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MODELLING AND DESIGN OF TERAHERTZ
PHOTOCONDUCTIVE ANTENNAS AND PHOTOMIXERS

ABSTRACT

DEMIR, Kazim
M.Sc., Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Mehmet UNLU
January 2016, 134 pages

In this thesis, the terahertz photoconductive antennas and photomixers have been

modelled and designed for different antenna geometries.

Firstly, the equation for the conductance of the THz antenna gap region is derived and
transient behaviour of the antenna gap conductance is observed for varying parameters
of the antenna system. It is observed that the transient behaviour of the antenna gap
conductance is dependent on the properties of the LT-GaAs semiconductor substrate,
gap dimensions of the deposited antenna electrodes, and the properties of the laser
beam which is incident onto the antenna gap surface between the arms of the deposited
antenna. Due to the time varying conductance under a constant potential difference, a

transient photocurrent is obtained through the electrodes of the antenna.

Secondly, an equivalent circuit model is used to obtain the temporal behaviour of the
antenna gap voltage and the photocurrent. For the solution of the antenna gap voltage
equation, a numerical solution technique is used to solve the differential equation

which is called Runge Kutta Method.

Thirdly, the design of simple dipole antennas and spiral antenna are implemented on
LT-GaAs substrate. While two different dipole antennas are designed to make a
maximum raditation at 340 GHz and 550 GHz, the spiral antenna is designed to operate

at 420 GHz.

Finally, reconfigurable THz antennas are designed. THz reconfigurable antenna

operation is based on changing the resonance frequency of the antenna by
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mechanically changing the antenna length with the help of MEMS switches. Two types
of antenna shapes were used as reconfigurable antenna. First reconfigurable antenna
type is a folded dipole antenna which was designed to operate at three different
frequencies which are 200GHz, 450GHz, and 780 GHz. For the proper operation of
the folded dipole antenna, design of a metal-insultor-metal capacitor was needed to
isolate the arms of the DC bias lines. The second designed reconfigurable antenna
type is a simple dipole which is operating at 290 GHz, and 550 GHz. It is observed
that the use of folded dipoles are more advantageous due to their high antenna input

resistances when compared to simple dipoles.

Keywords: Photoconductive Antenna, Pulsed Excitation, Photomixer, Reconfigurable

Antenna, Antenna Bias Line.



FOTOKARISTIRICILARIN VE TERAHERTZ FOTOILETKEN
ANTENLERIN MODELLENMESIi VE TASARIMI

OZET

DEMIR, Kazim
Yiiksek Lisans Tezi, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yéneticisi: Yard. Dog. Dr. Mehmet UNLU
Ocak 2016, 134 sayfa

Bu yiiksek lisans tezinde, lazer darbesiyle uyarilan fotoiletken antenlerin ve
fotokaristiricilarin - farkli  anten geometrileri i¢in modellenmesi ve tasarimi

gerceklestirilmistir.

[lk olarak, THz anten boslugundaki iletkenlik degisimini ifade eden bir denklem elde
edilmis ve farkli parametrelere bagli olarak nasil bir degisiklik gozterdigi
gozlemlenmistir. Anten boslugunda zamana bagh olarak degisen iletkenlik, LT-GaAs
yariiletkeninin ozelliklerine, yariiletken iizerine serilmis anten elektrotlarinin
arasindaki boslugun o6l¢iilerine ve anten boslugu iizerine diismekte olan 1sininin
Ozelliklerine bagl olarak degismektedir. Sonug olarak, anten elektrotlarina sabit bir
voltaj kaynagi uygulandiginda, zamana bagh olarak degisen bu iletkenlikten dolay1

anten elektrotlar1 izerinde zamana bagl olarak degisen bir fotoakim elde edilir.

Ikinci olarak, anten boslugununda meydana gelen voltaj diisiimiiniin ve ortaya ¢ikan
fotoakimin zamana bagl olarak degisimini modelleyen bir esdeger devre modeli
analiz edilmistir. Devre analizi sonucu elde edilen anten boslugu voltaji diferansiyel
denkleminin ¢éziimii i¢in niimerik yontemlere ihtiya¢ duyulmus ve Runge Kutta

Metodu ile anten voltaji numerik olarak ¢éziimlenmistir.

Ucgiincii olarak, basit ¢ift kutuplu antenler igin ve spiral antenler i¢cin LT-GaAs pul
tizerine THz antenler tasarlanmistir. 340 GHz ve 550 GHz’te maksimum gii¢ yayilimi
yapan iki ¢ift kutuplu anten, 420 GHz’te maksimum yayilim yapan bir spiral anten

tasarimi gerceklestirilmistir.
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Son olarak, farkli frekanslara ayarlanabilen anten tasarimlari gerceklestirilmistir.
Frekansi ayarlanabilir antenlerin c¢aligmasi, MEMS anahtarlar yardimiyla anten
boyunun kademeli olarak degistirilmesine ve bdylece maksimum yayilim yaptigi
frekansin ayarlanmasi prensibine dayanmaktadir. Bu amagla, ilk olarak {i¢ farkh
frekansa ayarlanabilen katli cift kutuplu anten tasarimi gergeklestirilmistir. Bu
frekanslar 200GHz, 450GHz ve 780 GHz’dir. Kath ¢ift kutuplu anten kollarinin
birlestigi noktadaki dogru akim besleme hatlarinin kollarini birbirlerinden dogru akim
olarak isole edebilmek i¢in kollarin antenna baglh oldugu iki hat arasindaki anten
izerine metal-yalitkan-metal kapasitor eklenilmesine ihtiya¢ duyulmustur. Frekansi
ayarlanabilir olarak tasarlanan ikinci tip anten basit dipol antendir. Dipol anten 290
GHz ve 550 GHz olmak iizere iki ayn frekansa ayarlanabilir sekilde tasarlanmuistir.
Kath dipol antenlerin giris direnglerinin dipol antenlere gore daha yiiksek olmasindan

dolay1 ¢ok daha verimli olduklari gézlemlenmistir.

Anahtar kelimeler: Foto-iletken Anten, Lazer Darbeli Uyari, Foto-karistirici,

Frekans1 Ayarlanabilir Anten, Anten Besleme Hatti.
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CHAPTER 1

INTRODUCTION

1.1 The Terahertz Spectrum and Terahertz Wave Generation

Terahertz (THz) waves are described by the electromagnetic spectrum in the frequency
range 300 GHz-10 THz with wavelengts between 1 mm-30um. Terahertz waves lie at
the far end of the infrared frequency band, just before the start of the microwave

frequency band as shown in Figure 1.1.
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Figure 1.1 Schematic diagram of electromagnetic spectrum.

THz frequency band was one of the least explored region of the electromagnetic
spectrum because of the absence of efficient THz signal generation sources and

detectors.



Nowadays, THz frequency band attracts a lot of attention due to the new THz
generation techniques was developed. One of the most commonly used sources for the

THz generation is photoconductive antennas.
A photoconductive antenna is composed of three main parts:

* First part is a photoconductive material which is needed as the source of free
carriers.

= Second part is a voltage biased antenna which should be deposited on the
photoconductive substrate as the radiative element.

* Third part is a laser source which is used to release free carriers by the
illumination of the gap region where the photoconductive material and antenna

metallic part meets (antenna gap region).

Incident laser power causes very fast changing electric field on antenna gap region

which causes rapidly moving free carriers to relese in the material.
There are two types of THz generation depending on the type of optical source [1]:

» THz photoconductive antennas in laser pulsed systems

» THz photomixer antennas in CW systems

In THz laser pulsed systems, laser pulses at a specific period and duration are hit onto
the ground of the GaAs semiconductor substrate, and give rise to the optically induced
photo-carriers in the photoconductive gap. As a result of the induced current pulses,
THz electric pulses are radiated into the free space as EM waves. Ultrashort properties

of the radiated electric field pulses lead to broadband frequency response

In CW systems, two monochromatic laser sources with slightly different optical
frequencies (the difference is in the range of THz) are hit onto the substrate and a
continuously changing THz radiation is obtained. Almost sinusoidal change of the

radiated electric filed leads to a narrowband frequency response.



1.2 Research Motivations and Objectives

The main objectives of this research are as follows:

* To undertand the phenomena of photoconduction by modelling the parameters
of the laser source, LT-GaAs layer, and the antenna geometry.
* To develop a methodology to design a photoconductive antenna at any desired

operating frequency.
1.3 Thesis Overview

This research is organized as follows. A brief review of THz technology and CW THz
photomixer sources with particular emphasis on photomixing theory and concept as
well as important factors such as antenna and bias lines in the photomixer performance

are presented in Chapter 1.

Chapter 2 will discuss a computational simulation method, such as High Frequency
Structure Simulator (HFSS), to achieve a best result when simulating such a
photomixer antenna. The effects of airbox size, port meshing, boundary condition, and

choosing the proper size of a substrate will be discussed.

In Chapter 3, the characterization of bias lines will be given. Design parameters for
each of bias lines will be given. Then, the bias lines will be treated as two port networks
and the numerical studies will be carried out. Since the two-port network results of
bias lines indicates the isolation between DC bias pads and antenna, the possible

effects of each bias line on photomixer antennas will be discussed.

In Chapter 4, the design parameters of antennas that will be used for testing structures
of bias lines will be discussed, and then different kind of planar antennas will be
designed. The performance of antennas with each bias line will be compared in a

perspective of radiation pattern and input impedance of antenna.

Finally, Chapter 5 concludes this research and suggests the future directions.



CHAPTER 2

THEORETICAL ANALYSIS AND MODELLING OF
TERAHERTZ PHOTOCONDUCTIVE ANTENNAS AND
PHOTOMIXERS

2.1 Introduction

The photoconductive antennas are used to generate THz signals by using femtosecond
laser sources that create changes in the conduction of semiconductor materials where
laser pulses are incident on. Due to this conductance change under dc biased voltage,
a time varying current source is obtained at the gap region of planar antenna deposited
on the substrate material. In this chapter, we will theoretically investigate the
photoconductive antennas and model the effects of different parameters on the antenna
conductance change and the output power. The modelling steps, that we will be

following during this chapter is summarized in Figure 2.1.

. — . . — )
‘ Substrate

Free
Ingut La-ser . photocarriers . | photoconductivity . Output THz
Ei(®), Pi(t) NO | d®e Prhz(t)

Figure 2.1 Modelling steps of photoconductive antenna.

A simplest equivalent circuit model for a photoconductive antenna for both pulsed and

continuous wave excited system is shown in Figure 2.2.
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Figure 2.2 Equivalent circuit model for a photoconductive antenna.

In this model, Ggoyrce(t) is the time-varying conductance of the antenna gap under
laser illumination, Vj;,5(t) is the DC voltage source applied between the antenna
electrodes to move the free charges through the antenna metal parts, Ipc(t) is the
photoconductive current flowing through the gap as a result of applied voltage, R, is
the equivalent input resistance of the antenna deposited on the GaAs substrate. Values

of antenna resistance, R, does not change with time or frequency.

