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ABSTRACT

Semiconductor industry is evolving with new emerging semiconductor materi-
als. Researchers and engineers constantly test and analyse these new materials
for their conductivity to further develop this technology. The most traditional
method of testing these have been through soldering electrical contacts onto the
material. However, this is time consuming. Microwave probe technique used in
this thesis is robust and uses relatively easy setup to analyse electronic properties
of the samples. The semiconductor materials are simulated in rectangular open
waveguide and cavity resonator. Different samples with varying conductivity,
dielectric constant and sample thickness are probed to measure microwave ab-
sorption. Real photovoltaic samples, OPV, Silicon, Cadmium Telluride (CdTe)
and Gallium Arsenide (GaAs) are simulated for their dark and photoconductiv-
ity by changing their doping. For dark conductivity simulations, GaAs has the
highest conductivity and power absorption of 23 % and OPV has the lowest con-
ductivity and power absorption of 1.5 % for low doping. For photoconductivity
simulations, proposed cavity model worked only for low conductivity samples such
as OPV, and it has the capacity to absorb maximum power of 6%. Silicon, CdTe
and GaAs were simulated in open waveguide as they were shorting the cavity due
to high reflection. GaAs absorbs maximum power of 35 %, silicon absorbs 14 %
and CdTe absorbs 9%. These results indicate that the proposed design is suitable

for probing low conductivity semiconductor materials.
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Chapter 1

Introduction

Semiconductors dominate the modern-day electronics, they are an essential substance
in electronic devices such as solar cells, LEDs, mobile phones, computers, and more.
The unique atomic structure of the semiconductor allows the conductivity to be easily
controlled. Conductivity is an intrinsic property of semiconductor and it depends on the
resistivity of the material.

The sheer popularity and high demand of semiconductors in modern world has led
to new organic and inorganic semiconductor materials to emerge in this industry. This
has led to the requirement of a reliable and efficient testing technique to probe these
new materials for their electronic properties. This will assist in future development of
semiconductor technology. Semiconductor materials have been tested previously by others
using various methods. The most popular method has been through soldering metal
electrical contacts onto the material. The main disadvantage of using this method is that
it is time consuming and requires personnel with good skill.

This thesis uses an alternative method which is relatively easy and robust to test
conductivity in semiconductors. This is achieved through Time Resolved Microwave Con-
ductivity (TRMC). TRMC is a contactless conductivity probing technique, which involves
measuring the transmission of microwave signal through the sample as a function of time
after the pulse has hit the sample.

Simulations will be conducted using computer simulation technology (CST) and the
results obtained from these simulations are valuable and play a significant role in proto-
typing. In the actual experimental setup (prototype), the only results TRMC can provide
are quantitative results such as the amount of power absorbed, reflected and transmitted
by the sample and then these results are used to translate it to the samples electronic
properties. The simulation results obtained in this thesis provides quantitative results
as well as qualitative results. For instance, qualitative results provide a greater under-
standing of how the electrical and magnetic fields interact with the sample. There are
numerous books that has mathematical analysis on these topics and some field maps. The
simulation results in this thesis shows the field interaction with open waveguide, cavity,
quartz and different samples. Qualitative illustrations such as these field maps provide
clear visualisation which makes it easier to comprehend the underlyving principles. These
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simulation results assist in designing the experiment in a better way. This technique has
been used previously by others to test low conductivity samples. This thesis investigates
if the proposed design is suitable to measure both low conductivity and high conductivity
samples, if it can probe materials of interest to solar industry.

The layout of this thesis is such that Chapter 2 contains the background information
relevant to this thesis. In particular, it covers the basic concepts on TRMC technique,
Rectangular waveguide, S parameters and CST Microwave Studio. Chapter 3 looks at
semiconductor materials in an open waveguide. It talks about different waveguide con-
figurations and the simulation results of quartz and sample materials in terms of power
transmission, absorption and reflection in open waveguide. Chapter 4 looks at semicon-
ductor materials in cavity resonator which is designed from WR90 open waveguide from
chapter 3. Chapter 4 contains simulation results of sample materials and real photovoltaic
materials such as, OPV, Silicon, Cadmium Telluride and Gallium Arsenide in the cavity.
Chapter 5 looks at photoconductivity of the materials discussed in chapter 4 and inves-
tigates how flashing light onto the semiconductor can impact their power absorption of
microwaves.




Chapter 2

Background

2.1 What is TRMC?

The underlying principle behind Flash Photolysis Time Resolved Microwave Technique
(FP-TRMC) is the microwave absorption by free electrons. In FP-TRMC, the sample
is placed inside a cavity resonator at position of maximum electric field strength such
that when microwaves is applied to the sample, and the light is flashed onto the material,
the photo induced carriers within the sample are excited and absorbs particular range of
frequencies. When the light is turned-off, then the carriers return to their stable state,
restoring the microwave intensity. This process is better illustrated in Figure 2.1. In
Figure 2.1 A, microwaves (probe) is applied to the sample. Figure 2.1 B, Light is flashed
onto the sample, and the carrier charges are exited. Microwave intensity is reduced while
leaving the sample. Figure 2.1 C, Light is turned-off, the carrier charges are returning
back to their normal state (very few mobile charges present), and microwave intensity is
restored. [1] [2]

A B C

Figure 2.1: Absorption and Restoration of Microwaves in FP-TRMC. [2]

The restoration of microwave takes place over a certain period of time. The absorption
and the restoration of the waves indicate a lot about the properties of the material and in
particular about its conductivity. In simple terms, and to a certain extent, the change in
absorbed microwave power is proportional to the change in conductivity of the sample.
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TRMC technique was first used by Margenau in mid-40s to analyze the behavior of
charged particles in their gaseous form. This became popular after Warman and De Haas
introduced PR-TRMC technique and then later evolved to FP-TRMC (Flash Photolysis
Time Resolved Microwave Conductivity) in early 80s, where laser light was used as the
radiation source. A qualitative illustration of TRMC technique setup used by others
is shown in Figure 2.2. The sinusoidal lines in the figure represent the standing-wave
pattern of the microwave electric fields. Notice, sample is placed at a position where
there is maximum electric field strength inside the cavity. A better understanding of
these electric fields and their interaction with sample can be gained by the simulation
results in the following chapters.

Gas inlet

Polymer film Quartz substrate

AN| IS4
A

. | AN
> I 1 Microwaves
—1 Vi

4l
Quartz ,/ X-band
window Iris waveguide

Figure 2.2: Schematic of TRMC technique setup using microwave cavity resonator and
sample. [3]

The main advantage of using FP-TRMC technique is that, it is guaranteed that the
number of mobile electrons created in the semiconductors conduction band is related to
its change in conductivity. FP-TRMC can be used to monitor the generation of charge
carriers in thin films and in particular it is very useful in determining the key parameters
of the photoactive part of the photovoltaic device. [4]

2.2 Rectangular Waveguide

Rectangular waveguides are one of the earliest and well known technology used to trans-
port microwave signals with their frequency band ranging from 1 GHz to over 220 GHz.
Waveguides have certain boundary conditions that restrict the propagation mode.

e The electric field must be orthogonal to the conductor in order to exist at the surface
of that conductor.

e The magnetic field must not be orthogonal to the surface of the waveguide.

Due to these boundary conditions, waveguides have transverse electric (TE) and trans-
verse magnetic (TM) modes for propagation. Transverse electric (TE) and Transverse
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magnetic (TM) have different field configurations. A simple notation can be used to
describe various modes of propagation as shown below:

Tamn (1)

where

x = E for transverse electric mode, and M refers to transverse magnetic mode

m = the number of half-wavelengths along the x axis

n = the number of half-wavelengths along the y axis

TE wave has E,, E,, H,, H,, and H. components. TM wave has E,, E,, E., H,
and H, components. Signal propagation in a waveguide depends on the frequency of the
input signal. EM waves propagate inside the waveguide only when the frequency of the
applied signal is higher than the cut-off frequency femn. [5] [6]
nm

)Q(T)Q m,n=012 .. (2)

1 mm
(

2\ /lie

f cmn —

a

\T\
-

\
l /
i

Figure 2.3: Schematic of rectangular waveguide with axes and dimensions. [7]

WRI0 is metallic X band rectangular waveguide and its cross-sectional dimensions
are a=22.86 mm and b=10.16 mm. Figure 2.3 shows the schematic of the rectangular
waveguide with dimensions a and b labelled. X-band region has frequencies from 8 GHz to




Chapter 2. Background

Table 2.1: TFE,,, mode cutoff frequencies

Table 2.2: TM,,,

m | n| fonnGHz
1[0 6.562
210 13.123
011 14.764
11 16.156

, mode cutoff frequencies

m | n | femn GHz
111 16.156
112 30.248
211 19.753

12.5 GHz and the Tables 2.1 and 2.2 indicate that WR90 allows TE10 mode to propagate
in the waveguide and this is also the dominant mode.

