ET_O’ (380)
and
@Uo + Up) | @vo+ vi)(Up+ Up)
at + a@x (3.81)
- QU+t Uy @y @y @y QW _,,. (3.82)
@t @x @x @x @x

Linearising these equations with respect tov; and Uy, i.e. ignoring products of small
guantities, and the assumption that no current runs through the channel o = 0), reduces
them to

@y+ e@lll_0

—+ ———=0; 3.83
ot max (3.83)
@y @y
— + Up—==0: .84
@t Uo @x 0 (3.84)
Combining these equations yields the following wave equation
QU L0U_ (3.85)
@ @%
with the dispersion relation! = sk, wheres = P Uge=m, as was obtained in Sec. 3.2

for gated 2DEG. A similar equation can be obtained forvi. The dispersion relation is
the same as for shallow water withUge=m in place of hg [31], further emphasizing the
similarities. If now the electrons move with a drift velocity, vo 6 0, two more terms have
to be kept from Egs. (3.80) and (3.82) when linearising, which then becomes

@y, @y, e@Y_

@ ax max (550

@y Qu @y _ @y_ 1@Y v@U,

= —+Up——=0) —=—= — : 3.87
et ex Pex?) ex U et U @x (3.87)
Di erentiating Eqg. (3.86) with respect to x and substituting in Eq. (3.87) yields
sz@u1 vg@ul 2v0@ QUy _ 0 (3.88)
@% @% @t@x @%
Which gives a quadratic function in k (or ! ) on the form
k?(v3 s?)  2vwlk +12=0; (3.89)
Using the regular quadratic formula for its roots the dispersion relation becomes
p
2vg! a3l 2 A 2(vi s?) Vo S !
k = =1 = : 3.90
2(v3  s?) vi 2 vo s (3.90)
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It is clear from the change in the dispersion relation that the waves are in a way either
carried along or slowed down by the ow. It will now be shown that under asymmetric
boundary conditions this velocity di erence leads to an instability, giving that the steady
state is unstable against spontaneous generation of plasma waves. The boundary conditions
under consideration are those given in Ref. [5], which are xed voltage at the source and
xed current at the drain: U = Ugatx =0 andJ = Jg at x = L. Applying Eq. (3.76)
and the assumption that the potential, velocity and density can be written on the form
(U; v;ng) = (Up; vo; no) + (Ug;va; n1), the boundary conditions can restated as

U1(0)=0; (3.91)
Uon(L) + VoUl(L) =0: (392)
Solutions forv; and U; to the linearised equations are then sought after as the sum of two

waves propagating from the source to the drain and the drain to the source (under the
assumption that s > v), with wave vectors k; and k

vi = Ae+ X+ Belk X (3.93)

Ui = Cek«* + De x: (3.94)

Applying Eqg. (3.86), the complexity of the problem can be reduced by relatingv; to U,
therefore Egs. (3.93) can be written as

ek Ccekex 4 ek

- ik x.
m( Voks) m0 vok )% (3.95)

vy =
The constants can now be determined from the boundary conditions. The rst boundary
condition U;(x =0) =0 yields

D= C; (3.96)
which can be applied for the second conditiortJgvi(L) + voUy(L) = 0 resulting in

Szk+ Ceik+ L Szk
(! voks) (' wvok )
The goal is to nd an expression for! . To this end the exponential terms are isolated in
the following manner

cek L+ ekl yycek L =0: (3.97)

Sz#éﬂ+ kL 327k+ voe (ke KLy,
(! voks) (! vok )
2 2
= ake k)L &+v sk vo=0 (3.98
! Vok+ 0 ! VoK 0 (3.98)
s?k
y g lor g Tk TV L voke S Fvoll ok ), g g
ke by 1 ok sPke +vo(! o voky ) '
| oK+
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By applying Eq. (3.90) on the last fraction of Eqg. (3.99) can be reduced

s2k +vo(!  wok ) _ SPyost Vo(l Vogg) _
s?ks + V(! Voke) Pyt Vol Voyors)
s’ (Vo+ S)+ Vol (Vo+ S)(Vo S) IV(vo+s) _
s2l (o S)+ Vo! (Vo+S)(Vo S) 'W3(vo S)
s slvi
This results in the expression
; ! Vok+
glke kL - = TO+. 3.101
! Vok ( )
By inserting the expressions for ink, and k , the exponent on the left side becomes
! ! 2sL
k k )L = L = I 3.102
(ke ) VotS Vo S 2 V2 ( )
and the right side becomes
I ovoks _ Voyors Isvg Is?2
vk 1 Vo5 (ot S) (Vo S) Wo(v+O0 9
lvos I!s? vy s
= : A1
IS2  vgsl! Vo+ S (3.103)
Eq. (3.101) can be written on the form
i 2sL 1 S
e 3 = VoS (3.104)
Vo+ S

which de nes the complex frequency as a function ofvp and s. Finding an explicit
expression for! is done by rst taking the natural logarithm of Eq. (3.104). However,
when taking the logarithm of a complex number a bit of care has to be taken, especially
on the right-hand side. First note that any complex number can be written on the form
w = rel , wherer = jwj and , called the argument ofw or the phase, is the angle between
the point in the complex plane and the positive real axis. The left side written in this form

is self explanatory. The angle of the right side will, however, depend on whether or not the
fraction yields a positive or negative number, more precisely on the relative size between
Vo and s. Sinces is positive the case will either bejvoj < s, in which case the fraction will
be negative and the phase will be = , orjvgj >s and thus = 0. Since adding2n,
wheren is a integer, to the phase of a complex number gives the same complex number,
a complex number will also have an in nite number of solutions, which are logarithms of
it, stated as

In(w)=In(r)+i( +2n): (3.105)
With this in mind taking the logarithm of Eq. (3.104) becomes either
. 2sL ,
i zs 5! +2n% =In vo S+I( +2m),
s Vg Vo+ S
s> V3 _ Vo s §% V§
I = 0 0 + 0 +
I 2Ls In Vo+ S 2Ls @+2(m  n%)
2 V3, wvo+s s V3
= + + .
i s In A s (1+2n) (3.106)
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for jvoj <s, wheren = m n%is an integer, or
2 2 2 2

In + 2n 3.107
2Ls Vo S 2Ls ( )

for jvoj > s. EqQ. (3.106) and (3.107) can be combined into a single expression and by
writing the real and imaginary part separately yields

| =3

2 2
o_ S° Vo .
= n 3.108
s ( )
2 V3, vo+s
= In : 3.109
2Ls Vo S ( )

where n is an odd integer forjvgj < s and an even integer forjvpj > s. There are two
regions of stable ow and two regions of unstable ow, which can be deduced from Eq.
(3.109). For positive vg the steady ow will become unstable ifs > vy and remain stable
if s <vg. The stable region can be dicult to reach as the electron drift velocity will
normally saturate at the order of 10’ cm/s due to emission of optical phonons [5], whereas
s is typically on the order of 10° cm/s [23]. In the case of negativevy, which is obtained
simply by interchanging the boundary conditions at the source and drain [5], the ow is
stable whens > jvpj and unstable fors < jvgj.

As the negativevp is symmetric to positive vg and only the unstable region is of interest,
only the case withs > v > 0 will be analysed.

Writing the wave increment, i.e. , in units of s=2L it only becomes dependent ornvg=s,
which makes it clear that in the limit vo=s 1, reduces to

2 Vo
) 1+ Vo Vo Vo
> + — — =2=
(s=2L) s? In 1 % In(1) s In(1) s 2 s )

S

Vo .
L 1
which is the inverse of the electron transit time . Therefore shorter channels should be
more prone to this instability, which also is consistent with the fact that the hydrodynamic
description best describes short HEMTSs.

(3.110)

3.3.1 Instability Origin

This subsection is based on reference [32].

The source of the instability can be deduced by considering the re ection of the wave at
the two channel boundaries and evaluating the amplitude of the re ection coe cient at the
boundaries. Here the re ection coe cient is termed as the amplitude ratio of the re ected
and oncoming waves. In order to simplify the analysis, a new notation for the rst order
terms Uq; vy, and nj is introduced, represented by the linearly independent superposition
of a downstream term and an upstream term, e.gU;, and U , i.e. for the potential

Ui = U+ + Up (3.111)

and similar expressions forv; and n;. Eq. (3.111) is equivalent to Eq. (3.94). Examining
the re ection coe cient of the potential at the source ( x = 0), and applying Eq. (3.96),
then

_ U (0) _  cek+0

Rije = = _ =
UsT U, 0~ Céko

1 (3.112)
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shows that the re ection at the boundary does not change the amplitude of the wave, but
it does change its sign. While the re ection coe cient at the drain side (x = L) is equal
to

Up (L) cek t S+ Vo,
Rud = - =

- = = , 3.113
97 U (L)~ CekL T s v (3.113)

where Eq. (3.104) have been used for the last equality. Hence, in the cases® vy > 0,
Eq. (3.113) will always be greater than unity which results in wave ampli cation from the
re ection of the boundary with xed current. The wave ampli cation is not solely a result
of the re ection with the drain contact, which can be shown by considering the current at
the boundaries, for the source:

2 K+
J1+(0) Vot Sk _ s+ Vo
Ras = = = ; (3.114)
) Vo + 52% S Vo
where the results follows from Eq. (3.99) and Eq. (3.101) and at the drain side
J]_ (L) Vo + SZ! Ii/ok eik - .
Jd = 3 L = K - = l, (3115)
1+ ( ) Vo + 82! v+0k+ e|k+ L
by Eq. (3.99). and expressions fod; are obtained by
J1 = Ugvy + VoUq
s%K+ - s?k - - -
=C iK+ X C ik x 4 C|k+x C|k X
(T voka)© (T wok)© TS Ve
2k . 2k )
=C (|S\m:k+) + Vo e|k+x C ('S\/Ok) + Vo elk X = J1+ + J]_ . (3116)

The re ection coe cients are reversed compared to the potential. However, the product
of the re ection coe cients stays the same and this product is greater than unity if a

dc current is present and becomes unity if not. As such for every re ection with either
boundary the resulting wave is ampli ed. This is, according to Dyakonov and Shur [5][22],
the mechanism for the wave ampli cation in the channel, which then leads to an instability
of the steady state with respect to the generation of plasma waves.

3.3.2 Instability Conditions

There are two main decay mechanics which inhibit plasma wave growth from the instability:
First external friction due to electron scattering by impurities or phonons, and second
internal friction caused by the viscosity of the electron uid. The external friction can
be accounted for by introducing the term v= to the right side of equation Eq. (3.77).
This leads to the addition of 1=(2 ) to the wave increment of Eq. (3.109) [5][32], as
such setting a minimum velocity for the wave instability to grow or a requirement of few
scattering events doing the transit time. The viscosity, adds an additional damping of
the increment by k2 [5], wherek is the length of the wave vector, which in the limit
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Vo=s 1is reduces to

! 2 w®  2+2i1 0

k2= - 2v2 +28%) = 2v2 +282
Vo 92w+ 922025V T gz + 5220 25
s V8 S In Yots 2+2i(Sz ¥0)” ) | Yots ?

2L 2L 2Ls)?
- S S Vo 25 S (2Ls) Vo S (2V(2)+282)
(Vo s)*(Vo+ )

———: (3.117)

where In xg—”g 2vp=s and vp=s 1 has been applied repeatedly. Hence, its e ect
becomes more prevalent for higher order modes. By comparing with k 2 in the same

limit for the rst order modes:

_ 2V0L2 _ Lvg 2 .
the e ect of the viscosity can be considered small whefvy= 1

The instability will occur when the electron velocity, and hence, the current, exceeds a
certain threshold value, which in the limit vo=s 1 is given by

vo_ 1 2n2.

> —+ — 3.119
L 2 2L2 ( )
Once the threshold is exceeded, plasma waves oscillations should grow, resulting in a
periodic variation of the channel charge, i.e. a periodic change of the dipole moment. This

variation can then lead to electromagnetic radiation [33].
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4.1 Guided Modes

This section is based on reference [10].

Scattered light near a waveguide can result in the excitation of guided modes in the
waveguide. As the 2DEG exhibits metal-like properties, it is possible to nd guided modes
for the structure in the same manner as for metal strips. The guided modes are described
through their mode index, ny,, which is the refractive index for the x-dependent part of
the wave. In order to determine the mode index for these guided modes, the structure
is analysed. The guided modes for an ungated are found using transfer matrices, and is
explained in App. A.5.

4.1.1 Gated Structure

For the gated structure, the gate is assumed to be a perfect conductor, thus no eld exist
in and above the gate. The gated structure is illustrated in Fig. 4.1.

Figure 4.1. The HEMT structure with a gate, which is assumed to be a perfect conductor. The
dashed lines are the elds which are zero for guided modes.