2.2 Modelling of a Terahertz Photoconductive Antennas in Pulsed

Excitation System

The very first stage of a THz photoconductive antenna system is a laser excitation
system which is responsible for being the high frequency energy source of a THz
antenna. For a laser source to excite a single carrier through the energy gap of a
photoconductive material, a photon should have a larger energy than the energy gap
of the semiconductor. Generally, low-temperature-grown-GaAs is used as the
photoconductive material due to its high mobility and short carrier lifetime. For LT-
GaAs material used for photoconduction process, the incident photons should have
energy at least 1.42 eV of band-gap energy in LT-GaAs layer. This much of energy
corresponds to a photon whose wavelength is less than 867 nm. To better understand

this phenomena, we need to understand the conduction process of carriers under
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incident photons. Schematic view of THz photoconductive antenna with Gaussian
pulsed model is in Figure 2.3. W and L are the length and width of the antenna gap,
tiT—gaas 1S the thickness of the LT-GaAs active layer that will be used for the

modelling.
DCPias DC bias
tir.cas $[LT-GaAs 71

W ‘I___’ __|
SI-GaAs LT-GaAs .

v

ya

THz Radiation
(@) (b)

Figure 2.3 The basic schematic of a THz photoconductive antenna. (a) Side view. (b) Top view.

2.3 Modelling of the Laser Electric Field with Gauss Beam Model

Since the size of the wavelength (882um in air) is comparable to the size of the optical
components (300-500 pm for antenna structure), the diffraction effects become
significant. So, the electric field distribution of the laser pulse is assumed to obey quasi

optical approximation. The electric field at any point along the axis of propagation is

[1]:

2 Cp—}

w r _ jry
B\ (r,2) = () exp(— —5 — jkz — 5 + o) @.1)
0



2 2
D=2 +1<ﬂ> 2.2)

Az
®, = tan™? (—2> 2.3)
Tw§
where
Iy ~ perpendicular distance from the z axis (r; = wy)
Wy = beam waist (beam radius at z=0) on the gap

= Dbeam radius at any distance z

k = propagation constant
D = radius of curvature
D, = Gaussian beam phase shift

Also, to include the time dependency of electric field on the laser pulse duration,T,

Eqn.(1) is modified as [1]:

r? t2
EL(r,t) = Egexp (— F) exp (— r_2>
0 1

2
= Ege lexp(— 2—2) on the gap surface with r = wy
1

24

For a single laser beam, the input optical pulse intensity can be calculated from the

instantaneous power density vector (Poynting vector) as [2]:

P.(r,t) = E(r, )xH(r, t) = 3, [n_ E, (T, t)Z] = ﬁzn—oe_ze G (2.5)
0 0

Here we assumed the electric field is polarized in the x-direction, and magnetic field
is polarized in the y-direction. So, the resulting power flow is in the z-direction. We

can find the factor Eyg as:



EO =4/ PL]]OEZ (2"6)

Table 2.1 shows the Eo factor that determines the amplitude of the laser beam, and the
maximum value of the electric field which is incident onto the substrate for three

different laser powers. Here, it is assumed that there is no loss of laser power between

the laser source and the antenna.

Table 2.1 Values of the constant E; and maximum electric field density for the laser source.

Maximum electric field density of the

laser wgixh is incident onto the antenna

Laser output power Eo gap (Ege™1), V/m
1IW 52.78 19.42
500mW 37.32 13.73
250mW 26.39 9.7

- - PL=1W

— PL=500mW
PL=250mW H

ELaser(r=w 0) (V/m)

Time (fs)

Figure 2.4 Modified Gauss laser electric field for three different laser output power levels.



By considering the optical reflection coefficient, R, at the air/LT-GaAs interface, we

can write the transmitted optical power density by the substrate as:

- E2 2r? 2t2
A =3a,— (1 —R)exp| ——5 |exp| —— 2.7
No Wy T
where
Mo ~ intrinsic impedance of free space
R = optical power reflection coefficient

NGaas COS(ei) — Nair COS(et)
R, =Rrg = (@
NGaas COS(ei) + Nair COS(et)

—MNair COS(ei) — NGaas COS(et)
NGaas COS(et) + Nair COS(ei)

2.8)

R” = RTM = (b)

2.4 Modelling of the Charge Density

When the laser beam with energy value greater than the bandgap energy of LT-Gas
hits to the photoconductive surface (hv>1.42eV / A; < 867nm), free electron-hole
pairs are generated in the material. For simplicity we neglect the minor charge
contribution from the holes since the effective mass of the hole is much greater than
that of the electron in GaAs. The time dependent behavior of the carrier density is

given by [3]:

dn(t) n(t)
= - t 2.9
Tt o T g(® 2.9
where
Tc ~ trapping time
g(t) = generation of free carriers by the laser pulse [1]



The generated free carriers by the laser pulse is:

g(t) = h—fLPA(r ,t) (2.10)

where

hf}, photon energy
attenuation constant of free carriers from substrate surface

into the z-direction

Inserting the expression for P, (t) into the expression for g(t) yields:

2r 2t2
g(t) = —— (1 —R) exp (— W—) exp (— r_> (2.11)

0 1

Substituting the current form of g(t) into differential equation and solving for n(t)

gives a solution as[1]:

2

c oE? ) 2r?
n(t) = Ohf( —R)exp(—w—>

0

2 N (2.12)
V2Tt % 2T
e t/Tc e8¢ 1 (erf[—t— —=)+1
4 Ty, 4TC
where
X
erf(x) = j e~ dt
0
C = Arbitrary constant

Here, there are infinitely many differential solutions for n(t), one for each choice of
the “arbitrary” constant C. It alows us to use additional information to select from

among all these solutions a particular one that fits the situation under study. In our
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case, we should assign C to such a value that the initial conditions will match with the
experimental results. In [3], it is reported that the source resistance for a pulsed
excitation is in the range of some tens of ohms. So first, we need to find an expression
for the source resistance for a pulsed excited dipole antenna, and then calculate the

value of C by applying an appropriate initial value condition.

The current density in a semiconductor material is by [4]:

J(®) = (n(Own + p(OKp )GE) = o(DE()

~ (nit)qE(t) @13)
where
n(t) ~— Time-dependent magnitude of free electron concentration
p(t) = Time-dependent magnitude of hole electron concentration

Since the effective mass of the hole is much higher than the effective mass of the
electron, mobility of electrons is much higher than that of the holes, pe > py, s we
neglect the minor conductivity contribution from the holes in LT-GaAs. The
approximated time dependent conductivity of the photoconductive material at the

substrate surface [4] is:

o(®) = (n(Opn + p(OKp )g = n(Daq (2.14)

However, the conductivity of o(t) shows space dependence as we go into the 1 pm
thick LT-GaAs layer. Hence, o(t) was re-modeled as a function that exponentially

decays with an attenuation of a in the z direction as [1]:

o(z,t) = o(t)e ™ (2.15)
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2.5 Modelling of the LT-GaAs Conductivity Change With Respect

to Time

If the conductivity had no space dependence in z the direction, we could reach the gap

. . w .
conductance simply by using G¢(t) = o(t) %. However, we need to integrate the

conductivity over the volume that is described by the antenna gap surface and the

active layer thickness [5] which is shown in Figure 2.5.

tyT—GaAs

Wt
G (D) = f o(z, t)e~ 2 %dz
0

= 8 ()1 — e~eir-an ) 2.16)

_ WtGaAs
La

n(p,q(l — e~ *4r-Gass)

Here, it is assumed that the Gaussian beam radius (r; = wy at he surface) uniformly
covers the whole gap area and all photo-carriers are generated in the volume
determined by the depth of 1 um thick LT-GaAs layer and the area of of dimensions
W, and L as shown in Figure 2.5.

Optical
Pump

Figure 2.5 Geometrical parameters for the gap geometry of a photoconductive antenna.
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Using (2.12) and (2.16), we obtain the source conductance Gg(t) as:

Wt
Gs(t) = ﬂa(z, £)(1 — e~ %tLT-Gaas)
La
Wtgan )
= ﬁn(t)pnq(l _ e~@tLT-Gaas)
_ V2 tpr_gaasWAqTLly (_L) (
- e\l tC/e
(4Lnof h)
V2t V2t
(erf ( — (V2u)
Ty 4TC

1} >
8‘[% e_ w02 e—atGAs

) + 1) (R — 1)(1 — efLr-Gaas @ ))

(2.17)

where the typical values for the parameters for a THz system are listed in Table 2.2.

Table 2.2 Typical values for a THz system

Notation Value Parameter
Laser pulse
T = 20fs — 100 fs )
duration
P, = I'W Laser power
Laser pulse g
repetition rate as 2
frep = 80MHz — 120 MHz ) )
depicted in
Figure 2.6.
fi. /AL = 375 THz / (800 nm) Laser frequency
W = 10 um Gap width
Gap length (along
L = 10 pm D;
the antenna) a
=1
13 LT-GaAs layer s
tir— = .3 um
LT-Gads thickness
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Table 2.3 Continued

Tc = 1 ps Carrier lifetime
_ cm? . )
Hn = 1000 —— Electron mobility S
Absorbtion §
a = 6000cm ™! coefficient for %.
LT-GaAs .

According to the experimental results obtained from [6], 2.4 mA of photocurrent value
was measured under a potential difference of 38 volts being applied to the arms of the
dipole antenna deposited on a LT-GaAs substrate. They have used a laser pulse with a
repetition time period of Trgp = 12.5 ns (1/80 MHz), and assumed a rectangular current
pulse of 2ps width as shown in Figure 2.6. Finally, they have estimated a source

resistance of 2.53 Q by using the following approximate formula:

Tcurrent)
Trep

_ ( Vbias > " (Tcurrent>
IPC,measured TREP

Rs,sqaure = Ray * (
(2.18)
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Figure 2.6 (a) Actual and simplified current pulses [6]. (b) Consecutive pulses with a laser pulse

perios of Trgp = 1/frgp

In a pulsed excited system, a resistance value is obtained as a result of the calculation
Vbias/IpC, measured- This resistance value gives a resistance in which the ON and OFF
durations are taken into account. Due to the reason that the OFF time (12.5ns) is much
larger than the ON time (2ps), this calculated average resistance is expected to be much

larger than the instantaneous resistance at the antenna gap.

We can obtain a waveform which represents a more realistic response instead of a

square wave approximation. The expected waveform can be profiled as follows:

15



» The photocurrent continuous to increase up to its peak value as the laser pulse
is also increasing its amplitude up to the peak.

= After the moment that the laser pulse starts to decay, the expected photocurrent
also decays due to the fact that the generated charges are grapped by the

deficiencies located in the LT-GaAs layer on the antenna gap.