2.3 S Parameters

Scattering parameters or S parameters define the input output relationship between the

device ports.

a o AYAYAY S AVAVAY] by
Port1 Si DUT Son Port2
by O + N -
VAV Sz QY2 2
by Iy
5”=a_1 - u_“_2u,=0

by
Sn =—|
Algy-0

2-Port 5-Parameter Model

Figure 2.4: Schematic of 2-port S-parameter model. [8]

Applying the figure 2.4 to this thesis, the source is on Port 1 and detection is on Port
2. This way ay is the incident power, by is the reflected power, by is the transmitted
power and a; on the Port 2 will be eliminated (i.e. a; = 0). This eliminates the S and
Sa; parameters leaving behind just Sp; and Ss;. Now Sp; can be considered as the input
reflection coefficient and Ss; as transmission coefficient. [9] [10]

The equations below represent Si; and Sy in terms of incident field (E;), reflected
field (£,) and transmitted field (E;). All S parameter equations mentioned below are in

dB scale.
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S“ = 20-’30{}10

:

521 = QUL‘OQ’[U

t

I3

2.3.1 Return Loss and Insertion Loss

Return loss (RL) is a measure of effectiveness of delivering power from source (Port 1)
to load. RL is the difference in dB between input power (P;), and reflected power (PR).
Insertion Loss is the loss of signal power during signal transmission and similar to RL, 1L
is a positive quantity. The below equations represent RL and IL in terms of input power
(Pr), reflected power (Pg) and transmitted power (Pr). [11]

P

RL = 10logyo (P—;) (5)
P

IL = ll}logw(P—;) (6)

RL and S}, can be easily converted to one another. This relationship holds between
IL and 521. [12]

E, E, 2 j2
S11 = 20logo E dB = 10logio T dB = 10logy (Fj:) (7)
T’ll(!l'(zf()l‘(},’ RL dB = -311 (IB ?l.ll(l IL (IB = -5'21 dB
P
S“ = 1UEO_(_J'10 (?f) (8)
Py
5 = 10logio | — )
St = 10ioguo ( pf) (9)

2.4 CST Microwave Studio

CST Studio Suite is a simulation platform for electromagnetic (EM) field problems and
related applications. They currently offer seven modules namely, CST Microwave Studio,
CST EM Studio, CST Particle Studio, CST Design Studio, CST PCB Studio, CST Cable
Studio and CST MPhysics Studio. This thesis uses CST Microwave Studio which is
used for EM design, simulation and analysis of high frequency problems. This studio
is capable of analysing components such as single and multi-element antennas, filters,
waveguides, resonators and many more. This module offers a range of solvers that can
be used depending on the application and hence, this studio can solve basically any high
frequency field problem. In this thesis, the experimental setup is quite simple with basic
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structure and time and frequency domain solver is sufficient to simulate this structure.
Time domain and frequency domain solver relies on Maxwells equations when simulating
the structure and it provides simulation results which are extremely useful when studying
the field propagation through a component. [13]




Chapter 3

Semiconductor materials in Open
Waveguide

Rectangular Waveguide modelled in CST is a replicate of WR90 waveguide available in
store. Before directly testing the semiconductor samples, initial testing was performed
on just waveguides. This was done to check the effectiveness of microwave propagation
within the waveguide. Numerous experimental setups and model configurations were
investigated to find the best suitable configuration which would deliver the most reliable,
accurate and desirable results. Much time was dedicated for these initial stages because
it is crucial to get them right as the later stages of this thesis are heavily dependent on
these experimental setup.

3.1 Open Waveguide Configurations

A number of factors can affect the microwave propagation within the waveguide, however
the major factors include the material of the waveguide, length of the waveguide, and the
wall thickness of the waveguide.

3.1.1 Material and Length of the waveguide
Waveguide model specifications
e [nner Dimensions: a = 22.86 mm, b = 10.16 mm
e Length of the waveguide (z axis): 50 mm, 100 mm and 150 mm
e Number of ports: 2
e Wall thickness: 0.5 mm
e Material of the waveguide: Brass (91%) and Silver.

e Material inside the waveguide: Vacuum

9




10 Chapter 3. Semiconductor materials in Open Waveguide

e Input Power (P;) = 0.5W

Metals have low resistivity which is a key factor because lower resistivity increases the
efficiency of microwave power transmission. Hence, most of the waveguides are made from
metals such as brass, silver, aluminium, gold, etc. This section looks at brass and silver
waveguides. Figure 3.1 displays the models of brass and silver waveguides along with
their material configurations. These models are simulated using T solver and hexahedral
mesh type. T solver provides numerous 1D, 2D /3D results, however the results that are
of interest for this thesis are the E-field and H-field distribution, and S-parameters.

- CST

E Student Edition

component1Brass
Material Erass (31%)
Tipe Logsy metal
Wue 1
El cond. 2.74e+007 [Sim] H
Rho BS00 [fegima3)

Therm cond. 109 (i)
Heatcan, 0.3% [elbrky
Difusily  3374616-005 fr2is]
Young's Mad. 102 [dmm*2)
PoiszRallo 0343

Thermal Exp. 20 [1 881K

(a) Brass Waveguide

Malenial Sibrar

Tipe Lozsy metal

Mus 1

El cond B30 2e+007 [Shm]
Rhe 10500 (rgime3)
Therm cond. 429 [Wlkm]
Hezattap. 10,23 by
Diruzivity 000017764 [ 2rs]
Young's Mod. 76 [kiimm*3)
FolssRallo 037

Thermal Exp. 20 [1e-6Aq

(b) Silver Waveguide

Figure 3.1: Hollow waveguide model

Field Distributions

The E-field and H-field distribution in figure 3.2 are obtained from brass model in figure
3.1a. These field distributions indicate that waveguide is in TE}y mode and these results
support the concept discussed in background chapter.
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E— E ~ Hepiald
Cllﬂmnpman 0 5 0
20 Masdmam [¥m]: 2151 p e 20 Mavimm [Afm]: 4.186 -
9 Fraquency: 3 =

Fraquency:
Phage: ] Phaset [

(a) E-field cross-section 1 (b) H-field cross-section 1

e-field (1=9) [1] {pe.

: £-Fied
Cutplane Mame:  Cross Section &

Cupiane ormak 1,00

Cutplane Foskke: 0

20 i [Vfm]: 2151 ’ ®
Fraquency: @ 4 2
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(¢) E-field cross-section 2 (d) H-field eross-section 2

Typa: ]
Cutplane Hama: Cross Saction A
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: L)
Fhase: L}

(e) E-field cross-section 3 (f) H-field cross-section 3

Figure 3.2: TE)y Field Distribution
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S Parameters

S parameters (S and Ss;) values obtained from each waveguide can be used to calculate
reflected power P and transmitted power Pr. This is achieved by rearranging the equa-
tions (8), (9) to obtain equation (10), (11). P, in equation 12 represents power loss in the
waveguide and P represents input power. Table 3.1 and 3.2 are derived by substituting
S-parameters at 9 GHz into equation (10) - (12).

Pr = 105 x Py (10)
Pr=10%) x P, (11)
Py =P —(Pr+ Pr) (12)
5-Parameters [_agntude n dB]
0 .
i —s11
10 — 521
20
30
40 .
=50 4-
-60
70
m( 9, 81.600) : H
G (9 -0.0071545) 8.4 86 8.3 9 9.2 9.4 9.6 9.8 10
Frequency / GHz
Figure 3.3: S-Parameters graph from 50 mm brass waveguide
Table 3.1: Brass Hollow Waveguide
Length(mm) | S11(dB) | Sy (dB) | Pr (W) | Pr (W) | Pr % | Pr% Py,
50 -81.609 | -0.007 | 3.45E-09 | 0.499 | 99.83 [ 6.9E-07 | 0.0008
100 -80.987 | -0.017 | 3.98E-09 | 0.498 99.6 | 7.9E-07 | 0.0019
150 -81.106 | -0.033 | 3.87E-09 | 0.496 99.2 | 7.7E-07 | 0.0038
Table 3.2: Silver Hollow Waveguide
Length(mm) | S1y(dB) | So1(dB) | P (W) | Pr (W) | Pr% | Pr% Py
50 -85.229 | -0.004 | 149E-09 | 0.499 | 99.89 | 2.9E-07 | 0.0005
100 -84.596 | -0.011 | 1.73E-09 | 0.498 99.7 | 3.4E-07 | 0.0013
150 -84.706 | -0.024 | 1.69E-09 | 0.497 | 99.4 | 3.38E-07 | 0.0027




3.1 Open Waveguide Configurations 13

Power Transmission vs Waveguide Length
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Figure 3.4: Power Transmission in Brass and Silver waveguide with varying lengths

Waveguides are predominately made from brass as it is relatively cheap, but waveg-
uides also come with silver plating which reduces the resistance loss and increases the
waveguide efficiency. However, waveguides with silver plating is expensive. The results
from figure 3.4 indicates that silver is slightly better than brass waveguide. The differ-
ence between silver and brass power transmission is less than 0.2% and upgrading a brass
waveguide to a silver plated waveguide is not worth it for such small difference.

The figure 3.4 also indicates that the percentage of power transmission is reduced as
the length of the waveguide is increased. Since neither brass or silver are perfect metals,
instead they are lossy metals and the waveguide is not infinitely long, this results in
power losses and reflection during microwave propagation. At this stage, a 100 mm brass
waveguide will be suitable for this thesis.