The 2DEG needs a dielectric constant of its own in order to describe the response in
the layer. This is done by considering the Drude model, derived in App. A.6, with the
e ective mass of the electron, in order to account for the material, is used to describe the
conductivity of the 2DEG. Using Eq. (2.4) and that J = E, the relative permittivity

can be found as
@ . . .
H : J + : E !ll IIE : !ll n +
r f 7@'[ I o I o |

o E; (4.1)
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making the relative permittivity
"opEG = "st i (4.2)
"o

As is found through the sheet conductivity, when applying it to a layer with a nite
thickness, becomes=d | ;peg .
The eld can now be split into three regions,

H = Ae Kysyglkxx for y<0 (4.3)
H = Bleiky:ZDEG Y + Bye iky;20e6 Y glkxX for 0<y<d |opEG; (4.4)
H = CievnY + Che Kyny ghxx for diopec <Y <d 1ot (4.5)

where diot = di2 + dopeg - For the boundary conditions, the tangential component of
the electric and magnetic eld must be continuous, where the electric eld can be found
using Eq. (4.8). For the boundary aty = di, Ex =0, as the gate is a perfect conductor,
leading to

Ciefywdor  Che Mypdot =0 | Cy = Cpe Moot (4.6)

For the boundary at y = d_opec the boundary condition for the tangential component of
the magnetic eld gives

Cleiky;deZDEG + Coe iKy:p dL2pEG = Bleiky;ZDEG diopEc 4 B,e iky,2pEG di2DEG - 4.7

The other boundary condition is for the tangential component of the electric eld, which
should be conserved. The electric eld is related to the magnetic eld through Eq. (2.4),
whereJ; =0, as

i @H,

Ex = —=; 4.8
T @y (“9)
giving the boundary condition as
M C,e iky:p di 2pEG Cleiky;deZDEG
— k"y;ZDEG B,e iky:2pEG dL2DEG Bleiky;ZDEG diopec - (4.9)
2DEG
The tangential component of the magnetic eld aty =0 gives
A= B+ By; (4.10)
and the electric eld
Ky Ky:
F2A= SLPES (B, By): (4.12)
s 2DEG
Combining Eqgs. (4.10) and (4.11) yields
_ o Kyiopeg"s Kyis"2pEG _ )
B, = B = BKq: (4.12)

Ky:2pEG s + Ky:s"2DEG
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Inserting Eqgs. (4.6) and (4.12) into Eq. (4.7) gives
C, e 2ikyh diot glkypdiopec 4 @ Kybdi2pes
= B, Kleiky;zoEG dizpec 4+ e iky:2pEG dL2DEG : (4_13)

from which the correlation C, = K,B, can be found. Inserting Egs. (4.6), (4.12), and
(4.13) into Eqg. (4.9) yields

@KZ e Kypdi2pEG e 2kypdit gkypdi2pEG
b
- ky;2DEG e Ky2peG di2pEG Kleiky;ZDEG dizpec - (4.14)
"2DEG
Subtracting the left side from Eq. (4.14) gives the functionf (n,), where guided modes
are found when the equationf (n,) = 0 is fullled. The same methods as used for the
ungated structure in order to locate these mode indices, as described in App. A.5, can be

used for the gated structure. The contour plot is illustrated in Fig. 4.2.

Figure 4.2. The contour plot of f (ny,) =0 for a HEMT structure with a 2DEG.

From the contour plot the mode index for the guided mode was found to benm:1
299 +4:4i. Using the Newton-Raphson algorithm, described in App. A.5, gives a value of
Nm =29:9174 + 4:3672 which corresponds very well with the contour plot.

In nitely Thin 2DEG

For the gated structure, a model where the 2DEG is innitely thin has also been
constructed. The structure is illustrated in Fig. 4.3.
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Figure 4.3. The structure of a gated HEMT, with an in nitely thin 2DEG placed at y =0.

The eld can be split into two separate sections,

H = Ae Kyaygkxx for y< 0 (4.15)
H

BekvoY + Ce kyoy  ghxx for O<y<dy: (4.16)
For the boundary at y = d, » the electric eld must be 0, thus
C = BeZkyndiz: (4.17)

For the boundary at y = 0, the change in magnetic eld must be equal to the current in
the 2DEG, which can be described through Ohm's law as

Ix(kx;y=0)= (! )Ex(ke;y =0); (4.18)

where (!) is the sheet conductivity of the plasma. The sheet conductivity can be
approximated using the Drude model, described in App. A.6, giving

e’N
1)y ——m— 4.19
)= @ ) (4.19)
where e is the electron charge N is the electron density per aream is the e ective mass
of the electrons and is the electron-scattering time. The electric eld is found through

Eqg. (4.8). Thus the boundary gives
— _ Kyp .
B+C A= Ex=7—-(C B) (4.20)
T 0b

where Ey is found through Eq. (4.8). The tangential component of the electric eld must
also be continuous, giving

k

1 1

¥2(Cc B)= .
b ky;s b

k'y;SA, A = ky;b"SB eZkypdiz 1 - (4.21)
s

Combining Eg. (4.20) and Eq. (4.21) gives

L+ ontis DS @ipaz g = Kyb gkpan g (4.22)

y;s b "™ 0Ob

32



4.2. Integral Equation Method for 2DEG Aalborg University

Subtracting one side from the other gived (ny,) and solutions are found wherf (n,) = 0.
The contour plot is illustrated in Fig. 4.4

Figure 4.4. The contour plot of f (ny,) =0 for a HEMT structure with an in nitely thin 2DEG.
The distance between the gate and the 2DEG, il0 nm. The right gure is focused
on the mode index.

The value of the mode index isng 2551 + 60:2i. Through the Newton-Raphson
algorithm the mode index is found to ben, = 255:07 + 60:21i. This diers greatly
from the mode index for the gated structure where the gate was assumed to be of a nite
thickness.

4.2 Integral Equation Method for 2DEG

This section is based on reference [34].

In this section a method for numerical modelling the electromagnetic radiation pattern
of a HEMT with an active 2DEG layer will be established. In order to construct such a
model, Maxwell's equations with appropriate boundary conditions will be used to describe
how the electromagnetic wave behaves through the structure. The analysed situation is
illustrated in Fig. 4.5.

Figure 4.5. Schematic of the gated 2DEG, positioned distancal below the gate where the width
of the gate isW.

Assuming an incident plane wave polarised along the&-axis, i.e. p-polarised, is travelling
along the negativey-axis. Such a eld is given asEqyx = Ege 9. For a standard
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HEMT structure, the 2DEG is in the interface between 2 di erent materials with di erent
dielectric constants. Setting the 2DEG asy = 0, the relative dielectric constants will be

"r="a=1 for y>d; (4.23)
"r="p for O<y<d; (4.24)
P =g for y<G0; (4.25)

for the ambient medium, the insulator layer and the substrate respectively. The gate
electrode is considered to be a perfect electric conductor and in nitely long along the
z-axis, with a width of w and assumed to be innitely thin, placed ay = d. The
HEMT, except the gate, is assumed to be in nitely long and homogeneous along the
X- and z-axes. This includes the 2DEG, which is a rough approximation, but can still
provide some insight in the radiation pattern. Boundary conditions are formulated at the
interfaces at,y = 0 and y = d. The tangential part of the electric eld, Eyx has to be
continuous across the boundaries, while the di erence in the tangential magnetic eld is
H(x;y = (0%;d%)) Hz(xy = (0 ;d)) = Ik(xy = (0;d), where Ix(x;y = (0;d))
is the sheet current density. The correlation between the electric and magnetic elds, is
described through Eq. (4.8). Thus the incident magnetic eld can be written as

r

i @k Ko i "0 i
Ho;z = I @; = i OEoe oy = 70E0e oy (4.26)
where kg = 'E =1 p..o o has been inserted. The structure can be regarded as three

separate regions with dielectric constants given by Eqgs. (4.23), (4.24), and (4.25), each
with its own electric and magnetic eld components. In the ambient medium,y > d,
the total eld will be a combination of the incoming eld and the eld re ected from the
structure, thus

The re ected eld can be represented as a sum over all plane waves propagating in the
positive y-axis:

Hza(Xy) = A(kx)€* raYdi; (4.28)

Py—s .
whereky.a = = k§ k2. In the substrate, y < 0, only a downwards propagating wave
makes physical sense, as such the magnetic eld can likewise be represented by

Hys(xy) = D(ke)€¥Xe KvsYdky; (4.29)

where ky:s = P k3"s k2. In the insulator, 0 <y < d, The eld will have a component
propagating in the positive y direction and a part propagating in the negativey direction.
Such a eld can be written on the form

Hop(6y) = (iB (kx)sin(kyby) + C(Kx) coskyby)) €< *dk; (4.30)
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wherekyp = P k3"p k2. The elds are analysed ink space, by using the Fourier transform
on the elds, yielding

Ho(ky;y) = Zi H,(x;y)e *<Xdx: (4.31)
In order to describe the eld, the coe cients, A(ky), B(kx), C(kx) and D (kx) must be
found through the four boundary conditions of the system.

Boundary at y=0

For the boundary at the 2DEG, y = 0, applying the boundary condition for the magnetic
eld gives the rst relation between two of the coe cients as

Hz(k;y =07)  Hz(kqy =0 )= C(kx) D(ke) = Ix(kx;y=0): (4.32)

Furthermore using the other boundary condition regarding the tangential component of the
electric eld and that the electric eld is related to the magnetic eld through Eq. (4.8),
which allows the boundary condition Ex(kx;y =0%) = Ex(ks;y =0 ) to be expressed as

Ky Ky:
B(ka) 2= D(ka) 2 (4.33)
b S
Isolating for D (ky) and inserting this into Eq. (4.32) gives
Ky:p"
Clk) + 2B (k) = 1x(keiy = 0): (4.34)
y;s b

The current in the 2DEG can be described through Ohm's law as Eq. (4.18), where
is found through Eqg. (4.19). Inserting the electric eld given from Eq. (4.8), using the
magnetic eld from Eq. (4.30), into Eq. (4.18) gives

5 r

i“Ky

BBy = (1) OB(k,): (4.35)
b Ko"b

Ix(kx;y=0)= (! )Ex(ke;y=0)= (1) "

!II 0

Inserting this expression forlx(kx;y = 0) into Eq. (4.34) gives
r

ky;b"s ky;b

o

C(kx) = B(kx) —+ (o 5 (4.36)
I(y;s b k0 b 0
This makes the Fourier representation
r__
. Ky-p" ky-
Ho(ky) = B(ke) isinkypy) 22+ (1)%2 2 coskyp) ;  (4.37)
Ky:s"b Ko"'s "o

forO<y<d.

Boundary at y=d

The last two boundary conditions are at the gate on top of the structure, aty = d. The
rst is obtained from the discontinuity across the surface of the tangential part of the
magnetic eld, Hz(kx;y = d*) Hz(kx;y = d )= Ix(kx;y = d), giving
r T
Ix(ke;y = d) = A(kx)e¥vad+  2Ege od (k)
0

Kyn's | (!)ky;b O coskypd) ; (4.38)
b

B (kx) isin(ky:xd) Kot
y;s
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q T .
where “<Ecee kod (k) is the Fourier transform of the incident eld, Eq. (4.26). The
last boundary condition is that the tangential component of the electric eld is conserved
across the boundary. The electric eld is found through Eq. (4.8), yielding

r‘I'li
A(ke)ikya€®vad kg —2Ege *od (k)=
0
" r

kbe(kx) cosbypd) + By 0 gaa ) 1 (4.39)
Ky:s"b kKo'o "o

Isolating A (ky)€kvad in Eq. (4.38) and inserting that into Eq. (4.39) leads to

r

o . k ) n
iKya Ix(k;y = d) OEqe kol (k) + B(ky) i sin(ky:d) ky,b“s +
0 Y:S
r _ r
Ky Ry .
()22 0 coskypd)  iko —2Ege %o¢ (ky)=
ko"'b "o ’ 0 .
ky-b . ky'b"s I(y'b o .
B (k) icosky:pd)+ ——*t () o sin(kypd) @ (4.40)
b yis' b kKo"p "o

Using that ky:a (kx) = ko (Kx) and gathering all terms containingB (k) on the right-hand
side gives
r m
ikyalx(ky = d) 2iko —Ege %09 (ky) =
0

ky'b ky'b"s

B(kx) sin(kypd) kya+ = =+ (1) =~ +— +
b Kys'b ko"b "o .
Ky-p" Kyb o
i coskypd) 22+ Ky 2RS4 (1) O (4.41)
Ky:s"b Ko"b "o
In order to simplify the expression, four variables are de ned,Zgy = ig a = k‘;f;,
b = kbykbo and ¢ = Sko + Zo (!). Using these variables and multiplying both the
numerator and denomlnator with |kl , the expression forB (ky) can be found as
L 2Epe ®od (k) Liy(ke;y=d
B (k) = Z0"h o) “ohlboy=d (4.42)

i sin(ky;pd) L+ lb—z cosky-pd) ib + ia—z

The electric eld in the region 0<y <d can be found through Eq. (4.37) and Eq. (4.8),
which gives

Ex(keiy) = B(kx)lbzo sinkysy) > cosysy) (4.43)

Evaluating the eld at the y = d, the electric eld becomes

n (0]
Ex(kg;y=d)= n h io :

a b isin(kypd) L+ ib—z cos(kybd) <+ ia—z

(4.44)
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where (ky) a = (ky) has been used. This can be simpli ed by multiplying by
in both the numerator and denominator, yielding

1
sin(ky;p d)

<

Ex(kx;y=d) = h
I b+ a—y cot(ky,pd)[ a+ ]
n , 0
2Ege %09 (k) Zolx(ke;y=d) : (4.45)

Now as the eld is zero at the gate, assuming it is a perfect conductor, the only unknown
will be the current at gate. By determining this current the coe cients for the magnetic
and electric eld can be found and thus the radiation pattern of the HEMT. To nd the
current at the gate, a new variable is de ned,

Zy(ky) = h 4 : (4.46)
I pt afz cot(kypd)[ a+ sl
The current is given as
Ix(kx;y = d) = zi : L (x%y = d)e *dx? (4.47)

INH]

Thus the eld at the gate can be found as
1 .
Ex(x;y = d) = Ex(kx;y = d)e**dky
1

1 h _ i
= Zi(ky) 2Ege ko4 (k)  Zolx(ky;y = d) €*xXdky (4.48)
1

where inserting Eq. (4.47) gives

w 1 )
’ 207 (k)1 (x%y = d)ex & gk, dx® (4.49)

Ex(x;y = d) =2Ege *09Z,(0) 5

At the gate, jxj %, the electric eld is zero, as the gate is a perfect conductor, yielding

w

2Ege kodz, )= T Z(x  xYI(x%y = d)dx® (4.50)

INH

where

1 .
Z(x x9= ?Zk(kx)e'kx(x ) dky: (4.51)
1

Now the current can be found using numerical methods.