The maximum conductivity value which is calculated by square wave approximation
is 0.4 Q71 (1/2.53Q). If the value of C in (17) is adjusted to give a maximum resistance
value of 2.5(), the obtained conductance change with time can be observed in Figure

2.7 with the parameter values are chosen as in Table 2.2.

0.5 \ \ \ \ \ \ \ 0.5

X:0.106
Y: 04

ELaser(r=W0’ t)
Conductance (Q'1)

Time (ps)

Figure 2.7 Time dependent behaviour of the incident E-field of the laser pulse and the conductance

change with the applied field.
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Figure 2.8 Two consecutive laser pulses and the resulting conductance change at the antenna gap.

(1= 0.1 ps, Tc= 1ps, t4ecay=7PS, TrEp :LIIZSOOpS)
fREP

Here, the calculated value of average resistance Ray = Vpias/Ipcmeasured gives the
average value of the resistance, taking on and off times for pulse excitations into
account. It is expected that the gap conductance makes a peak at the instant of the laser
pulse incident onto gap and increases the number of free carriers to its peak number.
So, we need a way to obtain instantaneous peak value of conductance from the
measured average source resistance. This can be accomplished by the following

equality:

R
Gs,measured = Gg

IPC measured TreP
——— = frep f Gs(t)dt
Vbias 0

(2.19)

where Gy is the average value for the source conductance over the laser on and off time

period, 1/frep, is given by:

TREP

Gs = frep f Gg(t)dt (2.20)
0
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For the calculation of the above integral equations which are given in (2.19) and (2.20),
numerical integration techniques were used for the calculation of the area under the

integrated curve as depicted in Figure 2.9.

—~
T
S 7ps
Gs(t)dt
8 b —m
c
B 1
5]
>
O
=
o 5
o
0 1 2 3 s 5 5
Time (ps)

Figure 2.9 The area under the curve of the time-dependent antenna gap conductance.

First, it is assumed an approximate square current response and the constant number
C is adjusted to give a peak conductance value of 0.4Q~1. The resultant time dependent
behavior of the conductance is shown in Figure 2.10. The parameters were chosen as

given in Table 2.2.
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Figure 2.10 Time dependent behaviour of the incident E-field of the laser pulse and the conductance

change with the applied field

As we can see in Figure 2.10, the decay time for the conductance is about 7 ps. This
means that all the generated photocarriers recombined and there was no free carriers
left in the LT-GaAs until a second pulse comes and hits onto the photoconductive
surface. By using this natural result of the photoconductive material, we can take the
lower and upper limits for the integral as -1ps and, 7 ps, respectively. The average
source conductance integral can be calculated simply by calculating the area under the
conductance curve and dividing it by the pulse repetition period. This way, we can
obtain a more accurate value for constant C, which makes the average source resistance

fits with the measurement without a square current approximation:

IPC,measured
Vbias

= 7
frEp f_fjs Gs(t, C = 1)dt

2.21)
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where

erf(x) = [ ; et dt is called error function.

Using numerical integration techniques for calculating the area under the conductance

curve and solving (2.21) gives a C value of 6.3552x10%

. Using the current value of
constant C, we obtain the conductance change as in Figure 2.11. It is noticed from the
figure that the peak value of the conductance curve is increased from 0.4 S to 0.7 S
from square approximation to the more accurate calculation. This much of

conductance corresponds to an antenna instantaneous resistance of ~1.43Q.

o
4
:

o
»
T

Conductance (Q I)
o
w

o
N
T

©
i

Figure 2.11 Time-dependent conductance change at the antenna gap for the current value of C.

2.6 Parametric Analysis of the Instantaneous and Average Source
Conductance of the Photoconductive Antenna Excited By Laser

Pulses

20



~~ 20 T T
]
2 15} 1 §
ﬁ 10 i
Na
% 5 7 |
m 0 | — - - - - -
e 0 1 2 3 4 5 6 7
-~ 0.8 T T T S _\1W
G I ﬁ - - L_ |
S o6 \
2 1N P, =250mW
g 04 r l \ - - L H
S
S 0.2 -
=)
U S— —

160 T T T

140 - .

120 - N

(k@)

o]
o
T
1

S, average

R
3

20 - R

o 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

PL (mWw)

(b)

Figure 2.12 (a) Variation of the time-dependant conductance of photoconductive material by the
average optical power. (b) Variation of the average source resistance of photoconductive material by

the average optical power. (ty, = 100 fs, frgp = 80 MHz L = W = 10 um, tgous = 1 um,, ¢ =
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Figure 2.13 (a) Variation of the average source resistance of photoconductive material by the laser
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Figure 2.14 (a) Variation of the time-dependant conductance of photoconductive material by the
carrier lifetime. (b) Variation of the average source resistance of photoconductive material by the
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Figure 2.15 (a) Variation of the time-dependant conductance of photoconductive material by the
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carrier lifetime. (P, = 1 W, fggp = 80MHz, t;, = 100 fs,L = W = 10 um, tgyss = 1 pm,a =
6000 cm™1, t1c=1ps )
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Figure 2.16 (a) Variation of the time-dependant conductance of photoconductive material by the
absorbtion coefficient of the PC material. (b) Variation of the average source resistance of

photoconductive material by the carrier lifetime. (P, = 1 W, frgp = 80MHz, 1, = 100 fs,L =W =

2
10 pm, tgaas = 1 um, c=1ps, p = 1000%)
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Figure 2.17 (a) Variation of the time-dependant conductance of photoconductive material by the
antenna gap length. (b) Variation of the average source resistance of photoconductive material by the

antenna gap length. (Py=1 W, fygp = 80 MHz, 1y =100 fs, W = 10 um, tgoa,=1 um, tc =1 ps,
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Figure 2.19 (a) Variation of the time-dependant conductance of photoconductive material by the
thickness of the LT-GaAs layer. (b) Variation of the average source resistance of photoconductive

material by the LT-GaAs thickness. (P =1 W, fggp = 80MHz, 1p= 100 fs, L = 10 pm, tgaas = 1 pm,

2
c=1ps, p= 1000%, o= 6000 cm™)
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The effects of the laser source, antenna geometry and photoconductive material
parameters on the variation of the antenna gap conductance is observed from Figure
2.12 to Figure 2.19. These parameters can make variations depending on the type of
the antenna, sensitive measurement environment, or even the unstable properties of
the materials used for both antenna material or measurement setup. So, the constant

number C should be adjusted after for each different measurement of the antennas.

Photoconductive antennas are generally deposited on LT-GaAs which is grown on SI-
GaAs wafer at relativesy low temperatures. The gap size of the antenna
1510 um x 10 um. For pulsed excitation, a laser source of 10mW maximum power, 75
MHz laser pulse repetition rate and, 100 fs laser pulse duration is used. 35-40 V is
applied to the arms of the photoconductive antenna. The thickness of the GaAs wafer
1s 635 um of which 1.3um LT-GaAs epi layer is grown on the SI-GaAs wafer.

2.7 The Equivalent Circuit Model for the Photoconductive Antenna

System under Pulsed Excitation

In this section, the time-dependent voltage and current values under the voltage applied
to the arms of the antenna will be derived. The equivalent circuit model for the

photoconductive antenna in pulsed excited system is given in Figure 2.20.

w  Go SO ROV

{ — } F -
Ry Vv
Za
VC (t) Vrad (t)
+ | -

Figure 2.20 The equivalent antenna model for THz antennas [1]

The schematic view of the THz antenna is shown in Figure 2.21. When a laser pulse

of photon energy greater than the energy band of the LT-GaAs is incident onto the
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antenna hap region, free electron-hole pairs are released in the material. The applied
voltage, Viias(t), creates an electric field, Ey;,s, through the gap of the antenna, and
this field accelerates free carriers. While the electrons move through the positively
biased electrode, holes move through the negatively biased arm. The number of the

defect sites in the active region determines carrier lifetime.

laser pulse duration, < 500 fs THz pulse

1 < 100fs

optical 800nm 1 GaAs
substrate

A

Figure 2.21 The schematic view of the THz photoconductive antenna in pulsed system

Due to the speration of positive and negative charges in the direciton oppsite to the
Epias, reduction of the effective electric field is observed at the gap antenna. This effect
is taken into account in the circuit by B(t)Vc(t). As the induced elektric field increases

at the antenna gap, more separation of charges take place.
R,, represents the electrode loss resistance

Z, represents the antenna input impedance. This value only changes by the antenna

geometry.It does not show dependence on the operation frequency.

When the wavelength of the generated THz wave is considered to be much greater
than the size of the antenna gap, the instantaneous change of the electric field through
the gap of the antenna, E¢(t), can be viewed to be same directional and constant over
the gap surface. The radiated electric filed is proportional to the time derivative of the

antenna cuuretn, Ipc, as [1]:
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Olpc(t) 0 t
Erp~ Pact( )N ]Pact( ) 2.22)

The current density at the active regions is [1]:

Jpc(®) = an(Hv(t) (2.23)
where
q ~ Elementary charge
n(t) = Time-dependent free charge
v(t) = Speed of the charge

The average charge speed is:

V() = ppEc(t) (2.24)
where
Ec() = Electric field at the antenna gap
T = Mobility of the electrons

The electric field at the antenna gap with the uniform field assumption is approximated

by:

Ec(t) = VCL(t) (2.25)

where

L — The length of the antenna gap through the induced electric
field.
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Combining the above equation into a singe equation gives the current density of the

form:

Ve (t)
Jec(t) = an(O, — (2.26)
The current density across the antenna is:
Ipc(t) = Jpc (DS
Ve(®) 2.27)
= qn(t)uy, T Wtcaas

To be able to obtain the voltage which is responsible for the radiation, V.4, we use the

following voltage drop equation:

Vrad ® = IPC(t)ZA

Ve () (2.28)
= qn(t)py I WitcaasZa

As it can be seen from the derived equations, all the parameters in the equivalent model
can be expressed as a function of antenna gap voltage, V¢ (t). So, obtaining a solution
for V¢ (t), also makes it available to obtain the other parameters in the model. Now,

the method for obtaining an expression for V(t) will be explained.
2.8 Derivation of the Antenna Gap Voltage

From the equivalent ciruit model, the current flowing through the main branch of the

circuit, Ipc (1), is expressed as a function of the antenna gap votage, V¢ (t) as:
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d
— [Ve(DC(D)] (2.29)

1
lpe(®) = Ve(®) |[——| + 3¢

Gs(O + Ry

where

Ry, = Electrode loss resistance

R}, may be ignored since antenna electrodes are good conductors. So the simplified

photocurrent is:

Ve (®) dC(t)
a CO+ 4

Ipc(®) = Ve(©Gs(®) + & Vet 2.30)

Takmg ( ) term to the left hand side of the equation gives:
dve(® 1 dC(t)
TAG) Ipc (D) — Ve (D) Gs () — It Ve (® (2.31)

Now, the only term that does not change by V¢ (t) is Ipc(t). Applying KVL gives:

Vpias — Ve () = BV (D) + Vrap(t) =0
Vpias — Ve(O[1 + BMO] + 15 (6)Z, =0

Vbias 1+ B(t)
— Ve(t
Zn c(® 7,

(2.32)

- Ipc(D) =

Substituting Ipc(t) into (2.32) gives a final equation which is only expressed in terms

of function V¢ (t):
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Vo) G 020 v

a

dVC (t) _ 1 Vbias
dt  C(b) l

2.33
dC(t) (2.33)

Ve(t )l

Dividing both sides of the equation by V¢ (t) gives an equation in terms of function
Ec(t). The reason for this variable change is due to the reason that in [7], there is an
an expression for E¢(t) and so we will be able to equate the terms of the two equations

and find time dependent expressions for the functions (t) and C(t). Dividing both

sides by L gives:
dEC(t) Vblas ﬂ( )
—E-(t —E-(t)— — Ec(t)Gg(t
3 C(t)[ (@5~ Be(®) 5> ~ Bc(9Gs(0
(2.34)
dC(t)
Ec(D
The equation for E¢(t) which is given in [7] is:
dEc(t)
dt
1 Z,S
. |- =Ec® - (q“ nfa> K ”) n(OE®| (235
_ TR TrL Ke |
N Z,S Z,Sdn(t
[1 + qfunL A n(t)]l qfun A ( )EC( ) + blas J
L dt TR
where
K ~ Screening effect coefficient
€ = Dielectric constant (12.9 for GaAs [8])
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Matching the terms of the two equations gives expressions for C(t) and B(t) in terms

of n(t) [1]:

ZaSn(t
() = ;—R(1 + q”“+n()) (2.36)
A
t
8(t) = RO 2.37)
Ce
Substituting C(t) and B(t) in the differential equation gives:
dVc (1)
dt
[ VA (t) qUnTrN(E) ]
1 Vbias Ve 1 ¢ (e (2.38)
= Zy p Zy Zy
T_R(l + qUnZaSN(t) ) dC(t)
Za L ~Ve(®Gs(®) ———Ve(®)

dt

When the prefoud expression for n(t) in (2.12) is put in the differential equation, we
obtain the final equation that we need to solve. Since the known forms of the solution
techniques for differential equations do not work for the obtained equation in (2.38),

numerical techniques will be used to solve this differential equation.

2.9 Solution of the 1% Order Differential Equation by Runge-Kutta
Method [8]

To solve the differential equation given in (2.38) with the open expression of n(t) is

substituted, Runge-Kutta method will be used. The solution steps for this method are:

= First, calculate k4, k5, k3, k, by assuming an addition of h is made to the x in

the first order dferential equation (y’ = f(x,y) ):
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ki = hf(x,y)

k2=hf<x+%h, y+—k1)
) (2.39)

1
k3—hf<x+§h, y+§k2

1
k4=hf(x+§h, v+ ks3)

* Then, find the change in y by calculating the linear combination of

ki, ky, ks, k, as:

1
y(x+h) =y(x)+ g(kl + 2k, + 2k5 + ky) (2.40)

To understand the accuracy of the solution of differential equation, decrease the value
of h, and solve the same equation for the new values of h. If both solutions are close

enough, the solution is accepted to be okay.
In our case, y(x) function corresponds to V¢(t), x variable corresponds to t vaiable.

The initial value condition of the differeantial equation is Vo(t = —1ps) =30 V.
Because, the antenna gap is assumed to be an open circuit when it is not illuminated
by the laser source. As a result, the antenna gap voltage is equal to the voltage applied
to the antenna arms. In fact, there is a high value of resistance at the gap when it is not

illuminated. This resistance is called ‘dark resistance’.

With the given initial value condition, the flow chart of the Runge-Kutta method is

shown in Figure 2.22.
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Figure 2.22 Runge-Kutte flow chart

When this algorithm is applied in MATLAB, the time-dependent antenna gap voltage
change is plotted in Figure 2.23.
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Figure 2.23 Time-dependent behaviour of the (a) gap and raiation voltage (b) Photocurrent
(arbitrary unit).

2.10 Theoretical Modelling of the THz Photoconductive Antennas

Driven by Photomixer

To be able to understand the the mechanism of the antennas driven by the photomixers,

we first need to understand the theoretical modelling of the photomixer process. A
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schematic representation of the antennas operating with photomixer is shown in Figure
2.24. A photoconductive material is illuminated by two laser beams at the same
direction and polarization at slightly different frequencies. One of the laser is fixed to
a constant frequency and the other is tuned to a frequency which makes a difference
ffrequency at the desired THz radiation. The antenna gap is illuminated with these
two mixed laser beams. When the two beams are aligned on the same line with same
polarization and direction they are modulated in air before they are incident on to the
gap. It can clearly be understood by a simple example. It is assumed two beams have
electric fields E;and E, are polarized in the x direction with frequencies of ®; and ,.
When they are perfecty overlapped in the air, the resultant total electric field can be

written in phasor form as:

Lx.y

w4,P4

A 4

v

Wryz=W4-W,
0.)2,P2

Figure 2.24 Schematic view of the generated THz frequency by photomixing process

E(t) = 8,E;e(@19) 4 3, E,eli©z!

= aXEle](w0+wT%)t + aXEzej(wo_wr%)t

(1)

= 3,e0wot) [(E1 + E;) cos (w;HZ) +j(E; — E;) sin (wTZHZ)]
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where

0)1+0)2

OTHZ = 0-m

Then, we can analyse the total power which is incident onto the antenna by calculating

the average power density (Poynting vector) as:

B, = B.(r,t) = E(r, )xH(, t)

PN 1 2
=fin [R Eo(r,t) ]

=3, ZinoRe [(E1 + E;)? cos? (wTZHZ t)

w
+ (E; — E,)? sin? (% t) (2.41)

-z t) sin (m;HZ t)]

[EZ + E3 + 2E,E,cos(wryzt)]

(o
— 2j(E? — E%)cos( T

=a
Z 2

= P1 + Pz + 2 P1P2COS((L)THZt)

The expression for the total power shows a resultant power with totally mixed signals
which means there is no any slight difference between the polarizations, phases of the
two waves and the directions of the wave propagations. Here, P; and P, terms are
eliminated when they are incident onto the LT-Gas layer. Because the semiconductor
can not respond to such high frequencies. In the other words, the lementary dipoles in
the material can not align themselves with the electric field varying with a speed much

greater than their resonance frequency.

This mixing phenomena is formulized by assuming a factor called ‘mixing efficieny’

in front of the right-most term of eqn. (2.41) with a value of 1. If there was a difference
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between the phases, polarization directions, or propagation directions of the two
waves, they would not be perfectly overlapping and the mixing efficiency would have
a value lower than unity. So the total modulated power would be smaller. So, the the

power equation for perfect mixing can be arranged as:

P, = Py + 2,/mP; P, cos(wry,t) (2.42)

where
Py - PtP, is the total incident power

N
(—“f 1||EEz |) is the mixing efficieny changing between 0 and
1 2

1.

This is focused onto the gap between the arms of the dipole antenna. For free electron-
hole pairs to release in the substrate, the photon energies of the two waves, hf;, ve hf,,

should be greater than the room temperature band gap energy of the GaAs (1.42 eV).

At the air-LT-GaAs boundary, there is a reflection due to the change in the dielectric
properties between the two medias.Taking this reflection coefficient in to account, we

can write the accepted power at the boundary as:

P,=P,(1-R)[1+ cos(wrp,t) (2.43)

2./mP, P,
P,

0

This power is the power that is responsible for free electron-hole pairs to release in the
materail. For further simplifying the calculations, we ignore the contribution of hoes
on the photocurrent due to their high effective mass and low mobility with respect to

electrons. (e > Up)

As in the pulsed excited system, we will use the equation given in (2.9) to obtain the
time-dependent change of carrier density simply by inserting the accepted power

expression for CW excitation case:
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dn(t) n(t) «
dt + . —h_fLPA(I',t)

(2.44)
dn(t) n(t) « 2,/mP; P,
+ =—P(1-R)[1+——— t
dt Tc hfL 0( ) PO COS((DTHZ )
where

T = Trapping time (carrier lifetime)

g(t) = Generated carrier density [1]

hf;, = Photon energy

The absorption coefficient which shows the dependence of
a = the carrier density as going inside the depth of the LT-GaAs

layer in to the z-direction. (e ~%tGa4s)

The solution of equation in (2.44) for n(t) gives:

t
new(t) = Cle T

. cz[ ate(1 —R) 1)] [Po(1 + 2okyy) (2.45)

hf, (T% w%Hz +

+ 2Pyvm{cos(twryz) + TcwrnSin(tory,)} |

In this equation, while the term in the right hand side of n(t) is continupusly change by

t
time, the term in the left hand side, Cle “c, is transient and decays in a very short time

period of 5 psas shown in Figure 2.25. For the sake of simplicity, this transient term is

neglectedand ncy (t) is accepted as:
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arc(l -
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W hf, (12 THZ+ 1) [Po(1 + Tt (2.46)
+ 2P,vm{cos(twry,) + Teorh,Sin(tory,)} |
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Figure 2.25 Time-dependent behaviour of the transient and continuous terms of neyw (t)

2
(fri, = 340 GHzym = 1,1 = W = 10 pm, tgaps = 1 4m, ¢ = 1ps, u, = 10007, a =
6000 cm™1,Cl=C2=1).

By using the equation in (2.15), the instantaneous change of the conductivity which is

dependent on the LT-GaAs layer thickness can be expressed as [1]:

ocw(z,t) = o(t)e™*
~ new (Dupge™*
5 [ at.(1 -
hfL(Tc‘UTHz

+ 2P,nm{cos(twrp,)

+ Tcwh Sin(twry,)} ] Hpqe”**

- 1)l [Po(1 + TEwdy,) (2.47)

43



The change of conductivity with time at different LT-GaAs layer depths is given in
Figure 2.26. The more the depth is, the less number of free carriers take place and the

conductivity is lower.

x 107

o
N
PNy
o

8 10 12 14 16 18 20
Time (ps)

Figure 2.26 Variation of the time-dependant conductivity of photoconductive material by the antenna

2
gap thickness. (fry, = 340 GHz,m = 1,L = W = 10 um, tgaps = 1 um, ¢ = 1ps, i, = 1000,
a=6000cm™?)

If we take the integral of the layer conductivity found in (2.47) over the depth of the
LT-GaAs layer, we can find the total conductivity of the antenne gap active region.

Here, it is assumed that the antenna gap is illuminated homogeneously.

