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Abstract

This thesis details the electrical characterization of a new asymmetrical geometry molyb-
denum disulfide (MoS2) photodiode using transient photovoltage (TPV) and transient pho-
tocurrent (TPC) techniques for the first time. The charge carrier lifetimes, charge densities,
and built-in electric fields were determined and compared with literature. Charge carrier
lifetimes in a primary device were found to be in the microsecond range which is two to
three orders of magnitude higher than other reported carrier lifetimes. The carrier lifetimes
showed a decrease with increasing charge density, which was determined to range between
10'2 and 10" cm™3. The electric fields of two devices have been estimated throughout the

length of each device and had a maximum strength of 1.5 x 105%.

Keywords: Simon Fraser University; 2D nanostructures; MoSs, Asymmetric contact ge-

ometry, Transient analysis

iv



Acknowledgements

I would like to express my gratitude to Dr. Michael Adachi for his generous and continued
support throughout this project. I would like to sincerely thank Amin Abnavi, Mohammad
Reza Mohammadzadeh, and Ribwar Ahmadi for their insights, encouragement, and kind-
ness. I would like to thank my family for their patience, understanding, and editing. I could

not have done it without them.



Table of Contents

Declaration of Committee ii
Abstract iv
Acknowledgements v
Table of Contents vi
List of Figures viii
1 Introduction 1
1.1 Transition Metal Dichalcogenides and 2D Materials . . . . . .. . ... ... 1
1.2 MoSo . . . o 3
1.3 Asymmetrical MoSy . . . . ..o 4
1.3.1 Contributions . . . . . . . ... 5
1.3.2 Thesis Organization . . . . . . . .. ... ... ... ... ..., 6
2 Methods
2.1 Equipment and Laboratory Setup . . . . . . .. ... ... ... .......
2.2 Transient Measurements . . . . . . . . . . .. .. o 9
2.3 Devices Under Test: Geometries and Properties . . . . . . . ... ... ... 12
2.3.1 Device Preparation . . . . . .. ... ... L o 12
2.3.2 Probing Locations . . . . .. .. ... ... L 12
2.3.3 Dark I-V Characteristics . . . . . . . . .. .. ... .. 12
2.3.4 Device Under Test 5 . . . . . . . . . . .. 13
2.3.5 Device Under Test 6 . . . . . . . . . ... . 15
3 Results 17
3.1 Carrier Lifetimes in Asymmetric Devices . . . . . . .. ... ... ... ... 17
3.1.1 Carrier Density from Differential Charging . . . . .. ... .. ... 20
3.2 Internal Electric Field of Asymmetrical Devices . . . . . .. ... ... ... 22
3.2.1 Electric Field Comparison . . . . . . . .. ... ... ... ..... 25
3.3 Discussion . . . . . .. 25

vi



3.3.1
3.3.2

4 Conclusion

Lifetimes . . . ... . ..
Built-in Electric Fields . .

4.1 Thesis Shortcomings . . . . . . .
4.2 Uncertainties . . ... ... ...
4.2.1 Diode Laser Spotsize . . .
4.2.2 Probing Location . . . . .
4.2.3 Equipment . .. ... ..
4.3 Future Work . .. ... ... ..
4.4 Concluding Statements . . . . . .

5 Appendices

5.1 Devices Under Laser Microscope

5.2 MATLAB Algorithms . . .. ..
5.2.1 TPV Processing . . . ..
5.2.2 TPC Processing . . . ..
5.2.3 TPV Processing 2 . . . .
5.2.4 TPC Processing 2 . . . .
5.2.5 TPV and TPC Processing

Bibliography

vii

29
29
29
29
30
30
30
30

32
32
35
35
37
38
39
41

44



List of Figures

Figure 1.1

Figure 1.2
Figure 1.3

Figure 1.4
Figure 1.5

Figure 1.6

Figure 2.1
Figure 2.2

Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7

Figure 2.8
Figure 2.9
Figure 2.10

Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5

Figure 3.6

Examples of different types of 2D materials and their photosensitive
range [1] . . ...
Band gap energy shifting from bulk to monolayer in MoSs [2]

Monolayer structure of MoSs and the exfoliation method to fabricate
monolayers [2] . . ... Lo 3
Asymmetrical geometry devices and profile fabricated by NDFG [3]
Unequal Schottky barrier heights resulting from uneven Schottky
contact areas [4] . . . . ..o o o oL

Position voltage dependence for vertical (left) and lateral (right) [4]

Device connected using micro-positioning probes. . . . . . . . . .. 8

Equipment setup with illumination laser and graduated neutral den-

sity filter . . . . oL
Setup diagrams. Left: TPV setup, Right: TPC setup. . . . . . . ..
Devices destroyed by intense lasing and microprobe scratching . . . 13
Device Under Test 5 . . . . . . . . . .. .. .. ... ... ... 13
DUTS5 line of probing spots and distances from the small contact . 14

DUT5 dark I-V curve. The Voc and dark current are at the same
point indicated by the red circle. The value of the Vo offset was -70mV 14

Device Under Test 6 . . . . . . . . .. .. .o 15
DUT6 with the line of probing locations at the x distances . . . . . 16
DUT6 dark I-V curve depicting the offset open circuit voltage . . . 16

Example of variation in fits from MATLAB demonstrating strong

SNR (Left) and weak SNR (Right). . . . ... ... ... ... ... 18
DUTS5 amplitude variation across the probing line . . . . . . . . .. 19
DUTS5 decay constants across the device . . . .. ... ... .... 20
DUT5 dC plot for all probing locations . . . . . ... ... ... .. 21
Device Under Test 5 lifetime dependence on charge density at probed

positions . . . . ... L 22
DUT5 Hecht plot for two locations closest to the large contact . . . 23

viii



Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11
Figure 3.12

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4

Left: Hecht plot demonstrating the extrapolation of the built-in po-

tential [5]. Right: DUT5 Hecht plot indicating built-in voltages . . 23
DUTS5 estimated electric field strength . . . . . . .. .. ... ... 24
DUT®6 estimated electric field strength . . . . .. ... ... . ... 24
COMSOL simulation of WeSs device. Reproduced with permission

from [6], Wiley Materials 2018. . . . . . . .. ... ... ... ... 26
DUT5 amplitude and electric field similarities . . . . . .. ... .. 28
DUT6 amplitude and electric field similarities . . . ... ... ... 28
DUTS5 in focus under microscope . . . . . . . . . . ... 32

DUTS5 out of focus under microscope show laser location uncertainty 33
DUT5 under illumination by illumination laser . . . . . . . . .. .. 33
DUT6 oriented perpendicular to screen resulting in a diagonal line

seen in section 2.3.5 . . . . . ... Lo 34

ix



Chapter 1

Introduction

1.1 Transition Metal Dichalcogenides and 2D Materials

Transition metal dichalcogenide (TMD) nano structures are at the forefront of innovation
in photovoltaic cells, continuously being created and studied in an effort to shape the future
of solar energy systems. A parameter of photovoltaic cells that engineers are striving to
continuously optimize is the cell efficiency. One important aspect of this efficiency is the
charge carrier (electron or hole) lifetimes. Charge carrier lifetimes are important for solar
harvesting devices because the longer the charge carrier lifetime, the higher the chance that
the carrier will be collected and become current. Carrier lifetimes and how to optimize them
are largely still a mystery in TMDs and this gives engineers and researchers motivation to
understand carrier lifetimes in these materials so they can make new innovations towards
TMD solar cell efficiency.

TMDs are capable of achieving atomic scale thicknesses, known as two dimensional (2D)
materials, and are notable for their capacity to be engineered to achieve a single layer thick-
ness, called a monolayer. Interest in TMDs began after the discovery of the first 2D nano
material, Graphene, in 2004. This groundbreaking material proved to have great electronic
potential as a superconductor, spurring a decade of intense research into TMDs to explore
their electrical properties and potential applications [7]. Figure 1.1 summarizes the family
of 2D materials and there photosensitive range, this photosensitive range strongly influences

the possible applications of the material.
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Figure 1.1: Examples of different types of 2D materials and their photosensitive range [1]

The attention to monolayer and multilayer nano structure TMDs is primarily due to the
interesting electrical properties that TMDs exhibit at atomic scale thicknesses. These elec-
trical properties manifest in various ways and with varying intensity as the material transi-
tions from a bulk material to a monolayer. For example, transitioning to a monolayer shifts
the bandgap energy from an indirect to a direct bandgap allowing the material to become
photoluminescent. The bandgap energy, the most important property of a material in micro-
electronics, is what distinguishes a semiconductor from an insulator or a metal. This shift
in the bandgap energy is depicted in Figure 1.2. Furthermore, this shifting phenomenon en-
ables the bandgap to be engineered within a range of energies determined by the material,
known as bandgap engineering [8]. This is possible because the bandgap energy is a function
of the structural thickness of the device. The capacity to isolate TMD monolayers is rooted
in their van der Waals bonds. These bonds have robust covalent bonds within the planes
of the material, while simultaneously allowing van der Waals forces, essentially electrical
dipoles, to govern the interactions between these planes. This structural aspect is pivotal
in creating nano structures because this bond structure enables us to use mechanical exfo-

liation, a process by which layers can be peeled away from the bulk as depicted in Figure 1.3.

The change in electrical properties that occur in TMDs become maximized at the mono-
layer, where quantum effects become more apparent. For instance, an absence of an inversion
center develops and allows for the spin of electrons to be controlled by tuning the excitation
laser photon energy, thus adding a new degree of freedom to the charge carrier. Control-
ling the spin provides an opportunity to encode information in the spin of the electrons

comprising the current. Spintronic systems are currently being realized in dilute magnetic



semiconductors (DMS), and are of particular interest in the field of quantum computing

and neuromorphic computing [9].
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Figure 1.3: Monolayer structure of MoSy and the exfoliation method to fabricate monolayers

2]

1.2 MOSz

Within the family of TMDs, MoS, stands out as one of the most extensively researched since
2010, when the first monolayer was successfully isolated by researchers revealing photolumi-
nescent properties [10]. MoS, is particularly advantageous because of ease of fabrication and
is less expensive to synthesize than other TMDs. MoSs has also been shown to have high
photoresponsivity and absorption efficiency making it a promising material for photode-
tectors and solar cells [11]. Beyond performance and cost, MoSy has applications in areas
ranging from gas sensing, photovoltaics, energy storage, wearable electronics, and even wa-
ter decontamination [11]. Lastly, monolayer MoSs nanosheets are seen as one of the most
appropriate supplementing materials to graphene for the fabrication of low power electronic
devices [12].



MoSs has some drawbacks that are currently preventing it from being applied to main-
stream electronics. One is its slow photoresponse dynamics, referring to its slower charge
carrier mobility. This is where asymmetrical devices could be a step toward resolving that
drawback [13].

1.3 Asymmetrical MoS,

The new asymmetric contact geometry device was developed and investigated by the SFU
Nano Device Fabrication Group (NDFG) in early 2022, where an analysis revealed that the

device had the highest power conversion efficiency for a lateral 2D solar cell [3].