4.3 Reference Field

Another approach follows a similar procedure to the one in Sec. 4.2, but instead of looking
at the total eld, the eld is split into two parts: a reference eld for the system without
the scatterer and the eld generated from the scatterer, i.e. the gate in this case. The
reference structure is seen in Fig. 4.6.
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Figure 4.6. Reference structure for how the eld would propagate without the scatterer at surface
y=d.

Assuming ap-polarised wave, H = 2H), The corresponding reference eld can be stated
as

Hret (;y) =Ho € ®val &4 r ghvaly & glhxx y>d; (4.52)
Hyet (;Y) = Brere Kyo @4 Cop vy @) glhixx O<y<d, (4.53)
Hrer (X;y) = Hotase visYekxX 0>y: (4.54)

Thus expressions foB et ; Cref ; Fas and tas are needed.

This can be done by considering the boundary conditions for the two surfaces. The same
boundary conditions as in Sec. 4.2 are valid, i.e. the tangential electric eld component is
continuous and the tangential component of the magnetic eld has a jump equal to surface
current present. For the reference eld this means that the magnetic eld is continuous at
the interface y = d and the di erence is equal to E x at y = 0, where is given by Eq.
(4.19).

First the single interface re ection and transmission coe cients for each interface will
be derived as these are needed to establish three layer coe cients. Considering a single
interface at y = d one can state that the eld above the interface consists of a wave
propagating downwards and upwards due to re ection at the interface and below the
interface the eld is what has been transmitted through the surface illustrated in Fig. 4.7.

Figure 4.7. Field components for a single layer under consideration with an incident wave from
layer ,where ; =[a;b;dandy; =[0;d], fori=1;2.
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The boundary conditions for the surfacey = d results in the relations
1+rgp=tap (4.55)
Ky Ky-p
T2 rap) = S tay] (4.56)
a b
which gives the expression for the single layer re ection coe cient:

: (4.57)

and the transmission coe cient can be obtained from Eq. (4.55). A similar consideration
can be done for the surfaceg = 0, which gives the relations

Ho(l+ rps ths) = E (4.58)

Ky-b ky-

T2 rpg) = Lty (4.59)
b s

for the tangential magnetic and electric eld boundary condition respectively, whereEy

is given by Eq. (4.8). Again searching for an expression for the single interface re ection

coe cient leads to

k N n
Ky:b"s(1 + !"y;'s) Ky:s b,

Mbs = : ; (4.60)
Ky:b"s(L+ g'!(yc;s"s) + Ky:s"b
and a transmission which can be obtained from
b
ths= (1 Tpe) ,,y S (4.61)

bKy:s
The re ection and transmission coe cient for the whole structure, r,s andt,s, can be found
by considering propagation throughout the entire structure. For the re ection coe cient
the path can be described as
. . . n
las(kx) = rap+ tabelky;bdrbselky:b dtba rba‘:«'zn(y:bdrbs ; (4.62)
n=0
The rst term is the re ection at the rst interface. The following term for n = 0 the
wave is rstly transmitted through the rst interface, propagates down through the second
layer to the second interface where it is re ected back up to the rst interface and gets
transmitted into the rst layer. For n > 0, the situation is the same but the wave does
extra turns back and forth in the second layer before being transmitted back through the

upper interface and into the rst layer. The sum in Eq. (4.62) can be reduced by noting
that it is in fact a geometric series, which converges to

*

ax" = 1a © for jxj < L (4.63)
n=0 X

Eq. (4.62) can therefore be simpli ed to

lap + rbseZiky:bOI .
1+ rgplpse2Kypd’

(4.64)

as —
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where rpg =  rgp and taptpa = 1 rgb has been used. The three layer transmission
coe cient can be obtained by a similar line of thought:

taptpse b @ )
1+ 1 aplpse®kynd’

(4.65)

tas =

The coe cients Bt and Ciet can be obtained by considering the elds of Eq. (4.54) at
the interface y = d. Here, the magnetic and electric eld boundary conditions yield

Ho(1+ ras) = Bret + Cref ; (4.66)
ky;a"b
"aky;b

Ho(1 ras)= Bret  Cref: (4.67)

By respectively adding and subtracting these equations one obtains the following
expressions for the coe cients:

1 ky-a"
Bret = sHo (A+ras)+ (1 ras) Iy,a b ; (4.68)
_ 1 ky;a"b -
Cref = SHo (I+7ras) (1 ras);=>— (4.69)

The reference eld can now be calculated, which leaves the contribution from the scattered
eld, illustrated in Fig. 4.8.

Figure 4.8. Field emitted from the scatterer placed on the interfacey = d.

As in Sec. 4.2 the electromagnetic elds can be in expressed through the Fourier transform
as follows

Hsc(X;y) = Asc(kx)eiky;a v d eikXxdkx y>d; (4.70)
Hoe(X¥) = Bsc(kx)e %m0 &4 Co(ky ek & ghaxgk,  0<y<d; (4.71)
Hse(X;y) =  Dsc(ky)e KvsYekxXdk, y< 0 (4.72)

Likewise the current in the gate can be represented by its Fourier transform:

Iy =d) = Iy(key = d)eXdky: (4.73)
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Similarly to the reference eld the coe cients for the scattered eld must be found from
the boundary conditions. Unlike before, for the reference structure, the current in the gate
is also an unknown, which must be determined, which will be done in a similar vein to
what was done in Sec. 4.2. From the boundary conditions at the gate; = d, the following
relations must be satis ed

ASC (BSC + Csc) = Ix, (474)
K. Ke.
..yi'aAsc = %:(Bsc Csc): (4.75)

In the second layer the upward propagating eld can be related to the downward
propagating eld, by realising that the only contribution to the upward propagating eld
is from what has been re ected eld at the interface aty = 0, hence the elds are related
as

rbsBsc€ v = Coce ®rod)  Cop = rpgBgce® vo?: (4.76)

Using this expression forCgc in Eqg. (4.75) two equations for Ag; can be obtained as

Asc = Bge(1+ rbsezky;bd)"' Ix; (4.77)
. Kot

Asc= Bac(l rpeedivnd) Y22 (4.78)
bky;a

which can be combined to nd an expression foB g

. . o
Bsc(1+ rbseZIky;bd)+ Iy = Bse(l rbsez'ky:bd)L"a
ky;a b

I'x

(1+ rose?kud) + (1 rpse?kud)pu 2’

(4.79)

, Bsc=

All the coe cients can now be determined provided I is known. In order to determine
Ix, the tangential component of the electric eld is evaluated a small distance, , below
the gate, yielding

Ky:b

Exsc(kx;y=d )= ',,yﬁstc gkyo  pekyn@d )

Kyo  ikyp Fpsevo @d )

g (L+ rpsekynd) + (1 rpse@kynd) Kyb"a

Ky:a "b
= Ix(kx)Z(kx) (4.80)
where Eq. (4.76) has been used for the rst equality and
,kyib kv rpekyp(@d )
Z(kx) = —b : T (4.81)
(L+ rose?fond) o (1 rpsePhond) e

Using that the gate is a perfect conductor, then forjxj < ¥ the tangential component of
the eld slightly below the gate can be approximated to be zero, i.e.

Exret (X;y =d )+ Exsc(X;y = d )" 0. (4.82)
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Therefore by transforming Eq. (4.80) to real space one can write

Exret (X;y =d ) |x(kx)z(kx)eikxxdkx =0; (4.83)
the Fourier transform of the current is written as the inverse Fourier transform, where it

should be noted that the integral limits can be restricted to run from
is restricted to the gate:

%, as the current

N

1

Exer (GYy=d )= 5 1 (OZ (ke Xk o

NN

(4.84)
1z 0
=5 Iy(x9Z(x  x9dx? (4.85)
2
where
1 .
Z(x x9= Z (ky) &< Xk, (4.86)
1




Analysis and Discussion

In the following analysis an AlGaN/GaN HEMT structure will be used for calculations
gate current calculations following the methods described in Sec. 4.2 and Sec. 4.3, which
will be referred to as RF (Reference Field) and PPS (Popov, Polischuk, Shur). The general
structure parameters required for the analysis is rst of all the dielectric constants of AlGaN
and GaN respectively in the THz range. The dielectric constant for GaN has been acquired
from references [35][36] and is set to 5.3. For the insulator layer of AlIGaN the dielectric
has been set to 9.5 based on references [37][38]. Parameters such as frequénaiectron
concentration, N;, momentum relaxation time, , gate length, w, and distance from the
gate to the 2DEG, d, will in general be variable parameters and their in uence will be
analysed. Furthermore the amplitude of the incident eld is set to Hg = 1. However,
for the initial analysis, which is the calculation of the current, these parameters will be
constant, with the exception of gate length and frequency in order to determine how
convergence is a ected by these parameters. The values used for these parameters are
f =1:44Thz, Nc =10 m 2[19], =2:27 10 '3 s[38],w =400 nm and d =10 nm
when the 2DEG layer is in nitely thin and d = 6 nm and dopeg = 4 nm when it has a
nite thickness, furthermore the value for the e ective mass is taken asm = 0:22mg from
Ref. [33][19].

5.1 Mode Indices

Based on the theory established in Sec. 4.1 and App. A.5, mode indices for dierent
HEMT structures can be found and analysed. In Sec. 4.1 the mode index for the gated
structure are found. First the model with a nite thickness of the 2DEG will be analysed.
The mode index depends on the parameters of the setup, the dependency on the frequency
for an ungated structure is shown in Fig. 5.1.

43



Master Thesis 5. Analysis and Discussion

Figure 5.1. The mode index for a ungated structure, versus di erent frequencies.

The imaginary part of the mode index is almost constant, while the real part increases
almost linearly as the frequency increases. The frequencies tested are from 0.1 THz to 10
THz. For the gated structure the dependency on frequency is shown in Fig. 5.2.

Figure 5.2. The mode index for a gated structure, versus di erent frequencies.

Compared to the ungated structure, the gated structure has the same linear tendency
for higher frequencies, however for low frequencies, lower than 1 THz, the mode index
increases.

By varying the distance from the gate to the electron gas, the mode index also varies.
This has been illustrated in Fig. 5.3
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Figure 5.3. The mode index for both the gated and ungated structure, versus di erent distances
to the electron gas from the gate.

The ungated mode index does not change signi cantly with changing distance. As the
distance to the 2DEG is relatively small compared to the wavelength, for the ungated
structure, the di erence in nm scale, the e ective material above the 2DEG is largely

una ected, which could explain the irrelevance of the distance to the 2DEG. However for
the gated structure, the mode index rises very high for low distances, which could be
explained by the gate drastically changing the material above the 2DEG, as it does not
have an in nite amount of ambient material above.

When changing the thickness of the 2DEG, the mode index also changes. For the models
in Secs. 4.2 and 4.3, the thickness of the 2DEG has been assumed to be zero. The mode
index as the thickness of the gas goes to zero, should show which plasma modes can be
expected in the models. In Fig. 5.4 the dependency of thickness is illustrated.

Figure 5.4. The mode index for both the gated and ungated structure, versus dierent
thicknesses of the electron gas.

It can be seen that as the 2DEG becomes thinner, the mode index decreases for the gated
structure. The models where the 2DEG was considered to be in nitely thin, the distance
to the 2DEG is set to be 10 nm, instead of the 6 nm used in the standard calculations for
the mode index. To account for this, the mode index have been found for even thinner
electron gas, with a distance from the gate ofL0 nm, which is shown in Fig. 5.5.
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Figure 5.5. The mode index for both the gated structure, versus di erent thicknesses the electron
gas. The distance from the gate to the 2DEG is10 nm.

The mode index tends to zero as the thickness of the electron gas decreases. This disagrees
with the method for the in nitely thin 2DEG. For the in nitely thin 2DEG the mode index

was found to beny, = 255:07 +60:21i in Sec. 4.1, however, that method incorporated the
surface currents of the 2DEG, which might explain the di erence in the supported modes

as the thickness goes to zero. For the mode index found through the in nitely thin model,
the optimal gate length can be calculated, assuming the gate operates as a dipole antenna,
where the optimal length is

—+m w; (5.1)

where w is the gate length [39]. Using the relation between the plasma wavelength and
the incident wavelength

p= —, (5.2)
the fundamental peak will be for a gate length of

m: (5.3)

For an incoming wave with a frequency ofl:44 THz, the optimal gate length becomes

C
4 4
W o 1aaThRz Ao8MM (5.4)

Thus a gate length of around400 nm should be have a resonant response to the plasma
waves, if the 2DEG is assumed to be in nitely thin. The mode index for an in nitely thin
2DEG for di erent frequencies is shown in Fig. 5.6.
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Figure 5.6. The mode index for both the gated in nitely thin 2DEG structure, versus di erent
frequencies. The distance from the gate to the 2DEG ig0 nm.

The real part of the mode index for the gated structure seems to have a minimum, which
would correspond to the longest plasma modes the structure can support, for a frequency of
around 1:9 THz, where the mode index isn,, 25001+46:83. For the gated structure, the
mode increases rapidly for frequencies lower than 1 THz, both for the real and imaginary
part. The real part of the mode index for the ungated structure seems to increase almost
linearly as was seen for the model with a nite thickness. The mode index for 40 THz
radiation is n, = 294:65 + 12:89. For this wavelength the optimal gate length, again
assuming that dipole antenna theory holds, would bew = 50:91 nm. The amount of
electrons in the 2DEG can be a ected by applying a potential on the gate as mentioned
in Sec. 3.1.3, thus the mode index for varying charge carrier concentrations are shown in
Fig. 5.7.