If the number of free charges was constant through the depth of 1 um LT-GaAs layer,

the total conductivity could be calculated by the simple equation of the form G4(t) =
o(t) %. However, the value of the conductance is dependent on the depth of the

layer in the z-direction. So, the integral over the volume of the antenna gap region

determined by the Lt-GaAs layer thickness is [5]:
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tpt—GaAs

Wt
Gscw (D) =f G(Z;t)e_azﬂ

dz
0 L

TWqtcp,e”6as*(1 — R)
Lfph(téwéy, + 1

Gscw (wrnz, t) = C2 (etoans® — 1) (2.48)

[Po(l + T%(‘)%Hz)

+ 2Pyvm{cos(twry,) + Tcwrn Sin(tory,)} |

The equivalent circuit model for the phoroconductive antenna is shown in Figure 2.17.

b
i
i
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i
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BE="3 |
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SDI.].I'I:E( 5) I RA I
C 1 i 1
Vijas —— I electrode I I : I
' 1 | T THz '
! ‘ Radiation }
1 1
| __ photomixer | |__antenna |

Figure 2.27 Equivalent circuit model for photomixer and antenna.

As it was also the case for the pulsed excitation system, we again need to assign a
proper value for the factor of C2. For this to be applied, we first need to obtain
measurement results which are applied DC voltage and the average current passing
through the antenna arms. By using these values, we obtain the average resistance of
the antenna gap under illumination. We use the following equlities to confirm a obtain

C2 value:
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—

GsCW,measured = Ggcw

IPC measured TrHz
— 0 = fruz f Gsew (D) dt
Vbias 0

(2.49)

IPC,measured
C2 = " Voias (2.50)
frz fTTHTZHZ Gsew (£, C2 = 1)dt

It is reported in [6] that for a dipole antenna driven by photomixer which is deposited
on LT-GaAs layer, a 30 V DC bias is applied to the arms of the dipole, and an average

current value of 70 pA was measured. By using these values we obtain and average
antenna gap resistance of % = 430 k(.. When we put this value in the numerator of
the equation (2.50) and and find the C2 value for the correct parameters substituted,
we obtain a C2 value of 5,5254x10%5. By using the obtained C2 in the equation (2.48),
time-dependent behavior of the antenna gap conductance is obtaine as in Figure 2.28.

As it can be seen in the figure, the maximum and minimum values of the conductivity

are 3.122 uQ~1 (320 kQ) and 1.263 pQ~1 (792 kQ), respectively.
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Figure 2.28 Variation of the time-dependant conductance of the photomixer antenna gap.

2.11 Tuning of the Laser Frequencies for Heterodyning

For photomixing process, two laser sources are overlapped at slightly different
frequencies to obtain a difference frequency in the THz region. As a result, two laser
beams are modulated in a way that the total incident laser power includes w1, w5, and
w, — W, components. After these components hit to the surface of the LT-GaAs layer
and excited the carriers in the material, higher frequency components are naturally
filtered due to the intrinsic properties of the material itself. So, we expect to obtain a
radiation at the difference frequency at the output. For this to happen systematically,
one of the laser frequency is fixed at about 800 nm (375 THz), and the other is tuned
to give a desired difference as an ouput. By using the simple formulation given below,
the tuned laser beam should be adjusted to radiate at a wavelength of 800,7 nm to

obtain 340 GHz at he output.
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_ c(Az—2Aq)

fTHZ = fZ - }\2+)\1
@.51)
)\ C}Ll
27 c—Aafrug

The simple equation in (2.51) gives the wavelength of the tuned laser beam for three

different THz frequencies.

Table 2.4 Possible laser frequencies for three different frequencies

A4 (nm)
Wavelength of the fruz (THz) A, (nm) f, (THz)
constant frequency Generated THz Wavelenth of the Frequecy of the tuned
laser frequency tuned laser laser
1 802.1 374.66
800 550 801.2 374.45
340 800.7 374.66

2.12 Parametric Analysis of the Instantaneous and Average Source
Conductance of the Photoconductive Antenna Driven By

Photomixer

The high value of photomixer source resistance (430 k€Q) when it is compared to the
antenna input resitance of a dipole antenna (27 ) results in severe mismatch between
the antenna input and the source. This severe mismatch reduces effectively the power
transmitted from source to the antenna arms. It is concluded that the proximity of the
antenna input resistance and the source resistance should be high as much as possible.
There are two possible ways to obtain a high proximity between the antenna and the

source:

e Trying new antenna geometries other than the dipoles so that the input

resistance of the antenna should be in the orter of KQs.
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e Looking for a new laser, antenna gap, and the semiconductor parameters as

formulated in (2.48) that dereases the source resistance as much as possible.

In this section, the effect of the parameters which are formulated in (2.48) on the

instantaneous and average conductance will be examined.

35 ‘ ‘ ‘ P =P, = 10mW
— P, =P, = 28mW
30t — P, =P, = 46mW
s P = P, = 64mW
25 — P, =P, = 82mW

Py = P, = 100mW
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Figure 2.29 For varying laser output power levels (a) time-dependent behavior of the antenna

conductance over one period at 340 GHz, (b) average source resistance change. ( fry, =

2
340 GHzL = W = 10 pm, tgaps = 1 pm, Tc = 1 ps, u, = 1000%,m =1)
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Figure 2.30 For varying carrier lifetime (a) time-dependent behavior of the antenna conductance

over one period at 340 GHz, (b) average source resistance change. (P; = P, = 10 mW, f;y, =

2
340 GHz,L = W = 10 pm, tgaas = 1 pm, p, = 1000%,01 =6000cm™L,m=1)

50



m— 1, =200 cm? / Vs

25
e 1 =1560 cm? / Vs
e | =2920 cm? / Vs
n
20 e 1 =4280 cm? / Vs ]
n
e | =5640 cm? / Vs
n
- 15 1,=7000 cm? / Vs |
g
3
-’
=
% 10 .
&}
| _/\—/_
0 1 1 i
0 05 1 15 2 25 3
Time (ps)
(a)
2500
2000 1
~~
% 1500 H 1
)
£
g
<
£ 1000} y
mw
500} 1

Il L Il L Il L
1000 2000 3000 4000 5000 6000 7000
By (cmst)

(b)

Figure 2.31 For varying electron mobility (a) time-dependent behavior of the antenna conductance

over one period at 340 GHz. (b) average source resistance change. (P; = P, = 10 mW, f;y,

2
340 GHz,L = W = 10 pm, tgaas = 1 pm, p, = 1000%,01 =6000cm™L,m=1)
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Figure 2.32 For varying absorbtion coefficient of PC material (a) time-dependent behavior of the

antenna conductance over one period at 340 GHz. (b) average source resistance change. (P; =

2
P, = 10 mW, fry, = 340 GHz,L = W = 10 pum, tgaas = 1 pm, Tc = 1 ps, p, = 1000%,m
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Figure 2.33 For varying length of the antenna gap (a) time-dependent behavior of the antenna
conductance over one period at 340 GHz. (b) average source resistance change. (P ; = P, =

10 mW, fryg, = 340 GHz, W = 10 um, tgaas = 1 pm, tc = 1 ps,a = 6000 cm™2, p, =
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Figure 2.34 For varying antenna gap width (a) time-dependent behavior of the antenna
conductance over one period at 340 GHz. (b) average source resistance change. (P ; = P, =
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Figure 2.35 For varying LT-GaAs thickness (a) time-dependent behavior of the antenna
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Figure 2.36 For varying mixing efficiency (a) time-dependent behavior of the antenna conductance
over one period at 340 GHz. (b) average source resistance change. (P; = P, = 10 mW, f;y, =
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CHAPTER 3

DESIGN OF TERAHERTZ ANTENNAS

3.1 Design of the Antenna Geometry

In this section, photoconductive antennas operating at 340 ve 550 GHz will be
designed. For a design starting point for the dipole antenna implemented on a substrate
of dielectric constant,€,., we need an effective wavelength, A.¢, to decide the dipole
length at a specific frequency of operation. First, we need the effective dielectric

constant of the medium as [9]:

1\2
€off = <}\—g> 3.1

where A is the free space wavelength, and A is the guided wavelength of the medium.
If we know the operation frequency and the effective guided wavelength obtained
either by the simulations or from the experimental results, we can obtain the effective
permeability of the medium. Here, running a simulation is a good starting point as a
design point of view. However, before starting the simulations we need an initial value
for the antenna geometry that gives a resonance frequency around the desired
frequency, so we can optimize these geometrical parameters later by tuning the
structure. So, to design a half-wavelength dipole antenna, we need the guided
wavelength from (3.1), and guided wavelength needs the knowledge of effective
dielectric constant of the medium. In this regard, quasi-static approach gives an
estimate number about the initial dielectric constant of the medium and an exact

interval in which the antenna length will be taking during the optimization [10].

1+e€
€off = 5 r 3.2)
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Since we are using GaAs as the antenna substrate, we have €, = 12.9, So, from

equation (3.2) we get an effective dielectric constant, €.¢ = 6.95.

As the design specification, we are aiming two different antennas operating at
frequencies, 340 GHz and 550 GHz. So, using the above expressions, we can obtain
Table 3.1. Then, we run a simulation using these values. However, the simulation
results have shown that there was a difference between the calculated and simulated
resonant frequencies. While we have calculated a half-wave dipole antenna length of
167 um at 340 GHz, it was found in simulations that we had a resonance frequency of
295 GHz for this length as seen in Figure 3.1. As we will see in the following sections
quasi-static wavelength calculations just give an idea about the initial length but does
not satisfy the calculated frequencies and needs to be optimized. But, now we will
continue to analyze the antenna with the current values calculated for the quasi-static
case until deciding what to do to, to design a photoconductive antenna at an exact

demanded frequency of operation.

Table 3.1 Physical lengths of half-wavelength dipole antennas by using quasi-static approach for
340 GHz, and 550 GHz.

Ceft )‘eff,GaAs
fO(GHZ) (eq = 6.95) }\0 (I»lm) )\eff,GaAs (l’-m) T (um)
340 6.95 882.4 334.7 167.3
550 6.95 545.5 206.9 103.5

The initial values of the dipole antenna lengths were given in Table 3.1. The length of
the antenna metal part is the result of quasi static approximation. The depth of the
antenna metal part were decided by the general knowledge obtained from the papers.
But, we should know that, the width has an important effect on the antenna input
resistance. As we make the width of the antenna narrower, resonance value of the input
resistance becomes sharper and higher. The metal thickness was chosen so as to be

feasible for an antenna production under the clean room facilities.
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Table 3.2 Physical specifications of the simulated antenna

Antenna metal part 167um x 10um x 0.2um
Photoconductive gap 10pum x 10um
GaAs substrate 900um x 900um x 500um

The simplest antenna structure which is designed to be operated at 340 GHz is shown

in Figure 3.1.

0 450 900 (um)

Figure 3.1 The simulated antenna structure and close view of the lumped port excitation

As Figure 3.2 also confirms that the current density distribution is in the form of a half

wavelength which makes a peak at the center decreases through the ends of the dipole.