3.1.2 Waveguide wall thickness

Wall thickness of the waveguide depends on the skin depth of the material. The skin
depth of brass material at 9 GHz frequency is as following

2 1
(5 y = _— = 1'
* " Vopo ™ f o0 (13)

Where:
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ity = Permeability = 47 x 1077

o = Conductivity of metal (Brass) = 2.56 x 107
f=9 GHz

Therefore, from equation (13), dg = 1pm

Waveguide model specifications

e [nner Dimensions: a = 22.86 mm, b = 10.16 mm

e Length of the waveguide (z axis): 100 mm

Wall thickness: 0.5 mm, 1 mm and 1.5 mm

e Material of the waveguide: Brass (91%)

Material inside the waveguide: Vacuum

[nput Power (F;) = 0.5 W

Table 3.3: Brass Open Waveguide with different wall thickness

Wall Thickness(mm) | Sy;(dB) | So1(dB) | Pr (W) [ Pr (W) | Pr% | Pr% | Pr %
0.5 -80.99 -0.017 | 3.98E-09 | 0.498 99.6 | 7.96E-07 | 0.002

1 -80.95 -0.017 | 4.01E-09 | 0.498 99.6 | 8.03E-07 | 0.002

1.5 -80.95 -0.018 | 4.02E-09 | 0.498 99.6 | 8.03E-07 | 0.002

Figure 3.5 indicates that Py remains at 99.6 % for wall thickness between 0.5 mm and
1.5 mm. This less than 1 % of power loss is due to brass not being a perfect metal and
the waveguide walls are not infinitely thick.
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Power Transmission vs Wall Thickness
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Figure 3.5: Power Transmission in Brass waveguide with varying wall thickness

3.2 Open Waveguide with Quartz

Quartz plays an important role throughout this thesis even though it is not an object
of interest. Some semiconductor materials such as OPV, need to be deposited on a
piece of quartz before placing it in the waveguide or cavity. To keep the experiment
controlled, quartz is tested and analyzed for its microwave absorption before depositing
semiconductor materials on it. This helps in differentiating the amount of microwaves
absorbed by the quartz and by the semiconductor material at the final stage. Figure 3.6
shows 100 mm brass waveguide model with quartz at 50 mm (i.e. half way through the
waveguide).

Power absorption can be found by subtracting the power loss of hollow waveguide (PL
(hollow)) from power loss of waveguide with quartz (Py, (quartz)) and this can be seen
in equation (14)

Pi(quartz) = Pr(quartz) — Pp(hollow) (14)

Waveguide model specifications
e [nner Dimensions: a = 22.86 mm, b = 10.16 mm
e Length of the waveguide (z axis): 100 mm
e Wall thickness: 0.5 mm

e Material of the waveguide: Brass (91%) lossy metal
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e Material inside the waveguide: Vacuum

e Input Power (FP;) = 0.5 W

Quartz specifications

e Inner Dimensions: a = 22.86 mm, b = 10.16 mm
e Quartz thickness: 1 mm

e Quartz placement (on z axis): 50 mm

o Material: Quartz (lossy)

component{:Quartz
Material Quartz (Fused) {ozsy)
Type Mormal

Epsilan 375

Mue 1

El tand 0.0004 {Const fit) Y

Rho 2200 [kafm*3]

Therm.cond. 5 pWKIm)

Heat cap. 0.7 [kJkikg]

Diffus ity 3.24675e-006 [m*2/3] z X

Young's Mod. 75 [kN/mm*2)
Poiss.Ralio 047
Thermal Exp. 0.5 [1 e-8/K]

Figure 3.6: Brass waveguide with quartz placed at 50 mm on z axis

Field Distributions

Figure 3.7 shows the field distributions for open waveguide model with and without quartz.
In these models, the quartz is placed in the middle of the waveguide and the effect quartz
has on field distribution is clearly visible and highlighted in figures 3.7 a and b. Notice,
E-field and H-field are higher for quartz on input side (Port 1) as opposed to hollow
waveguides. This is due to the reflected waves from quartz being in phase with the
incident waves which causes the resulting fields to be amplified near port 1.
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(a) E-field with quartz
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(c) E-field without quartz

h-field (F=9) [1]
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(d) H-field without quartz

Figure 3.7: Effect of Quartz on Field Distribution
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S Parameters

Until now, there was only one material inside the hollow waveguide, which was vacuum.
But now, microwaves have to travel through vacuum as well as quartz which are two very
different medium and have different refractive index. The change in medium causes the
microwaves to be reflected, absorbed and transmitted. The amount of power transmitted,
reflected and absorbed can be seen in figures 3.8 to 3.10.

The presence of quartz has a great impact on power transmission and reflection as
shown in figure 3.8 and 3.9. Quartz increases the power reflection by 12% as compared to
power reflection in hollow waveguide. Power loss due to imperfections in open waveguide is
the major contributor to the difference between power transmission and power reflection
rather than the presence of quartz in the open waveguide. Figure 3.10 indicates that
absorption in quartz is extremely low.

Table 3.4: Brass Waveguide with Quartz

Length(mm) | S11(dB) | S21(dB) | Pr (W) | Pr (W) | PL (W) | P4 (W)
50 -9.1623 -0.57 0.0606 | 0.438 0.001 | 0.000179
100 -9.1488 -0.58 0.0608 | 0.436 0.002 | 0.000178
150 -9.1563 -0.60 0.0607 | 0.435 0.004 | 0.000331

Power Transmissionvs Waveguide Length
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Figure 3.8: Power Transmission in Brass waveguide with and without quartz
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Power Reflection vs Waveguide Length
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Figure 3.9: Power Reflection in Brass waveguide with and without quartz

Power Absorptionvs Waveguide Length
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Figure 3.10: Power Absorption by quartz in brass waveguide

3.2.1 Quartz placement

Position of quartz within the waveguide is one of the factors that needs to be investigated.
Power transmission, absorption and reflection was investigated by varyving the quartz
position within the waveguide as shown in table 3.5.

Figure 3.11 to 3.13 indicate that position of the quartz in an open waveguide does
not have a massive impact on power transmission, reflection or absorption as they are
approximately 87.4%, 12.1% and 0% respectively.
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Table 3.5: 100 mm Brass Waveguide with varying quartz position

Position(mm) | S11(dB) | S21(dB) | Pg (W) | Pr (W) | P (W) | Py (W)
25 -9.145 -0.583 | 0.0608 | 0.437 | 0.0020 | -0.0001
50 -9.148 -0.584 | 0.0608 | 0.436 | 0.0021 | 4.2E-10
75 -9.172 -0.583 | 0.0604 | 0.437 | 0.0024 | 0.00023

Power Transmission vs Quartz Position
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Figure 3.11: Power Transmission with different quartz position
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Figure 3.12: Power Reflection with different quartz position

Power Absorption vs Quartz Position
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Figure 3.13: Power Absorption with different quartz position
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3.3 Open Waveguide with Test Sample

In this section, test samples with different electrical properties are deposited on top of
quartz and their Pr, Pp and P4 are analyzed. Figure 3.14 shows the open waveguide
model where test sample (pink) is placed on top of quartz (green). Power reflected and
absorbed by the sample can be calculated using the equations 15 and 16, where P, (quartz)
and Py (quartz) values were found in section 3.2.

Pa(sample) = Pr(Total) — Pr(Quartz) (15)

Pr(sample) = Pr(Total) — Pr(Quartz) (16)
where:

e P (quartz) = 0.002177 W
e Pp (quartz) = 0.060826 W

Figure 3.14: Open waveguide with test sample deposited on top on quartz

3.3.1 Test sample with different conductivity

Conductivity (o) is a measure of material’s ability to conduct electric current and is
represented by reciprocal of electrical resistivity (p).

Test Sample specifications
e Dielectric constant (€): 3
e Test Sample thickness: 1 pm

e Conductivity (o): 1.6 x 107 2,16 x 107 2,16 2
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Power analysis

Conductivity of the material has big impact on microwave absorption because at higher
conductivity, material has more number of free electron charges that can readily absorb
or reflect microwaves. This relationship can be seen in figure 3.15, as the conductivity
of the test sample is increased, the power absorbed by the test sample is also increased.
Table 3.6 contains the results obtained with respect to change in conductivity of test the
sample and P, (sample) and P (sample) are calculated from equations 15 and 16.
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Power Transmission vs Conductivity
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Figure 3.15: Power graphs for test sample with different conductivity




25

3.3 Open Waveguide with Test Sample

ze0’0 8T0T00°0 4CrZ0°0 6SETH 0 P8I900 | 6€28°0- | L9206- 91
¢HA9T'T 7000 612000 €280 {FCO00 | LIE90- | R28'] | ¢-0I X 9T
9-dLT- 7000 L1200°0 EETEP0 676900 | GT£9°0- | L2888 | 90T X 9'T

(an) Crm)vg 1 (py) Cremdg | () 017 [ () @0dg [ (m) ™dg | (gp)tes | (@p)tis | (F) o

opmgoaem todo ue ut £31a13onpuod JudIdHIp jo ojdures 159, :9°¢ O[qET,




26 Chapter 3. Semiconductor materials in Open Waveguide

3.3.2 Test sample with different dielectric constant

Dielectric constant () of the material represents the dipole moment or in particular the
polarisation of the material. Therefore, dielectric constant can be defined as polarising the
material which can absorb electric fields but it does not create conductivity. Material with
high dielectric constant has higher polarisation ability and this factor plays an important
role because if the material has high relative dielectric constant then it has low binding
energy, i.e. they are easily polarised.