Figure 5.7. The mode index for both the gated in nitely thin 2DEG structure, versus di erent
sheet carrier concentrations. The distance from the gate to the 2DEG isl0 nm.

The mode index seems to rise alsl. decreases. This was not as exlgected from Eqg. (3.75),
where! 5 should be proportional to N¢, which would suggestn, / * Ne.

The distance from the 2DEG to the gate, can also have an e ect on the possible plasma
modes. Thus the mode indices for an interval of 2DEG depths are shown in Fig. 5.8.
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Figure 5.8. The mode index for both the gated in nitely thin 2DEG structure, versus di erent
2DEG depths. The distance from the gate to the 2DEG varies and the rest of
parameters are the same as in Fig. A.4.

For the gated structure, the mode index increases as the distance decreases. For large
distances, another mode appears, with a low real part and a high imaginary part. For the
ungated structure, the mode index increases linearly.

5.2 The PPS Method

In order to model the electromagnetic radiation, as described in Sec. 4.2, the current in
the gate is described through point matching. The gate is split intoN sections, each with
length  and the current at each section is assumed to be constant. Thus at poiritthe
current needs to satisfy,
X
Eoi =  Z(Xi X))l ; (5.5)
j=1

where both x; and x; are points along the gate andEg; = 2Eq€e%°9Z,(0). This can be
written as a matrix equation,

where the elements oZ can be found using Eq. (4.51). However th& (x  x9 does not
converge, as can be seen in Fig. 5.9 as the linear tendency continues when increagiqg
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Figure 5.9. Plot of the integrand of Z(x x% versusky.

A possible solution to this is letting the electric eld be zero a small distance, , beneath
the gate, so thatEx(jxj %;d )=0, where will depend on the division of the gate.
The electric eld can be found from Eq. (4.43) which leads to
[ sin(ky’?(d ))—Z_ coskyp(d )

isin(kypd) b+ a— hcos«y;bd)[ at sl

Ex(kg;y=d )=

_ i
2Epe o4 (k) Zolx(k;y=d) ; (5.7)

Using the same approach as in Sec. 4.2, the eld at the gate gives

INE

2E ez . (0) = Z (x x91(x%y = dydx® (5.8)
2
where
i sin(ky-p(d - cos(ky-p(d
2 (k)= — (y'h?( ) , Ky:n( ) 1 (5.9)
i sin(ky;pd) b+ a—, coskypd)[ a+ sl
and
_ 1 Z iy (X X)L -

Z(x x9= 27 ¢ (ky) e~ dky: (5.10)

1 2

The integral of Z does converge, the integrand is illustrated in Fig. 5.10, where it converges
to zero for increasingjkyj. The integral should be calculated for all for allx,  x9,, where
both n and m runs overN . However, due to the translational symmetry of Eq. (5.10), only
the N integrals for the rst measuring point and the N integrals for the last measuring
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point has to be calculated, as this covers all the possible exponents in the integrand. The
remaining integrals can simply be extracted from thes€N integrals.

Figure 5.10. Plot of the integrand of Z (x  x9 versusky.

However, letting ky go towards in nity results in numerical problems for MATLAB, as
both the numerator and denominator tends to innity. The denominator does go to
in nity quicker than the numerator and as such the integrand should tend towards O.
MATLAB, however, seems to evaluate the numerator and denominator separately (at
least partially) and for very large values of ky the integrand becomesl =1 , which is
indeterminate and the integral becomes unde ned. The integral of Eq. (5.10) is therefore
done over a limited amount ofky from which the integrand has become vanishing small
but are within MATLABs numerical limits, these limits are denoted from  Ky:jim 10 Kx:lim -
There is in fact an upper limit on how high kxs needs to be included in the integral. This
is due to MATLABs oating-point number limit, being about 10%%, and that 1=x in the
limit xlim1! 0. When the denominator of Eq. (5.10) reaches the limit it simply sets
the value to zero even though the fraction itself might not be close to zero. This causes a
discontinuity, and if the function is not su ciently close to zero at this point problems can
occur when integrating. The discontinuity can be seen in Fig. 5.11 foN = 700, where
the real part of the integrand of Eq. (5.10) is taken as an example.
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Figure 5.11. Plot of the real part of the integrand of Z (x x9 versus k, showing the
discontinuity due to MATLABs oating-point number limit for N = 700.

Since the denominator is independent of the number of divisiond\, in the gate this limit

is constant for any number and is ca.jkyj 7:10476 10'°. This is not a problem for
low numbers of N as the function is practically zero before reaching this value, but it does
become increasingly relevant when increasing number of gate divisions. For high division of
the gate, N 130Q another problem occurs due to the size of. AsN increases decreases
and the numerator of Eq. (5.10) becomes less suppressed and increases more rapidly. At
about N 1300it reaches MATLABs numerical limit before jkyj 7:10476 10, where
the denominator is set equal tol and the function is set to1 and cannot be integrated.
The e ect of this is shown in Fig. 5.12 for N = 3000, where one can observe that the
x-axis simply ends at aboutjkyj = 7:10476 10'°. The further e ect of  will be analysed
further at the end of this section.

51



Master Thesis 5. Analysis and Discussion

Figure 5.12. Plot of the integrand of Z (x  x9 versusky, with the number of gate divisions
being N = 3000.

Following the preceding analysis the integration is limited tojk.j = 7:10476 10 and
N = 1200. When the integral is computed the matrix equation, Eqg. (5.6), can be used to
nd the current at the gate.

If the current is converged, its value should go towards a constant with increasing number
of gate divisions and if the change in between increasing number of segmentation becomes
acceptably small, while the amount of segments is small enough to allow for the integrand
to go to zero, the result is usable.

5.2.1 Calculating the current

The current has been calculated for an increasing number of gate divisions, frod = 100
to N = 1200 in steps of 100. In Fig. 5.13 the current for N =100, 200, 500, 800, 1000,
1200 has been plotted.
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Figure 5.13. Convergence plot for the absolute value of the current from Eq. (5.6) folN =100,
200, 500, 800, 1000, 1200.

As the number of gate divisions increase, the current across the gate drops. The max value
of the current drops to about half the value when the amount of segments is doubled.

At about N = 1000 this tendency becomes less obvious as the function seem to start
overlapping due to the scale of the axis, however focusing on the higher amounts of
segments, the same tendency can be observed, which is illustrated in Fig. 5.14.
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Figure 5.14. Convergence plot for the absolute value of the current from Eq. (5.6) folN =800,
900, 1000, 1100, 1200.

The pattern with a halving in current when doubling in N also seems to continue if the
calculated values are compared. If this tendency is consistent for all values ™, one
should be able to observe a strong correlation between the value of the current arigN,

this has been plotted in Fig. 5.15.
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Figure 5.15. The blue 'stars' are the calculated maximum value of the absolute value of the
current against 1=N. The red line is the regression line obtained from the
calculated values. Plotting against 1=N is done in order to have increasingN
in the positive x direction. The points on the x-axis is given in values ofN.

The plot shows a very strong linear relation. Therefore, by making a linear regression of
the function y = az+ b, wherey is Max(abs(l )) and z = 1=N, the intersection with the
y-axis can be found, which corresponds to the limit forN ! 1 , under the assumption
that the function is valid outside the calculated interval.

Performing the linear regression one obtains
y=1z ( 0:121293436) 0:000000651 (5.11)

which practically says that the absolute value of the current converges to a negative
number. As this cannot be the case the relation cannot be valid outside the observed
interval. This indicates that this method is poor at describing the current in the gate.

One option that is worth exploring is the dependency of , the small displacement iny,
and the length of the segmentation. So far has been calculated as

W
= 5= o (5.12)

wherew is the width of the gate. The reasoning behind this speci ¢ distance is showcased
in Fig. 5.16, where the black dots represents the measuring points. By moving the
measuring points further away from the gate will make neighbouring sections and its
own contributions more equal, as the distance between its own section and its neighbours
becomes comparable. Therefore the value of should at most be on the order of the
segmentation length.
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Figure 5.16. Schematic illustration of the displacement of measuring points from the gate strip.

However, the function will obviously also become a problem for increasingd as the
measuring points moves closer to the gate and integrand shown in Fig. 5.9 is restored.
The value for N for which the displacement becomes too small is caN = 1300 as was
found earlier. It is clear that having a dependency as in Eq. 5.12 cannot be used for
the method in the general case. So in an attempt to improve the convergence di erent
constant values of has been used in calculating the current. It should be noted that
also has a maximum and minimum value limited by the distance to the 2DEG, as placing
the measuring point for the gate in the 2DEG is nonsensical, and placing the measuring
points closer than 1:5385 10 10 m, which corresponds toN = 1300, as becomes too
small, which causes numerical instability. If is a set value,N is no longer restricted in
value. Results for = w=300 w=100Q w=180Q w=2400are shown in Fig. 5.17.
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Figure 5.17. Current plots for constant value of displacement where the legends indicate the
number of segmentation, for values = w=300, w=100Q w=180Q w=220Q

It would seem that for = w=1000the current converges. For a gate length o#00 nm
this corresponds to a distance of 0.4am. Decreasing the distance further restores the more
square current pro le seen in Fig. 5.17 for = w=1800and w=2200 and in Fig. 5.14
for the variable . Increasing the distance to about a third of the distance between the
gate and 2DEG, seen in the top left of Fig. 5.17, the corners are poorly described, which
can be due to the concern expressed in connection with Fig. 5.16, i.e. the contribution
from nearby compared to far away points becomes comparable. Increasing the number of
segments for this distance simply breaks the model, which might be due to an increasingly
poor description of the neighbouring contributions as the segments becomes smaller.

The corners for = w=1000also have some problems and again becomes worse as the
segmentation increases. By the previous reasoning one should able to improve this by
moving the measuring points slightly closer to the gate. In Fig. 5.18 di erent values of

has been used for the same number of segmentd, = 3000, in order to examine this
assertion.
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Figure 5.18. Left gure shows a current plot as function of , with constant segmentation,
N = 3000. The legend is the value,K, used for = w=K. The right gure is
a close up of the end of the gate.

From Fig. 5.18 it is clear that moving the measuring points closer to the gate the

consistency of the increase. The cost is, however, a weaker convergence and past
= w=1200 0:33 nm it becomes increasingly di cult to say with certainty that it

has in fact converged with the tested number of segmentation. For = w=1100 the

current still converges strongly beforeN = 2800 and the sharp edges has been reduced

from = w=100Q which will therefore be as the value of for the rest of this section.

If the gate is shortened the correlation between convergence and segmentation does not
seem to change considerably. But the measuring points have to be moved closer to the gate
to nd the minimum distance for convergence in order to account for the now inherently
smaller segments. The same relation can be found when increasing the gate length, where
the measuring points have to placed further away to obtain the minimum distance required
for convergence.

Before examining the various cross sections and the radiation patterns from the structure,
it would be of interest to test whether the current is actually calculated correctly or if the
more numerically stable method derived in Sec. 4.3 is able to reduce some of the di culties
of this method and if the calculated current is consistent with what is obtained through
the PPS model.

5.3 The RF Method

In this section the model derived in Sec. 4.3 will be used in to determine the current in
the gate strip. The advantage of this model should be that in contrast to the integral of
Eq. (5.10), the integrand of Eq. (4.86),Z(ky), goes towards zero in a more numerical
stable manner due to the exponential functions in the numerator naturally going to zero
for large ky, as

49— 1k2"
—_ " 1 H b .
kyp=1 k2 k&"p' ikx 1 > 123 :

(5.13)

which would give a exponential decreasing function in the numerator of Eq. (4.86). This
is indeed con rmed by plotting the Z (kyx), shown in Fig. 5.19.
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Figure 5.19. The function Z(ky) from Eqg. (4.81) exemplifying the exponentially decreasing
nature of the function.

Similarly to the method previous method the current in the gate is described through point
matching. The same set of equations are obtained, i.e. Eq. (5.5) and Eq. (5.6), but the
function Z(x x9 are that of Eq. (4.86). Initially the distance is calculated from Eq.
(5.12), in order to examine if this method has the same issues as the method analysed in
Sec. 5.2. The current has been plotted for a number of segmentation in Fig. 5.20.

Figure 5.20. Convergence plot for the absolute value of the current. On the left N=100, 200,
500, 700, 900, 1100. On the right N=1100, 1200, 1400, 1600, 1800, 2000.

The same problem of no convergence as was previously observed is still present if the
displacement follows the segmentation. But, as is clear from Fig. 5.20, the limitations of
the number of segmentation have been removed with the new integrand. This is in itself
a large improvement to the previous method.

The displacement is now set to a constant value and the current is again determined
for an increasing number of segments, the results for 400 nm gate is shown in Fig. 5.21.
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Figure 5.21. Convergence plot for a400 mn gate with constant displacement of = w=1100 =
0:36364 nmwith di erent number of segmentation N = 2200, 2400, 2600, 2800,
3000.

Again with the constant displacement the current converges and to the same shape as seen
in Fig. 5.17. However, the value for the current distribution has dropped by a factor of
10 8, which is a large discrepancy between the two approaches. There is no obvious reason
for this di erence as the parameters used for both calculations are identical.

In order to improve the consistency of the RF method, it is expanded upon by using
second order basis functions to possible give a better description of the current and to
improve the convergence as having to use up to 3000 segments for convergence for sub-
micrometer gates cannot be said to be great. The RF is chosen as this method omits some
of the numerical di culties of the PPS method and are in this sense more versatile.