Jsurf[A_per_m]

1. 2080 004
1, 1143e+004
1,8286e+004

9, 428864003
8, 5717e+003

Figure 3.2 Magnitude of the surface current density of the antenna, L=167um

59



The real part of the input impedance of a dipole antenna is a strong function of the

dielectric property of the substrate material which is approximated as [6]:

R,

R, = 3.3)
€eff

where R is the input resistance of the antenna in free space. Resonant input impedance
of a half wave dipole antenna is approximately 73 Q [11, p. 110]. Hence, the input
resistance of the dipole on a GaAs substrate is found to be to 27  from (3.3). To see
what is happening at matched port impedances, we have run simulation by using HFSS
[12]. The antenna material is chosen as gold, which is deposited on a GaAs substrate.
The antenna was fed with a lumped port through a rectangle plane at the gap as shown
in Figure 3.1. The port impedance is taken as 27 ) to match port resistance to antenna

input resistance, and all modes are renormalized to port impedance.
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Figure 3.3 Reflection coefficient for matched (27 Q) port resistance
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The plots of the real and imaginary parts of the input impedance of the antenna for
matched case are shown in Figure 3.4. These plots gives some valuable results to

determine the operation frequency of the antenna:

e First of all, the calculated value for input resistance from the general formula
for dipoles on substrate given in (3.3) agrees very well with the simulated input
resistance at resonance, which are 27€Q), and 32€), respectively.

e Secondly, the input reactance is almost zero at the resonance frequency of 295
GHz.

e Thirdly, we observe another frequency point which is higher than the resonance
frequency at which the maximum input resistance occurs and has a zero
reactance but with a very high reflection coefficient. The significance of this
point lies under the fact that at very high port impedances (= 1K (1), it will be
constituting our antenna operation frequency as a photomixer as we will see

later in this section.
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Figure 3.4 Input resistance and input reactance of the matched antenna

3.2 The Antenna Mismatch and Necessity for High Input

Impedance

As it is calculated in Chapter 2, the small value of antenna input resistance, 274,

presents a severe mismatch to very high source resistance photomixers. To see the
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results of this phenomena, resistance of the port, which corresponds to source
resistance in equivalent model is increased gradually from 27 Q to 10KQ, and
simulated in HFSS [12] for the antenna structure given in Figure 3.1. We can see the
results for the reflection coefficient change for each distinct port resistance from
200GHz to 800GHz. For 27Q, we observe the smallest reflection value at 278 GHz

which is the natural resonance frequency of the antenna.

o

S
o

S o L

Magnitude of S| (dB)
Magnitude of S, (dB)

200 360 4(‘)0 5(‘)0 6(‘)0 700 800 .200
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 3.5 (a) Reflection coefficient for the antenna driven by different source resistances starting

from 27Q to 10K Q. (b) More closed view of the figure in.

As we increased the port resistance, we have observed the following effects. First, the
value of the reflection coefficient increased qaudratically, and the dip points for S11
became smoother from 27€Q to 10K € port resistances. To be able to observe this effect
better, reflection and frequency values for the dip points were tabulated in Table 3.3,
and plotted. Secondly, the resonance frequency rose sharply from matched 27 to
100€2 port resistance, then fluctuated slightly around the same frequency of 513 GHz
which was the point at which the input reactance became zero and input resistance was
at its peak. Since, a photomixer type antenna also has a source resistance values in the

order of kQs, we can assume this point as the operation frequency for such antennas.
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Table 3.3 Dip values for the reflection coefficient for different port resistances

Port
Resistance 27 100 500 700 1K 2K | 3K | 5K | 7K | 10K
Q) (matched)
Magnitude - -
of S11 (dB) -19.7 -125 | 74 5 35 | -16 | -1.2 | -07 | -0.4 0.34
Resonance 295
frequency (natural | o5 0 | 5214 | 5245 | 526.1 | 512 | 526 | 505 | 506 | 504
(GHz) resonance
frequency)

550

500

450

400 |

350

Magnitude of S, (dB)

300

Resonance frequency (GHz)

250 L L L L L L
27 100 500 700 1K 2K 3K 5K 7K 10K

7 160 560 760 1‘K Zk 3K Sk 7‘K 10K .
. Port resistance (€2)
Port resistance ()

(a) (b)

Figure 3.6 (a) Reflection coefficient change (b) Resonance frequency change of the antenna driven by

different port resistances starting from 27 to 10K Q.
As we can observe in Figure 3.7, since we had no change in the antenna geometry and

the substrate dimensions, change in port resistance have made almost no change in

the input resistance and reactance values for the antenna.
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Figure 3.7 (a) Input resistance change (b) Input reactance change of the antenna driven by different

port resistances starting from 27Q to 10K Q.

We can explain the shift in the smallest S11 frequency, and so the operation frequency,

with the following basic relation between the reflection coefficient and antenna input

and source resistances:

Zs_Za

= —&£ 3.4
s+ 7, 3.4

Sll

where Z, = R, + jX, is the input impedance of the antenna, Zg = Rg + jXg is the
source resistance (port resistance) created by the substrate material at the gap region

after incidence of the light. Inserting Z, and Zg in to (3.4) and simplifying gives:

_ (Rg B Rg + X% B Xg) +j2(XsRa — X4Ry)

Si1= 3.5
H (Ra + Rs)z + (Xa + XS)Z ( )
Taking magnitude of S;; we obtain the following expression:
5, = [Pant = Zs| _ YRS —RG 4 XE— XD + 2R —XaRy) 5
w Zant + Zs B (Ra + Rs)z + (Xa + XS)Z ’
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Since we assumed no port reactance in simulations, we took Xg = 0, and we know that
S11(dB) = 2010g(|S;1]). Actually, these results verified the fact that renormalization
of a port to an assigned full port impedance in HFSS [12] was nothing but using

equation (3.6) and taking reflections back to the port into account.
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Figure 3.8 Comparison of the S, input resistance, and input reactance of the photomixer type

antenna operating at 513 GHz.
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3.3 Accurate Modelling of the Lens Effects for Antenna

Simulations

Improving the coupling of THz wave from antenna substrate to the air is a very
important step of the antenna design. Because, it is likely that the generated power at
the antenna arms can have radiate in any direction other than the intended bottom side
of the substrate. While some of the generated power is guided in the substrare (Figure
3.9), some of the power can make a back-scattering which is not a demanded situation.
The reason for a guided mode to occur is that for the beams incident onto the bottom
of the substrate which have an angle greater that the critical angle of the medium, 6,
make multiple reflections inside the substrate borders and dissipates without having a

chance to radiate.
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Figure 3.9 Radiated mode (solid line) and guided or surface mode (dash line) of a Hertzian dipole

antenna on the semi-infinite substrate [1].

Mounting a silicon lens is a perfect solution in terms of overcoming reflections at the
bottom of the antenna and for increasing the directivity of the radiatited pattern by
focusing. For this purpose, a commercially available hyperhemispherical lens is
mounted at bottom side of the structure with the dimensions given in Figure 3.10, and
simulated in time domain in CST as shown in Figure 3.11. The time-domain solution
method is preferred due to its relatively faster solution for large volume structures

when compared to the frequency-domain solution method.
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Photoconductive antenna

Hyperhemispherical lens

Terahertz beam

substrate
chip area

thickness t

material

specific resistance p
refractive index n
diameter

height h

distance d

collection angle a
divergence angle B

virtual focus length L

semi-insulating GaAs
2mmx2mm
600 um

undoped HRFZ-silicon,
>10 kQQcm

3.4

12 mm

7.1 mm

7.7 mm

57°
15°
26.4 mm

hyperhemispherical Si lens

Figure 3.10 The hyperhemispherical lens parameters which is used for focusing the radiated THz

signal [13]

One important point is that the mounted lens and the bottom substrate should be close
enough so that the transmitted waves from the substrate should have a chance to reach
silicon lens without changing its direction due to the remaining air in between. In the
literature it is recorded that the gap in between should be 0.03 A, (26 pum @340 GHz)
at most [14].
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The simulated structure for the antenna mounted on a hyperhemispherical lens and the

results of the simulation is shown in Figure 3.11.
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Frequency / THz

(d)

Figure 3.11 (a) The simulated geometry of a dipole antenna deposited on a GaAs substrate which is
mounted on a hyperhemispherical lens (b) Closed view (c) electric field distribution of the of the
antenna structure with lens (d) Antenna input impedance as a function of time which makes a peak at

340 GHz.

In the simulation results, it can clearly be seen that the radiation pattern is much more
intensive in the direction of the substrate bottom as ecpected. Also, the peak of the
input resistance is around 340 GHz. However, simulation of the structure with a lens
which has a much larger volume than the antenna itself takes almost a day to complete.
Simulating structures without using lens also gives results that is not make any senseat
all. Because, without inserting a lense to the antenna, multiple reflections take place at
the boundaries makes it impossible to detect operating frequency and to obtain a real

antenna pattern as shown in Figure 3.12.
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(b)

Figure 3.12 (a) The simualated geometry of the dipole antenna without lens. (b) Antenna input

impedance as function frequency.

As a solution to the time limitation in large geometry simulations, a new technique is
developed which gives a very close results to the simulations which have performed
with lens. In this method, PML (perfectly matched layer) boundaries are defined at the
bottom of the substrate which absorbs most of the incident field and prevent

reflections. Defined PML boundaries are shown in Figure 3.13.
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(a) antenna without lens (b) Inclusion of the (c) PML layer at the bottom

surrounding air.

(d) PML layer (e) infinite air. (f) infinite air.
(g) infinite air. (h) infinite air. (i) infinite air.

Figure 3.13 (a-i) Inclusion of the lens effect by defining PML layers at the GaAs-Lens boundary.
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Figure 3.14 Comparison of the simulation results performed with lens in CST and

without lens in HFSS with PML layers defined at the boundary.

As it can be seen in Figure 3.14, proper definition of absorbing PML surfaces makes
simulations witout lens very similar to the simulations performed with lens. So, the

structure with PML boundaries will be used for the following simulations.
3.4 Optimization of the Antenna Length

In this section, antenna geometries for the desired frequencies will be obtained under
the illumination of the experiences obtained in the earlier simulations. For this pupose,
a photomixer antenna operating at 340 GHz will be designed. As seen in Figure 3.15,
the antenna length was increased from 220 pm to 320 um and the peak values of the
antenna input resistances awere observed which gives the operating frequency for the
photomixer driven antenna. The value of antenna length which makes a peak at 340

GHz is decided to be as 260 pum.
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Figure 3.15 Antenna operation frequency optimization by changing the antenna length.
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Figure 3.16 (a) top view, (b) side view of the antenna which is optimized to radiate maximum power

at at 340 GHz.
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3.5 Optimization of the Antenna Bias Line Positions

As the result of the incident mixed laser power onto the antenna gap region, free
electron-hole pairs accelerates through the antenna metal arms under a potential
difference created by the DC voltage applied on the antenna arms. For a DC voltage
source to be applied onto the antenna arms, we need for a position at which the source
probes make contacts to the antenna and does not disturb the antenna performance
considerably. In this section, positions of the antenna bias lines were investigated. In
this optimization, electrodes thinner than (3 um) the antenna electrode (10 pm) were
placed along the antenna electode and compared to the one simulated without bias

lines.
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Figure 3.17 Antenna input resistance change with different distances between the antenna bias lines.