Test Sample specifications
e Diclectric constant (e): 3,5, 7
e Test Sample thickness: 1 pm

i, ; o -3 5
e Conductivity (¢): 1.6 x 107% 2,

Power analysis

Figure 3.16 displays the power transmission, absorption and reflection of test sample with
different dielectric constant. Regardless of change in dielectric constant, power absorbed
by the test sample is approximately 0%. The power transmission and reflection graphs
display a continuous trend as expected and the power reflection is increased as the di-
electric of the sample is increased. This aligns with the theory that materials with high
dielectric constant have high refractive index. High refractive index leads to increase in
power reflection.
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Power Transmission vs Dielectric constant
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Figure 3.16: Power graphs of test sample with different dielectric constant
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3.3.3 Test sample with different thickness
Thickness of the sample has a great impact on the amount of fields that can reflect and
penetrate the sample. This section looks at test samples with different sample thickness
Test Sample specifications

e Dielectric constant (e): 3

e Test Sample thickness: 50 nm, 1 gm, 1 mm

e Conductivity (¢): 1.6 x 1073 £,

Power analysis

As the sample thickness is increased, there is more material for the fields to interact with
(fields need to travel through more material to get to the other end of the open waveguide).
These fields can either be absorbed or reflected by the charges within the sample. Figure
3.17 suggests that in this scenario, the reduction in output power in power transmission
graph is due to these field being reflected back from the sample. Notice there is a no
change in power absorption as the sample thickness is increased, however, as the sample
thickness is increased drastically, there is high power reflection.
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Power Transmission vs Sample Thickness
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Figure 3.17: Power transmission, reflection and absorption by test sample with different
thickness




31

3.3 Open Waveguide with Test Sample

20000 8GL0°0 ¥200°0 60950 L9ET°0 6STF T | 5£€9°G- i

G-HIT'Z LF00°0 720070 ezeh 0 $G90°0 L1£9°0- | 828°8- 100°0

G-H6C9 SP10°0 zo000 GTeh 0 2GL0°0 LICL 0 RTCT '8~ S0000°0
() Crems vy | (an) Py | (a) D7 | () 0 | () W | (gp)1es | (ap)TTs | (wm) ssowypryg,

opmSoaem uado we Ul SSOUNDIY) JULIGYIP Jo ojdures 189, :8'¢ [QEL




32 Chapter 3. Semiconductor materials in Open Waveguide

3.4 Conclusion

This chapter used WR90 open waveguide to simulate interaction between microwaves
and sample material. Different configurations of wavegnide was investigated to find the
best suited wavegnide configuration. After changing the waveguide material, length and
wall thickness, it can be concluded that a brass waveguide of length 100mm and 0.5 wall
thickness is appropriate for this thesis. Quartz and material with different conductivity,
dielectric constant and thickness were simulated inside this waveguide to understand how
each of these properties influence the power absorption, reflection and transmission of
microwaves. As the conductivity of the material is increased, power absorbed by the
material is gradually increased from 0% to 5%. Change in dielectric constant has very
little impact on power absorption, but as the ¢ is increased, the material starts to reflect
more power. This relationship is the same for sample with different thickness. At higher
sample thickness, it reflects more power and the power absorption remains unchanged.




Chapter 4

Semiconductor materials in a Cavity

Previous chapter used rectangular waveguide to test semiconductors, the results obtained
in this configuration can be considered as 'averaged’ results because of the propagating
waves, i.e. test samples were subjected to maximum, minimum and zero field. This
chapter aims to use a configuration which can be used to obtain results when the sample
is subjected to the maximum field. This can be achieved by using a cavity resonator,
which can be constructed by closing the ports of the open waveguide. An ideal cavity is a
closed box which stores electric and magnetic fields and has zero losses. The microwaves
within the cavity bounce back and forth and at resonant frequency they form standing
waves. [10]

4.1 Cavity Configurations

A rectangular cavity resonator is modelled using the previons WR90 waveguide config-
uration by closing one end of the waveguide such that the structure is left with just 1
port. This port acts as the input and output port. Iris is positioned inside the cavity such
that only 1 wavelength is allowed inside. This condition is met for particular frequencies,
known as resonant frequency. The resonant frequency for empty cavity is at 9 GHz. Two
cavity models with different iris radius are investigated in this section and their model
specifications are detailed below.

4.1.1 Cavity Model I
Cavity Model Specifications

e [nner Dimensions: a = 22.86 mm, b = 10.16 mm

e Length of the whole structure (z axis): 100 mm

o Number of ports: 1 (Note: Port 2 has been closed hy using brass)
e Iris position along z axis: 48.2

33
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e Iris thickness: 1 mm

e [Iris radius: 5.08 mm

e Cavity wall thickness: 0.5 mm

e Material of the Cavity: Brass (91%)

e Material inside the cavity: Vacuum

e Iris material: Brass (91%) and Vacuum

e Input Power (P;) = 0.5W

4.1.2 Cavity Model II
Cavity Model Specifications

e [nner Dimensions: a = 22.86 mm, b = 10.16 mm

e Length of the whole structure (z axis): 100 mm

e Number of ports: 1 (Note: Port 2 has been closed by using brass)
e [ris position along z axis: 48.2

e Iris thickness: 1 mm

e Iris radius: 4 mm

e Cavity wall thickness: 0.5 mm

¢ Material of the Cavity: Brass (91%)

e NMaterial inside the cavity: Vacuum

e Iris material: Brass (91%) and Vacuum

e Input Power (/) = 0.5W
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component 1:lris
Brass (31%)
Lossy metal
1

Electric cond. 2.74e+007 [8/m] ¥y

Rho 8500 [kefm*3]

Themnal cond. 108 [WIKIm]

Heat tapatity 0.38 [kIikg] =

Diffusiity 3.37461-005 [m*2/s)
Young's modulus 102 dimm*2]
Poisson's rafio 0.343

Thermal expan. 20 [1e-80q

(a) Cavity Model I

Brass (91%)
Lossy metal

0T} 1
Electric cond 2.74e+007 [Sirm] ¥
Rho 8500 (kaim*3]

Themmal cond. 109 fWikim]

Heat capacity 0.38 [kJikikg]
Diffuslvity 3.37461-005 [mA2re]
Young's modulus 102 [khimm®2]
Poisson's ratio 0343

Thermmal expan. 20 [1e-6/K]

(b) Cavity Model II

Figure 4.1: Cavity Resonator model
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4.1.3 Field Distributions

The E-field distribution in figure 4.2 are obtained from Cavity model I. The iris acts like
a partially reflecting mirror that allows only certain frequency to enter the cavity and
the rest are reflected back. This frequency is known as the resonant frequency and they
can be varied by moving the iris placement. These field distributions clearly display the
standing wave pattern (high concentration of E-fields) inside the cavity at frequency of 9
GHz. At 8.2 GHz, the fields are reflected back by the iris and hence the amplitude of the
field are extremely low.

Cukilane Postion: @
20 Maram [ )] 29,7400
Froganey: ?

Fhase: nms

Cutplane Name:  Crogs Section A
Cutpleeehormal; 1, 8,0
Cutplans Posiiens 0
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Frourey: ]

.
+
+
.
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ns

(e) E-field eross-section 2 with resonance (d) H-field cross-section 2 without resonance

) [1]
Cukghane biarre:
Culanebomat 0,01
Cutplane Podbion: S0
20 i [y)m]s 722
Frequency: 9

Fha; ns

(e) E-field eross-section 3 with resonance (f) H-field cross-section 3 without resonance

Figure 4.2: TFE), Field Distribution in Empty Cavity at different frequencies
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4.2 Cavity with Quartz

Quartz specifications

e Inner Dimensions: a = 22.86 mm, b = 10.16 mm
e Quartz thickness: 1 mm

e Quartz placement (on z axis): 35 mm

e Material: Quartz (lossy)

component 1:0uartz

Material Quartz (Fused) (01

Tsme Normal

Epsilnn 375

Mu 1

Elactric tand 0.0004 (Const 1t o
Rho 2200 [kpn®3]

Thermal cond. 5 [Wifkm]

Heal capacity 0.7 [kJKikg]
Diffushvity 3.24675e-006 [m*2s]
Young's modulus 75 [kdimm2]
Poisson'sralo 017

Thermalexpan 0.5 [1 &6k

Figure 4.3: Cavity Model I with quartz placed at 35 mm on z axis

Field Distributions

Figure 4.4 shows the field distributions for cavity model I and IT with quartz placed at
the maximum field. Notice for Cavity model I, E-fields are more concentrated inside the
cavity, but for cavity model 11, most of the E-ficlds are reflected back even at resonance,
due to small iris. The maximum e-field for cavity model I is 39.99e+03, such high field
amplification can be achieved by superposition of two waves with same wavelength trav-
elling in opposite direction. This forms a standing wave. Cavity model II has also formed
standing wave but since most of the fields are reflected back due to small iris, the e-field
maximum is much lower.
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30 Maximum [¥/m]: 39.98e+03
Fraquency:
Fhase: 11.25

(a) Cavity Model I with quartz

e-field (f=8.6) [1]
30 Maxirum [V/m]: 4467
Frequency: 8.6
Phase: 101.25

(b) Cavity Model IT with quartz

Figure 4.4: E-Field distributions for cavity with quartz at their resonance
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Power Analysis

The resonance curve of a microwave cavity is characterised by fy, Ry and AW. This
curve has a depth of Ry, which is the minimum of the curve and occurs at resonant
frequency (fp). Full width at half maximum is represented by AW and the half-power
frequencies occur at f_ and f,. A visual illustration of this can be seen in figure 4.5.
Cavity is characterised by the quality factor ; and response time 7. @Qp represents
the sharpness of the resonant curve, i.e. the higher @, the sharper the resonance. [4]

1.0

R=Pg/P,
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0.0
£, 1,
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Figure 4.5: Resonance curve of a microwave cavity [4]

o
Q=55 (17)
QL 19)
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Two cavity models were investigated by varying the iris radius and to see its effect on
the resonance curve. It is ideal to have cavity with small iris radius such that cavity will
be of a higher quality (i.e. less power loss, and provides a better standing wave), however
the input power to the cavity will also be low.