5.4 Second Order Basis functions

In order to improve the convergence of the method, instead of assuming the current is
constant in each segment, second order basis functions are used to improve the method.
The basis functions are given as

fOx) =2x? 3x+1; (5.14)
fD(x)= 4x2+4x; (5.15)
f@(x)=2x2 x (5.16)

(5.17)
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Starting from Eqg. (4.84), the current can be written as

X X2
1x(x9 = al )t {); (5.18)
n=1 =0

where the basis functions are given as

!
x  x

Xge) ng)

fOx)=£0) for x{® <x<x ©; (5.19)

Wherexﬁs) is the start of elementn and xﬁe) is the end of elemenn, andf,ﬁ ) = 0 everywhere

else. Inserting this into Eq. (4.84) gives

XX () 1 .
Exref Gy =d )= an_ fO(X9Z (k)€ Xdkedx®  (5.20)
1

n=1 =0 2 %

NS

As the basis functions are zero when not in the appropriate region, the integral ovex® can
be split into integrals over each section. Looking at a speci c sectionn, gives

X o) K 1 y
Exer (Gy=d )= —— f C)(x9Z (k) €4 X dk dx® (5.21)
Xn 1

The integral over x° can be identi ed as the Fourier transform into k-space:

~) 1t ik X0 4.0 SN
) (k) = — f (x9e kxXdx0=
1

5 f (x9e kxx°gxd (5.22)

2 W

Inserting this into Eqg. (5.21) gives

X X2 1 .
Exret (y=d )= al) O (k)Z (k) kg (5.23)
n=1 =0 1
In order to evaluate Eq. (5.22), the variable is changed fronx°to z = m, where

= x®  x{¥j, which gives

1
R0 = 5

z+x{®

1 .
fO2)e d z: (5.24)
0

The basis functions are then inserted from Egs.(5.14), (5.15), and (5.16). The rst basis
function becomes

e kaxt 1 _ 1 _
) = 2 222 3z+1 e ™ Zdz=A, 22% 3z+1 e ™ ‘Zdz
0 0
(5.25)
i xxgs) . P .
where A, = % The integral can be split into three separate integrals as
Ok, = A, 2z%e *x gz 3ze ®x Zdz+ e *x Zdz (5.26)
0 0 0
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The last integral can be readily integrated, giving

1 iky z 1 ik
- e 'Kx 1 e
e kx 2qz = m = . (5.27)
0 iK x 0 iK x

The second integral is evaluated using integration by parts giving,

1 iky z 1 1 ky z
; 3ze x e x
3ze kx zgp= 287 0, 3% dz
O |kx 0 0 |kx
3ze kx z 1 3e kx 2 1 3e kx 2 e ke 21
= s + > = - +3 . (5.28)
ikx 0 k2 0 ik k2 2

The rst integral is also handled by integration by parts, yielding

1 _ e ikx z 1 1 g ikx z
2z%e ®x Zdz = 272= 4z~ dz
0 ik x 0 0 ik x
2k x e kx z 1 1 o ikx z 26 iKx de Kx de kx 4
= - + 4dz—— 4 = . + + — :
ik x k2 2 o o ki 2 ik x k2 2 kg 3
(5.29)
Inserting these into Eq. (5.26) gives the Fourier transformed basis function as
2e kx 4e x
0 -
f‘.rg )(kx)— An ikx + k)% 2
de ik x 4 3e iky z 3e ikx z 3 1 e ik x
+ - + — + -
ikg 3 ik « k2 2 ik «
1 ,e® +3 4e™ 4
= Ay + + — : (5.30
" iky k2 2 k3 3 (5-30)

The other Fourier transformed basis functions are similarly derived in Appendix, A.7, and
are
e kx +1 2k« 2

1 — .
f‘.l'(] )(kX) - 4An k)% 2 Ik):? 3 ’

(5.31)

and
e ik x 3e ik x +1 . de ik x 4
ik x k)% 2 ikf 3

2 (ke) = An (5.32)
These basis functions can be inserted into Eq. (5.23) and the current can be found. The
basis functions are dependent ori=k3, however they are still stable in the limit ky ! 0,
which can be shown by using the Taylor expansion on the exponential functioe *x |

giving

e k1 ky %kf 2; (5.33)
Inserting this into Eq. (5.30) gives
1 1 1 1 A
0 . . . B n.
9 (kx)  An F[ i I+2I]+W[1+3 4]+W[4 4] 5 = 5
(5.34)
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and for Eq. (5.31) it gives

1. . 1 1
(k)  4A, K[. i] [2+2]+W[2 21+ 5 =2An;  (5:39)

.1
(kx) 2

and for Eq. (5.32)

1 1 1 1 3
~+2) T i 3i+2i]+ ——[3+ +— + i~ >
M06) An (i S+2il% @ 5B+ 4+ g gl AL gk

1. 1
= Ap élkx > . (5.36)

Thus for ky ! 0 the integrals are not singular.

To properly handle the extra unknowns introduced from the second order basis functions,
the middle point of each segment is also incorporated in the calculations, thus foN
segments, there ar&@N + 1 points.

5.4.1 Current Analysis

The current from the second order basis functions are then found through the integral in
Eq. (5.23). Again the translational symmetry can be used to decrease computation time.
In order to avoid the singular behaviour of the basis functions atky = 0, a distance in
kx, k., is introduced, where the second order Taylor expansion for the basis functions are
used. The Taylor expansion in Eq. (5.33) is expanded for ky 0, and as depends
on the segmentation,N,  is setto x = A= , in order to keep g constant for changing
segmentation. The current is illustrated for di erent amounts of segments in Fig. 5.22.

Figure 5.22. The current in the gate for varying segmentation. The values used for the
calculations are for a AlGaN/GaN structure. As the segments now have a middle
point, the displacement is setto = =4, , =10 “= . The right plot is zoomed
on the top of the curve.

It can be seen from the gure, the value seems to converge decently for a relatively low
segmentation, forN 50 the values seem to di er very little. After reaching a plateau,
the values seem to decrease d$, the correlation between the max value of the current
and segmentation is seen in Fig. 5.23.
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Figure 5.23. The maximum value of the current in the gate for varying segmentation with a t
ofaN P+ c

The convergence in the plot seem to follow aN( P + c tendency, with coe cients
a= 678805 b=1;4128and c = 8:7399 The current t does seem to follow the
convergence decently, however for higher amounts of segments, the current has a lower
value than the t, thus the approximated converged current of | . = 8:7399is likely higher
than the real converged value. The percentage di erence in the maximum value of the
current betweenN =100 and N = 1000, is 0;64% thus there is little di erence in the
current for N > 100, thus N = 100 seems a reasonably convergent value. For the rest of
the convergence testsN = 100 has been chosen. In order to test the dependency of,
the function have been plotted with di erent values of (= . The dependency on x which

is shown in Fig. 5.24.
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Figure 5.24. The absolute value of the current along the gate for di erent .

It seems that as long as = 1 the approximation is valid. Setting the = =10 ,
gives a much lower current that all the other = . The current for y= =1 is almost
identical to the values for lower (= . The computation time needed for these solutions
did not di er signi cantly, thus =10 4= is chosen to be the standard y.

The electric eld is set to be 0 a small distance, , below the gate in order to have the
integrals converge. As is a signi cant variable in the expression for the current it would
be of interest to examine its e ect on the calculated current. The current for di erent
values of is shown in Fig. 5.25

Figure 5.25. The absolute value of the current along the gate for dierent and N =100. The
right picture is focused on the corner of the gate.

The overall value does not seem to change much depending onas long as is not too
big, however the corners seem to have problems with lower values af For w=500the
corners seem to be completely smooth. For higher values ofthe corners continues to be
smooth, however the overall value of the current seems to decrease. For w=100 the
model starts to break as is illustrated in Fig. 5.26.
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Figure 5.26. The absolute value of the current along the gate for ~w=50and N = 100.

This is likely due to the observation point being to far from the gate, thus the model
breaks and the contributions begin to be poorly weighted as was discussed at Fig. 5.16.
In Fig. 5.26, the furthest distance was =400 nm=25 = 16 nm which corresponds to the
measuring point being below the 2DEG. The total value seems to have a peak and then
decrease as decreases, which is shown in Fig. 5.27.

Figure 5.27. The maximum absolute value of the current along the gate for varying and
N =100.

For low the current decreases as decreases. This indicates that the model does not
converge with respect to . Even for = w=10° the current continues to follow the
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decreasing tendency shown in Fig 5.27. Using a xed the model seems to converge with
respect toN. For a xed = w=1500the current for increasing segmentation is shown in
Fig. 5.28.

Figure 5.28. The absolute value of the current along the gate for = w=1500and for increasing
N. The right picture the convergence of the absolute value of the current with an
approximation of aN P+ c plotted.

The current does not seem to di er signi cantly for di erent values of N. The convergence
of the current seems to follow the formaN P+ c with the valuesa= 10:1811 b=1:7043
and c = 8:6768 which suggests that the converged value for the current i$. = 8:6768
however as can be seen from Fig. 5.28, the t seem to diverge slightly for higher values of
N (N  750. For high values of N, the current at the corners of the gate starts to break
and show strange shapes, which is consistent with Fig. 5.25, thus for high a smaller
is required for the corners to be calculated properly. Thus the convergence for a smaller
is relevant in order to see if the convergence can be consistent. In Fig. 5.29 the current
for increasingN and = w=3000is shown.

Figure 5.29. The absolute value of the current along the gate for = w=3000and for increasing
N. The right picture the convergence of the absolute value of the current with an
approximation of aN P+ c plotted.

Again the current seems to di er very little for increasing N, however the overall value of
the current is lower than for = w=150Q which is to be expected from the tendency seen in
Fig. 5.27. The approximation ofaN P+ cwith a= 10:6419 b=1:7053and c = 8:6498
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is decent. According to the t, the converged value of the current isl; = 8:6498 which is

lower than the converged value for = w=150Q For this smaller , the corners are smooth

for all N shown in the gure. To see if this trend continues, the convergence foN with
= w=4500is shown in Fig. 5.30.

Figure 5.30. The absolute value of the current along the gate for = w=4500and for varying
N. The right picture the convergence of the absolute value of the current with an
approximation of aN P+ c plotted.

The model seems to converge very quickly with respect tbl. The corners are still smooth
and the current has dropped a tiny amount. The t of aN P+ ¢ seems decent with
a= 108281 b=1:7063and c = 8:6400which would correspond to a converged current
of 1. = 8:640Q which again is lower than the larger values of , which is to be expected.
The model should also be capable of handling di erent wavelengths, so far only a wave
with the frequency of 1:44 THz has been used, but in order to check convergence, a wave
with a frequency of 10 THz is used for di erent N with = w=3000is shown in Fig. 5.31.

Figure 5.31. The absolute value of the current along the gate for = w=300Q a frequency of10
THz and for varying N. The right picture the convergence of the absolute value of
the current with an approximation of aN °+ c plotted.

For 10 THz, the model seems to converge a bit slower, possibly because of the more complex
pattern of the current. For low N, the current is not symmetric and does not represent the
pattern well. The approximation of aN P+ ¢ was again used to check for convergence, and
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the values used area = 42742 b= 1:1598and ¢ = 1:6407 For this situation, N 50
seems to be necessary for a reasonably converged value.

In order to check if the convergence depends on the gate length, di erent lengths of gates
are checked in order to insure convergence for several cases. First a gate with a length of
100nm and = w=1500is used, and the convergence plot is shown in Fig. 5.32.

Figure 5.32. The absolute value of the current along the gate for = w=150Q a gate length of
100nm and for varying N . The right picture the convergence of the absolute value
of the current with an approximation of aN P+ c plotted.

The current seems to converge very quickly for this gate length as well. The approximation
of aN P+ c with valuesa= 0:1994 b= 1:0477and ¢ = 0:4180seems to t decently.
The convergence has also been tested for= w=3000and = w=450Q which seems to
follow the same tendencies, as gets lower, the current in the gate drops, however the
convergence folN still seems strong, this is shown in Fig. 5.33.

Figure 5.33. Both plots are of the maximum of the absolute value of the current for an antenna
with length w = 100 nm and with an approximation of aN P+ ¢ plotted. The left
picture is for = w=3000and the right for = w=450Q

The tfor = w=4500isa= 0:2333 b= 1:1433and c = 0:4155and for = w=3000
itis a= 01994 b= 1:0477 and ¢ = 0:418Q thus the lower value of has a lower
approximated converged value, which is consistent with the previous results.

In order to check the convergence for longer gates, a gate length @f = 1000 nm is
checked. For = w=1500and varying N is shown in Fig. 5.34.
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Figure 5.34. The absolute value of the current along the gate for = w=150Q a gate length
of 1000nm and for varying N. The right picture the convergence of the absolute
value of the current with an t of aN P+ ¢ plotted.

The current seems decently converged fdd ~ 30. The shape seems to shift to the right as
the number of segments increase. The power t describes this setup well, and the current
seems to converge. The values used aaie= 0:0787 b= 0:2138and ¢ = 5:6527 The current
does seem to converge towards a higher value than the t suggests. The convergence for
di erent values of have been done as well and the convergence is shown in Fig. 5.35.

Figure 5.35. Both plots are of the maximum of the absolute value of the current for an antenna
with length w = 1000 nm and with an t of aN P+ c plotted. The left picture is
for = w=3000and the right for = w=450Q

The power tfor = w=3000have the coe cients a=0:0471 b=0:3840and c= 3:1074
and for = w=4500have the coe cients a = 0:026Q b= 0:2446and c=5:7715 It seems
as decreases, the current increases, which di ers from earlier results. The convergence
pattern is also signi cantly di erent.