(a) First optimization apllied for 30um steps (b) Fine tuning optimization apllied for 2 um steps.
After several simulations as shown in Figure 3.17, the distance between the striplines

which is to be used as the bias line was decided as 134um. The optimized distance, S

and the final view of the antenna was shown in Figure 3.18.
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Figure 3.18 (a) Top view, (b) side view of the antenna with optimized bias lines.

The antenna structure given in Figure 3.18 was rebuilt after drawing 2D layouts, by
using Coventerware simulation program. All the fabrication processes were defined
and the material were chosen and deposited as being very similar to the original one.
The 3D view of the rebuilt structure is shown in Figure 3.19. Here, there is an Oxide
layer (pink) between the metal parts of the antenna and the GaAs susbtrate (blue). The

sky blue region at the antenna gap was defined as lumped port.
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Figure 3.19 3D view of the antenna geometry which is rebuilt from its the 2D layout operating at 340

GHz. (a) side view. (b) Closed view. (c) Antenna input resistance. (d) Antenna input reactance.

Simulation results shows that the resonance frequency was shifte from 340 GHz to 380
GHz by the inclusion of Oxide layer between the antenna metal part and the GaAs
layer. So, it is realized that while doing optimization for the resonance frequency, the

oxide layer should also be taken into account.

When all the steps so far were repeated for an antenna which have a resonance
frequency at 550 GHz, the resultant antenna length was decided as L=158.625 pm,
and an optimized distance between the bias lines was found to be as 77 pm. Rebuilding

the 3D structure after 2D layout file was given Figure 3.21.

1+003 (um)

Figure 3.20 3D view of the antenna geometry which is rebuilt from its 2D layout which is operating

at 550 GHz.
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Figure 3.21 (a) Antenna input resistance. (b) Antenna input reactance.

Simulation results given in Figure 3.21 for 550 GHz antenna showed that the antenna

has a resonance at 564 GHz.
3.6 Design of the Band-Stop Filter for DC Biasing of Antennas

The RF power circulating on the antenna metal structure should be isolated from the
DC bias source for two reasons: First, Dc source shoul be functioning properly without
being damaged by the RF power. Secondly, the bias lines should not be a part of
radiating element. Because every distict part of metal length resonates at different
frequencies other than the resonance frequency which means part of the power was
radiated at the undesired frequencies. So, designing filter instead of simple bias lines
in extension to the antenna metal parts may be good way of isolating DC source and

the antenna.

In this section, theoretical modelling of the coplanar striplines will be derived as being
smallest element of the filter structures and then various filters with different orders

and center frequencies will be designed.
3.6.1 Theoretical Modelling of Coplanar Stripline

Figure 3.22 shows cross-sectional view of a coplanar stripline. In this figure, s shows
the sistance between the lines, w shows width of a single line, t shows the thickness of

the deposited metal, h shows the thickness of the GaAs substrate.
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Figure 3.22 Cross-sectional view of a coplanar stripline [15]

Figure 3.23 shows the simplest transmission line model in AWR software. For a
transmission line to be modeled completely, we need to know several parameters whih
is also shown in the model: Z is the characteristic impedance, a(Loss), is the loss per
unit length,€q¢¢ is the effective dielectric constant, and L is the length of the

transmission line.

TLINP
ID=TL48
Z0=

L=
Eeff=
Loss=

Figure 3.23 The Transmission Line model that was used to model coplanar striplines

The frequency of the first propagating non-TEM mode on the stripline is called TE;

mode surface wave cut-off frequency and expressed by [10]:

C

frp = ——
R T P— 3.7)
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For small geometries of which their electrod width,w is comparable to the thickness
of the electrode, t (% = 0.04 — 0.16), there is a need for effective value correction on

s and w. These corrections are necessary for the accuracy of signal transmission speed

and signal attenuation. The effective values of the s and w is expressed by [15]:

S=5y+A
3.8)
w=wy+A
where the correction factor, A, is [15]:
1.25t 4w
A=—— [1 +In (—)] 3.9)
T t

Another correction has to be made for effective dielectric constant. When we think the
amount of electric field propagating in the air and semiconductor material, the portion
of the wave that is propagating in air increases for a stripline with thicker electrots.

And this results a decrease in effective dielectric constant of the form:

e 1.4(eq — Dt/s
q~ q K’(k) + ﬁ (310)
K(k) 5

This correction is valid for €, = 9 and % > 0.1.

Quasi-static effective dielectric constant for a medium of which half is occupied by

the air and the other half is occupied by a dielectric material (GaAs) can be expressed

by:
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1
&t G.11)

Frequency dependent effective dielectric constant is defined by [15]:

€et(H) = \/7 1 . [E]fb> (3.12)

o= 10ulog10(%)+v
u~ 0.54 — 0.64q + 0.015¢>

v~ 0.43 — 0.86q + 0.54qg> (3.13)
q = 10810 L
b~1.8
where
K(k)
K> (k) Elliptic integrals.
K'(k) = i
In |2 (L VE (3.14)
1-+k
k=— 3.15
T s+w (3.15)

Frequency dependent characteristic impedance of coplanar stripline is expressed by

[10]:
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120m  K(K)

fors = V €ese(D) K'(k)

7 = (3.16)

The attenuation per unit distance due to the conductance of the electrodes is expressed

as[16]:

Z
ac = Re [—S] g, dB/m 3.17)
Zo
where
Zs()) = Complex surface impedance of the conductor [16]
g = Geometrical factor
1+ (1+j)t
Z = th{——— 3.18
s = ISt © { tan(s) (-19
where
o =~ 4.5x107 S/m, conductivity of Gold at 20C°
tan(6) = Loss tangent of GaAs
1
tand(8) = (3.19)

w
In(4m—
1.25*—(1T 3 41 412t (3.20)
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k [(1 ~J1- kZ) (1- kz)%] g2 for0 <k <0.707

P — B (3.21)
[(1 - k)VK] for 0.707 <k <1
( 1+VE) )
m4iln|2 T or0 <k<0.707
g1 = 1- (3.22)
B 1+vVk
m {ln 21 7 for0.707 <k <1

The frequency dependent loss due to the undemanded radiation along the coplanar

stripline is [15]:

s 3 —VBy/ees eert ()’
Oraq(H) = m > 1-
EI‘ EI‘
2 (3.23)
(s+2w)*
SRMKE | 4B/m
Dielectric losses due to the dielectric properties of the GaAs is [16]:
€ € — 1tan(6
ag = 273 r eff(f) ( ) dB/m (3.24)

Veer(® &—1 A

where

Ao ~ Wavelength in the air

The total loss per unit length is calclulated by the summation of conductor losses,

radiation losses, and the dielectric losses:
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o = ac + o + oy 2)

The coplanar stripline model whose frequency-dependent parameters are extracted as
the formulas so far was used to design a band-stop filter by cascading as seen in Figure
3.24. Each segment has a total witdh of 14 um and two types of s and w valued
transmission lines were used to obtain a capacitive and inductive segments. The
stripline model with small s (3um) and large w (10pum) introduces a large capacitance
due to the proximity of the lines and an inductance due to the length of the line. And
the stripline model with large s (10um) and small w (2um) behaves more like as an
inductive element. Each segment was chosen to have a length of quarter wavelength
at the the desired band-stop frequency except the segments at the two ends have lengths
of half wavelength. As a result the whole structure behaves like an RLC band-stop

filter with an appropriate change in the transmission line lengths.

TLINP TLINP TLINP TLINP TLINP
ID=TL40 ID=TL41 ID=TL42 ID=TL43 ID=TL47
Z0=Z0_end_LEFT Ohm Z0=Z0_L1 Ohm Z0=Z0_H1 Ohm Z0=Z0_L2 Ohm Z0=Z0_end_RIGHT Ohm
L=LHend_LEFT m L=LL1 m L=LH1 m L=LL2 m L=LHend_RIGHT m
PORT Eeff=Eeff_end_LEFT  Eeff=Eeff_L1 Eeff=Eeff_H1 Eeff=Eeff_L2 Eeff=Eeff_end_RIGHT
P=9 Loss=a_total_end_LEFT Loss=a_total_L1 Loss=a_total_H1 Loss=a_total_L2 Loss=a_total_end_RIGHT
Z=Z0 Ohm F0=0 THz F0=0 THz F0=0 THz F0=0 THz F0=0 THz
PORT
P=10
Z=Z0 Ohm
(a)

C
0 150 300 (um)

(b)

Figure 3.24 5-segment band-stop filter (a) theoretical modelling in AWR, (b) simulated geometry in
HFSS
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By using the derived model for CPS, various filters were designed with different
number of segments and operating at different cut-off frequencies. The red planes at
the ends of the filter shows the waveports. In this simulations, port resistances were
chosen as 50€2 per each one. In fact, the port at the DC source side of the filter should
be the input impedance of the DC source, and the port impedance at the antenna end
should be the input impedance of the antenna seen at the connection point to the filter.
For photomixer antennas, the input resistance is about 10K€Q, for pulsed excited
photoconductive antennas, the input resistance of the antenna is about 20-30€Q2. So, for
a designed filter to operate properly for both photomixer and pulsed excited
photoconductive antennas, these input resistance variance should also be taken into the

consideration and there maybe be a need for re-design of the filters.
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3.7 Design of the Band Stop-Filter for DC Biasing at 340 GHz

TLINP TLINP TLINP TLINP
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Figure 3.25 5-segment filter operating at 340GHz (a) Schematic view of the theoretically modelled
filter design in AWR (b) 3D view of the structure which is used in HFSS simulations. (c) Comparison

of the theoretically modelled (blue) and simulated (red) S21 parameters of the antenna.
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Figure 3.26 9-segment filter operating at 340GHz (a) Schematic view of the theoretically modelled
filter design in AWR (b) 3D view of the structure which is used in HFSS simulations. (¢) Comparison

of the theoretically modelled (blue) and simulated (red) S21 parameters of the antenna.
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Figure 3.27 13-segment filter operating at 340GHz (a) Schematic view of the theoretically modelled
filter design in AWR (b) 3D view of the structure which is used in HFSS simulations. (c) Comparison

of the theoretically modelled (blue) and simulated (red) S21 parameters of the antenna.

Addition of the designed 13—segment filter to the dipole antenna arms is shown in

figure Figure 3.28.
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Figure 3.28 (a) Top view of the dipole antenna derived by a 13-segment filter operating at 340GHz.