As it can be seen in Figure 4.6 and Table 4.1, iris radius of 4mm provides a high quality
cavity and it would work very well for some samples but not all due to its extremely sharp
resonance. Experimentally it would be really hard to tune to achieve right resonance.
Very small changes can shift the resonance by a large factor which makes it hard to do
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measurements, especially with such sharp resonances. Hence, following stages of this
thesis will use cavity model I for testing. Notice, in cavity for frequencies other than the
resonant frequency, the wavelength that not 'fit’ inside the cavity. So, there iris reflects
these fields of these frequencies back. At the resonant frequency, the field goes past the
iris and are trapped inside the cavity forming standing waves. This introduces the loss
and the curve shown in figure 4.6.

Resonance Curve
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Frequency (GHz)

Figure 4.6: Resonance curves of cavity models with and without quartz

Table 4.1: Quantitative analysis of the resonance curves

Cavity type QL TRC
Empty Cavity (5mm iris radius) 225 | 7.9 ns
Empty Cavity (4mm iris radius) 1590 | 55 ns

Cavity with quartz (5mm iris radius) | 330 | 12 ns
Cavity with quartz (4mm iris radius) | 863.6 | 31 ns

4.3 Cavity with Test Sample

In this section, test samples with different electrical properties are deposited on top of
quartz, inside the cavity and their P,,; and P, are analyzed. P, is the total power
reflected back to port 1 (input and output port). P4 is the power absorbed by the sample
and is calculated in the way as shown in eq.15. However, since the loses in the cavity is
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different to open waveguide, Py, (Quartz) inside the cavity is approximately 0.21 W which
was found in previous section. All simulations performed in this section use cavity model
I which was discussed in previous section.

4.3.1 Test samples with different conductivity

Test Sample specifications

e Test sample placement (along z axis): 36mm

Dielectric constant (e): 3
e Test Sample thickness: 1 pam

Conductivity (0): 1.6x 107 £, 1.6 x 107® £, 1.6 2

T

Field Distribution

Figure 4.7 displays the E-field distributions inside the cavity model I with quartz and
sample material placed at the maximum field. For sample with high conductivity, the
cavity start losing its resonance.
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30 Maximum [¥/m]: 9404
Frequency: 8.6
Phase: 67.5
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(b) Sample with Conductivity of 1.6 %

Figure 4.7: E-Field distribution for sample with different conductivity
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Power Analysis

Increased conductivity implies high electron density, which gives a more imperfect cavity
at conductivity of 1.6 S/m. This can be seen by the widening of the resonance curve in
the figure 4.6. The resonance curve for 1.6 x 107% S/m and 1.6 x 1073 S/m are overlapped.
Their response can be clearly seen in figure 4.9, where the power absorption is increased
with increasing conductivity. Using eq 17, @)y, for sample with conductivity of 1.6 S/m is
71.4 and @;, for sample with conductivity of 1.6 x 1070 S/m is 571.3. This suggests that
for cavity with high conductivity sample has low quality. At conductivity of 1.6 S/m,
output power is high which implies that power loss is low and this can be seen by the
negative power absorption in figure 4.7, where the power loss with sample in the cavity
is much lower than power loss with just quartz. However, technically it should be the
other way around. Therefore, sample with highest conductivity (1.6 S/m) is behaving
like a very thin metal which reflects most of the fields, this can be visually seen in figure
4.7 where the cavity has lost its resonance. Since the model loses its cavity at 1.6 S/m,
the power absorption result obtained in figure 4.9 is negligible. This also indicates the
limitation of this model where any conductivity equal to or higher than 1.6 S/m and with
above sample configuration would not work in this model.

Resonance Curve of sample with different conductivity
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Figure 4.8: Resonance curves of test sample with different conductivity
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Figure 4.9: Power absorbed by the test sample with different conductivity
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4.3.2 Test sample with different dielectric constant

Test Sample specifications

Test Sample placement (along z axis): 36mm

Dielectric constant (e): 3, 5, 7

Test Sample thickness: 1 pum

Conductivity (¢): 1.6 x 1073 %,

Power Analysis

Dielectric constant (¢) of the material effectively changes the path length in the cavity
which increases the power loss in the cavity and hence increases the power absorption in
the sample. This parameter varies the resonance of the cavity and this can be seen in figure
4.10, where the resonance is shifted as the € is varied. Power absorption is increased with
higher dielectric constant just as predicted because, higher dielectric constant indicates
that the charges can easily be pulled apart and this relationship can be seen in figure 4.11.

Resonance Curve of sample with different dielectric
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Figure 4.10: Resonance curves of test sample with different dielectric constant
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Figure 4.11: Power absorbed by the test sample with different dielectric constant




4.3 Cavity with Test Sample

47

4.3.3 Test sample with different thickness

Test Sample specifications

e Test Sample placement (along z axis): 36mm

Dielectric constant (e): 3

Test Sample thickness: 200 nm, 500 nm, 1 pgm, 2 gum

Conductivity (¢): 1.6 x 1073 ;"i

Power Analysis

Figure 4.12 illustrates the resonance curves for test samples of various thickness. The
resonance curves for samples thickness 200nm to 1 pgm is the same however for 2um the
output power is increased. Thin samples allow the microwaves to easily travel through the
material, however samples with larger thickness like 2 gm, make it hard for the microwave

fields to travel through the sample, this obstruction causes higher reflection.

Resonance curve of samples with different thickness
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Figure 4.12: Resonance curves of test sample with different thickness
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Figure 4.13: Power absorbed by the test sample with different thickness
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4.4 Cavity with Real Photovoltaic Samples

This section investigates the interaction between microwaves and real photovoltaic mate-
rials when they are deposited on top of quartz in cavity model I. The real PV materials
investigated in this section are OPV, Silicon, Cadmium Telluride and Gallium Arsenide.
The conductivity of these materials are varied by changing the doping of the material.
Up until now, all the models used T solver to simulate the models. Since the complexity
of the model has increased, all the models from this section onwards, will use frequency
domain solver with tetrahedral mesh type.

4.4.1 OPV
Material Specification

e Test sample placement (along z axis): 36mm

e Dielectric constant (:—0) 3.5

Test Sample thickness: 1 pm

Mobility: pn, =1 x 107"m?/Vs and p, = 1 x 107*m?/V's

e Conductivity (o): Refer to Table 4.2

Table 4.2: Material conductivity of OPV with respect to n-p doping

Doping (n-p) (m~3) | Conductivity (2)
1 x 107 176 x 107
1 x 10% 1.76 x 1079
1% 10% 1.76 x 1075
1 x 10%2 1.76 x 10~

Field Distribution

Figure 4.14 displays the E-field distributions inside the cavity model I with quartz and
OPV material placed at the maximum field. E-field does not change as the conductivity
of the OPV is varied. This supports the power graphs shown figure 4.15 and 4.16.
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Figure 4.14: E-Field distribution for OPV with different conductivity
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Power Analysis

Figure 4.15 shows the resonance curves for OPV with different conductivities and these
curves are overlapped suggesting that these materials have the same response. This is
more clearly shown in figure 4.16 where the power absorption is the same for all conduc-
tivities. They have the same response because the conductivity of the materials being
simulated here are extremely low. Real difference in their response can be seen in the
next chapter where the conductivity of OPV is higher due to photoconductivity elements.
The resonance curves of OPV with low conductivity has @@ of about 330.

