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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

1012 and 1015 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 × 105 V

m
.

Keywords: Simon Fraser University; 2D nanostructures; MoS2, Asymmetric contact ge-

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

and neuromorphic computing [9].

Figure 1.2: Band gap energy shifting from bulk to monolayer in MoS2 [2]

Figure 1.3: Monolayer structure of MoS2 and the exfoliation method to fabricate monolayers
[2]

1.2 MoS2

Within the family of TMDs, MoS2 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]. MoS2 is particularly advantageous because of ease of fabrication and

is less expensive to synthesize than other TMDs. MoS2 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, MoS2 has applications in areas

ranging from gas sensing, photovoltaics, energy storage, wearable electronics, and even wa-

ter decontamination [11]. Lastly, monolayer MoS2 nanosheets are seen as one of the most

appropriate supplementing materials to graphene for the fabrication of low power electronic

devices [12].

3



MoS2 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 MoS2

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].

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 MoS2 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.

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 MoS2

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 MoS2 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.
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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 µm 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 100µs and 20µs, 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 µm. This illumination laser was capable of delivering 7.5 mW

cm2 but was reduced

to 300 µW

cm2 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 VOC, was varied using
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a graduated neutral density filter (GDF). Each VOC 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.

Figure 2.1: Device connected using micro-positioning probes

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

MoS2 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 VOC.

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 VOC. 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

9



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 1MΩ input impedance is accepted as sufficient to

maintain an open circuit for measurements [14].

Each VOC 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 VOC 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 VOC that were separated by roughly 50 mV. The process done to complete this was

to illuminate the device, measure the VOC 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 τn 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:

∆VOC(t) = ∆V e−βt (2.1)

where β is the decay constant to be determined from the TPV decay curve-fitting, ∆V

is the peak transient amplitude, and ∆VOC(t) is the transient amplitude at time t. The

relation to the electron lifetime τn is

τn =
1

β
×

kBT

q
(2.2)

where kBT
q

is the thermal voltage, and τn is the electron lifetimes [16].
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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 VOC 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 (RTPC) and the voltage

across RTPC 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 (∆q) 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:

∆q =
1

RTPC

∫ t

0

∆V (t) dt (2.3)

where ∆q is the collected charge of the current transient, RTPC is the short circuit resistor,

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

Ideally, TPC measurements are conducted using a 50 Ω resistor to create a short circuit

condition; however, in our case, a 94 kΩ 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 MΩ 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.
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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 µm. 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 µm, 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 µm but since there was an uncertainty of ±1 µm 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 offset. The offset VOC was unexpected, as devices with built-in fields usually have an

VOC of 0 V in dark conditions. The observed non-zero VOC 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 VOC. Both devices had a maximum observed VOC under 1

V, as per expectations given that the highest recorded VOC for an MoS2 device is 1.02 V [18].
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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

DUT5 had a inter-electrode gap of 20 µm and an active area of 312 µm2. The large area

electrode had a contact width of 12.46 µm and a large contact area of roughly 38 µm2. The

small area electrode had a contact width of 5.9 µm and a contact area of roughly 15.7 µm2,

giving the device a contact area ratio of 2.42. The locations that were optically probed by

the DL are indicated by the x distances from the origin seen in Figure 2.5. All distance and
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area measurements were done with ImageJ software. Given the device area, the maximum

incident power on the device was approximately 936 µW from the illumination laser. This

was determined from the power density of the illumination laser multiplied by the device

active area.

Figure 2.6: DUT5 line of probing spots and distances from the small contact

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 VOC offset was -70mV
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The highest observed VOC for DUT5 was -800 mV, -730 mV after removing the VOC offset.

The dark I-V curve is shown in Figure 2.7. The negative VOC 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 µm and an active area of 274 µm2. The large

area electrode had a contact width of 9.54 µm and a large contact area of roughly 18.92

µm2. The small area electrode had a contact width of 9.89 µm and a contact area of roughly

10.94 µm2, 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 µW 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 VOC at -380 mV than its counterpart. A possible explanation

for the large difference in VOC could be that DUT6 had a much higher light sensitivity than

DUT5. 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 VOC of DUT6 was -588 mV, -208 mV after removing

VOC offset. The dark VOC and dark current are summarized in Figure 2.10.