In order to see better analyse the dependency on the gate with w = 1000 nm has been
tested for N = 100 and varying , in order to test the convergence. The result is shown in
Fig. 5.36.
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Figure 5.36. The absolute value of the current along the gate for varying , a gate length of1000
nm and for N = 100. The right picture the convergence of the absolute value of
the current.

It seems that for high values of , the pattern is inconsistent, however as decreases the
pattern seems to converge as well as the maximum value of the current.

When taking ! 0 the model starts to break and MATLAB is unable to solve the
integrals properly, thus limiting the possible to check. As the model seems reasonably
convergent within the tested parameters the current of the gate found for structures within
these tested parameters, can be used for e.g. calculating radiation patterns, cross sections
and determining plasma wave resonances.

5.5 Radiation Pattern Analysis

For the following analysis the far eld radiation pattern, as well as optical cross sections,
introduced in Sec. 2.2, will be analysed for possible resonances as function of frequencies
and gate lengths, with the e ect of parameters such as gate to 2DEG distance examined.
At rst an InGaAs HEMT structure will be analysed in order to compare the RF model

with a similar analyses given in Ref. [34]. Afterwards an AlGaN/GaN HEMT, with
parameters given in the analysis introduction, will be studied and compared to the InGaAs
for similarities and di erences.

5.5.1 InGaAs HEMT

For this section the RF model will be used on the InGaAS HEMT analysed in Ref. [34] in
order to compare it with the inspiration for the PPS model. The parameters used for the
INnGaAs HEMT are: dielectric constants "y = 13:88, "5 = 13:88, and sheet carrier density
Ne;=3 102 m 2, relaxation time =2:8 10 12 s, and the e ective mass is taken as
m = 0:042m¢ [34].
First the far eld radiation pattern calculated from Eq. (2.21), using the di erent models

for obtaining the gate current, is compared to that of Fig. 7 in Ref. [34], which is added
for easier comparison. The radiation patterns are shown in Fig. 5.37.
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Figure 5.37. Far eld radiation pattern calculated for an InGaAs HEMT, with parameters
of: gate length w = 400 nm, distance to the 2DEG d = 10 nm, " = 13:88,
m =0:042ng and = 2:8 10 '? s for a frequency of1:44 THz. The gures
are obtained by the following: (a) is obtained from Ref. [34],(b) is calculated by
RF using second order basis function andc) by PPS with point matching.

It is clear that the three calculated by the models in the project (b),(c)), di er by some
amount from the one calculated in Ref. [34](a), especially the lobe in the ambient layer
are signi cantly larger than those calculated by the derived models. Furthermore, its shape
is also quite di erent the spherical lobes of the other models, with very sharp cuto angles.
The scattered eld in the substrate have over all a more similar shape. The bottom
side lobes of(a) begins at about 40°, whereas the other three has power going out at
an angle of30°, measured from the horizontal axis. This is the same as is seen for the
upper lobe, where the intensity increases more rapidly with the angle than for the other
models. The main lobe of the elds in this project have approximately the same ratio
between the power going directly up 00°) and directly down (270°) of 1390% for RF
and PPS, more power going directly into the substrate. For the substrate lobes in Fig.
5.371a), in Ref. [34] they calculate the total re ection angles , in which they obtain

r =270°  sin l((1="§=2)) 27C¢ 17;3° which almost corresponds to what is observed
in the gure, it is in actuality closer to 20°. However, by using this angle and calculating
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the used"s one obtains 11:3, which di ers from what is stated has been used. This
change in substrate dielectric could explain the di erence of scattering into the ambient
medium as the far eld calculated in this section has been done with equal substrate and
barrier/insulator dielectric 13.:88 = ", = "5, which would limit the re ection from the
interface between these two mediums to the term provided by the 2DEG in Eq. (4.60).
Calculating the value for rg for a normal incident wave for both mediums having the same
dielectric constant"p. = 13:88 gives a re ection coe cient of 0:0011+0:0279, while using
di erent dielectric constants, ", = 13:88 and "s = 11:3 one obtains a re ection coe cient
of 0:0502 + 0:0208, which is a relatively large di erence for the real part. The e ect
of this modi cation on the scattering is shown in Fig. 5.38, where it has been calculated
using the RF method.

Figure 5.38. Far eld radiation pattern using the same parameters as Fig. 5.37 with the substrate
dielectric constant change to"s = 11:3.

Visually the change is very minor, comparing it with Fig. 5.37b) one can observe that
scattering into the substrate has clearly been reduced. Likewise, the scattering into the
ambient can be seen to be slightly larger. This is also con rmed by like before by calculating
the relative size of the power scattered directly up and down. In this case the ratio has
fallen to 128%6 from 138®6. The change in dielectric constant of the substrate does,
however, not reproduce the far eld pattern from Fig. 5.3%a). But, if the angle of total
re ection is calculated for " = 13:88 an angle of27¢° 15;6°, which is the angle measured
on Fig. 5.371b) and as stated"s = 11:3 corresponds to ; = 270° 17,;3°, which is also what
is seen in Fig. 5.38. As stated earlier by actually measuring the angle in Fig. 5.37 one
gets an angle of 20°, again di erent from what is stated or used for the calculation, the
corresponding substrate dielectric for this angle is 8.55, the calculated far eld is shown in
Fig. 5.39.
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Figure 5.39. Far eld radiation pattern using the same parameters as Fig. 5.37 with the substrate
dielectric constant change to"g = 8:55.

As expected by the previous reasoning this increases the scattering into the ambient
medium, by having a greater disparity in dielectric constants between substrate and barrier
layer. However, it still does not reproduce the exact far eld pattern of Fig. 5.37a). The
answer to this disparity might lie in the fact that the Z(ky), Eq. (4.46), obtained by the
same method as prescribed in Ref. [34] di er from the one shown in the reference.

Likewise for comparison the scattering cross sections has been calculated from Equations
(2.15) and (2.16). In Ref. [34] the total scattering cross has been calculated for a 1000
nm gate with varying distances to the 2DEG layer. A corresponding calculation has been
done and the results are shown side by side in Fig. 5.37.

Figure 5.40. Total scattering cross section for a 1000 nm gate as function of frequency with
di erent values of gate to 2DEG layer distances. On the left obtained from Ref.
[34], for distances ofd=w(10 3): 2, 4, 6 and 10. On the right the calculated values
using RF for d=w(10 3): 4, 6, 10, 12, 14 and 16. The parameters are otherwise
those stated in Fig. 5.37.
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In terms of position of the resonance frequencies the model in this project are in agreement
with the ones of Ref. [34], with the resonance frequencies being 0.4 THz, 0.5 THz and
0.6 THz for d=w(10 %)= 4, 6 and 10 respectively. For thed=w(10 3)=4 scattering length
calculated begins to increase again at the edge of the calculated interval, this is not seen
on the left plot of Fig. 5.40, however, examining the rst peak of this gure, the scattering
length is not calculated for the entire interval. This might also be true for the corresponding
d=w(10 3)=2 peak and as such this second peak is not shown.

Otherwise, the optimal distance to the 2DEG obtained by RF is dierent from the
reference. For this HEMT, a gate to 2DEG distance of around 12-14 nm is seen to have the
largest resonance peak where afterwards the resonance decreases. The increase in peaks
from the 6 nm and 10 nm compared to the larger distances is quite large. This is essentially
also observed on the left of Fig. 5.40 but at a smaller distance. It would seem that the
resonances calculated here are shifted towards higher frequencies compared to those in
[34].

Likewise, the values calculated for all gate to 2DEG distances are approximately a factor
100 larger than those of Ref. [34], which far exceeds the geometrical width of the gate.
Similarly for the absorption length/total extinction cross section the maximum resonance
are shifted to the higher frequencies, as was observed for the scattering cross section. Note
that the extinction cross section from Ref. [34] is simply obtained by adding the values of
the two left gures of Fig. 5.40 and Fig. 5.41 together.

Figure 5.41. Total absorption cross section from Ref. [34] and total extinction cross section
calculated by the RF model both for a 1000 nm gate as function of frequency with
di erent values of gate to 2DEG layer distances. On the left obtained from Ref.
[34], for distances ofd=w(10 3): 2, 4, 6 and 10. On the right the calculated values
using RF for d=w(10 3): 4, 6, 10, 12, 14 and 16. The parameters are otherwise
those stated in Fig. 5.37.

As was the case for the scattering cross section, the value rises to a maximum where after
it decreases steadily as the gate to 2DEG distance increases. The reason for a maximum
gate to 2DEG distance can be understood by considering the mechanism for a resonance
in the rst place. Resonances in the channel arises due to the excitation of plasma waves
oscillations by the scattered elds from the gate. If the 2DEG layer is too far away from
the gate the scattered elds are too weak for an e ective excitation. In the other limit
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placing the 2DEG layer too close to the gate, will cause the perfectly conductive gate
screen the plasma oscillation in the 2DEG [34]. By this reasoning the two rst distances of
Fig. 5.40(b) are still being e ectively screened by the gate, whereas the gate to 2DEG of
6 nm are closer to the optimum distance, in contrast to Fig. 5.404), where the optimum
distance is for 4 nm.

A noticeable dierence for the total extinction cross section is that its value becomes
negative. This is more easily understood by plotting exr and ex:t separately, Shown in
right side of Fig. 5.42.

Figure 5.42. Extinction and scattering cross sections for a 1000 nm gate with gate to 2DEG
distance of 10 nm.

A negative extinction cross means that the power, either re ected or transmitted depending
on which medium is considered, is increased by the presence of the gate. This makes sense
as the gate is assumed to be a perfect conductor and should therefore re ect any and all
light incident on it. It is clear by comparing the two gure of Fig. 5.42 that the extinction
cross section is much larger than the scattering. If this is to be believed it would mean
that most of the extinction cross section comes from absorption either by the scatterer
(into heat) or by being coupled into the guided modes namely the plasma waves.

As a last comparison of the method the extinction and scattering cross section has been
calculated for the same relative gate to 2DEG distancegd=w = 0:1, and normalised by the
gate length. According to Ref. [34] should the normalised scattering cross section vary
proportional with w and should therefore decrease for smaller gate lengths. The calculated
normalised values are shown in Fig. 5.43.
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Figure 5.43. Total Extinction and scattering cross sections normalised by per unit gate length.
for a 1000, 400 and 200 nm gate with a constant gate to 2DEG ratio ofl=w = 0:01

This tendency is not observed here, rather the normalised scattering cross section seems to
fairly weakly depend on the gate length and the extinction cross section is seen to increase
slightly for smaller gate lengths. This essentially means that a smaller gate should couple
better into the guided modes relative to its length.

It would seem that the RF model are able to predict the same resonances as in [34], but
the calculated values and which resonance is the maximum does di er. Nevertheless the
method will be used on a AlGaN/GaN HEMT in order to examine if the same relation as
observed here can be produced and if other correlations can be deduced.

5.5.2 AlGaN/GaN HEMT

For the AlGaN/GaN structure the far elds are plotted similarly to the InGaAs HEMT.
First the far eld for a 400 nm gate, for an incident wave with a frequency off = 1:44
THz is shown in Fig. 5.44.
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Figure 5.44. The far eld plot for a gate length of 400 nm with a incoming wave with frequency
of f =1:44 THz.

The far eld representation of the structure is very similar to the far eld of InGaAs/GaAs.
The angle of total re ection was calculated to be270 25:7. The lobe into the upper half-
plane is signi cantly larger than for the InGaAs HEMT, however there is still signi cantly
more power scattered into the structure. The power going directly up, compared to the
power going down has a ratio of 530%, which is a lot lower than for the InGaAs structure.
The reason for this bigger re ected power is likely due to the higher di erence in the
dielectric constants of the materials, compared to the InGaAs structure.

The optimal gate length for the standard structure with a frequency off =1:44 THz, is
assumed to be around 400 nm as stated in Eq. (5.4), using the mode index and antenna
theory. The extinction and scattering cross sections for di erent lengths of gates are shown
in Fig. 5.45.

Figure 5.45. The extinction and scattering cross sections for dierent gate lengths. The
frequency is 1.44 THz.

The scattering cross sections increases as the gate length increases, which makes sense as a
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longer gate can scatter more light. There is a signi cant increase at a gate length of around
320 nm, where after there is a slight plateu before the scattering cross section increases
again. For the extinction cross sections, there is a peak around 320 nm.This di ers from
the expected peak from the mode index, found in Eq. (5.4). If dipole antenna theory holds
for this case, the maximum current in the gate should correspond to the calculated gate
length from the mode index. In order to analyse if this corresponds to the optimal gate
length, the maximum of the current for the di erent gate lengths is shown in Fig. 5.46.

Figure 5.46. The maximum of the absolute value of the current for di erent gate lengths with
parameters as in Fig. 5.45.

The maximum current corresponds to a gate length of around 410 nm, which corresponds
perfectly with what was predicted from the mode index. It appears that higher order
modes are not as easily excited, as no peaks can be seenvior 1200nm, which is where
the next peak was expected from dipole antenna theory. However, there is a dip at around
1140 nm, which might be due to the resonance. In order to examine this, the current for
a gate of 1140 nm is compared to gates of similar length in Fig. 5.47.
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Figure 5.47. The absolute value of the current for a gate length 0ofL000nm, 1140nm and 1250
nm with parameters as in Fig. 5.45.

The current has three separate peaks fow = 1140 nm, which is consistent with a antenna
with a length of 3=2 . This indicates that this length corresponds to another plasma
mode. However there is a dip in the maximum current. This is due to the current being
more evenly distributed in the gate, thus a lower maximum current is found. In order to
compare the current in these di erent gates, the current per length of gate is found by

o= I (5.37)

where | ¢ is the total current, and I, is the current for segmentn. Thus the current per
length for w = 1140 nm is 7.8296, while the current forw = 1250 nm is 7.700 and the
current per length for w = 1000 nm is 7.3351. Thus a gate at the dip in maximum current
still have a signi cant amount of current. The current per length plot is shown in Fig.

