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Abstract

In this report, a multifactorial study of van der Waals (vdW) photodiodes was conducted, with
the aim of suppressing dark currents for ultra-low light detection, structural and contact
optimization for efficient synergistic engineering of GaS-WSe; all van der Waals (a-vdW)
photodiodes. The term “all van der Waals” in this study signifies the integration of the metal
contacts using van der Waals technique. The synergistically optimized device exhibit
broadband detection; 275 nm - 1064 nm, multispectral unity approaching linearity, alongside a
substantial LDR of 106.78 dB. Additionally, the photodiode achieve a remarkable on/off ratio
of 10° and rapid response edges of 545 us/ 471us, exhibiting ultra-low light detection
capabilities, with dark currents in the fA range, culminating in a peak responsivity of 376.78
mA/W and a detectivity of 4.12 x 10'! Jones, complemented by a EQE of 30% and a fill factor
of ~ 0.33-all achieved through a single junction. For the first time, based on our analysis of
multiple a-vdW devices and traditional electron beam lithography (EBL) patterned device, we
highlight the importance of fermi-level pinning (FLP) free metal-2D interface engineering for
GaS based photodiodes, that enables effective modulation of the Schottky barrier height via
vdW metal contacts and employ meticulous thickness-engineered layers in developing a robust
depletion region within the type-II GaS-WSe; heterojunction, ultimately achieving a favorable

balance among photocarrier generation-recombination, separation, transport, and extraction.

We analyze and compare key figure of merits such as power exponent o and recombination
order B and its evolution in multiple devices to achieve near unity value in a-vdW device,
portraying recombination-trapping resilient operation, while a similar device having patterned
with EBL shows significant degradation to the value of o. This suggests most of the
recombination-trapping and degradation of performance occurs at the metal-2D interface,
asserting our claim of renewed thinking for contact integration strategies to 2D photodiodes.

Additionally, power conversion efficiency analysis along with the measured fermi-level

11 |
Tawsif Ibne Alam



alignment at the heterojunction of our a-vdW devices suggest the importance of achieving the
perfect thickness engineered layers for realizing a robust p-n junction, balancing photocarrier

generation-recombination, separation, transport, and extraction.

Moreover, due to the excellent photovoltaic performance of the photodiode, it was utilized for
demonstration of multi-band imaging applications as a single pixel detector. Additionally,
owing to the FLP free metal contacts, excellent gate tunable open circuit voltage was achievable
and the device was utilized for demonstration of gate tunable optoelectronic logic AND gate,

paving the way for a single device to be used for multi-functional optoelectronics.

Additionally, Schottky junction based Gr-GaS-Au photodiodes fabricated utilizing the a-vdW
method demonstrated a novel double spiking photocurrent temporal response like that of
pyroelectric detectors, under ultra-low light conditions, with a maximum spiking responsivity

of 0.7A/W, with rise and fall time of 15ms and 36 ms respectively.

Our comprehensive investigation not only advances the understanding of a-vdW heterojunction
photodiodes from the perspective of contact induced FLP degradation and meticulous thickness
engineering, especially for moderately wide bandgap like GaS based devices, but also sets the
stage for renewed thinking of contact integration strategy specially for large area industrial

scale future developments in critically engineered next generation vdW optoelectronics.
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Chapter 1: Introduction:

1.1. Background and Motivation:

Low-dimensional van der Waals materials (vdW-m) with intrinsically passivated basal planes
have been at the forefront of investigation over the last two decades, due to their perceived
future dominance in the post-Moore era of optoelectronics. With the ease of access to
fabrication of atomically thin vdW heterojunctions having clean interfaces for prototypical
demonstration, a substantial amount of research has been ongoing to establish their potential
in multifunctional optoelectronics. Their advantageous properties, such as layer-dependent
bandgaps, strong absorption in the ultrathin regime, and high in-plane carrier mobility, have

made them essential research targets.

Despite the intrinsic passivation of their basal planes, vdW material-based photodiodes, even
with optimized approaches, typically exhibit a power exponent a of approximately 0.9. This
indicates the presence of recombination and trapping processes; however, the underlying
causes have yet to be fully elucidated. The ideal value of a=1 has thus far remained an
unrealistic target, with any value approaching 1 considered satisfactory. To achieve a value
closer to 1, a well-optimized strategy must be developed, alongside a renewed focus on
understanding the bottlenecks that influence o. While many assume that defects within the
semiconductor are the primary sources of recombination and trapping, there has been

comparatively little attention given to the role of contact regions.