Resonance Curves of OPV
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Figure 4.15: Resonance curves of OPV with different conductivity
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Figure 4.16: Power absorbed by OPV with different conductivity
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4.4.2 Silicon
Material Specification

e Test sample placement (along z axis): 36mm

e Dielectric constant (£): 11.9

Test Sample thickness: 1 pum

Mobility: 1, = 0.145 m?/V's and g, = 0.05 m?/V's

Conductivity (o): Refer to Table 4.3

Table 4.3: Material conductivity of Silicon with respect to n-p doping

Doping (n-p) (m~?) | Conductivity (2)
1 x 109 0.312
1 x 102 3.12
1 x 102 13.2
1 x 10% 132

Field Distribution

Figure 4.17 displays the E-field distribution for the cavity model with silicon materials
of different conductivities. As the conductivity is increased (due to high doping), more
e-fields can be seen on the outside of the cavity. At high conductivity, silicon reflects some
of the e-fields which in turn increases the field density ountside the cavity and decreases
the amplitude of the resulting field inside the cavity. This can be seen in figure 4.17 (a),
e-field maximum is 75.29¢+03 V/m for conductivity of 0.312 S/m and in figure 4.17 (d),
e-field maximum is 5597 V/m for conductivity of 312 §/m. Even though the input power
for all these models are the same, the reflected fields is out of phase with the input fields,
which cancels out or reduces the resulting amplitude of e-field as shown in figure 4.17 (d).
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Figure 4.17: E-Field distribution for Silicon with different conductivity
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Power Analysis

Resonance curves of silicon with different conductivity can be seen in figure 4.18. As the
conductivity is increased, the resonance curve starts widening. Widening of resonance
curve relates the quality of the cavity. Sharp resonance indicates that the cavity is of
high quality and its near perfect. At conductivity of 0.312, cavity has @ of 330 and
at conductivity of 31.2 the quality of the cavity drops to 40. So, at higher conductivity,
cavity is more imperfect. Figure 4.19 indicates that power absorbed by the silicon is
increased as the conductivity is increased. At extremely high conductivity (312 .S/m),
the sample shorts the cavity by reflecting most of the power. Hence, the power absorption
is not calculated for this scenario.

Resonance Curves of Silicon
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Figure 4.18: Resonance curves of Silicon with different conductivity
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Figure 4.19: Power absorbed by Silicon with different conductivity
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4.4.3 Cadmium Telluride
Material Specification
e Test sample placement (along z axis): 36mm

e Dielectric constant (£): 10.2

Test Sample thickness: 1 pum

Mobility: 1, = 0.105 m?/V's and g, = 0.01 m?/V's

Conductivity (o): Refer to Table 4.4

Table 4.4: Material conductivity of CdTe with respect to n-p doping

Doping (n-p) (m~?) | Conductivity (2)
1 x 109 0.184
1 x 102 1.84
1 x 102 18.4
1 x 10% 184

Field Distribution

Figure 4.20 displays the E-field distribution for the cavity model with CdTe materials of
different conductivities. As the conductivity is increased, more e-fields can be seen on
the outside of the cavity. At high conductivity CdTe reflects some of the e-fields which
in turn increases the field density outside the cavity and decreases the amplitude of the
resulting field inside the cavity. This can be seen in figure 4.20 (a), e-field maximum is
85.26e+03 V/m for conductivity of 0.184 S/m and in figure 4.20 (d), e-field maximum is
5584 V/m for conductivity of 184 S/m.
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Figure 4.20: E-Field distribution for CdTe with different conductivity
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Power Analysis

Resonance curves of CdTe with different conductivity can be seen in figure 4.21. As the
conductivity is increased, the resonance curve starts widening. Widening of resonance
curve indicates the quality of the cavity. Sharp resonance indicates that the cavity is of
high quality and its near perfect. So, at higher conductivity, cavity is more imperfect.
Figure 4.22 indicates that power absorbed by the CdTe is increased as the conductivity
is increased. At extremely high conductivity (184 S/m), the sample shorts the cavity
by reflecting most of the power. Hence, the power absorption is not caleulated for this
scenario.
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Figure 4.21: Resonance curves of CdTe with different conductivity
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Figure 4.22: Power absorbed by CdTe with different conductivity
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4.4.4 Gallium Arsenide
Material Specification
e Test sample placement (along z axis): 36mm

e Dielectric constant (£): 12.9

Test Sample thickness: 1 pum

Mobility: 1, = 0.8 m?/Vs and p, = 0.04 m*/V's

Conductivity (o): Refer to Table 4.5

Table 4.5: Material conductivity of GaAs with respect to n-p doping

Doping (n-p) (m~?) | Conductivity (2)
1 x 109 1.344
1 x 102 13.44
1 x 102 134.4
1 x 1022 1344

Field Distribution

Figure 4.23 illustrates the e-field distributions of GaAs with different conductivities. GaAs
behaves very similar to silicon and CdTe, where the e-fields are reflected back as the
material conductivity is increased. However, GaAs for highest doping (1 x 10%?) has
extremely high conductivity when compared to OPV, silicon and CdTe. Due to this high
conductivity, extremely small fraction of e-field enter the cavity and the rest are reflected
back. This can be seen in figure 4.23 (d) and the highest amplitude for this model is 4485
V/m which is much lower than any other materials discussed previously.
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Figure 4.23: E-Field distribution for GaAs with different conductivity
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Power Analysis

Figure 4.24 has the resonance curves of GaAs with different conductivities. At highest
conductivity, the model has almost lost its resonance due to high reflection. Due to this
fact, power absorption has not been plotted for this conductivity in figure 4.25. At low
conductivity, the material has minimal power absorption, at medium conductivity (13.44
S/m), the material reaches its highest power absorption. Power absorption drops close to
zero for conductivity of 134 S/m.
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Figure 4.24: Resonance curves of GaAs with different conductivity
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Figure 4.25: Power absorbed by GaAs with different conductivity
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4.5 Conclusion

Two different cavity models were investigated and after analysing the functionality and
suitability, Cavity model I was better suited. All the simulation carried out in this chapter
uses cavity model [. In a vacuum filled cavity, when the iris is placed at 48.2 mm along
z axis, it has resonance frequency at 9 GHz. Placing quartz and sample materials inside
the cavity shifts this resonance depending on the dielectric constant. Different sample
materials with varying conductivity, dielectric constant and thickness was placed inside
the cavity to see the effect it can have on the resonance curve. Material with different
conductivities widens or narrows the resonance curve, material with different dielectric
constant shifts the resonance frequency. Conductivity, dielectric constant and the material
thickness affects the power absorption of the material. Real photovoltaic samples were
placed in the cavity to see their interaction with microwaves when there is no light flash.
Conductivities of OPV, Silicon, CdTe and GaAs were varied by changing the doping of
the material. For low doping, GaAs has the highest conductivity and OPV has the lowest.
Change in material doping has very little to no impact on power absorption by the OPV.
At highest doping (i.e. highest conductivity), Silicon, CdTe and GaAs start to lose their
resonance in their cavity as they behave like mirror reflecting most of the microwaves.
Therefore, samples with high dark conductivity and in particular, Silicon, CdTe and GaAs
with 10?2 m~* doping and higher cannot be used for this model.
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Chapter 5

Photoconductivity

In chapters 3 and 4, all the simulations were performed in dark (i.e. simulation model
setup had no light flashing element to it, just material on its own, in the cavity or waveg-
uide). This chapter investigates photoconductivity of the sample by flashing light onto its
surface. Since this is a simulation model, for simplicity and to reduce the complexity of
the model setup, light flashing is achieved by increasing the conductivity of the sample.
Flashing light on to photovoltaic material is essentially giving the material extra energy
which excites the charges within.
Note:

® 04, conductivity of the material when there is no light
e 0jigne: conductivity of the material when there is light

e o photoconductivity (light flash)
Tlight = Tdark +do (19)

Pﬁghr = Piark + oP (20)

The photoconductivity of the samples are plotted in terms of normalised power level
(6 P/ P) vs photoconductivity (§o). These parameters are related by the expression shown
in eq. 21, where K is the sensitivity or calibration factor.

§P/P = —Kéo (21)

5.1 Test Samples

5.1.1 Material 1

Material with o, of 1.6x1073 ,l (without light) is simulated to find resonance frequency,

T
which is at 857 GHz. This frequency is fixed and rest of the simulation is carried by

67
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changing the conductivity of the material according to ojgn values as shown in table 5.1
and the power readings are obtained at this frequency. This material is simulated using
cavity model I which was discussed in chapter 4.

Material Specifications
e Test Sample placement (along z axis): 36mm
e Dielectric constant (e): 3
e Test Sample thickness: 1 pm

e Conductivity (cugne): Refer to Table 5.1

Table 5.1: Conductivity of the material 1 when the light is Hashed onto it

Tdark do Tlight
1.6 x 1073 0 1.6 x 1073
1.6 x 1073 | 1.6 x 1073 | 3.2 x 1073
1.6x 1073 | 1.6 x 1072 | 0.0176
1.6 x 1073 | 1.6 x 107 | 0.1616
1.6 x 1073 1.6 1.6

Field Distribution

Figure 5.1 illustrates the e-field distributions of material with different conductivities. At
Tlight Oof 3.2 1073 W%, the cavity has a good resonance where the amplitude of e-field is
about 9410 V/m and very small factor of e-fields are lost or reflected back. At gyigne of
1.6 2, the cavity is starting to lose its resonance and this can be seen by the reduction

m?

in amplitude to 4690 V/m and a lot more e-fields are reflected back.
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Figure 5.1: E-Field distribution for material 1 with different photoconductivity
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Power Analysis

Figure 5.2 shows photoconductivity of material 1, where 6P/P is the normalized power
level. As the intensity of the light (60) being flashed on to the material is increased,
the normalised power reaches 1. Once the light intensity becomes too high, the material
starts to reflect more power, which reduces the normalized power. Figure 5.2 shows the
power absorption by the material as the do is increased. The material absorbs 58% of
the power when the do is 100 times greater than its ¢4,... For any higher intensity, the
charges in the material has already reached its maximum excitation and it starts to reflect
power rather than absorb which can be seen by the field distribution in figure 5.1. The
sensitivity factor, I, is approximately 17.36 and its calculated from eq. 21.
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Figure 5.2: Photoconductivity of material 1
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Figure 5.3: Power absorbed by material 1
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5.1.2 Material 2

Material with g of 1.6 1076 % (without light) is simulated to find resonance frequency,
which is at 857 GHz. This frequency is fixed and rest of the simulation is carried by
changing the conductivity of the material according to ajign: values as shown in table 5.2
and the power readings are obtained at this frequency. This material is simulated using
cavity model I which was discussed in chapter 4.