AS= 17835 jum’

Figure 1.4: Asymmetrical geometry devices and profile fabricated by NDFG [3]

This simple innovation of asymmetrical contact geometry introduces a built-in electric field
in between the contacts of the device. This allows it to be operated without any applied
bias voltage, unlike symmetrical MoSs devices. The built-in electric field is a consequence
of a Schottky barrier height mismatch. This height mismatch influences the direction of
current, allowing the device to behave similarly to a silicon photodiode. The larger Schottky
barrier corresponds to the smaller contact area and vice versa. The introduction of light
on the device generates electrons with enough energy to cross the lower Schottky barrier.
An electric current is produced as a result of these electrons being directed by the built-in
electric field. The physical interpretation of why the carriers drift to one contact is still
under investigation. A diagram of these unequal barrier heights from Abnavi et al (2022).

can be viewed in Figure 1.5 below.
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Figure 1.5: Unequal Schottky barrier heights resulting from uneven Schottky contact areas

[4]

The asymmetrical geometry results in an asymmetrical photovoltage amplitude output,
allowing the position of an incident photon flux from a laser to be determined from the
output voltage signal. The signal strength and polarity of the photovoltage are dependent
on location of the incident photons. This behavior is believed to originate from a combination
of the contact asymmetry and the lateral charge collection [6]. As a result, this material
shows potential for applications in position-sensitive detectors, which are crucial in particle
detection and robotics. A depiction of an asymmetric voltage response can be found in

Figure 1.6.
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Figure 1.6: Position voltage dependence for vertical (left) and lateral (right) [4]

1.3.1 Contributions

The work of this thesis continued the photo-electric characterization of asymmetrical MoSg
devices using transient analyses. How the transient response changes across the devices
active area are a primary focus of this thesis. Two asymmetrical devices built-in electric

fields were measured and compared via their respective contact geometry ratios and com-
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pared to literature. The position and charge density dependence of carrier lifetimes were
determined for a primary device (DUT5) to gain insight into the effects of asymmetric ge-
ometry on carrier lifetimes. All experiments were done using a focused laser, with a spot
size smaller than the active area of the device, to generate spatially localized photo-carriers.
The transient response of the laser blast was measured using an oscilloscope. By employing
Transient Photovoltage (TPV) and Transient Photocurrent (TPC) methods and analyses,
the position-dependent carrier lifetimes of a device, the charge densities, and the built-in
electric fields of two devices were all determined. These findings will allow informed deci-
sions to be made on device sizing, and assist in determining appropriate applications for
these devices. Whereas the carrier drift mobilities were unable to be determined due to time

constraints.

1.3.2 Thesis Organization

This thesis is divided into 4 chapters. The first chapter is an overview of photovoltaic nano
structures and asymmetrical MoSy devices. The second chapter covers the experimental
procedure and setups, and provides an overview of each device studied. The third chapter
covers the analysis and results gathered from the experiments and compares the devices
against each other and and to literature, as well as a discussion of properties, errors, and
inconclusive results. Chapter 4 is a conclusion of the thesis, summarizing the key findings,

challenges, and future work of this thesis.



Chapter 2

Methods

2.1 Equipment and Laboratory Setup

Devices were optically probed using a Horiba Scientific Delta Diode Picosecond Laser (DL),
characterized by a 100-picosecond pulse width with a 1 pum spot size, a 477 nm wavelength,
and an average power of 3 mW per pulse. This laser was used to locally excite electrons that
resulted in the transient amplitudes. Initially, devices were going to be probed by a single
pulse from this laser but every device that was tested failed to respond to a single pulse
from the DL. A transimpedance amplifier was employed to detect the signal from a single
pulse, but the signal was altered depending on a variety of amplifier settings and so was
abandoned in the setup. To adjust to the challenge, a Tektronix AFG3151C Arbitrary Func-
tion Generator (AFG) was connected to the DLs controller trigger input. This increased the
control over how many consecutive pulses were fired from the DL over an interval, called
a "burst", and the length of the interval between firing the next burst. Bursts of 50,000
pulses at 50MHz were used, resulting in an effective pulse duration of 1 ms. For some tests,
10,000 and 1,000 pulses were utilized, producing bursts of 100us and 20us, respectively. This
setup was expected to alter the rise time of the transients, which restricted the analysis of
the transients to exclude any rise times. The current-voltage (I-V) characteristics and open
circuit voltage (Voc) measurements were done with a Keithley 2400 source-meter, with the
small area contact always connected to ground. The Keithley 2400 was also used as the bias
voltage power supply for the electric field experiments. The transient signals were measured
using a Tektronix MDO3404 oscilloscope. To choose the probing location, hence moving the

laser spot around on the DUT, was done with a high precision x-y micro-positioning stage.

A second laser was used to provide a uniform bias illumination, which was necessary for
varying the Voc, was provided by a 440 nm continuous wave laser with a spot size of
roughly 240 pm. This illumination laser was capable of delivering 7.5 % but was reduced
to 300 % as the illumination laser was positioned at an angle of roughly 45 degrees above

the device under test (DUT). The device illumination, and thus the V¢, was varied using



a graduated neutral density filter (GDF). Each Voo was selected to be approximately 50

mV apart from one another.

Each device was connected to the external measuring circuit in an identical manner. Figure
2.1 illustrates the method of establishing the electrical connection to the device using a
probing stage and micro-positioning probes that are contacting the electrodes on substrate.

Figure 2.2 depicts the broader setup for the two experimental techniques.

Hlumination
Laser

Graduated
Meutral Density
Filter

Figure 2.2: Equipment setup with illumination laser and graduated neutral density filter



2.2 Transient Measurements

There are a few options for estimating the carrier lifetimes in solar cell devices with all
options being a transient technique. Common techniques include impedance modulated
photovoltage spectroscopy, transient photovoltage, open circuit voltage decay and photo
luminescence spectroscopy. Each come with certain advantages and disadvantages and de-
cisions one which technique to use requires considerations on available equipment, material,
and depth of analysis.

The analysis of the transient behavior in the asymmetrical devices involves two comple-
mentary methods: TPV and TPC experiments. These experimental methods are typically
performed together due to their similar data gathering approaches, ease of setup, straight-
forward analytical methods, and less sophisticated equipment demands compared to other
transient experiments. However, the analysis proved challenging, as the experiments detailed
in this thesis appear to be the first application of TPV and TPC methods for characterizing
MoSs nano structures. The data gathering process is performed while the device is held at
various Voc¢ and in an open circuit configuration for TPV measurements and in a short
circuit configuration for TPC measurements, displayed in Figure 2.3. Lastly, conducting
TPC experiments with the same set of bias illuminations as the TPV experiments enables

the estimation of charge carrier density at various Vgc.

J L Laser Controller
Function > Laser Controller Function —
Generator Generator ]
Diode Diode
Laser Laser
_~ llumination T A Mumination
2 Laser 7~ Laser
& -  E— < -
AV o
DUT DUT
Py — +
Oscilloscope Oscilloscope ;z

Figure 2.3: Setup diagrams. Left: TPV setup, Right: TPC setup.

Transient Photovoltage Measurements

The TPV method was selected to determine the charge carrier lifetimes of the primary
device. In TPV literature, you must ensure the DUT meets certain conditions for accurate
analysis. First, the device must be under an appropriate amount of uniform illumination
such that the transient voltage amplitude is sufficiently small compared to the Vpog. Typ-
ically, an appropriate transient voltage amplitude would be less than 20 mV, allowing the
increase in transient voltage to be directly proportional to the increase in the carrier den-
sity. This condition is necessary for the transient charge carrier kinetics to behave similarly
to that of bulk steady state operation and that the TPV decay is mono-exponential [14]
[15]. Additionally, the sufficiently small amplitude is essential to ensure that the decay of



the measured signal is from the recombination of carriers in the device and not from other

effects, such as capacitive effects from the junctions.

The circuit must be held in an open circuit configuration to ensure that the charges in
the device recombine without being extracted or flow through a short circuit meaning that
the decay in the transient voltage signal is assumed to be purely from carrier recombina-
tion. In TPV literature, the oscilloscopes 1MS2 input impedance is accepted as sufficient to

maintain an open circuit for measurements [14].

Each Vo was selected using the illumination laser and GDF as a combined system. The
illumination laser was static, with its laser spot illuminating the device while the intensity
of the illumination was selected by rotating the GDF to reflect a percentage incoming light
off of the DUT, thus controlling the actual incident photon flux on the device. The actual
values of the Vo selected for measurements were done in a way that attempted to adhere
to the conditions mentioned above and so that a set of measurements across the device were
done at Vo that were separated by roughly 50 mV. The process done to complete this was
to illuminate the device, measure the Vgoc on the Keithley 2400, and adjust the Voc using
the GDF if the Voc was not desirable for measurement, and then repeated until a desirable

Voc was found.

Extraction of the electron lifetimes 7, was accomplished by curve-fitting the decay pro-
file of the TPV observed across the device. The TPV method relies on a mono-exponential
fit of the voltage decay which means that it only can determine the lifetimes of the longest
lived charge carriers. The standard mono-exponential TPV equations [16] are derived from

the continuity equation and have the form:

AVoc(t) = AVe Pt (2.1)

where [ is the decay constant to be determined from the TPV decay curve-fitting, AV
is the peak transient amplitude, and AVpc(t) is the transient amplitude at time ¢. The

relation to the electron lifetime 7, is

where kBTT is the thermal voltage, and 7, is the electron lifetimes [16].

10



Transient Photocurrent Measurements

The TPC technique is often paired with the TPV technique because the two experimen-
tal setups are similar to one another, and when combining their magical powers can utilize

a method known as differential charging (dC) to determine the carrier density for each Voc.

When considering the differential charging analysis it is essential to perform the TPC ex-
periments at the same V¢ as the TPV experiments to obtain an accurate prediction of the
carrier lifetime dependence on charge density. This information is useful because it shows
how carrier lifetimes are effected by illumination intensity allowing the performance to be

estimated under certain conditions, like full sun illumination.

The experimental setup of TPC is fundamentally similar to the TPV experiment but the
charge is allowed to flow through a relatively low value resistor (Rrpc) and the voltage
across Rppc is measured using the oscilloscope and converted to a current using Ohms Law
(V=IR). The goal of these TPC experiments it to extract the collected charge (Aq) gener-
ated by the probing laser (DL in this case) by integrating the transient current response.
Doing this will provide us with an estimate of the charge generated at a specific location

on the device [5] [16]. The equation for the collected charge is thus:

1
Rrpc

t

Ag = / AV (1) dt (2.3)
0

where Agq is the collected charge of the current transient, Rrpc is the short circuit resistor,

and Voc(t) is the voltage amplitude measured on the oscilloscope.

Ideally, TPC measurements are conducted using a 50 {2 resistor to create a short circuit
condition; however, in our case, a 94 k{2 was necessary to have a measurable response across
the entire device length. The higher resistance value increases the transient rise and decay
times, which results in an overestimation in the collected charge. Additionally, since this
resistance value is approximately 1/10 of the 1 M€ input impedance of the oscilloscope, the
current divider formula tells us current through the resistor constitutes 90 percent of the
total current, resulting in a underestimation in the collected charge. This thesis assumes

that neither play a significant role in the results, or roughly cancel each other out.