(b) The antenna input resistance as a function of frequency.
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3.8 Design of the Band Stop-Filter for DC Biasing at 550 GHz
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Figure 3.29 5-segment filter operating at 550GHz (a) Schematic view of the theoretically modelled
filter design in AWR (b) 3D view of the structure which is used in HFSS simulations. (c) Comparison

of the theoretically modelled (blue) and simulated (red) S21 parameters of the antenna.
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(b)

Figure 3.30 (a) Top view of the dipole antenna derived by a 5-segment filter operating at SS0GHz. (b)

Closer view of antenna arms.
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Figure 3.31 9-segment filter operating at 550GHz (a) Schematic view of the theoretically modelled
filter design in AWR (b) 3D view of the structure which is used in HFSS simulations. (c) Comparison

of the theoretically modelled (blue) and simulated (red) S21 parameters of the antenna.
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(b)

Figure 3.32 (a) Top view of the dipole antenna derived by a 9-segment filter operating at 550GHz. (b)

Closer view of antenna arms.
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Figure 3.33 13-segment filter operating at 550GHz (a) Schematic view of the theoretically modelled
filter design in AWR (b) 3D view of the structure which is used in HFSS simulations. (c) Comparison

of the theoretically modelled (blue) and simulated (red) S21 parameters of the antenna.
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Figure 3.34 (a) Top view of the dipole antenna derived by a 13-segment filter operating at 550GHz.

(b) Closer view of antenna arms.
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Figure 3.35 Comparison of the antenna input resistances derived by 5,9, and 13-segment filters which

are operating at 550GHz.

3.9 Spiral Antenna Design

3.9.1 Spiral Antenna Deriven by the Bias Lines

The spiral antenna design given in Figure 3.36 operates at 420 GHz when it is operated
as a photomixer. The input resistance of the spiral antenna is almost two times of a
dipole antenna. This result makes the spiral antennas more preferable compared to the
dipoles due to their low impedance mismatch between betwee the source resistance

and the antenna input.
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Figure 3.36 (a) Antenna input resistance as a function of frequency (b) Closer view of the spiral

antenna arms (c) Top view of the spiral antenna

3.9.2. Spiral Antenna Deriven by the Filter

When the spiral antenna with a filter structure as shown in Figure 3.36 was worked as
a photomixer, it made maximum radiation at around 480 GHz. The maximum
resistance of the input resistance was observed to be much smaller than the one friven
by the bias lines. This property of low resistance makes this antenna not that preferable

due to its low mismatch to the source resistance when drived by a photomixer.
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Figure 3.37 (a) Top view of the spiral antenna (b) Antenna input resistance as a function of

frequency.

3.10 Design of Spiral Antenna Driven by Resistively Loaded
Striplines

3.10.1 Design of Silicon Chrom Resistances

It is recorded that silicon-chrom alloy which was deposited on a substrate showed
700 Q/square sheet resistance at a thickness of 0.1 um. Definition of surface

ressitance may be extracted from the derivation by:

L L L
— - =p— =R — 3.25
where
p = resistivity (Q.cm)
L = Length of the silicon-chrom layer

= Wifth of the silicon-chrom layer

Rg = 700 Q/square , sheet resistance
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With the help of the formulation given in (3.25), simulations may be performed either
by using sheet resistance, Rg or bulk resistance, R. Sheet resistance is a measured
quantity in the facility of clean room. The resistivity, p can be obtained from the sheet

resistance with a known thickness of the material as follows:
p = Rst (3.26)

As aresult, if 0.1 um thick deposited material has a sheet resistance of 700 0 /square,

the resistivity of the material is found as 7x107° Qm. And this much of a reistivity

corresponds to a conductivity of ¢ = % = 14285.7 S/m.

Furthermore, for the deposited materials in the form of a square shape, the sheet
resistance is equal to the resistance of the material at any size in the form of a square.
If the shape is a rectangle other than a square, following equality may be used to obtain

the resistance of the material at that dimensions:
Rg = Rx (aspect ratio) (3.27)

To decrease the effect of the RF and DC powers on the each others, the above
mentioned silicon-chrom resistances were distributed over the bias lines as shown in
Figure 3.38. Here, the explanation of introducing resistances through the bias lines is
that while the DC voltage source sees an open circuit due the existence of the gap at
the center od the antenna, the current due to the RF power continuously flows on the
bias lines and makes voltage drops on the resistances with a decreasing voltage going
up to the DC source. So, the effect of the AC voltage on the DC source was expected

to be very low compared to the voltage flowing on the antenna.

99



C
0 015 0.3 (mm)

C
0 003 0.06 (mm)

500 T T T T

450 - R

400

350

300

250

200

150

100

50

Antenna Input Resistance (<)

1 | |
100 200 300 400 500 600 700 800

Frequency (GHz)

(©)

Figure 3.38 (a) Frequency dependent behaviour of the antenna input resistance. (b) Closer view of the

antenna gap. (c¢) Top view of the spiral antenna with resistively loaded bias line.
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The simulation result shows that the the spiral antenna with resistively loaded bias line
makes a maximum radiation at around 450 GHz when it is woked as a phtomixer. It is
noticed that maxiumum value of the antenna input resistance (440€2) is lower than the

one with bias lines (550Q2), and much higher than the one with filter (150€).
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CHAPTER 4

RECONFIGURABLE ANTENNA DESIGN

The principle operation of a THz reconfigurable antenna is based on changing the
resonance frequency of the antenna by mechanically changing the antenna size with
MEMS switches. To accomplish this, two types of antenna shapes were used as
reconfigurable antenna. First one is a folded dipole antenna which was designed to
operate at three different frequencies by changing the antenna size by using 6 MEMS
switches on each dipole arm. The second one is a simple dipole antenna operating at
two different frequencies which has a single MEMS switch on each dipole arm. In this
section, theoretical explanations, designs, and simulations of the reconfigurable

antennas will be explained.
4.1 Design of Reconfigurable Folded Dipole Antenna

Folded dipole antennas may be preferable to simple dipole antennas. Because, they
have a much higher input resistance compared to the dipoles. The current passing
through the armas of a folded dipole is half of a current that passes through the arms
of a simple dipole. Due to this property, if we assume that same amount of power was
delivered to the arms of both antennas, the input resistance of the folded dipole should

be four times of that of a dipole antenna.

I 2
Paccepted = (E) Riath = IRdipole “.1
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Figure 4.1 A folded dipole antenna model which is used for a classical RF-Microwave system. (b) A

novel THz folded dipole antenna.

The novel folded dipole antenna model differs from a classical type dipole antenna in
a way that the inclusion of a capacitor was needed to isolate the arms of the DC bias

lines as shown in Figure 4.1.
4.1.1 Design of Metal-Insulator-Metal Capacitance

The impedance of the capacitor which is used as DC isolation between the dipole
antenna arms should be as small a possible. To accomplish a small impedance of
capacitance, the area of the capacitance shoul be large, thickness of the dielectric
material between the electrode plates should be small, and a dielectric material of high
dielectric constant was needed as seen in equation (4.2). Using the values given in

Table 4.1, the magnitude of the capacitor impedance was found as 3.67 Q.

1 d
wC 2T[fTHzer,oxide WL

|Zc| = 4.2)
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Table 4.1 Parameters of the MIM capacitor

Calculated | Impedance of
d (Oxide €r value of the the
frH. \W L thickness) | (Oxide) | capacitance capacitance
340
18 um | 20 um 100 nm 4 12.7pF 3.67Q
GHz

Layers of the Metal-Insulator-Metal capacitor is shown in Figure 4.2.

N Y U

A5 <

(2) (b) (©)

Figure 4.2 The MIM capacitor (a) top view. (b) Top metal layer (blue) was hided. (c) Oxide layer
(green) hided.

In Figure 4.3, the length of the folded dipole antenna was assumed to be controlled by
the MEMS switches. To pass one frequency mode to the other, a pair of MEMS
switches on each arm was actuated to ON position simultaneously, which makes a total

simultaneous actuation of 4 switches for each mode change.
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Figure 4.3 (a-b) 1% operational mode: Inner switch group is ON, others are OFF. (c-d) 2™ operational
mode: Middle MEMS switch group is ON, others are OFF. (e-f) 3™ operational mode: Outer MEMS
switch group is ON, others are OFF.
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Figure 4.4 Comparison of the simulation results for three different modes of the folded dipole

antenna.

Simulations results in Figure 4.4 shows that the folded dipole antenna with different
MEMS switches are actuated has three different frequency mode of operations which
are 200 GHz, 450 GHz, and 780 GHz. It is also noticed and verified that the resonance
input resistance of a folded dipole antenna (900€2) is almost four times that of a dipole

antenna (200€2).
4.2 Design of Reconfigurable Dipole Antenna

In Figure 4.3, the length of the dipole antenna was assumed to be controlled by the
MEMS switches. There are two modes of frequency operation. To pass one frequency
mode to the other, a MEMS switch on each arm was actuated to ON position

simultaneously.
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Figure 4.5 Two mode frequency reconfigurable dipole antenna (a) top view (b) side view.

(b)

Figure 4.6 (a) 1% operational mode: MEMS swtiches are OFF. (b) 2" operational mode: MEMS

switches are ON.
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Figure 4.7 Comparison of the simulation results for two different modes of the folded dipole antenna.

Figure 4.7 shows that the reconfigurable dipole antenna has three different frequency
mode of operations which are 290 GHz, 550 GHz.
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CHAPTER 5

CONCLUSION

In this thesis, the terahertz photoconductive antennas have been modelled and designed

for different antenna geometries.

The THz photoconductive antenna system is made up of a LT-GaAs semiconductor
substrate, an antenna conductor part which is deposited on the substrate, a laser

excitation system, and a DC biasing system.

Principle operation of a photoconductive antenna system is based on the conductance
change at the antenna gap region due to the incident laser beam and a varying current
under a DC voltage source being applied to the antenna electrodes. This current

variation depends on the laser excitation type, namely pulsed or continuous wave.

The effects the various parameters on the antenna operating frequency and average

source resistance have been observed.

Modelling of the photoconductive antenna includes the parameter change of laser
source, semiconductor material, the antenna gap dimensions, and observing the

conductance change in the antenna gap region.

After the terahertz photoconductive antenna was modeled completly, antenna gap
voltage equation could have been established. Therefore, antenna gap current
waveform has been calculated by using antenna parameters and antenna gap photo-

excitation systems.

In the simulation results, it has been realized that the calculation of the antenna length
from the wavelength calculation by using the quasi-static approach does not give a true
result for the wavelength. So, an optimization should be carried out for a desired

operating frequency dor the photomixers.

Finally, recongfigurable photoconductive antennas have been designed for folded

dipole, and for a simple dipole antenna. Lengths of the dipole antennas is changed by
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assuming MEMS switches were bridged between the two parts of the dipole each

dipole arm.

As a future work, designed antennas can be fabricated and measured. Also, the MEMS
switches which are responsible by gaining reconfigurability to the antennas can be
designed. Then, the experimental results can be used to verify the simulation results

for the designed antennas and anlyse the differences between the fabricated antennas

and the simulations if any.
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