Material Specifications

e Test Sample placement (along z axis): 36mm
e Dielectric constant (e): 3
e Test Sample thickness: 1 pm

o Conductivity (o;gn:): Refer to Table 5.2

Table 5.2: Conductivity of the material 2 when the light is flashed onto it

T dark 50 Uﬁ_qh!.
16x10°°© 0 1.6 x 106
1.6%x1076 | 1.6 x 1076 | 3.2x 1076
16x1079 | 1.6 x 1075 | 1.76 x 10~°
16x107% | 1.6x107*| 1.6 x 1074
16x10%|16x103%| 1.6x10°3
16x107% | 1.6 x 1072 | 1.6 x 1072
16x107% 1.6 x 107" | 1.6 x 107!
1.6 x 107° 1.6 1.6

Field Distribution

Figure 5.4 illustrates the e-field distributions of material 2 with different conductivities.
At gyigne of 3.2 x 1076 %, the cavity has a good resonance where the amplitude of e-field
is about 9404 V/m and very small factor of e-fields are lost or reflected back. At oy of
1.6 :_1 the cavity is starting to lose its resonance and this can be seen by the reduction
in amplitude to 4693 V/m and a lot more e-fields are reflected back.




5.1 Test Samples 73

e-field {(f=8.6) [1]
3D Masdnun [V]m]: 9404
Frequency: 8.6

Phase: 67.5

(a) Sample with Conductivity of 3.2 x 10~¢ %

Frequency: 8.6
Fhase: 67.5

(b) Sample with Conductivity of 1.6 x 10=% £

e-field (=8.6) [1]

A0 Maxirum [Vim]: 4693
Frequancy: 8.6
Phase: 33.75

(¢) Sample with Conductivity of 1.6 %

Figure 5.4: E-Field distribution for material 2 with different photoconductivity
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Power Analysis

Figure 5.5 shows the photoconductivity of material 2. When édo is similar to ogek, the
normalized power remains extremely low. 6P is the change in output power with and
without light. So, when the do is low, output power with light is close to the output
power when there is no light. Real difference can be seen when do is 1000 times greater
than o,... Highest power absorption for this material occurs when 8¢ is 10° times greater
than the material conductivity. This can be seen in figure 5.7. The sensitivity factor, K,
is approximately 20.83.
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Figure 5.5: Photoconductivity of material 2
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Figure 5.6: Photoconductivity of material 2 zoomed in to see the flat region from Figure
5.5
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5.2 Real Photovoltaic Samples

5.2.1 OPV

OPV material simulated in this section has o4, of 1.76 x 1077 % This is the lowest
conductivity OPV material simulated in Chapter 4 and it has resonance frequency at 8.604
GHz. This frequency is fixed and the rest of the simulation is carried out by changing the
conductivity of the material according to oy, values as shown in table 5.3 and the power
readings are obtained at this frequency. This material is simulated using cavity model I
which was discussed in chapter 4.

Material Specification
e Test sample placement (along z axis): 36mm

v

e Dielectric constant (£): 3.5

Test Sample thickness: 1 pm

o Mobility: 1, =1 x 107"m?/Vs and g, = 1 x 107*m?/V's

Conductivity (oygn): Refer to Table 5.3

Table 5.3: Material conductivity of OPV when light is flashed onto it

Doping (dn and dp) (m™>) | ouign: (2)
1 x 10% 1.76 x 1071
1 % 102 1.76 x 107!
1% 10% 176

Field Distribution

Figure 5.8 illustrates the e-field distributions of OPV with different conductivities. Previ-
ously in section 4.4.1, the field distributions for this sample remained the same irrespective
of the change in their conductivity. Now, the total conductivity of the material is much
higher than the one discussed in chapter 4 due to light being flashed onto the material.
This has increased the total conductivity of the OPV and hence, there is a slight varia-
tion in the e-fields. At oy, of 1.76 x 1071 f;, the cavity has a good resonance where the
amplitude of e-field is about 166.5 x 10* V/m and very small factor of e-ficlds are lost or
reflected back. At oy of 177 r—;’l the cavity still has a good resonance but the amplitude
of e-field is reduced to 11.2 x 10* V/m and a lot more e-fields are reflected back and they
can be seen outside the cavity on the other side of the iris.
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e-field (F=8.6) [1]
20 Maamum [vim]: 165.5e+03
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(a) OPV with Conductivity of 1.76 x 10~ 2
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Phase: 146.25

(b) OPV Conductivity 1.76 x 107* 2

3D Maximum [Vjm]: 11.2e+03
Frequency: g.6
Phase: 348,75

(c) OPV Conductivity 176 £

Figure 5.8: E-Field distribution for OPV with different photoconductivity
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Power Analysis

Figure 5.9 shows the photoconductivity of OPV and figure 5.10 shows the power absorp-
tion. As the do reaches higher than 0.176, OPV starts to reflect most of its power. OPV
absorbs 6% of power when do is 0.176. The sensitivity factor, K, is approximately 0.45.

Photoconductivty of OPV
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Figure 5.9: Photoconductivity of OPV
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Figure 5.10: Power absorbed by OPV with different photoconductivity
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5.2.2 Silicon

Silicon material simulated in this section has o, of 0.312 % This is the lowest con-
ductivity Silicon material simulated in Chapter 4 and it has resonance frequency at 8.602
GHz. This frequency is fixed and the rest of the simulation is carried out by changing the
conductivity of the material according to oy;,, values as shown in table 5.4 and the power
readings are obtained at this frequency. In chapter 4, silicon was losing its resonance
at high conductivity, since this section uses silicon with even higher conductivity, open
waveguide model discussed in chapter 3 was used rather than cavity model 1.

Material Specification
o Test sample placement (along z axis): 36mm

e Dielectric constant (£): 11.9

Test Sample thickness: 1 pm

Mobility: p, = 0.145 m?/V's and p, = 0.05 m?/V's

e Conductivity (o ): Refer to Table 5.4

Table 5.4: Material conductivity of Silicon when light is flashed onto it

Doping (dn and dp) (m ™) | ouigns (%)
1 x 10% 312
1 x 10% 3.12 x 10°
1 % 10% 3.12 x 108

Field Distribution

Figure 5.11 displays the e-field distribution inside the cavity with silicon deposited on top
of quartz. Input port for this waveguide is the port facing towards the viewer. Figure
5.11 (a) has the open waveguide with silicon’s conductivity of 312 S/m, the figure clearly
shows that most of the e-fields travel through the sample and reach port 2 (i.e. output
port) and some are reflected. The maximum resulting amplitude of e-field is 3050 V/m
and is towards the input side. In figure 5.11 (b), conductivity of the silicon is 3.12 x 10°
S/m. Here, very small amount of e-fields can travel through the sample and towards
the output port. There is very high power reflection which can be seen graphically and
resulting amplitude is increased to 4674 V/m. In figure 5.11 (c), silicon is behaving like
a metal blocking the power from reaching output port and in turn is reflecting all the
power back to the input port. This has virtually turned the open waveguide into a closed
waveguide by blocking the fields from travelling to port 2. Since input fields and reflected
fields pass one and another, the resulting amplitude of these fields has increased to 4714
V/m.
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Frequency: &6
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(a) Silicon with Conductivity of 312 %
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() Silicon Conductivity 3.12 x 10° %

Figure 5.11: E-Field distribution for Silicon with different photoconductivity
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Power Analysis

The results discussed graphically previously by looking at the e-field in the waveguide
is supported by the quantitative results shown in Figure 5.12 and 5.13. Silicon absorbs
approximately 14% of power when do is low. As do is increased, silicon starts behaving
like a metal or a mirror that reflects microwaves. At do of 3.12 x 10° and higher, the
power transmission from input port to output port is zero. The sensitivity factor, K, is
approximately 6.7 x 1077,

Photoconductivity of Silicon
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Figure 5.12: Power absorbed by Silicon with different photoconductivity
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Figure 5.13: Power graphs for silicon with different photoconductivity
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5.2.3 Cadmium Telluride

Cadmium Telluride (CdTe) material simulated in this section has g, of 0.184 % This
is the lowest conductivity CdTe material simulated in Chapter 4 and it has resonance
frequency at 8.604 GHz. This frequency is fixed and the rest of the simulation is carried
out by changing the conductivity of the material according to oy;y,, values as shown in
table 5.5 and the power readings are obtained at this frequency. In chapter 4, CdTe was
losing its resonance at high conductivity, since this section uses CdTe with even higher
conductivity, open wavegnide model discussed in chapter 3 was used rather than cavity
model 1.