Lastly, the number of pulses selected for the burst needs to be consistent across all TPC
measurements to ensure the calculated collected charge isn’t altered by the length of time
it takes to fire the number of pulses. The number of pulses need to be the same as the TPV

experiments.

11



2.3 Devices Under Test: Geometries and Properties

2.3.1 Device Preparation

The devices were prepared on p-type silicon substrates, which had oxide thicknesses of 300
nanometers and Au-Cr electrodes contacting the ends of the devices forming the Schottky
junctions. Using a microscope, the electrode separation was measured to be between 20 to
21 pm. Each device was connected to the circuit in the same fashion, with the small area
electrode connected to ground. The small area electrode was assumed to be the pointed tip
of each device and confirmed via the similar diode characteristics seen on the I-V curves in
Figures 2.7 and 2.10. Each device had a thickness modulation, evident by the color gradi-
ent from the reddish to faded green color change across the device seen in Figures 2.5 and
2.8. Device thickness varied between 30 (reddish) and 60 (greenish) nanometers where it is

assumed to be 30 nanometers in reddish regions and 60 nanometers elsewhere.

2.3.2 Probing Locations

Each device had 8 locations probed by the DL along a single line between the electrodes.
The chosen coordinate system has the origin, x = 0 pum, located along the small area con-
tact and increasing towards the large area contact. The physical separation between probe
locations was attempted to be 3 ym but since there was an uncertainty of £1 pym in the
position of the laser spot on the devices active area, the actual distance between probe

locations varies. The distances of the probe locations were measured using ImageJ software.

2.3.3 Dark I-V Characteristics

Measurements of the dark I-V characteristics revealed nonzero Voc in dark conditions for
both devices. This property was only observed in thickness modulated devices and not in
any devices of uniform thickness. This phenomenon will be referred to as the offset Voc or
Voc ofiset- The offset Voo was unexpected, as devices with built-in fields usually have an
Voc of 0 V in dark conditions. The observed non-zero Vg is believed to arise from the
screening effect, an ongoing area of study. The screening effect mechanism suggests that the
electric field of the device is exposed to atmosphere, unlike silicon diodes, and so can cap-
ture charged or dipole molecules in the air and from thermally generated carriers within the
device causing a voltage to build at the electrodes [17]. This explanation is believed to ac-
count for a majority of the offset Vgc. Both devices had a maximum observed Vo under 1

V, as per expectations given that the highest recorded Vo for an MoSy device is 1.02 V [18].

12



Throughout the course of this project, numerous devices were rendered inoperable dur-
ing testing, setup, and various experimental stages. Additionally, a number of devices failed
to function as anticipated. As a result, Device Under Test 5 (DUT5) and Device Under Test
6 (DUT6) emerged as the primary subjects for analysis in this thesis, having withstood the

rigors of the experimental process.

Figure 2.4: Devices destroyed by intense lasing and microprobe scratching

2.3.4 Device Under Test 5

-

Figure 2.5: Device Under Test 5

DUTS5 had a inter-electrode gap of 20 um and an active area of 312 um?. The large area
electrode had a contact width of 12.46 ym and a large contact area of roughly 38 um?. The
small area electrode had a contact width of 5.9 ym and a contact area of roughly 15.7 pm?,
giving the device a contact area ratio of 2.42. The locations that were optically probed by

the DL are indicated by the z distances from the origin seen in Figure 2.5. All distance and

13



area measurements were done with ImageJ software. Given the device area, the maximum
incident power on the device was approximately 936 uW from the illumination laser. This
was determined from the power density of the illumination laser multiplied by the device

active area.

Silicon

Au-Cr
Electrodes

Substrate

Figure 2.6: DUTS5 line of probing spots and distances from the small contact

21.62781 nA
B.542641 nA
3374307 nA
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B21278 pA

F2AI018 ph

1281296 pa

5.060915 pA

.

2V 1.5V 1 500 mv av S00 mv 1w 15V v
SMU-1

Figure 2.7: DUT5 dark I-V curve. The Voc and dark current are at the same point indicated
by the red circle. The value of the Vog offset Was -70mV
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The highest observed Vo for DUTS was -800 mV, -730 mV after removing the Vg offset -
The dark I-V curve is shown in Figure 2.7. The negative V¢ is a result of the connection
of the device to the Keithley2400 during measurements, as mentioned above, the small area

contact was always connected to ground to be consistent with [3].

2.3.5 Device Under Test 6

Figure 2.8: Device Under Test 6

This device had a inter-electrode gap of 20 pum and an active area of 274 um?. The large
area electrode had a contact width of 9.54 um and a large contact area of roughly 18.92
pm?. The small area electrode had a contact width of 9.89 ym and a contact area of roughly
10.94 pm?, giving it a contact area ratio of 1.73. The probing locations depicted in Figure
2.9 are diagonal across the device because the device was oriented to be straight up and
down on the screen while taking measurements making it easier to find the same probing
location multiple times with less uncertainty. The probed locations are indicated in Figure
2.8 by the distance x from the origin. Given the device area, the maximum incident power

on the device was determined to be approximately 822 uW from the illumination laser.
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Figure 2.9: DUT6 with the line of probing locations at the x distances

DUT6 had a much larger offset Vo at -380 mV than its counterpart. A possible explanation
for the large difference in Vo could be that DUT6 had a much higher light sensitivity than
DUTS5. Both devices had Voc measurements taken in identical dark conditions; however, it
was impossible to completely remove all light from screens and LEDs on equipment from the
laboratory environment. This light could have resulted in skewing the Voc of DUT6 during
measurement. The largest observed Voo of DUT6 was -588 mV, -208 mV after removing
Voc offset- The dark Vo and dark current are summarized in Figure 2.10.

5483237 pA
5166448 pA
ZO1AET2 A
1533428 pA
B.354089 pA

4.551293 pA

ZAT9536 pA

1.350047 i

7359391 fA

400.5383 fA

8 (-380.0654 m, 349,25 TA)

av 15V 1w 00 v ov SO0 my W 18V av
BMU-1

Figure 2.10: DUT6 dark I-V curve depicting the offset open circuit voltage
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Chapter 3

Results

3.1 Carrier Lifetimes in Asymmetric Devices

The carrier lifetimes were extracted by applying a mono-exponential curve fit to the tran-
sient voltage decay. The fitted decay curve is used to determine the time constant value 3
in equation (2.2). 8 must be calculated for each position = at each Voc (Voc n). Finally,
using equations (2.1) and (2.2), the long lived carrier lifetimes are estimated from the time

constant.

MATLAB was used to fit each decay curve. To ensure consistency between each fit, the
MATLAB algorithm and curve-fitting process were maintained as consistently as possible;
however, some areas of the device yielded especially small transient amplitudes. In particu-
lar, the center of the device and the area near the smaller contact of the device resulted in
smaller amplitudes compared to other areas of the device. Measurements of smaller tran-
sient amplitudes lead to noisier data and more uncertain decay constants. For fitted decay
curves with especially low signal-to-noise ratios, it was necessary to intervene by modifying
the configuration of the MATLAB curve fit to ensure the fit was not critically effected by

the noise. An example of the variation in the fitting method can be seen in Figure 3.1.
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Figure 3.1: Example of variation in fits from MATLAB demonstrating strong SNR, (Left)
and weak SNR (Right).

One issue with the mono-exponential decay fitting is that its derivations do not assume a
lateral transport of the charge carriers. As a result, mono-exponential decay fitting does
not account for the recombination that occurs as the carriers drift across the device length
to the contact. The amount of recombined carriers would depend on the diffusion length
and the built-in electric field of the device. Thus, for probing positions where the charge
carriers travel the furthest to reach the contacts, the voltage amplitude measurements and

their corresponding decay constant calculations would be skewed.

Further complications develop with the use of the TPV method in maintaining a suffi-
ciently small transient voltage amplitude. The variation in measured amplitudes across the
device made it somewhat difficult to adhere to the AV < 20 mV condition. This proved
especially true for probing locations at the thickest part of the device. On occasion, selecting
a sufficiently large Voc for one end of the device made it difficult to measure the ampli-
tude on the other end. As well, selecting a small Vp¢ resulted in the measured transient
amplitude to increase beyond the desired 20 mV threshold. Although it was ensured that
the variation in probing location was always within the positional uncertainty of 1 pum,
the amplitudes of the transient responses were very sensitive to even slight variation in the
probing location. This meant that remeasuring the same spot on the device often led to a
high variation in the data. In these instances, it was necessary to average measurements
in order to have confidence in the TPV and TPC results. Figure 3.2 is an example of the
amplitude variation for TPV measurements in DUT5. Note that the plot in Figure 3.2 has

the position axis reversed from the one defined in Section 2.3.
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Figure 3.2: DUTH amplitude variation across the probing line

Interestingly, it was found that for similar selected Voc and similar probing locations on
the device, the fitted § values varied more than expected. The Vpc data was condensed,
averaging data over a 40 mV range (e.g., 530 to 570 mV) of V¢ values. This resulted in five
Voc values to be used for data analysis. The Vgc range was determined so that there were
roughly an equal number of 8 data points in each 40 mV range. The 5 values are plotted

against the Voc in Figure 3.3
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Figure 3.3: DUT5 decay constants across the device

3.1.1 Carrier Density from Differential Charging

Once the decay constants at each position were determined, the charge carrier densities
were extracted with the dC method, which utilizes the TPV/TPC synergy. Employing
the dC method requires that the TPC measurements are taken at the same Voc as the
TPV measurements. Ag;(Voc n) is the charge collected at position z for a specific Voc n
indicated by the subscript n. Equation (2.2) for Ag;(Voc n) is found in section 2.2. Once
Agz(Voc n) has been found for all x at the nth Voc and the transient voltage amplitudes
recorded for the nth V¢, the dC for each position is calculated from:

_ Aqgc (VOC n)

dC, = —————~
AV,(Vocn)

(3.1)
once the dC is calculated for each location (dC;) and all Voc, one can then determine the

total charge produced at a Voc , one location at a time, by integrating the dC, over all

the Voc values used for measurements using equation 3.2:

Vocn
Qx(Voc) = /0 dC, dVoc (3.2)

where Q,(Voc) is the total charge collected for a single position and a single Voc, and
Voc n is the limit of integration [14]. This process is then performed for all Voc measured
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at each position. A plot of dC vs V¢ to visualize the integral can be seen in Figure 3.4

below.

" DUTS Differential Charging Relation to Open Circuit Voltage

25 T

1
450 500 550 600 650 700
Open Circuit Violtage (mV)

Figure 3.4: DUT5 dC plot for all probing locations

The plot in Figure 3.4 shows how the generated charge at each position is affected by the
Voc from the illumination. Where positions 1, 4, and 12 pum are least affected by the Voc.
Once the integration is complete, the charge density n, can be found by dividing Q,z(Voc)
by the elementary charge ¢, thickness d, and contact area A [14].