In the context of transistor applications involving vdW materials and their heterojunctions,
where charge injection is critical, the contact regions have been identified as significant
bottlenecks due to issues such as FLP, large Schottky barriers, and elevated contact resistance.
This raises the question of the role that FLP plays in the performance of vdW photodiodes,

particularly when metal-induced gap states arise as a consequence of FLP. If an ideally
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optimized vdW photodiode is achieved without recombination or trapping occurring in the
semiconductor, can we attain a=1? Moreover, if contact induced degradations could be
avoided, with ideally pristine interfaces, could we identify novel physical phenomena, that

were otherwise so far inaccessible?

Therefore, a multifactorial investigation strategy is essential to understand the interplay of
factors associated with photocarrier generation, recombination, separation, transport, and
extraction, especially for large bandgap vdW materials like GaS and their heterojunctions,
when contact induced degradation is suppressed, paving the way for robust devices, that could
be utilized for suppressing dark currents for ultra-low light detection and simultaneously used

for broadband photodetection with fast response speeds.

1.2. Rationale:

In vdW material-based devices and heterojunctions, particularly field-effect transistors (FETs),
the primary challenge to enhancing device performance has been identified as the large contact
resistance caused by Fermi Level Pinning (FLP), which induces a Schottky barrier that limits
current injection. However, for photodetectors, the study of contact-induced degradation and
FLP remains largely unexplored. FLP directly affects key figures of merit (FoMs), yet no
systematic investigations have been conducted to date. The impact of FLP is expected to be
more pronounced in moderately wide-bandgap vdW semiconductors and their heterojunctions.
Addressing FLP can significantly improve several key FoMs, thereby enhancing overall device
performance. A universally applicable method that can be applied to mitigate FLP in vdW
heterojunction is to adopt a meticulous strategy of contact integration, that can essentially keep
a pristine interface between vdW-m and the integrated contacts. Further enhancements of the
device can be achieved through careful structure and thickness optimization of the constituent
materials.
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Hence, to investigate effects of FLP, a moderately wide-bandgap n-type semiconductor with
closely matching band alignment characteristics for vdW metal contact integration was
essential. GaS emerged as the ideal choice, although GaS-based photodiodes have not been
reported to date. To complete the heterojunction, WSe, was selected as the p-type
semiconductor, demonstrating a fermi level difference of approximately 200 meV at the
appropriate GaS-WSe» thickness. This heterojunction features a large valence band offset that
restricts minority carrier injection, resulting in ultra-low dark currents. Additionally, WSe>
exhibits a strong thickness-dependent change in fermi level, making the GaS-WSe>
heterojunction a suitable candidate for investigating FLP effects and optimizing them alongside

thickness-dependent p-n junction adjustments.

1.3. Accomplishments presented in this thesis:

The accomplishments of this thesis can be summarized as follows:

Successfully fabricated of All van der Waals Photodiodes: GaS-WSe; and Gr-GaS-Au.

e Achieved type-II band alignment in the GaS-WSe> heterointerface, resulting in ultra-
low dark currents.

e Demonstrated a method to optimize heterojunction thickness (for both GaS and WSe)
based on the number of layers to create a robust p-n junction.

e Fabricated van der Waals metal contacts on a sacrificial substrate to demonstrate FLP
resilient All Van der Waals Devices

e Fabrication and demonstration of several a-vdW GaS-WSe> devices with repeatable

enhanced characteristics through the integration of contact metals via the vdW

technique.
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e Comparison of a-vdW devices with traditionally lithography-patterned metal-deposited
devices based on multiple figures of merit, confirming superior performance of the a-
vdW technique.

e Demonstration of Multifunctional applications: Implemented the GaS-WSez
photodiode in imaging applications and as a gate-tunable optoelectronic logic AND
gate.

e Spiking Photocurrent Photodiode: Demonstrated a Gr-GaS-Au photodiode for ultra-

low light detection, featuring a novel dual spiking polarity characteristic.

1.4. Thesis outline

The thesis outline could be elaborated as follows:

Chapter 2 provides a comprehensive overview of two-dimensional layered materials (2DLMs),
emphasizing key material features that influence their application in optoelectronics, including
crystal structure, absorption characteristics, bandgap relationships, and carrier mobility.
Subsequently, the chapter introduces the figures of merit for photodetectors, along with a broad
classification of 2DLM-based photodetectors and an explanation of their working principles.
Following this, a brief literature review contextualizes the topics explored in this thesis, leading
to an in-depth discussion on the synergistic optimization of photodetectors and their

significance in advancing optoelectronic technologies.

Chapter 3 provides a comprehensive investigation on synergistically engineered all van der

Waals GaS-WSe» photodiodes with demonstration in multifunctional optoelectronics.