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 β

in equation (2.2). β must be calculated for each position x 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 ∆V < 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 VOC 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 µm,

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: DUT5 amplitude variation across the probing line

Interestingly, it was found that for similar selected VOC and similar probing locations on

the device, the fitted β values varied more than expected. The VOC data was condensed,

averaging data over a 40 mV range (e.g., 530 to 570 mV) of VOC values. This resulted in five

VOC values to be used for data analysis. The VOC range was determined so that there were

roughly an equal number of β data points in each 40 mV range. The β 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. ∆qx(VOC n) is the charge collected at position x for a specific VOC n

indicated by the subscript n. Equation (2.2) for ∆qx(VOC n) is found in section 2.2. Once

∆qx(VOC n) has been found for all x at the nth VOC and the transient voltage amplitudes

recorded for the nth VOC, the dC for each position is calculated from:

dCx =
∆qx(VOC n)

∆Vx(VOC n)
(3.1)

once the dC is calculated for each location (dCx) and all VOC, one can then determine the

total charge produced at a VOC , one location at a time, by integrating the dCx over all

the VOC values used for measurements using equation 3.2:

Qx(VOC) =

∫
VOC n

0

dCx dVOC (3.2)

where Qx(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 VOC to visualize the integral can be seen in Figure 3.4

below.

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 µm are least affected by the VOC.

Once the integration is complete, the charge density nx can be found by dividing Qxx(VOC)

by the elementary charge q, thickness d, and contact area A [14].

nx =
Qx(VOC)

q d A
(3.3)

The thicknesses used were 30 nm for positions (1 to 13.25) µm and 60 nm for positions

(16.75 and 18.75) µm. This resulted in charge densities between (1012 and 1015) 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 1017cm−3 range, while another source reports

the charge densities of in the magnitude of 1015 cm−3 [21]. The relation between charge

densities and carrier lifetimes is summarized in Figure 3.5.
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Table 3.1: Mos2 carrier lifetime comparisons from various sources

Mos2 Carrier Lifetimes

This Work [23] 1 Layer [23] 10 Layer [24] Bulk [25] bulk

τ 400 - 4500 ns 50 ps 1 ns 200 ps 2.6 ns

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. DUT5 and DUT6

were both under uniform illuminated and held at a VOC 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 ∆qx vs Vbias 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 x axis intercept, the estimation of the built-in voltage is the resulting intercept value.

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

Figure 3.6: DUT5 Hecht plot for two locations closest to the large contact

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 Vbi 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.

Figure 3.8: DUT5 estimated electric field strength

Figure 3.9: DUT6 estimated electric field strength

The electric field strength of both devices peak around 1.5×105 V

m
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 MoS2 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

WeS2 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 WeS2 device

was truly 2D with contact widths (not areas), of 5 µm and 0.5 µm, with an inter-electrode

gap of 2 µm and Au-Ni contacts. A reminder of the device dimensions studied in this thesis;

devices had an inter-electrode gap of 20 µm with large and small contact widths of 12.46

µm and 5.9 µm for DUT5, and 9.54 µm and 9.89 µm for DUT6. The simulated built-in

electric field was reported to have a maximum electric field strength of 4×106 V

m
, 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 MoS2 devices may perform even better than WeS2

at the same asymmetry ratio. The shape of the electric fields for the simulated device and

DUT5 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 MoS2 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 MoS2 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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(a) Simulated asymmetrical WeS2 structure with
color indicated electric field strength

(b) Simulated electric field across channel width
of (a)

Figure 3.10: COMSOL simulation of WeS2 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

MoS2. 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

MoS2. 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 MoS2

investigated in this thesis and the thicknesses in the compared papers. Most sources have

investigated the lifetimes of monolayer MoS2 while this thesis investigated 30 to 60 nm

MoS2. 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 MoS2 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 (RshCo) 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 MoS2 and specifically asymmetrical

MoS2 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 MoS2 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

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

MoS2, or the asymmetrical geometry increases the carrier lifetimes to be in the microsec-

ond range.

Another limitation of this thesis was the lack of MoS2 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

DUT6 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 MoS2.

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 WeS2 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

30



the charge carriers effectively enough to increase the lifetimes by magnitudes, the MoS2 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: DUT5 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
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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
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5.2.2 TPC Processing
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5.2.3 TPV Processing 2
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5.2.4 TPC Processing 2
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5.2.5 TPV and TPC Processing
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