Ng =

The thicknesses used were 30 nm for positions (1 to 13.25) pm and 60 nm for positions
(16.75 and 18.75) pum. This resulted in charge densities between (102 and 10) cm™3.
These charge densities are similar to other reported charge densities [19] [20], but are a
few magnitudes lower as both report in the 10!”cm™3 range, while another source reports
the charge densities of in the magnitude of 10'® cm™3 [21]. The relation between charge

densities and carrier lifetimes is summarized in Figure 3.5.
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Table 3.1: Moss carrier lifetime comparisons from various sources

Mosg Carrier Lifetimes
This Work | [23] 1 Layer | [23] 10 Layer | [24] Bulk | [25] bulk
7 | 400 - 4500 ns 50 ps 1 ns 200 ps 2.6 ns

DUT5 Carrier Lifetime Dependence on Charge Density

e,

A

5
——_ — ./
---H.\\ \\

N

Carrier Lifetimes 7, (sec)

Charge Density (cm )

Figure 3.5: Device Under Test 5 lifetime dependence on charge density at probed positions

A notable trend can be seen where the carrier lifetimes decrease as the charge density
increases. This relationship between carrier lifetimes and charge density is characteristic
of many types of solar cells [22]. Further, a stark difference can be seen between carrier
lifetimes near the electrodes and those near the device’s center. It is suspected that the
lifetimes near the contacts of the device are shorter due to the increase in strength of the
electric field near the contacts. Additionally, the relatively large thickness of the device near
its large contact allows for a higher number of trap states and recombination centers, which
may contribute to the shorter lifetimes. In contrast, the center of the device has a weaker
electric field and thus the carriers have a lower drift velocity. Due to the lower drift velocity,
the carriers near the center of the device experience relatively slower recombination and

therefore larger lifetimes.

3.2 Internal Electric Field of Asymmetrical Devices

Estimation of the built-in electric field required a second round of TPC measurements
across the probing locations while applying a variety of bias voltages. DUTH and DUT6
were both under uniform illuminated and held at a Vo of -0.69 V and -0.18 V respectively.
By plotting the charge collected from the current transient against the applied bias voltage,
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the built-in voltage at position x can be determined. When plotting Ag, vs Vpias a linear

region can be seen for small voltages around 0 V. A linear curve fit of this region can be

used to estimate the built-in voltage of the device at x. By extrapolating the linear fit to

the z axis intercept, the estimation of the built-in voltage is the resulting intercept value.

This plotting method is known as a Hecht plot [5].

Charge Collected (C)
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Figure 3.6: DUT5 Hecht plot for two locations closest to the large contact
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Figure 3.7: Left: Hecht plot demonstrating the extrapolation of the built-in potential [5].
Right: DUT5 Hecht plot indicating built-in voltages

Once the built-in voltage is determined for each position, the electric field is estimated by

by dividing the Vy; by the distance from the probing position to the contact. The polarity

of the response determines which contact on the device should be used for the distance
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measurement. Negative polarity indicated that electrons were moving toward the large area
contact and vise versa. The electric field estimations for DUT5 and DUT6 are shown in the

figures below.
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Figure 3.8: DUTS5 estimated electric field strength
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Figure 3.9: DUT6 estimated electric field strength

The electric field strength of both devices peak around 1.5x 105¥ near the small area con-
tact, but differ near their large area contacts. DUT5 and DUT6 have their respective contact

asymmetry ratios of 2.42 and 1.73, which may have an effect on the behaviour of the electric
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field near the large contact. We attempt to compare the contact asymmetry to the built-in
electric field with hopes to assist in the design process of these new MoSsy diodes but two
devices is not enough data for concrete conclusions to be drawn about the relationship
between the contact areas, thicknesses, and the electric field so a third device is presented

with the hope to assist in the analysis.

3.2.1 Electric Field Comparison

We now compare the results of this thesis to a paper that has simulated an asymmetric
WeSs device and the respective built-in electric field using COMSOL software and finite
element modelling (FEM) which is presented in Figure 3.10. The simulated WeSy device
was truly 2D with contact widths (not areas), of 5 pm and 0.5 pm, with an inter-electrode
gap of 2 um and Au-Ni contacts. A reminder of the device dimensions studied in this thesis;
devices had an inter-electrode gap of 20 pm with large and small contact widths of 12.46
pm and 5.9 pm for DUT5, and 9.54 um and 9.89 pum for DUT6. The simulated built-in
electric field was reported to have a maximum electric field strength of 4x 106%, roughly
one magnitude larger. Considering the difference in the simulated device dimensions and
materials used, the results of the simulation agree nicely with the results of this thesis.
The strength of the simulated electric field would be higher than the devices measured here
because the simulated device is much more asymmetrical with a contact width ratio of 10,
versus the width ratios of 2.11 and 0.96 for DUT5 and DUT6 respectively. Given that the
asymmetry affects the Schottky barrier heights and the difference in these heights affects
the electric field induced, the asymmetric MoSy devices may perform even better than WeSs
at the same asymmetry ratio. The shape of the electric fields for the simulated device and
DUTS5 are quite similar as well, whereas in DUT6, the similarities stop near the large area
contact. This discrepancy in the shape in the field must be caused by the smaller contact
ratio, where at a contact area ratio of 1, the shape of the electric field would be symmetric

about the center of the device.

3.3 Discussion
3.3.1 Lifetimes

Many sources have indicated that the carrier lifetimes found for MoSs are between tens of
picoseconds and tens or hundreds of nanoseconds [23] [24] [25]. In this paper, the lifetimes
have been measured in the microseconds, with the shortest carrier lifetime at about 400
nanoseconds. Since this is the first occurrence of an asymmetrical MoSs device having its
lifetimes estimated via TPV measurements, it is understandable that they not agree. The

first possibility for the magnitudes difference in lifetimes is that the TPV method was men-
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Figure 3.10: COMSOL simulation of WeSs device. Reproduced with permission from [6],
Wiley Materials 2018.

tioned to only detect the longest lived carrier lifetimes due to the mono-exponential decay.
Given that the compared papers are measuring lifetimes through different methods could
account for the wide discrepancy in the reported carrier lifetimes. A distinction between the
methods of the compared papers and this thesis is in many papers the carrier lifetimes that
are measured are either radiative recombination lifetimes or exciton lifetimes for monolayer
MoS,. Radiative recombination lifetimes and exciton lifetimes are similar and occur when
an electron-hole pair created from the same photon absorption event recombine with each
other after a short time. Radiative recombination requires a monolayer for measurements
because it measures the photoluminescence, which requires the direct bandgap of monolayer
MoSs. Excitons are a type of dual charge carrier, bounded together by the coulombic force

when electrons and holes are not separated by some mechanism, like an electric field.

Another possible explanation could be the difference in thickness of the asymmetric MoSs
investigated in this thesis and the thicknesses in the compared papers. Most sources have
investigated the lifetimes of monolayer MoSy while this thesis investigated 30 to 60 nm
MoSs. This difference in thickness could account for some of the discrepancy in the results
as the carrier lifetimes were shown to increase by two magnitudes from 40 ps to 1 ns by
increasing the number of MoSs layers from 1 to 10 [23]; however, it is not clear whether
this trend for thickness dependence on carrier lifetimes would continue up to the thickness
of 30 to 60 nm, or 38 to 75 layers thick.
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A last possibility in the discrepancy of results is that the experimental design used in this
thesis was flawed and overlooked some factor that resulted in measuring the voltage decay
of the discharging electrodes instead of the decay of the MoS2 photovoltage. This could be
possible if the RC of the external circuit rivals the junction capacitance and shunt resis-
tance (Rg,C,) of the device [26]. However, the experimental setup was confirmed using a
Thorlabs DET10A silicon photodetector where a single pulse response was measured. With
TPV still being widely used to study pervoskite, silicon, and organic solar cells, combined
with the simplicity of the experimental setup, it is difficult to imagine that others measure
recombination lifetimes using this method if the measurements can easily be disrupted by
the external measurement circuit. On the other hand MoSs and specifically asymmetrical
MoSs are unlike any other solar cells previously studied using the TPV and TPC methods.
Certainly these results would need to be confirmed by future experiments to better under-
stand the nature of these papers results and the results of this thesis. If this papers results
are accurate, then asymmetrical MoSs is a simple and easy way of fabrication that increases
carrier lifetimes by roughly 100 to 1000 times, better than any surface treatment used to

increase carrier lifetimes.

3.3.2 Built-in Electric Fields

When observing the built-in electric field plots of each device, there is a noticeable similarity
to plots of the device’s photovoltage amplitudes. With this similarity in mind, determining if
there is a simple relationship between the TPV amplitude and the electric field could assist
in developing a method for electric field estimation purely from the transient photovoltage
amplitude, contact asymmetry, and thickness. The plots of amplitudes and electric fields for
each device are presented in Figure 3.11 and 3.12 below to show these similarities. A last
observation is the large contact side, x = 21, of DUT6 doesn’t drop further in the negative

as seen in DUT5, and the reported device.
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Figure 3.11: DUT5 amplitude and electric field similarities
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Figure 3.12: DUT6 amplitude and electric field similarities
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Chapter 4

Conclusion

4.1 Thesis Shortcomings

The primary limitation of this thesis lies in the inability to verify its results without future
experimentation, marking a significant area of disagreement. The possible explanations are
that the TPV method cannot be used for this material for reasons that are unknown, the
external measurement circuit measured something other than the carrier lifetimes of the
MoSs, or the asymmetrical geometry increases the carrier lifetimes to be in the microsec-
ond range.

Another limitation of this thesis was the lack of MoSy devices studied and analysed. Only
two asymmetrical devices could be studied, with only one device having the charge carrier
lifetimes and charge densities determined. The absence of an adequate comparison between
asymmetrical and symmetrical devices leaves a lot to be questioned about the asymmetrical
device performance since there is no baseline performance of the symmetrical device. Sym-
metrical devices where studied briefly, but were rendered inoperable before experimentation
was complete, or were determined to be a bad device to use for a comparison due to poor

Au-Cr electrode quality.

4.2 Uncertainties

The uncertainties and potential errors are reviewed in this thesis in detail. There are 3 main

subsections concluding uncertainties.

4.2.1 Diode Laser Spotsize

The focus of the laser was not constant throughout the measurements; it drifted, slowly
increasing the spot size over time. This drift would result in more generated carriers and,
as mentioned above, the amplitude of the voltage response was quite sensitive to changes in
location over the active area of the device. Consequently, these effects would likely increase

the calculated charge density.
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4.2.2 Probing Location

To focus the DL required the defocusing of the microscope that was used to visually position
the DL over the device. This defocusing led to a greater uncertainty in the DL probing
location across the device. The uncertainty from the blurred device on screen combined
with the physical orientation of the device not always being perpendicular on the screen led
to uncertainties in probing location. This uncertainty was mitigated as much as possible
by taking photos of the probing location using a smartphone, but the lack of detail on the

device made relocating the exact same probing spot more difficult.

4.2.3 Equipment

The measuring equipment (oscilloscope and Keithley 2400) added measurement uncertain-
ties to the data. The Voc measured by the Keithley2400 varied by +10 mV during repeat
measurements. The oscilloscope consistently had noisy oscillations that were apparent at
very small signals leading to greater uncertainty of the small amplitude locations. This small
signal-to-noise ratio was, at times, difficult to handle with the MATLAB algorithm when

curve-fitting.