Chapter 4 provides a comprehensive investigation on all van der Waals Gr-GaS-Au

photodiodes.
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Chapter 5 provides a summary of the investigations presented in this thesis and the ongoing
project culminating from this thesis, along with a conclusion to inform how future research

should benefit from this thesis.
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Chapter 2: van der Waals optoelectronics:
Overview and Synergistic Optimization
Prospects

2.1. Introduction:

This chapter begins with an overview of two-dimensional layered materials (2DLMs),
highlighting key material features that govern their application in optoelectronics, such as
crystal structure, absorption characteristics, bandgap relationships, and carrier mobility. Next,
we introduce the figures of merit for photodetectors, accompanied by a broad classification of
2DLM-based photodetectors and an explanation of their working principles. Following this, a
brief literature review provides context for the topics studied in this thesis, leading into an in-
depth discussion on the synergistic optimization of photodetectors and their significance in

advancing optoelectronic technologies.

2.2. Overview on 2D layered materials:

The advent of mechanically cleaved graphene from graphite has ignited a surge of research
into layered low-dimensional materials (2DLMs) [1]. Since then, a diverse array of 2DLMs
has been extensively studied, showcasing a wide range of intriguing physical and chemical
properties, including semiconducting [2,3], semi-metallic, insulating [4,5], superconducting
[6,7], and magnetic [8,9] to name some. Of particular interest is the semiconducting nature of
2DLMs, which can be tuned by varying the number of layers. This tunability positions them as
promising candidates for pioneering atomically thin electronics and optoelectronics. Recent
advancements in conventional bottom-up synthesis and patterning of large-area vdW 2DLMs
[10] have further highlighted their potential as standalone semiconductors, as well as their

compatibility with existing silicon technology [11-14].
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Among the most widely studied layered semiconductor materials are transition-metal
dichalcogenides (TMDCs), characterized by the general formula MX,, where M represents a
transition metal (such as Mo or W) and X denotes a chalcogen (such as S, Se, or Te). Each layer
of MX> consists of three atomic planes: the transition metal atomic plane (M) is positioned at
the center of the crystal structure, flanked by chalcogen atomic planes on the top and bottom.
The bonds between the transition metal and chalcogen atoms are covalent, while the layers are
held together in the c-axis direction by weak vdW forces. Most semiconducting TMDCs exist
in the most thermodynamically stable 2H phase, where each layer exhibits a trigonal prismatic
coordination of M atoms by X atoms, with the layers stacked in an ABAB pattern. Air-stable
semiconducting TMDCs from group 6 of the periodic table—such as MoS,, WSe>, MoSe;, and
WS, —have been extensively explored [15]. Notably, a single sheet of MoS; has been predicted
to absorb 5-10% of incident light in the visible spectrum [16,17].

o e
Graphane, Graphone,

Graphyne, Graphdiyne,
Fluorographene

CulnP,S;, SnTe, GeSe, SnSe, GeS, SnS,
a-In,Se;, In,Se;, WTe,, Fe-doped In,Ses,
B’-2Ha-In,Se,, BA,PbCIy, d1T-MoTe,,
Bi,0,Se, etc.

, NbSe,, NbTe,,
WTe,, Bi,Sr,CaCu,0g
ZiNCl, etc

FeSe, FeTe,.Se,, FeTe, Fe
CrsTeg, TasFeS;, Bi,O,Se, F 2
Oys, VSe,, LINDO;, LiTaOs,
of 2D magnetic materials

NbS,, TiS,, NiSe,, NiTe,,
NiSe,.,Te,, etc.

LaNb,0;, (Ca,Sr);Nb;045, Ca;Nb;04q
Ca,NaNb;0,3, Ca;NaNbsOys,
Ca,Na,Nb;0,;, Ca,Na;N 2705,
Tip010,, TLNDO;, TINBOs, TisNbOy4,
BiTiO,, Ca;Nb;04o, Ca;NaNb,05,

201-x): 17-M0S;,S€; (1., (Con,
InSe, T-Mo,C, (2H, 1T, 1T')-CrS,,
(1H, 2H

Day
(1H, 1T, 1T)-MoTe,, viH-M

1T, 2Ha, 4Hb, 6R, 2Ha)-Ta
1T"-WTe,, 1T-2H MoS,, 1T-PtSe,,
1T'-MoTe,, 2H-NbS,, tr-BeN,,
Another polymorphism-based TMDs

NiTe,, CoTe,, ReS,, PtTe,, ZrS,, ZrSe,,
HfSe,, SnSe,, PtSe,, MoS,, MoSe,, SnP;,
SnS SnSg: SnSe, GaSe, GaTe, Ga,S,,
BizSes, BipTes, BiySy, SbyTes, SbySes,
Sb,S;, GeP, SiAs, GeAs, NbS;, InSe,

In,Ses, WS,, WSe,, PdSe,, PIS,, P
2D
Black-White-Red Phosphorous, Black
Phosphorene, Tellurene, Borophene,
Silicene, Germanene, Stanene, Arsenene,
Antimonene, Bismuthene, Plumbene,

Gallenene, Selenene, Co, Ag nanoplates,
AuSSs, Pd NSs, Ru NSs, Rh NSs, etc.