5.48.
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Figure 5.48. The current per length for gates of di erent lengths, with parameters as in Fig.
5.45.

There is a clear peak for a gate length of around 400 nm, which is to be expected, while a
slight peak at the second resonance for a gate length of arouri200nm can be seen.

The model have also been tested for an incoming wave with the frequency @D THz.
The optical cross sections are shown in Fig. 5.49.

Figure 5.49. The extinction and scattering cross sections for di erent frequencies. The incoming
wave has a frequency of 10 THz.

The scattering cross section for low gate lengths is very low, and after a gate length of
around 120 nm, the scattering cross section increases dramatically. The current is shown
in Fig. 5.50.
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Figure 5.50. The maximum current for gates of di erent lengths, with parameters as in Fig.
5.49.

The current has a peak for a gate length of around 50 nm, which corresponds with the
gate length for the mode index, obtained in Sec. 5.1. There is also a peak for a gate length
of around 150 nm, which would correspond to the second resonant mode for the structure.
This peak is even higher than the fundamental mode, which might be due to the gate

being so small at 50 nm, that the response is severely limited. The current for the gate

lengths responding to the resonant modes is shown in Fig. 5.51.

Figure 5.51. The current per length for gates of di erent lengths, with parameters as in Fig.
5.49.
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According to the shapes, these lengths corresponds to the two rst resonances.
In order to analyse the frequency dependency, the cross sections for a gate of 400 nm
with varying frequency is shown in Fig.5.52.

Figure 5.52. The extinction and scattering cross sections for di erent frequencies. The gate
length is 400 nm.

There appear to be periodic dips in both the scattering cross section and the extinction
cross section. There appears to be a large peak at around 1.4 THz for the scattering cross
sections, which corresponds to the expected plasma resonance. In order to see the e ect
of these dips, the current for the same setup is shown in Fig. 5.53.

Figure 5.53. The maximum of the absolute value of the current for frequencies with parameters
as in Fig. 5.52.

It is clear there is a peak around 1.4 THz, which corresponds to the previous result. The
dips in the scattering cross sections seem to correspond to dips in the current for higher
frequencies.

The impact of changing distance from the gate to the 2DEG is tested in Fig. 5.54.
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Figure 5.54. The extinction and scattering cross sections for di erent frequencies. The distance
to the 2DEG varies.

It can be seen that as the distance to the 2DEG increases, the peak of the scattering cross
section shifts towards higher frequencies. The shapes of the cross sections seem consistent
while shifting. The highest scattering is found ford = 6 nm, while the scattering decreases

if d is either higher or lower. As mentioned earlier, there appear to be an optimal distance
for scattering. This optimal scattering length does not correspond to an optimal current,
which can be seen in Fig. 5.55.

Figure 5.55. The maximum of the absolute value of the current for frequencies and di erent
distances to the 2DEG.

The current decreases as the distance to the 2DEG increases. There are oscillations after
the peak, as for the scattering cross section. The shorter the distance to the 2DEG, the
better the gate and the 2DEG can interact, which could cause this higher current.

In order to compare how this frequency dependency changes according to the structure,
the cross sections for a gate with length 50 nm for di erent frequencies is shown in Fig.
5.56.
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Figure 5.56. The extinction and scattering cross sections for di erent frequencies. The gate
length is 50 nm.

There is a clear peak for both the extinction cross sections and the scattering cross sections,
however the peaks are shifted a bit in respect with each other. For the scattering cross
sections the peak is around 8.1 THz, where for the extinction cross section the peak is
around 8.8 THz. This is a much higher frequency than was found for the 400 nm gate.
This is likely due to the gate being shorter, thus shorter wavelengths are necessary to
generate a similar response. The currents dependency on the frequency for the same gate
is shown in Fig. 5.57.

Figure 5.57. The maximum of the absolute value of the current for frequencies with parameters
as in Fig. 5.56.

The current exhibits a peak at the same frequency the scattering cross sections peak, at
around 8.1 THz. In order to analyse if the results for the gate length of 400 nm are
consistent, the e ects of increasing the distance to the 2DEG is shown in Fig. 5.58.
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Figure 5.58. The extinction and scattering cross sections for di erent frequencies. The distance
to the 2DEG varies.

It seems the peak shifts and decreases as the distance to the 2DEG increases, which
corresponds well with the results for the 400 nm gate. The optimal distance for scattering

is not found for the values analysed. It is assumed to be < 4 nm. The peaks are also
much broader than they were for the 400 nm gate. This broadening can be explained by
the fact that the plots are shown in frequency. As / 1=f the values for low frequencies
are more closely spaced in wavelength compared to the higher wavelengths. If the peaks
are comparably broad in wavelengths, when shown in frequencies, the shift in packing, will
broaden the higher frequency peaks.
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6.1 Discussion

For the mode indices the two models predicted signi cantly di erent guided modes. The
model assuming the 2DEG having a nite thickness, did not converge towards the higher
values of the in nitely thin model as was expected, but converged towards 0. This might
be explained due to the method with a nite thickness not incorporating surface currents
at the boundaries, and instead assuming that theH eld is simply continuous across these
boundaries. The mode indices found using the in nitely thin model, did correspond with
the results from the numerical models. The overall tendencies for the two methods were
the similar when changing the parameters of the 2DEG, though with the in nitely thin
model still predicting many times larger mode indices. When changing the sheet carrier
density, both models predicted that the mode indices decreased with increasing sheet
carrier density, however, by comparing this to the plasma dispersion relation obtained in
Sec. 3.2, a positive proportionality was expected. This discrepancy cannot be explained,
as it occurs for both models. Initially the current was calculated by the PPS method
outlined in [34], however this method had in general numerical problems especially for a
large number of segments and only converged whenwas set as a constant value. The
convergence was still rather poor and occurred for a small span of constans. This is
likely due to the model being numerically unstable as ! 0 and poorly weighted for
larger . The PPS method was in general very numerically unstable and the integrals had
a limited precision as they could only be done to a certain limit before the integrand was
set to zero.To combat this problem, the RF method was established and for this model the
integrals showed greater numerical stability, but the convergence was still rather poor as it
was still depended on the displacement being in a speci c range and then still required
a high number of segments for convergence.

This method was improved to incorporate second order basis functions, which gave a
very stable model. The model had to be handled carefully aroundy = O, however this
was accomplished by using a second order Taylor expansion aroutkgd = 0. The model
was extremely consistent with regard to this area, as long as the Taylor expansion was
done for values< 1. The model did, however, still show problems at the corners of the
gate for low values ofdelta, which again likely is due to the distance between the elements
becoming too small a part of the distance to the measuring point. The model had a very
stable convergence with respect to segmentation for a set however the model did not
exhibit convergence with respect to , and the maximum value of the current decreased
as decreased. This decrease, however, was vanishingly small, thus the model might be
usable, as long as was a set value. When computing more complex patterns, the model
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still needed a relatively high number of segments in order to properly converge. For around
100 segments, the model seemed decently converged for all tried cases. The value of the
current in the di erent models were not comparable, with the point matching being in the
order of 10 2 and second order being in low integers. This is likely due to the current
simply being poorly described by the point matching models.

Far eld radiation patterns as well as scattering and extinction cross section was at rst
calculated for an InGaAs HEMT in order to compare the results with those of Ref. [34].
The radiation pattern obtained was in somewhat disagreement in Ref. [34], shown in Fig.
5.37, especially the scattered lobe into the ambient medium, di ered by its general shape,
being more triangular, whereas all the far eld calculated in this project are circular.
The lobes into the substrate were more in agreement, but due to questionable parameters
used in the reference, this could not be reproduced exactly. To obtain the larger lobe
in the ambient medium, a bigger di erence in dielectric constants between the substrate
and barrier layer is assumed to be necessary, which was also showed to have the wanted
e ect, but not to the degree required for reproducing the far eld pattern. In terms of
the calculated scattering and extinction cross section many of the same correlation was
found in this project as those described in Ref. [34]. However, a general tendency was that
optimum resonance peaks were shifted towards higher frequencies. This di erence might
be due to the uncertainty in the parameters used for the InGaAS HEMT. However, the
trends for the resonance frequencies for both the extinction and scattering cross sections
are consistent for a gate length of 1000 nm and varying distances to the 2DEG. The
normalised extinction and scattering cross section has also been analysed and here it was
found that the scattering cross section are in largely independent of the gate width, whereas
the extinction cross section seem to be weakly, increasing with the decrease in gate length,
with a constant gate to 2DEG ratio of d=w = 0:01, shown in Fig. 5.43. This is not in
agreement with what was found in Ref. [34], where the absorption was also found to be
weakly varying with the gate length, but is instead decreasing with shorter gate lengths.
And the scattering cross section is seen to have an almost proportional relationship with
the gate length.

The far eld and scattering plots for the AlIGaN HEMT was performed and showed the
same tendencies as the InGaAs HEMT. The far eld plot showed an even larger lobe
in the ambient medium, as was to be expected from the much larger di erence in the
dielectric constants of the insulator and the substrate. The maximum current corresponded
extremely well to the expected resonance peaks from the mode indices for the in nitely
thin 2DEG. As both build on the assumption that the 2DEG is in nitely thin, this was to
be expected.

Negative extinction cross sections were found for several cases. A negativey:up
corresponds to a larger amount of eld being re ected upwards for the structure with the
scatterer, compared to the structure without the scatterer. The scatterer was assumed to
be a perfect conductor, thus should re ect all incident light. The extinction cross sections
were all much higher values than the scattering cross sections, indicating a large amount
of absorption, which could be partly due to guided modes.
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6.2 Conclusion

In this project the e ects of the 2DEG in a HEMT structure has been used in order
to determine the terahertz response. A method for examining the mode indices for the
di erent structures were established. Two models were established, one where the 2DEG
had a nite thickness and a model where the 2DEG was assumed to be in nitely thin.
The rst model predicted guided modes with a mode index of around 30 to 50 in the real
part. When letting the nite thickness in the model dypeg ! O, the model predicted
nn ! 0. This conicted with the results for the model with the in nitely thin 2DEG,
which predicted guided modes with a mode index oh,, 250 for similar cases. The
di erence is believed to originate in the handling of the boundary conditions for the nite
thickness model.

Theory was established using the electromagnetic boundary conditions, in order to
establish models comparable to the ones presented in Ref. [34]. First the model was
established using point matching and included a small distance,, in order to make the
model numerically stable. The model depended greatly on, where for only for a small
interval of values of the model seemed to converge. The model also proved numerically
unstable when extending the integrals, giving unde ned values. The model was rewritten
to be more numerically stable and more consistent results were obtained, however the
model still depended greatly on . For too low values of , the model never converges,
and for too high values of , the model has problems fully determining the current at
the corners of the gate. In order to improve the convergence of the model, second order
basis functions were introduced to help the model converge. For the second order basis
functions, the model still showed a dependency on and never converged with respect to

, however the dependency on was very small, thus the model might still be valid as
long as is kept small. For too high values of the model exhibits the same problem at
the corners of the gate as point matching. However the model converged with respect to
segmentation if was kept constant. The model gave consistent shapes as long asvas
kept on an order smaller than the segmentation lengths.

Due to the second order basis functions being singular arounkly, = 0 a second order
Taylor expansion was used In order to avoid numerical problems foky = 0, this included
a distance aroundky = 0,  for which the approximation could be justi ed. The model
was found to be very consistent for di erent values of i, as long as k< 1. The model
converged very well with respect to segmentation, even for relatively long gates and small
wavelengths. For reasonably convergent values for the di erent structuresN = 100 was
chosen as for all the tested structuresN = 100 was decently close to the convergent shape
and the di erences in values was negligible.

The far eld was established using the model with the second order basis functions. It
was attempted to replicate the patterns shown in Ref. [34]. The far eld patterns created
using the established model di ered from the patterns from the reference, especially the
eld scattered into the ambient medium was not possible to be reproduced. In general
the far eld patterns show a high amount of power being sent into the structure, with
only a small part leaving the structure. This can be increased by having a larger contrast
in substrate and barrier dielectric due to a increasing the re ection coe cient for this
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interface. The far eld patterns are relatively consistent for di erent gate lengths and
wavelengths, due to the gate being very small compared to the wavelength, therefore the
di erences barely matter for the far eld radiation pattern. It was also attempted to
reproduce the optical cross sections presented in Ref. [34]. The cross section for a gate
length of 1000 nm as function of gate to 2DEG, was found to be in somewhat agreement
with the Ref. [34], with the same tendency observed but with a shift to higher frequencies.
The correlation between the normalised cross sections found in Ref. [34] and di erent gate
length was not observed in this project.