Material Specification

e Test sample placement (along z axis): 36mm

e Dielectric constant (&): 10.2

Test Sample thickness: 1 pum

Mobility: j, = 0.105 m?/Vs and p, = 0.01 m?/Vs

Conductivity (ouignt): Refer to Table 5.5

Table 5.5: Material conductivity of CdTe when light is flashed onto it

Doping (én and 6p) (m=3) | ougn: ()
1 x 10% 1.84 x 102
1 x 10% 1.84 x 10°
1 x10% 1.84 x 108

Field Distribution

Figure 5.14 displays the e-field distribution inside the cavity with CdTe deposited on top
of quartz. Input port for this waveguide is the port facing towards the viewer. Figure
5.14 (a) has the open waveguide with CdTe's conductivity of 184 S/m, the figure clearly
shows that most of the e-fields travel through the sample and reach port 2 (i.e. output
port) and some are reflected. The maximum resulting amplitude of e-field is 3700 V/m
and is towards the input side. In figure 5.14 (b), conductivity of the CdTe is 1.84 x 10°
S/m. Here, very small amount of e-fields can travel through the sample and towards
the output port. There is very high power reflection which can be seen graphically and
resulting amplitude is increased to 4480 V/m. In figure 5.14 (c), CdTe is behaving like
a metal blocking the power from reaching output port and in turn is reflecting all the
power back to the input port. This has virtually turned the open waveguide into a closed
waveguide by blocking the fields from travelling to port 2. Since input fields and reflected
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fields pass one and another, the resulting amplitude of these fields has increased to 4527
V/im.
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Figure 5.14: E-Field distribution for CdTe with different photoconductivity
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Power Analysis

The results discussed graphically previously by looking at the e-field in the waveguide
is supported by the quantitative results shown in Figure 5.15 and 5.16. CdTe absorbs
approximately 9% of power when dc is low. As do is increased, CdTe starts behaving
like a metal or a mirror that reflects microwaves. At do of 1.84 x 10° and higher, the
power transmission from input port to output port is zero. The sensitivity factor, K, is
approximately 5.4 x 1077,
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Figure 5.15: Power absorbed by CdTe with different photoconductivity
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Figure 5.16: Power graphs for CdTe with different photoconductivity
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5.2.4 Gallium Arsenide

Gallium Arsenide (GaAs) material simulated in this section has oy, of 1.344 % This
is the lowest conductivity GaAs material simulated in Chapter 4 and it has resonance
frequency at 8.6 GHz. This frequency is fixed and the rest of the simulation is carried
out by changing the conductivity of the material according to oy, values as shown in
table 5.6 and the power readings are obtained at this frequency. In chapter 4, GaAs was
losing its resonance at high conductivity, since this section uses GaAs with even higher
conductivity, open waveguide model discussed in chapter 3 was used rather than cavity
model 1.

Material Specification
e Test sample placement (along z axis): 36mm

e Dielectric constant (£): 12.9

Test Sample thickness: 1 pm

Mobility: 1, = 0.8 m?/Vs and p, = 0.04 m?/Vs

Conductivity (oyn): Refer to Table 5.6

Table 5.6: Material conductivity of GaAs when light is flashed onto it

Doping (6n and dp) (m™>) | ouignt (Ti)
1 x 107 1.34 x 103
1 x 10% 1.34 % 10°
1 x 10% 1.34 x 10°

Field Distribution

Figure 5.17 displays the e-field distribution inside the cavity with GaAs deposited on top
of quartz. Input port for this waveguide is the port facing towards the viewer. Figure
5.17 (a) has the open waveguide with GaAs’s conductivity of 1344 S/m, the figure clearly
shows that some of the e-fields travel through the sample and reach port 2 (i.e. output
port) and some are reflected. The maximum resulting amplitude of e-field is 3140 V/m
and is towards the input side. In figure 5.17 (b), conductivity of the GaAs is 1.34 x 10°
S/m. Here, barely any e-fields can travel through the sample and towards the output
port. There is very high power reflection which can be seen graphically and resulting
amplitude is increased to 4636 V/m. In figure 5.17 (c), GaAs is behaving like a metal
blocking the power from reaching output port and in turn is reflecting all the power back
to the input port. This has virtually turned the open waveguide into a closed waveguide
by blocking the fields from travelling to port 2. Since input fields and reflected fields pass
one and another, the resulting amplitude of these fields has increased to 4655 V/m.
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Figure 5.17: E-Field distribution for GaAs with different photoconductivity
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Power Analysis

The results discussed graphically previously by looking at the e-field in the waveguide
is supported by the quantitative results shown in Figure 5.18 and 5.19. GaAs absorbs
approximately 35% of power when do is low. As do is increased, GaAs starts behaving
like a metal or a mirror that reflects microwaves. At do of 1.34 x 10° and higher, the
power transmission from input port to output port is zero. The sensitivity factor, K, is
approximately 5.2 x 1077,
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Figure 5.18: Power absorbed by GaAs with different photoconductivity
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Figure 5.19: Power graphs for GaAs with different photoconductivity
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5.3 Conclusion

In this chapter sample materials and real PV materials were simulated to investigate
the photoconductive aspects of these materials. Sample material 1, 2 and OPV were
simulated using cavity model [ whereas, Silicon, CdTe and GaAs were simulated using
open waveguide model discussed in chapter 3. Sample material 1 had a higher material
conductivity than sample material 2 when there is no light. Due to this fact, sample
material 2 needed higher do to match the power absorption of material 1. OPV can
absorb maximum power of about 6% with high do. However, silicon has the capacity to
absorb maximum power of 14%, CdTe can absorb 9% and GaAs can absorb maximum of
35% of the input power for low do. At high do, Silicon, CdTe and GaAs behave like metals
which reflects the microwaves rather than absorbing. At doping of 10%* m =2, Silicon, CdTe
and GaAs have power reflections higher than 80% and OPV with 10% ;=3 doping has
high power reflection and these are the major contributors in disrupting the waveguide
and cavity measurements. This indicates the limitations of the proposed model.
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Summary and Future Work

This thesis looked at the feasibility of an alternative microwave system for measuring dark
and photoconductivity of semiconductors. Different configurations of open waveguide and
cavity was modelled and simulated using CST. Samples were tested in open waveguide
and in cavity resonator. Cavity resonator was designed from rectangular waveguide from
which the rest of the simulations of semiconductor materials were carried out. After
understanding the semiconductor material’s interaction with microwaves, these material
are excited virtually by the light flash. This excitation was modelled by changing the
conductivity of the material. Real photovoltaic materials were modelled and simulated in
cavity and open waveguide.

One of the motivations was to investigate if this design can be used to test not just
low conductivity sample but also high conductivity samples. After analysing the results
obtained in this thesis, the proposed design works very well for samples with low conduc-
tivity such as OPV, however for silicon, GaAs and CdTe, the design needs to be modified.
When probing for photoconductivity in samples with high dark conductivity, the samples
were shorting the cavity. So these samples were simulated using open waveguide config-
uration. Cavity design worked really well while probing dark and photoconductivity in
OPV samples.

The other motivation was to get good qualitative results in particular, field maps of
the interaction between E-fields and different samples, which could support the mathe-
matical analysis. The simulation results show the e-field interaction with samples and
also quantitatively indicates how the amplitude of e-field varies depending on the sur-
roundings (i.e. model and sample material). This gives a clear visualisation of when and
how the fields behave when there is good cavity and when the model is losing its cavity.
These results supported the mathematical results in particular, the quality of the cavity
and the resonance curves. Overall, these observations indicate that the proposed design is
suitable for probing low conductivity semiconductor materials and for high conductivity
the design needs to be modified.

Based on the results obtained in this thesis and the conclusions, this thesis can be
continued in many directions in future. For instance, since this thesis looked at just four
real PV materials, in future more semiconductor materials with wide range of conduc-
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tivities can be explored. Different geometries of model can be explored by changing the
position and orientation of the sample within the waveguide and cavity. Different shapes
of waveguides and cavities can be used to see its effect on the microwave absorption by
the sample.
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Abbreviations

TRMC Time Resolved Microwave Conductivity
FP-TRMC Flash Photolysis Time Resolved Microwave Conductivity
CST Computer simulation technology

TE Transverse Electric mode

T™ Transverse Magnetic mode

EM waves Electromagnetic waves

E-field Electric field

H-field Magnetic field

RL Return loss

IL Insertion loss

Py Input Power

Pr Reflected Power

Pr Transmitted Power

P, Absorbed Power

O durk: Conductivity of the material when there is no light
Olight Conductivity of the material when there is light
do Photoconductivity

oP/P Normalised power

Qr Quality of the cavity

K Sensitivity factor
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Appendix A

Consultation form and Project Plan

A.1 Consultation Meetings Attendance Form
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Consultation Meetings Attendance Form
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Figure A.1: Consultation Form
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A.2 Thesis Timeline
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