4.3 Future Work

Future work should be primarily focused in refining the measurement method of determining
the built-in electric fields for more devices and confirming the built-in fields of DUT5 and
DUT®6 using a simulated approach. A simulation using COMSOL would be the fasted way
to validate the strengths of the built-in electric fields of DUT5 and DUT6 while providing
a foundation to confirm future results. Understanding the relationship between the contact
asymmetry and the electric field could open up applications for finely tuned geometry, as

is the case for silicon photodiodes.

4.4 Concluding Statements

In this thesis, the effective carrier lifetimes were measured using the TPV technique and
were determined to be between 500 nanoseconds and 6 microseconds. The carrier lifetimes
showed device-position dependent qualities and typical behavior when plotted against the
charge density, which lends some validity to these results. The combination TPV and TPC
measurements resulted in charge densities within the same expected magnitudes for MoS,.
Lastly, the built-in electric field was estimated to be 150 kV/m at the electrodes, and were
in the same realm as the compared WeSs device considering the contact asymmetry. Future
work should continue focusing on the relationship between built-in electric fields and contact

asymmetry, as well as verify the lifetimes via other means. If the built-in field can separate
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the charge carriers effectively enough to increase the lifetimes by magnitudes, the MoS, will

have far more potential applications than initially thought.
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Chapter 5

Appendices

5.1 Devices Under Laser Microscope

Figure 5.1: DUTS5 in focus under microscope
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Figure 5.2: DUT5 out of focus under microscope show laser location uncertainty

Figure 5.3: DUT5 under illumination by illumination laser

33



Figure 5.4: DUT6 oriented perpendicular to screen resulting in a diagonal line seen in section
2.3.5
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5.2 MATLAB Algorithms

5.2.1 TPV Processing

NegResp = false;
if exist( ANALOG', 'var') == 1
laserON = ANALOG(18:length(ANALDG)-1,:);
Response = VarName3(1B:length(VarName3)-1,:);
time = WaveforaType(l8:length({WaveformType)-1,:);
end
laserON = round(laserON);
LightoN = find(laserON==1);
LightON_Indx = LightOM(2); Xstart of laser burst
LightOFF_Indx = LightON{end); %End of laser burst
Responsel = Response(LightOFF_Indx#1:round(length(time)*(18/18))); %Shorten Array to isolate response
timel = time(LightOFF_Indx+l:round(length(time}*(18/18)));
timel = timel - timel{l); X Burst start is t - @
Responsel = Responsel - mean(Responsel(round(length(Responsel)*(3/4)) :round(length{Responsel)™(11/11))));% shift response to decay to @
Responsel = Responcel./abs(mesn(Recponse?(1:18))); ¥ Normalize
% Response2 = Responsel. /abs(max(Responsel));

%Moving average od data for noisy or high data signals

M = movmean(Responsel,5);

T = movmean(timel,5);

if length{Response)>=1880@ ¥ Average out the waveform a bit

for i=1:length(Responsel)*e.500@
M = movmean{M,5);
T = movmean(T,5);
end
end

% Invert response if negative, flag to keep trus response
if Response(LightOFF_Indx-18)<@

Response2 = -1.*Responsel;

M= -1.%H;

NegResp = true;
end

% Further Isclate the response

% This part ususlly required a persenal touch

Min_valu = min(M};

Decay_end_Indx = Tind{M==Min_valu);

% Responsel = Responsel(l:Decay_snd_Indx);

X timel = timel(1:Decay_end_Indsx);

% M = M{1:Decay_end_Indx) - M{Decay_end_Indx);

% T = T{i:Decay_end_Indx}- T(i};

M = M - (M{end)+M{Decay_end_Indx))/2; ¥round(length(M)/2) (M(end)+M(Decay_end_Indx))/2 (abs(max(M(Decay_end_Indx:end)))-abs(min(M(Decay_end_Indx:end)))}/2
¥ Response? = Responsel(3758:18280) - Responsel(13288);
% timel = timel(375@:1820@) - timel(l);
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Morm = M./max(M(1:5));5

HREXXXXXX ADDED Nov 15 RREEXEEZRXIEE

¥%%% Conduction Band Lifetime estimation®¥X¥ Not Used

¥ lifetimes should be within 1 and 188 ns to agree with litureature
% 5et k_cb to be 1 to 18@ ns and determine Nt@, or n_eq, or NC

% vit) =
% -(KBT/(g-(TC/T))In[t=k_cb*{1-(T/TC)) (NC*TC/(Nt8*T)) (n_eq/NC)~{1-T/TC)]
T = 3ae;

kB = 1.3792E-23;

e_charge = 1.6E-19;

TC = 515; ¥Characteristic temp of Mos2
MC = 1.5E15; ¥cm~-3

Mte = 1E18;

n_eq = 1E13;

% Ce = kB*T/(e_charge*(1-(T/TC)));

e = kB*T/{e_charge®(1-(T/TC}));

C1 = exp(((T/TC)-1)"e_charge®max({M)/(kB*T));

C2 = (1-(T/TC)Y*((NC*TC)/(NE@*T))* ({n_sq/NC)~(1-(T/TC)) ) *timel{round(@.2*length(tim=1)));
k_cb = (exp(ResponseZ(round(@.2*length(timel)))/C0))/C2

k_cbk = 1/k_cb

EESEREEEELELESEEEESEELEERSEEEEE SR EEELELEEE LSS LR Y

¥ PLOTS

¥ figure;

¥ semilogx(T,Norm)

% title('DUTS TPV Response Semilog $\beta$', Interpreter’,’'latex');

¥ wxlabel('Time (sec)',’'Interpreter’,'latex’);

% ylabel('Decay Constant $\beta%’, 'Interpreter’,'latex’);

% % legend("x = 1 ($'mufm)’,"'x = 4 ($'\mufm) ', 'x = 7 ($'\mufm)', 'x = 1@ ($'\muPm)"', 'Interpreter’,’latex’);
¥ grid on

% hold on

¥ figure;

% semilogx(timel,Response2)

¥ title('DUTS TPV Response Semilog $\beta$','Interpreter’,’'latex');

¥ xlabel('Time (sec)',’'Interpreter’,'latex’);

% ylabel('Decay Constant $\beta%’, 'Interpreter”, "latex');

¥ legend('x = 1 ($\mufm)', 'x = 4 ($\mufm)’,'x = 7 ($\mufm)’, 'x = 18 ($\muim)', ‘Interpreter’, latex’);
¥ grid on

% hold on

tt = logle(timel};
TT = logle(T);

Af = log(Responsel);
A = log(Norm);
plot({timel, AA)

hold on

grid on

title('DUTS TPV Response Semilog’,'Interpreter’, 'latex'};
xlabel( 'Time (sec)','Interpreter”,'latex’);

ylabel( 'Mormalized Ln($‘deltafV)', Interpreter’, latex');D

NegResp ¥Notify if response was <@

P_P = max(M) - min(M) ¥Peak to peak amplitude estimate
clear ANALOG WaveformType WarName3;

36



5.2.2 TPC Processing

R_tpc = 9208@; ¥TPC Resistor
numPulses = 16@@;
flag = false; % Set negative response flag
if ewxist( ANALOG', 'var') == 1
laserON = ANALOG(18:length(ANALOG)-1,:);
Response = VarName3(18:length(VarName3)-1,:)./R_tpc; XVoltage to current
time = WaveformType(18:length(WaveformType)-1,:);
k = k+1; % Array index for automatically filling array with charge collpction values
if mod{k,6) == @
k=13
end
clear ANALOG WaveformType VarMName3;
end
laseroN = floor(laseron);
LightON = find(laserON==2); %Sometimes DL pulse amplitude 2 and sometimes 1
if isempty(LightON)
LightoN = find(laserON==1);
end
LightON_Indx = LightON(1);
LightOFF_Indx = LightON(end);
XResponse main array
Responsel = Response(LightON_Indx-48:LightON_Indx+{round{length(time)}*(2/5))));
timel = time(LightON_Indx-4@:LightON_Indx+(round(length(time)*(2/5))));
% Moving mean for noisy or high data point arrays (@ver 1leek points)
M = movmean(Responsel,5);
T = movmean(timel,s);
if length(Response):»=10@@e ¥ Average out the waveform a bit
for i=1:round(length(Responsel)}*&.20808)
M = movmean(M,5);
T = movmean(T,5); %, 'Endpoints”, shrink’
end
end
# Isolate the response
Min_valu = min{abs{M{round{length(M)}/2:end))));
R_min = min(abs(Responsel{round(length({Responsel)/2:end})));
Decay_end_Indx@ = find(abs(Responsel) == R_min);
Decay_end_Indxl = find{abs(M)==Min_valu);
Responsel = Responsel(l:Decay_end_Indx@{end)}) - M{Decay_end_Indxl(end));%Responsel(Decay_end_Indx@{end));
timel = timel(l:Decay_end_Indx@(end));
M = M(1:Decay_end_Indxl(end)} - M{Decay_end_Indxl{end});
T = T(1:Decay_end_Indxl{end))};
#Charge collection is the integral of current over time
Q_@ = trapz(timel,Responsel);
Q_@ arr = cumtrapz(timel,Responsel);
Q.1 = trapz(T,M);
% Q1 _arr = cumtrapz(T,M)};

R_tpc = [18@8,5008,10000,47006,102000,10002000] ;

b = [1.583e26,6.6825,4.2415,9.427e4,4.75624,8536];

bl = b./max(b);

Qe_arr(k) = Q @; % Fill the arrays for analysis by final program
Q1_arr{k) = Q_1;
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5.2.3 TPV Processing 2

Pos = [1.5, 4.5, 7.5, 10.5, 12.5, 15, 17, 19]; ¥Position in micrometers

% Pos = transpose(Pos);

% Pos = flip(Pos);

Voc_19 = [594, 664, 778];

V_Tau_7786 = [3.943e4, 3.65e4, 1.476e4, 1.91%e4, 2.508e4, 2.275e4, 6.316e4, 5.099¢4]; XTPV decay Teu Datesetl Voc=-778 for all positions
V_Tau_664 = [1.825e4, 1.596ed, 1.096ed, 1.386ed, 1.482ed, 1.19ed, 3.451ed, 1.697e4];

V_Tau_594 = [8557, 7999, 5781, 6917, 70@2, 7516, 1.289:=4, 1.01224];

B1_1% = flip(V_Tau_778);
B2_19 = flip(V_Tau_664);
B3_19 = flip(V_Tau_594);

Voc = [594, 684, 778];

PosZ_beta = [1.012e4, 1.697e4, 5.89%9e4];
PosY_beta = [1.289%e4, 3.45led4, 6.316e4];
PosA_beta = [7516, 1.1%9e4, 2.27524];
PosB_beta = [78082,1.482e4, 2.508e4];
PosC_beta = [6917, 1.386e4, 1.91%e4];
PosD_beta = [5781, 1.896e4, 1.476e4];
PosE_beta = [7999, 1.596e4, 3.65e4];
PosF_beta = [8557, 1.82524, 3.943e4];

pos_voc_arrd = [Voc; PosZ_beta; PosY_beta; PosA_beta; PosB_beta; PosC_beta; PosD_beta; PosE_beta; PosF_beta];