Radiation patterns and optical cross sections were tested for an AlGaN HEMT, where
peaks corresponding to the mode indices were found, using antenna theory. Especially the
fundamental resonant modes were signi cant, exhibiting huge peaks in the scattering cross
sections and in the currents. The dependency on the distance between the gate and the
2DEG were also tested, and as the distance increased, the resonance shifted to a higher
frequency and the e ect of the resonance produced greatly reduced peaks. The tendencies
shown in the InGaAs structure were also seen in the AlGaN structure.
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Appendix

A.1 Energy Levels of 2DEG

An electron in a bulk semiconductor is subject to a three-dimensional periodic potential
due to the lattice. Furthermore, the potential due to the quantum well can be described
by a one-dimensional con ning potential V(z). The electron can be described by the
e ective-mass theorem [40]

E ; (A1)

where HO is a potential and mj; is the e ective mass tensor. The energy near the band
edge can be obtained from the central equation as [11] [41]

— ~2X 1 .
E(k) = E(ko) + 5 m—kik,- ; (A.2)

1)
where kg is the wave vector at the band edge. The e ective mass comes as a consequence
of the electron moving in a periodic potential and can be seen as the mass the electron
seems to have when it is a ected by forces. It can be obtained by di erentiating the group
velocity given asvg = 1r E(k), with respect to time

dvg _d1 1 dE(k).
The time derivative of the energy can be rewritten using the chain rule, yielding
dE(k(t)) _ dk
at =r E at (A.4)

which by using that the force due to the lattice is given byF = ~dk=dt Eq. (A.3) can be
written as

dvg 1 _
Taking the ith element from Eq. (A.5) yields
0 1
; X 2
Yoi o @™ & AR, (A.6)

a2 ; dkidk;

where the inverse of the bracket can be identi ed as a mass, i.e. the e ective massj; . If
1=mj is a diagonal matrix. Eq. (A.1) will have a solution of the form

nkxiky = XVt (2); (A7)



wheref,(z) is a solution to

2d2

fn
— + = Enzfn: :
o gz * V@ = Engty (A.8)

The total energy will thus be
12
K% ky .

En(kg:ky) = Epy + —2 + ;
n (ke ky) T 2my  2myy

(A.9)

The energy is essentially the same as for zone boundary in a periodic potential, but with
the constant energy term (eitherE¢ or Ey for conduction or valence band) quantised in
n subbands.

Figure A.1. (a) Conduction band at the AlGaN/GaN interface; (b) The well can approximated
as a triangular quantum well with discrete energy levels.

Considering the conduction band near the abrupt junction interface, shown in Fig. A.1(a),
the potential well can be approximated by a triangular potential well, as shown in Fig.
A.1(b), which has the following boundary conditions for the potential

V(z)=1 for z O (A.10)
V(z)= eEz for z> 0: (A.11)

Inserting this potential in Eq. (A.8) yields

2
dd;” + M2 E L eEz)t, = 0: (A.12)
By introducing a new variable as = z(2Mm¢E)1=3 @(%)Zﬂ, Eq. (A.12) can be
written on the form
d?f
d”é ) fn()=0: (A.13)

This can readily be con rmed by noting that from the chain rule:

d2fo(z) _ d%,() d2 ?  d?f,() 2meE *°
dz2 ~ d2 dzz2 = d? ~2 ' (A-14)

The form of Eq. (A.13) is known as the Airy equation, which has solutions called Airy
functions, Ai( ) and Bi( ), they are shown in Fig. A.2.



Figure A.2. The two Airy functions Ai( ) and Bi( )

The wave function is required to be well behaved foe ! 1 , which means the Bi( ) can be
rejected as it diverges for increasing, which is also for increasingz. From the boundary
condition at z = 0 it is required that fo(z = 0) = fo( = 2T5m(=)23) =0. For
negative values of Ai( ) is a periodic function oscillating around the axis, as such there
is an in nite number of values for where Ai( ) = 0 which is denoted by c¢,, where the
minus is to remove the sign. Therefore to ensure that the wave function vanish at = 0,

Gy = ZMEnz (—ZI:E)ZZ3 and the allowed energy does becomes
E = : A.15
n;z n om ( )

where c, can be approximated with the following formulacy * [g (n %)]2=3 [42].

A.2 Linear Response Theory

This section is based on reference [26].

A system under the e ect of an external eld, which varies with time, what is called
time-dependant perturbation theory In order to simplify only the linear changes to the
wave function are analysed. Starting from a unperturbed system, the system can be
described through the time in-dependant Hamiltonian, 1y and assuming the solutions to
the Schrodinger equations are known, such that

Ho n= En n: (A.16)

where is the stationary wave function. The time-dependence of the perturbation is
assumed to be harmonic, i. e. only depending on a single frequency. The Hamiltonian
changes due to the perturbations too+ 1H1e " + 1AYe" | where R is the Hermitian



Conjugate. In order to describe this perturbation, the time-dependant Schrddinger
equation is used, so that

. @ Iq 1 il 1 il
~— = Ho+ SHie " + A" A.17
| @t 0 2 1 2 1 ( )
The wave function can be written in the following form, as , constitute a complete set,
X o
= ap pe EntE (A.18)

n

where a, is an unknown, time-dependant coe cient. Inserting this into Eq. (A.17) gives

X N X 1 _ 1 . N
anEn o+ i~@@i noeEntT= a Ho a4+ éIiil ne "o+ ilil{ ne't e Ent
n n
(A.19)
From Eqg. (A.16) the rst part on both sides cancel out, giving
X . 1 X n : 0 .
@a e iEnt=~ — an ﬁle ilt + ﬁ])-/ellt ne |Ent:~: (AZO)

=a =
@t 2|~n

n

Using the orthogonality of the wave functions, multiplying with , and integrating gives

D E D E o

@a 1 X nb = , . , N

@t 2~ & mif o e ™+ njfAY & &EmE (A.21)
n

whereEnn = Enm En and Dirac notation has been used. Making a Taylor expansion of
an gives
a, = a% +a® + :::; (A.22)

P P
and combining this with the fact that if for all x,  bxP =", coxP then ¢, = by, it can
be found that
) X nD E D E o
1 . . ) . . ) ) _
@gt =5 ar o it e+ njAfj . et &M (A23)

n

where the(p 1) on the right side comes from the fact that the right-hand side already
contains one power of perturbation. Settingp = 0 gives the time dependency of the
unperturbed system,

)
@@&; =0; (A.24)
which is as expected. Takingp =1 gives
D E D E o
@&) 1 X (0) " U it Y it iE mn t=~
= — aj mifB n e+ R o €t EmET (A.25)
@t 2i q
Integrating this to get aﬁrl,) gives
( o o )
l x D . . E e it e|E mn =~ D . . E e||t e|E mn t~
aly) = 5 afd) mify n ————+ mqui/J n ; (A.26)

Emn ~! Emn + ~!

n



assuming the perturbation was zero fot = 1 . The result in Eq. (A.26) is idealised as
dampening e ects are not included. A dampening can be included, which yields

(
1 X D E o it gEmnt=— D E gt gEmnt~
) = = (0) i i iV
a a — + .
o o L mlPd o T -
(A.27)
Now the expectation value of a time-indepengent operatorX , which corresponds to a
measurable quantity, is found through jXj . Inserting the wave function from Eq.
(A.18) and only keeping the linear contributions gives
D E X n oD E
X a® ad +a® a® + ad ald X m e EmET (A28)
m:n

From the normalisation of the wave function, it is given that

X
1=hji= jaj? (A.29)

n

where the last equality comes from Eq. (A.18). If there is no perturbation then then

ja®j2=1: (A.30)

n

As such, the valuejaﬁo)j2 is interpreted as the probability that the unperturbed system is
in state n. For thermal equilibrium this can be exchanged for the probability distribution
function jaﬁo)j2 = f (E,). Due to the orthogonality of the wave functions,

ar(10) afg) = f(En) mn: (A.31)

Using this and Eq. (A.27), Eq. (A.28) can be rewritten,

D E X D E X D E )
iX] F(En) niXjn + &P af) oXjm e ™™
n m;n X D E -
+  aPal) aXjm e EmET (A32)
m;n
where through Eq. (A.27) the rst sum over n and m becomes
D E
al ap) X m e Em
- 8 2D a E
x D E < 1X miF1j no e " Emnot=-
= niXi m e FmeT ) A
m:n no mn .
D E 39
m]lqill no e "t gBmn Ot:~5=
+ - : (A.33
Emn0+ ~! |~ ; ( )
Here using Eq. (A.28), the sum becomes
2D 2 E D 2y E 3
i It Y it
1X D E mjiH1j n €' mjHi] n €
5 Xim FENd e e Y (A.34)

m;n



The second sum oven and m can be handled similarly, thus the expression in Eq. (A.32)

becomes
D E Xx D E

iX] f(En) niXj n (A.35)
" 2D E D E 3
1 X t(E D ve E4 mjlqu n e mqu{J n €t 5 A36
- + .
2 En) Xim St g < (A3O)
' 2D 2 E D 2 E
1 X D E miHy] n " miHy n e ™
2 f(Em) niXj m E <+ - + E v +1 <~ (A.37)
The Fourier decomposition of this expression is [26]
D E X D E 4 o .
iXj = f(En) njXjn + SX()e " SX )e't (A.38)

n

Combining the parts in Eq. (A.37) which goes ase'! and the parts which goes a® "

shows that
D ED E

mj'qu n nJ)eJ m

Emn ~I |~

X
X(1)= [f(En) f(Em)]

m;n

(A.39)

A.3 Fourier Transform on Coulomb Potential

In order to use the Coulomb potential in k-space, the Fourier transform of the Coulomb
potential is necessary. The Coulomb potential is given as

€

V(r)= I (A.40)
The Fourier transform of V (r) is found through
V(k)=  V(r)ek'dr: (A.41)

The Fourier transform will rst be done in 3D, then in 2D.

3 Dimensions

For the 3D Fourier transform, the problem will be solved using the Yukawa potential, given
as

‘e '

V(r)= o (A.42)
where is a damping term and in the end letting ! 0. Taking the integral and
transforming to polar coordinates gives

ro 2 1 ro
Vo= & & lgkigs = © € gkt eosO 2gin( ydrd d:  (A.43)

4" r 4" 0 0 0 r



As it the integral does not depend on the rst integral gives 2 . In order to solve the
second integral, substitution is used, withu = cos( ), giving

e2 1 ik e2 1 . eikr e ikr
V(k) = > lre e drdu = 7 re ik dr: (A.44)
The last integral can be solved analytically as long as it is the Yukawa potential, giving
n #1
e2 1 ) ) e2 e(ik )r e (ik+ )r
V(k)= = ik (k* drgr = : + = A4

(k) 2k" o © © r 2ik" ik ik + (A45)

Giving the exponentials the same denominator and inserting the limits, gives

e ik + ik + e
V (k) = o 2y 2 eI TE (A.46)
Letting ! O gives the Fourier transformed Coulomb potential as
e

V (k) = K2 (A.47)

2 Dimensions

For 2D situations, the Fourier transform of Coulomb potential can be calculated directly.
Starting from Eq. (A.42), the Fourier transform becomes

eZ eipr

2.
4 —d’r (A.48)

V(p) =

Transforming into polar coordinates gives

12 1
e? gkrcos()grg = f Jo(kr)dr; (A.49)

V(p)=4" 0o o0 2"

where Jg(kr) is the zeroth order Bessel function. The integral of the Bessel function from
0to 1 is unity, thus

1

Jo(p9dp°= e, (A.50)

V =
=25 . 2'p

A.4  Fluid Dynamics

This section is based on reference [31].

It turns out that the governing equations for a 2DEG coincides with those of shallow
water waves. As such an understanding of how these equations emerge in uid dynamics
is useful. First the continuity equation is derived.

The continuity equation in uid dynamics represents the conservation of matter. Consider
some volume,Vy, the mass of uid owing out through the surface enveloping this volume
per unit time is

v AdS; (A.51)



where, is the uid density. The mass inside the volume will decrease per unit time as
the derivative of the mass inside the volume, given as

@

@t
As the mass passing through the surface of the volume must be equal to the change of
mass in the volume, Eqg. (A.51) must be equal to Eq. (A.52), thus

@
@t
The left-hand side can be transformed into a volume integral through the divergence
theorem,

dv: (A.52)

v AdS =

dv: (A.53)

g(F n)ds = [F (rg)+ o(r F)dV; (A.54)

where using[F (r g+ g(r F)]=r (gF), leads to

gt+ r (v) dv =0: (A.55)
As this equation must hold for every arbitrary volume, the integrand must vanish, yielding
gt+ r(v)=0: (A.56)

This equation is known as the continuity equation.

To derive the equation known as the Euler equation, consider again some voluméy, in
a liquid. The force acting on this volume is equal to

PAdS = r PdV; (A.57)

where the rst integral is of the pressure on the surface and the second comes from the
divergence theorem. Thus the uid surrounding an element with volumedV exerts the
force r PdV onthe volume. The force per unit volume is thereforer P. From Newton's
second law, this force can be written as

dv _
a0
As the uid changes position in time the time derivative has to take into account that the
positionr = r(t) is a function of time as well. The change in velocitydv during the time dt
can be split into two parts, the change in velocity at a xed position and the di erence in
the velocity of two points dr apart, where dr is the distance the uid particle have moved

in dt. The change at a xed position in time dt is %tdt. The second part can be written
as

P: (A.58)

@ @ @ _ :
dx @er d y@y+ d z@z— dr r)v: (A.59)

Combining these gives

dv = gth(dr rv: (A.60)



Dividing both sides with dt to obtain an expression for‘(’j—‘t’ yields

dv_@+

T @t (v r)v: (A.61)
Inserting this into Eq. (A.58) gives
@ _ 1
@t+(v rv= r P: (A.62)

This is known as the Euler equation and is the equation of the motion of a uid. This
equation does not take into account the e ects of energy dissipation, e.g. through internal
friction due to viscosity. Any forces that act upon the uid is added to the right-hand
side, e.g. if the uid is a ected by a gravitational force g, Eq. (A.62) becomes

@,

at (v r)v= Lips g: (A.63)

A.5 Mode Index for an Ungated Structure

This section is based on reference [10].
A layered structure without a gate, illustrated in Fig. A.3, is analysed.

Figure A.3. The HEMT structure without a gate. The dashed lines are the elds which are zero
for guided modes.

The structure can be split into four section, where for each section the eld can be described
as
H(r)= & HYe ke 0 V)4 kv V) (A.64)

where represents one of the regions in Fig. A.3H* is the coe cient for the eld
propagating downwards andH is for the eld propagating upwards. In order to
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