% DUTS Amplitude (V) Oct 19 Data Asmplitudes obtained from matlab algorithm

Mamp778 = [-8.8016, -5.5887e-4, -9.5525e-5, -3.76609e-5, -1.6465e-4, -2.8916e-4, 1.5562¢-4, 4.2348e-4];
Mamp&64 = [-8.0211, -0.0@4, -4.8037e-4, -7.8651e-4, -0.7333e-4, -8.5211e-4, 1.535e-4, 8.0014];
Mamp594 = [-8.8561, -0.916%, -2.00815, -2.0014, -7.2991e-4, -4,1264e-4, 2.9552e-4, 9.9512e-4];
% AMplitudes gotten from oscilloscope P-P measurements pos Y to Pos F (mV)

ampses = [.674, .267, -.643, -1.751, -2.396, -3.558, -42.22, -83.66];

amp547 = [1.85, 8.5095, -.289, -1.172, -1.8285, -2.48@5, -15.5, -48.75];

amp5%4 = [1.195, @.77@, @.8215, -9.1265, -1.488, -1.64525, -17.9@3, -34.78];

amp631 = [1.633, @.792, @.825, -.1895, -.9257, -1.0793, -7.9645, -28.797];

amp675 = [1.1663, @.3167, -0.642, -0.729, -0.8615, -8.936, -4.326, -19.22];

amp788 = [0.549, -8.363, -8.364, -8.218, -0.252, -0.308, -8.543, -1.798];

amp = [amp547; amp594; amp631; amp&7S; amp778];
figure;

plot(Pos(1:6), amp(4,1:6))

grid on

% Added Nov 5 Data from octl9 never processed
% averaged data Beta
Vocl = [547, 584, 631, £75]; % \pm 25mV

Y = [66@8, 8787, 9386, 1.033e4];
T = [1.21e4, 9880, 1.826e4, 2.241ed];
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= [2172, sas4,
4781,
5738,
6108,
8390,

8811,
7259,

1.51584];
§633];

8864, 9338];
7941, 1.028e4 |;
1.026e4, 1.259e4];
1.18604, 1.21e4];

= [6719,
- [7504,

MmO N
"

pes_vec_arrl = [Vecd; ¥; Z; A; B; € DG E; F];

% Raw data Beta

¥Y = [7581, 9983, 8964, 1.8275ed];
Iz = [1.356e4, 9696, 1.115e4, 2.24124];
AR = [2412, 1.309e4, 7215, 1.812e4];
BE = [S3B4, 5478, GSEE, 1.826e4
CC = [6063, 6523, 8946, 1.035ed];
OO = [6245, 6999, 7E3A, $838];

EE - [6748, 8544, 1.045e4, 1.236e4
FF = [7851, 8989, 1.242ed, 1.285e4];

pos_voc_arr2 = [VWocl; Y¥; ZZ; AA; BB; CC; DD; EE; FF];

X Average of the two fitted waveform estimation, be they come from the
% dataset
pos_voc_arr = (pos_voc_arrl + pos_voc_arrl)/2;

ame

% Combine the two 594 =V data to increase confidence
pos_voc_arr(:,2) = (pos_voc_srr@(:,1)#pos_woc_arri(:,2)+pos_voc_arri(:,2))/3;

XStandard Deviatiom of TPV Decay values matrix, rows are Woc, columns are position on device

std - [63@, 845, 198, 1274; 6891, 3387, 629, B83; 170, 3136, 213, B3@9; 539, 54%, 476, 1809; 100, 556, 568, 721;

XXX Complete Dataset

% voc = [547, 594, 631, 675, 594, 664, T778]; Mivg 594: and 675 with 664 = 670
voc = [547, 594, 631, 670, 778);

voc = woc - 78;

TPV Amplitudes

ya =
8 =
am =
ba =
ca =
da =
es
fa -

[e.8e11, 8.8011, 8.8815, 8.0012, 4.2348e-4];
[2.5082¢-4, 8.34e-4, 9.145e-4, 5.77e-4, 1,5562e-
[6.572-4, 2.542e-4, B.32e-4, 4.59e-4, 2.8%16e-4];
[2.821, 2.5147e-4, 5.017e-4, 3.282e-4, 1.6465e-4
[@.8817, 8.42e-4, 7.24e-4, 6.516e-4, 3.7665e-5];
[@.8224, 0.0015, ©.8912, .9911, 9.5525¢-5];
[@.2151, .82, 0.011, ©.0841, 5.5087e-4];
[0.8487, 0.0356, ©.8209, ©.9179, 0.8016];

amp_arr = [y aa; ba; ca; da; ea; fal;

5.2.4 TPC Processing 2

vb o= [-2, 01, 8, 1, 2]; %,
Pos = [1.5, 4.5, 7.5, 1.5, 12.5, 15, 17, 18];

Vb_MIL = [-2.35, -1.65, -8.65, 8.35, .65, 1.36, 1.65]; Whovil data for bissed tpc

% Wov @ Charge collected Current transiests integration with applied bias

296, BBE, 361, 241, ; 7@, 671, 134, 162; 6B6, 77, 396, 661]

1
1; Sshifting wp by lowsst valum for log plots

% voltages

% In Coulombs

GFE v [7.959124 655267 3e- 57e-11, 3. “17, 4o s am

Ges = [0, 538837600340736-17, 1 . 3 NE

ods - 3, 3.8232

Qet 3, 3

ks . 18, 2.7

gas = ee15, 1.1

s - M4, 8 1
s - 4, 3

Qpos_arr = [Vhj QyS: 35 QeS; QbS: Qo5 Q455 QLeS) QTS]) Norylng to dlsclude olés dte

% Wov 11 Biss voltsge tpc Vb_W11
qyse « [-5 174e-13, -3 T31e-13, 2. 15,2 13, 2. .1 17381e-13, 4 3ode-14]; % CAUTION of last 2 elesents, check image
. 3 ) -3, THEL 13, 2 Be-16, 2 + -1.350 4, -6 n -1, 95457511 15% CAUTION of lost 2 elements, check image ond Jrd last |
= [-1.75451757152174e-13, -1 3, 1. 1, 2 1, 1§ . -1 30e-13, -2, L0165M1004M0e-15]; § CAUTION of Last elesment, Ind last neess specisl attes:
* [-6.33326177070801 be- 14, 1. TTRRITELTIONNRe-14, . 7193024, 2, 13, 1 o1 . 1 1
. . 3. 1, 1 13, 2 . 7 . 2! -13
. Bite-14, 8 13, 374 13, 2.BATIIB0INTIIIGN-DI, 3.39AB03F4A9131e-13
= [2.343958 21730150014, 1 B2e-13, 1 x .t o 1.2734807T418 3040 -
= [5. 2899188717301 20-14, 1. -13, 3. . . 2.8 . 8.334464117068220-
e = [VBNIL: qySH: qESA: qaSD; shSO; qeSdi odS; qeSe: gqfSe);
=0
= [-4.63214396186133e 13, -3.76048727661153e-13, -1, 2. 13, 6. 1 -4 -1 Tr4e-13];
= [-1.75784529030040e -13, -4, BO138424 . 2 .1 3,1 3, -1.21% -2.18133 '
= [-5.48931 a 14, 3, 35760 4 1 -13, 1,8868: 3, . 3, 1,51891424135457¢-13]5
= [-2.31B413295094 36e - .3 » 1o 3, 2.9983 3, 7.3 , 1.BI6EEITIBMSIe-13];
= [-1.866I7187232T0Se - ", 2 2. . . 27 L 3.ALAR1ETE1625e-13];
= [z . 5 ! 3 e-14, 3 -13, 4. 953ARTITIILN-1T, 1.I76040BRA5145e-12, 12704557 21T65-12];
= [4.17996663545470 -1, 5. JR04TIFTH 1AL 1. 139146447 370650- 13, 5,77 13, 0.373410 1, 7.BATRIOFIGGATE-12, 4. 1199GGEITAT4I0e-12];

i opos_srr(2:0.0x q_pes_arr(
Mhow 9 TPC Cata, Transients collected at variows Voe, voct ne blas veltage.
KThe Woe is just te equate an illumination, the circult was sot opes

wock = [S&8, 590, £48, 680, TTO] - Te:

Qpon_srr{3:9,2) q_pos_ser{2:9.3) q_pon_srr(2:9,4) q_pos_srr{2:9,3) q_pos_srr{
.2} Q_pos_arr(2:8,3) q_pes|arr{2:9,3) Q_pas_arr(2:9,3) q_pas_srr{3:
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8} q_pos_arr(;
.3} q_pes_arr(2

73 Q_pan_arr{z
9.5) G_pos_aer(

L1
L4} q_pos_arr(2:9,6) o_pas_srr{2:9,7) Q_pes_arr(2:9,5)];




% Chsrge collected, Esch arr is & certain voc scross voc@(1) = pos¥, vocl{end) = posf

vocB_778 = [2. 5 3,31 3, 2.93036a37185943¢-13, 1.68152127036052e-13, 2.24975078591407¢-13, 2.36111562128871e-13, 6.9719 2e-13, 1.96538 12];
wecl_778 = [1.52668728753625e-13, 3. 3, . 570e-13, 1. 3, 2. 3, 2. 1, 6. 3, 1.95311 12];
vock 699 = [4.17270220715042e-13, 1.16160038913956e-12, 2.@4036472234000-12, 2.67309323915607e-12, 3.66345203546262e-12, 4. T0140887527644e-12, 1 11, 3. 1]
vOC1_650 = [4.158556A5135778e-13, 1.15605447245564e-12, 2.81325012224259e-12, 2 1z, 3 12, 4.77316755518077e-12, 1 11, 3.37 ul;
wocB_B48 = [1.551740695150478-13, 2.34408172651757e-13, 5.41148106825218e-13, 9.51486177933779e-13, 1.40197744483159e-12, 2.03571200489527e-12, Z. .3 1u];
voel_t4d = [1. Te-13, 2 13, 5.38309064274450e-13, 9. 4T616010545387e-13, 1 12, 2.03064 12, 2.4227014323751%-11, 3.93718826229702e-11];
vocB 550 = [1. L L. le-13, 2 13, 5. 13, 9.30375317188117e-13, 1. 12, 1.33%8 11, 4.36754852323702e-11];
wocl_598 = [1.21 13, 1. 752e-13, 1. e-13, §.23005B48263403e-13, 9. B1447458538973e.13, 1. 1, 1. 12128811, 4.35103485777133e-11];
wvorl_548 = [1.45369700607610e-14, 8.08752471247134e-14, 2.71354356955129e-13, 6.7TI77051070026e-13, 8,5321T180770638e-13, 1,60055567240395e-12, 1,4543494317556%e-11, 4, 24347986722 202e-11];
vecl_548 = [1. Te-14, 8 s 24697 13, 6.7Z179635136382¢-13, B 13, 1,674 12,1 10e-11, 4 ul

qarcd = [vocd_S40; vood_590; vocd_640; vocd_69@;
g_arrl = [vocl_$48; vorl_S58; vocl_649) vocl_698;
%rlot of charge vs position for Vbi Determination
% figures

% X plot(Q _pos_srr{l,1:2), Q_pos_srr{8,112},"-x', Linewidth*, 2}

% plot(Q_pes_arr{l,:), Q_pos_arr{2,:),"=x", Lineidth' 2}

% grid on

¥ legend('1 $lmuSa’,’d $imase’, 7 $mun’,"10 $ieufa’, 12 $'muse’,"15 $ieuSe’, 18 Simufde’, 21 $imufs®, ‘Interpreter”,’latex”,‘Location’, northwest® )%
% % title{'DUTS TPC Charge Collected $\beta$ ws Vb°,'Interpreter’, latex’);

% title("OUTS Linear Fit of Low Bims Woltage Data (Nov &), Interpreter’,’ latex');

% xlabel('vi (V)','Interpreter’, 'latex’);

% ylabel('Charge Collected {C}','Interpreter’,'latex'};

XX ylim([-1.5¢-13,4.5¢-12]);

% xlim([-2.8,-9.6]);

% qf = fittype({'x'}};

g = fit(transpose{q_pos_arr(1:1,3:4) ), transpose(q_pos_arr{5:9,3:4)), 'linearinterp’);

figure;

plot(fa, qpes_arr{l:d,:), qpes_arc(®,:]), "=’}

% plot{gq_pos_arr{1,1:3), gq_pos_arr{8,1:3}, "-x", Linewidth' 2}

grid on

% legend('1 Fieuin’,"d $lmafn’, 7 Fleuia’, 10 $ieufa’, 12 Feude’, "15 $ieuia’, 18 Fieugde’, 21 Pimuiae’, CInterpreter’, " lates’, "Location’, 'northwest’ )%
¥ title("OUTS TPC Charge Collected $ibetaf ws ¥b", "Interpreter’,’latex’);

legend('18 $'\muSdm','Fit’," Interpreter’, 'latex’, "Location’, ‘northwest');X

title( DUTS Linear Fit of Low Bias Voltage Hecht Plot $x§ = 18 $isuSde’,'Interpreter’,”latex”,'FontSize’,20);
xlabel('vh (v}', Interpreter’, latex', fontsize’,18);]

ylabel('Charge Collected (C)°, Interpreter’,’latex”, Fontsize’,16);

ax o gERG

mx.ColorOrder = mycolors;

% set(gca, ‘Color’,[0.9, 0.9, 8.3])

% ylim([-1.3¢-13,2,3¢-13]);

% xlim([-3,-0.6])

% Plot of charge collected vs pasitiom

fg = fit(transpose{q_pos_arr{l1:1,3:4)),transpose({q pos_arr(9:9,3:4)), 'linesrinterp’);
figurej

plot(fq, q_pos_arr{i:1.:), q_pos_arrf{9,:), '="})

% plot{q_pos_arr(1,1:3), q_pos_arr(8,1:3), *-x', LincWidth’,2)

grid on

% legend ("1 $imusm’, 4 Fimulm®, 7 $imusm”, 10 $hmusm’, 12 Sieusm®, 15 S\muse’, 18 $imufdm’, "Z1 $\mu$m’,'Interpretar’,’latex’,’Location’, northwest’ ¥

% title("DUTS TPC Charge Collected $'beta$ ve VB','Interpreter’,’lstex');

legend('18 $\muSdm‘, 'Fit', Interpreter®, latex','Locstion’, northesst');%

title('DUTS Linear Fit of Low Biss Voltage Hecht Plot Sx§ = 18 $'\muldm', Interpreter’,’latex');
xlabel{'vh (V)', Interpreter', latex'):

ylabel{ 'Charge Collectad (C)°, Interpreter’, latex');

ax = gea;

sx.ColorOrder = mycolars;

set{gca, "Color',[0.6, 0.9, 8.9])

% ylim{[-1,3e-13,2.3e-13]);

% xldm{[-3,-8.8])

X Plot of charge collected vs position

3 plot{Pos, Q@ pos_arr{2:9,:), "-x', Linckidth’,2)

% grid on

X legend('vb = -2 ¥','Vb = -1 V', 'Vb = B V' ,'Wb = 1 ¥','Vb « 2 V', "Interpreter”, ‘latex");
% ritla{ DUTS TPC Charge Collected $ibetas vs Position', ‘Interpreter’, 'latex’);

% xlabel('Position ($imuSm)’, Interpreter’, ‘latex”);

% ylebel('Charge Collected (€)', 'Interpreter’,’latex’};

% plot{voc9,q arré(:,1)})
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5.2.5 TPV and TPC Processing

T =308; XK

elementay_charge = 1.6%18"-1%;

k_B = 1.3752*18~-23; ¥ Boltzmanns Constant

XEER TPV DATA from DUTS_Analysis_Novlz XXEX

Pos = [1.5, 4.5, 7.5, 18.5, 12.5, 15, 17, 19]; ¥Position in micrometers
pos = [1, 3.25, 5.5, 7.75, 1@, 12.25, 14.5, 16.75]; % New estimate Nov13
voc = [547, 534, 631, 670, 778];

voc = voc - 7@; ¥Subtracting the offset voc

vocd = [54@, 598, 649, 698, 770]; % Voc from TPC Data
vocd = vocd - 78;
XEX AMPLITUDE DATA XXX

% amplitudes gotten from oscilloscope P-P measurements (mV), Ordered

ampses = [.674, .267, -.643, -1.751, -2.396, -3.558, -42.22, -83.66];
amp547 = [1.85, 0.5885, -.289, -1.172, -1.8205, -2.4005, -15.5, -49.75];
amp594 = [1.195, 8.778, ©.0215, -8.1265, -1.488, -1.64525, -17.903, -44.78];
amp631 = [1.633, @.792, @.825, -.1895, -.9257, -1.6793, -7.9645, -20.797];
ampE75 = [1.1663, ©.3167, -0.542, -8.729, -8.8615, -0.936, -4.326, -19.22];
amp780 = [0.848, -0.363, -0.364, -0.218, -0.252, -0.308, -0.643, -1.798];
amp = [amp547; amp594; amp631; amp&75; amp778].%18%-3; ¥ For units in Wolts

% MATLAB TPV Amplitudes (V)

ya = [0.0011, 0.0011, ©.8015, 0.8812, 4.2348e-4];

z8 = [2.5822-4, B.34e-4, 9.145e-4, 5.77=-4, 1.55622-4];
a8 = [6.57e-4, 2.542e-4, 6.32e-4, 4.5%e-4, 2.8%916e-4];
ba = [@.081, 4.5147e-4, 5.017e-4, 3.28le-4, 1.6465e-4];
ca = [8.8017, 8.42e-4, 7.24e-4, 6.516e-4, 3.76869e-5];
de = [@.9@24, ©.0015, 9.8012, @.0@11, 2.5525¢-5];

ea = [8.8151, .92, ©.811, 9.0841, 5.5087e-4];

fa = [0.0487, ©.0356, 0.8209, 0.0179, 0.0016];

amp_arr = [ya; za; aa; ba; ca; da; ea; fa];

XEX TPV DECAY DATA XXX

y corresonds to lum, f to 28um, lum is small area contact, 20um is lerge
= [5969, 9638, 9175, 1.253ed, 5.89%e4];

= [1.083e4, 10822, 18705, 2.6443e4, 6.316e4];
= [3351, 5753.3, 7864, 1.506e4, 2.275ed];

= [4987.5, 5727, 6922.5, 1.73e4, 1.508e4];

= [B244, 6392, 8455, 1.118e4, 1.91%924];

- [5851, 6296, 7915.5, 1.0393e4, 1.476e4];

= [6654, 6311, 1.835524, 1.5637e4, 3.65e24];
= [7213, B899, 1.214e4, 1.8133e4, 3.94324];
barr = [y; z; a; b; c; d; e; f];

XTPV Decay uncertanties

- S - B

XTPV Decay wncertanties
std = [1375, 846, 298, 2561, 2827; 6851, 3387, 629, IBA7, 1.13led; 1827, 3136, 213, 5718, 5795 428, 549, 476, 2068,
B3gw; 551, 556, 568, 1549, 3475; 160, 886, 361, 380, 1526; 131, 671, 134, 1089, 7411; 699, 77, 396, 2113, 3315);

% Apparent electron lifetimes matrix
tarr = (1. /barr).*((k_B*T)/elementay_charge);
arr = [voey tare]y

% apparent electron lifetimes uncertainties
stdt = (gtd. fare(2iand, c}). mare(2end, 1)
NN R NN ENRN

ANHNNX TRC DATA from DUTS_TRC_Analysis_Ot3e

Vb o= [-2, -1, @, 1, 2]; ¥Movd TRC bias voltages

Vb_N11 = [-2.35, -1.65, -8.65, 0.35, 0.65, 1.36, 1.65]; ¥Nowll TPC bias voltages
V_bias = soru{[VE_N11, VB]); X combiaed blas voltages Nev 9 & 11

% (Now 5 TPC Dats) Transients collected at wericus Voo “wocS” no bias voltage.
% @ signifies data, 1 cignifies averaged data

4The Voc is just to equate an illusination, the circult was not open
Noacd = [548, S90, 648, 699, TPR];
% Charge collected. Each arr is a certain voc across voc8(1) = posY, wocB(end) = posf

un

vocd_T7@ = [2.55605834106334e-13, 3.31157919256226e-13, 2.93036437185043e-13, 1.68152127036052e-13, 2.24075075091407e-13, 2.36111562126571e-13, 6.97192001866912e-13, 1.96536739046877-12];
vorl_770 = [2.525887207538252-13, 3.280498951626470-13, 2.55408431815570e-13, 1. 13, 2.2 13, 2. 13, £.930 13, 1.95311 12];
vecl_69@ = [4.17270229713042¢-13, 1.16168038913956e-12, 2.0403647123498%0-12, 2.87300 12, 3.8634 12, 4. T644e-12, 1. 11, 3.38989761826445e-11];
vocl_838 = [4.15055605135778-13, 1. 3 12, 2.8332%81 S8e-12, 2. 12, 5.84935 FaS2le-12, 4773167555180 7e-12, 1.087018187509444e-11, 3. 37700251062%07-11];
vocB_648 - [1.55174065515547e-13, 2.34408172651757-13, 5.41148108825210e-13, §.514061" 3, 1. 32, 2.83871108400527e-12, 2.43085587148276e-11, 3.95060567537607e-11];
vocrl 648 = [1.51852091201967-13, 2.345088973846530-13, 5.38300064274450e-13, 9.4 387e-13, 1. 166e-12, 2.93064360712006-12, 2.4227014323751%-11, 3.93718826229701e-11];
woCB_598 = [1.24957509154524e-13, 1.35BO7S75E55511e-13, 2.18558714058277e-13, §.27458148206636e-13, B.90375317108117e-13, 1. 28188454286570e-12, 1. 935E78A5654500e-11, 4. I6754092323702e-11];
veel_598 = [1,21674531606063e-13, 1.38269400687752e-13, 2.19995145000737e-13, 5,23205848063403e-13, 9.02447455530973-13, 1.17000267150624e-12, 1.92046705412128e-11, 4.35203485777133e-11];
vock 540 = [1 14, 8. T134e-14, 2.71 13, 6771 13, B.53217180778638¢-13, 1. 12, 1. 75569€-11, 4.

vorl_S48 = [1.302366686467474-14, B.63B360217326700-14, 2.657435461916190-13, 6.72179635136382e-13, 8. 13, 1. 12, 1. Ti0e-11, 4.128663355006000-11];
% q_arr® = [voco _$40; vocd_$90; voch_648; voco_g99; vocd _T70):

q_arrl = [vecl_588; wocl_S98; vocl_649; vocl_699; vocl_778];

q_arr@ = [voc_54@; voc®_599; voc®_640; voc®_690; voc_770].*0.0285; ¥This is 8 factor to help with the overestimste of s 108kobm resistor

% it is the ratio of the extrapolated true TPC decay over the 108koha

X TPCdecay

% Mow 3 Charge collected Current transients integration with applied bias

X voltages

¥ In Coulombs

Qs = [7. 14, 2. 19197¢-13, 3.87 2e-12, 4.18370226678003e-12, 4.31761690157606e-12];

Qe = [B, 5268276012407 3e-17, 1.45909035511. 13, 2.2082282233737%e-12, L1 12, 2. T478e-12]; Nshifting wp by lowest value for log plots

Q_ds = [-1.57357377655809-14, 6. 4e-17, 1.76153186576975e-13, 3.50490560737150e-13, 3.62323053035630-13];

Qs = [-4.32011 14, 3. 14, 1 39e-13, 1.5636 65e-13, 2 I6de-13];

Qb5 = [-5.14195036453533e-15, 5.72155427522543e-14, 1. '4e-13, 2.39242322377146e-13, 2.7 s
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Q_as = [-7.59926400113526e-14, 2.86839177531207e-14, 1.73326138258157e-13, 1.1216738157@271e-13, 1.115018952425592e-13];
Q_z5 = [-5.54103710054514.-13, -7.774754402086408%-14, 1. 261605901 02468Te-10, 3. B1528744041241e-14, 6.31690205538228=-14];
Q_yS = [-4.36118587128980e-13, -1.15925086347463e-13, 9.42501142907076e-14, 4, 21699739483 255e-14, 3. 99565188832512e-14];

Q_pos_arr = [Vb; Q_y5; Q_z5; Q_a5; @ b5; Q_¢5; Qd5; Q_e5; Q_f5]; ¥trying tp disclude olda data

X Mov 11 Bias voltage tpc Vb_W11

qy5e = [-5.363@2872652174e-13, -3, 339471587173%1e-13, 2.11338425000000e-15,| 2. 5452585 65e-13, 2.2907416 13, 1.46289929717391e-13, 4.675836592301584.-14]; % Ca
qz5@ = [-4.63584521605652e-13, -3.76619772000000e-13, -2,30011913043478-16, 2. 65749894673013-13, -1.35151236152174e-14, -6.52520038478261e-14, -1.95457511510870-13] ;%
qas@ = [-1.75451757152174e-13, -1.@BB62145804348e-13, 1.10277 13,| 2.3256105 5@9e-13, 1.577599923605656-13, -1.2048592673913e-13, -2.13165941304348e-15]; ¥
qb5@ = [«6.13526177173913e-14, -2.77863701739131e-14, B.769506202173%2e-14, 1.10208830521739e-13, 1.90932794566957e-13, 1.52045350076087e-13, 1.45599267326@87e-13];
qcs@ = [-1.5174228B655652e-14, -1.2561245902173%e-14, 5.61850919456522e-14,| 1. 228 13, 1. 13, 7.13199861413044¢-14, 1.97483547869565e-13];
qdSe = [-2.09478345217391e-14, 1.29145804347826e-14, 8.0255Q789132438e-14, 1.82B07550865565e-10, 3.74232187956522e-13, 2.B4790582521759.-13, 3. B8A8Q315489151e-12];

eS8 = [2.34895521730131e-14, 1.16670376434783e-13, 1.303621729347630-13, 3. B6501006717301e-13, 5.45475131141304e-13, 1.27741830606522e-12, 1.27546977516304-12];

qfs@ = [5.28991867173912e-14, 1.06@58768684763e-13, 2.13235498608606e-13, 6.9130B650510670e-13, 9. 96444513586057e-13, 2.B530796653260%9e-12, 4.33446411206522e-12];

q_pos_arr = [Vb_M11; qyS@; qz5@; qase; gbSe; qc5e; qdse; qese; qfsels

XXEEE COMBINED DATA ANALYSIS XENXEEEX

dl = 38"18~-9; % Device thickness from lum to 15um
d2 = 60*18"-9; ¥ Device thickness from 17 to 28 um
Spotsize = (pi*1@~-4)~2;

dq_dv = q_arr@. /transpose(amp_arr); % Divide charge extracted by transient boltage peak
% Columns are positions, rows are the summed charges upto that vec

quac = cumtrapz({voc®.*1*10"-3,dq_dv,1); ¥ Integrate over dv_dq from wocl to vocN for M=l to N

% Charge density at each position (Col) and Voc (row) in SI units
% Divide charges by elementary charge, thickness, and contact

% area-restimated to be contact width times thickness

rvac = [qwoc(:,1:6)./(elementay_charge*dl*6.67°18"-6), qvoc(:,7:8)./(elementay_charge*d2*13.68*18"-6)];
nvog = nvoc.*(1*18"=6); ¥ put units in cm"-3

% Meed to plot the loglog so take abs(nvoc)

Nvac = mbs(nvoc);

% Log-Log plots of carrier liftimes depemdence on carrier density

XNE THIS IS WHAT I'VE BEEN WAITING FOR XX%

mycolors = [1 ©.25 ©.5; 0,25 1 0.5; €.5 ©.25 1; 1 1 6.25; 1 6.5 1; 0.5 1 13/ 1 0.5 0.25; 8.5 .5 0.25];

figure;

loglog(Mvoc, transpose(arr{2:9,:)),'-"", "LineWidth' ,2)

grid on

legend("1 $mudm’,'4 $imusm', "7 $imusa’, 1@ $'muse’, '12 $\euse’, 15 $ieuim’, 16 $imulm’,'Z1 $imuse’, " Interpreter’,'latex”,’Location’, ‘northeast’ )%
title('OUTS Carrier Lifetime Dependence on Charge Density’, "Interpreter’,”latex');

xlabel( Charge Density (cm$~{-3}$)", Interpreter’, latex');

xlabel('Charge Density (cm$~{-3}%)', Interpreter®, latex');

ylabel( Carrier Lifetimes $\tau_n$ (sec)’, Interpreter’, latex’);

ax = gea;

ax.ColorOrder = mycolors;

X Not sure which one is better -> im going with above because the liftimes
% get slightly shorter at less charge density for some reason.

XEXERXERXEAREX OLD but keeping REXREXRRXEXXEXXEX

Nvoc = nvoc - min{nwoc,[],2);

flgure;

laglog(Nvoc, transpose(arr{2:9,:)), -, Lineklidth*,2)
grid on

legend ('l $\eufe','d Sieube’,'7 Siauta’,"10 Simusa’, 12 $\mufm', 15 $imufs’, "18 S\mudm','21 $\muSm','Interpreter’,’latex’,’Location’, 'northeast');%
title{ 'DUTS Carrier Lifetime Dependence on Charge Density’,’ Interpreter’,|latex’);

xlabel('Charge Density (cm$~{-3}3)",'Interpreter’,'latex');

ylabel('Carrier Lifetimes (S\tau_n§)', 'Interpreter’,'latex’);

ax = goa;

set(gea, "Color®,[8.9, 0.9, @.9])

ax.ColorOrder = mycolors;

W opE R pR R R R R R ot R

EEEEEERSELEEL LA LA EL L LA EES LTS
ELECTRIC FIELD ANALYSIS EXERXR

XDataset 1 from Nov 11 (V) element(l) = posY element(8) = PosF

Vbil N1l = [-8.65620, -8.5401, -1.1728, -1.480799, -1.4675, -1.9169, -3.B65546, -2.853]; Wethod of extraction 1 (black)

Vbi2_N11 - [-@.65625, -8.8451, -1.75, -1.486879%, -1.4675, -1.45, -1.2, -1.2]; ¥Method of extraction 2 (red)

OCV_N11 = -8.698; ¥0ffset subtracted

XTPC was performed under illumination bias, subtract OCV from extracted Vbi| (OR subtract it from the bias voltage when extracting Vbi)
Vbil N1l = Vbil W11 - OCV_N11;

Vbi2 _N11 = Vbi2_N11 - OCV_N11;

XDataset 2 from Oct 38

Vbil 030 = [-0.448459, -9.6365, -1.274093, -1.86225, -1,4599, -1.00034, -2, -2.424];

vbiz_03@ - [-9.448459, -0.6365, -1.225, -2.€83, -1.33, -1, -1.1, -1.142];

OCV_038 = -8.673; XThe premeasurement Voc was 785, the post measurement Voc| was 648 with offset subtracted avg = -.673
vbil 038 - vbil_03@ - OCV_020;

vbi2_030 = vbi2_03@ - OCV_038;

XAverage datasets
Vbil = (Vbil W11 + Vbil_038)./2;
Vbiz = (Vbii_nil + Vbiz_038)./
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% Built in Electric Field estimation

% Need to consider which contact electrons are collected at to consider
% distance, pos 1 and 2 electrons move toward small and 3 to & they move
% toward large contact, therefore distance travelled is p(1), p(2),

% 28-[p(3) to p(8)] in um

distances = [pos(1:2), 2@-pos(3:8)].*18"-6;

E1_D5 = Vbil./distance5;

E2 D5 = vbi2./distance5;

HX¥Xtrying shifting up E to be positive inly for log plots¥EXEX

% E1_D5 = E1_D5 - min(E1_D5);

% E2 D5 = E2 D5 - min(E2_D5);

% figure;

% semilogy(pos,E1_D5,'-*", " LineWidth',2)

% figure;

% semilogy(pos,E2_D5,'-*", " LineWidth',2)

% semilogx(pos,E1_D5)

% hold on

% semilogx(pos,E2_D5)

EEESS SRR SRS RS FEESESEEREEEEE SN E TS SRS RS
figure;

plot{pos{1:8),E1 D5(1:8),"-*", "LineWidth’,2)
grid on

title('DUTS Built in Electric Field Strength®, "Interpreter’, "latex’);
xlabel( ' Position ($'\mufm}", 'Interpreter', latex’);

ylabel( Electric Field Strength (Vim)', 'Interpreter’, latex’);
figure;

plot{pos{1:8),E2 D5(1:8),"-*", "LineWidth’,2)

grid on

title('DUTS Built in Electric Field Strength®, "Interpreter’, "latex’);
xlabel( ' Position ($'\mufm)}", 'Interpreter’,’'latex’);

ylabel( Electric Field Strength (Vim)', 'Interpreter’, latex’);

figure;

plot({woc9,E2_DS(1:8),"'-*", " LineWidth',2)

grid on

title{'DUTS Built in Electric Field Strength’,’'Interpreter’,’latex’);
xlabel( Position ($\mufm)','Interpreter”, 'latex");

ylabel('Electric Field Stremgth (v/m)','Interpreter’,’'latex');

B aR 38 R o sl
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