Ca,Na,NbsOy5, Ca;Na;zNbsOyg,
Cay,Ta,TiOyg, CayTaz0yy, SryTaz0yp,
St;Nb3O1o, Nb3Og, Lag ¢sNb,07,

Lay oEuy 0sNb,0;, Eug 55Ta,0;, BSCCO,
BaZrS;, (CgHaNH,),PbX, (X=Cl, Br, I), etc.

Crly, CrCl,, Cr,Ge,Teg, Ce,Ss, CrSe, CrCX

Zn0, Mica, MoO;, WO;, CuO, Cu,0, TiO,,
TeO,, MnO,, V,05, TaO3, Ta,0s, Zr0,,
RuO,, SrRu0;, Ga, 03, Nb,0s, RuO,,

Sb,04,VOI,, VOBr,, VOCI,, VOF,, TiOl,,
CrOl,, Bi;MoO, etc.

Boron Phosphide ‘

MXenes, hBN, BCN, Ta;NiS.

Ta, GaAs, AlGaAs, VS,
Pt,HgSe;, PdPSe, PtSSe, )
Zn-TCCP, MOF nanosheets, etc

Ag(OH),, Eu(OH);, etc

Figure 1. 2DLM Family and their corresponding characteristic classification [18].

Additionally, another widely studied family of layered 2DLMs is the III-VI layered

semiconductors, characterized by the general formula NY, where N represents a group-I1I metal
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(such as Ga or In) and Y denotes a chalcogen (S, Se, Te). Each layer of NY consists of four

atomic planes, with two N atomic planes at the center of the crystal structure sandwiched
between two Y atomic planes at the top and bottom. These atomic planes are held together by
strong covalent bonds in the Y-N-N-Y configuration. Depending on the specific type of I1I-VI
2DLM, various semiconducting phases can exist in multiple polytypes (a, B, or ), featuring
hexagonal layered structures. Notable air-stable semiconducting I1I-VI 2DLMs include InSe,
GaS, GaSe, and GaTe, which have been extensively explored for their promising electronic and
optoelectronic properties. Apart from the two families of 2DLM mentioned a vast library of

2DLM is currently being investigated and an overview of the representative larger 2DLM

family is presented in figure 1.

Black Phosphorous

‘onGR ' MIDIR  sHorTIR | NEARRUME  visisLEREN T

2H-MoTe,

Graphene

Td—I\IIIO Te 2

2-D Material

PdTe,

25 6 3 11
Wavelength (um)

Figure 2. Spectral Response of some 2-D materials used in photodetection [19].
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These materials exhibit fascinating layer-dependent behavior, wherein the bandgap increases
and transitions from indirect to direct as the number of layers approaches the monolayer limit
[20], in the case of TMDC, while for the case of III-VI 2DLM InSe and GaS shows direct and
indirect bandgaps, despite reduction in thickness. This layer dependent transition in bandgap is
particularly significant for optoelectronics, as the bandgap of the absorber layer directly
influences the spectral sensitivity of the optoelectronic device. As illustrated in figure 2, the
extensive library of 2DLMs offers a wide range of spectral response possibilities, simply by

selecting the appropriate absorber layer material.

For applications in optoelectronics, key features of two-dimensional layered materials
(2DLMSs) should include substantial absorption, high carrier mobility, and reduced trapping
within the semiconductor. Achieving a balance among these characteristics at the atomically
thin scale is essential for optimal device performance. Moreover, the combination of different
2DLMs to create heterojunctions can significantly enhance the optoelectronic performance of
devices. This mixing and matching introduces new band alignments, which can help suppress
dark currents and improve photoelectric conversion efficiency. Such heterojunctions leverage
the unique properties of each material, allowing for tailored device functionalities that are

crucial for advancing optoelectronic technologies.

2.3. Figure of merits (FoM) for photodetectors:

Photodetector performance is typically assessed using several key figures of merit (FoMs).
These standardized FoMs enable both evaluation and comparison between different
photodetectors, as well as an assessment of their suitability for specific applications. Table 1
presents the most commonly used FoMs for vdW-m photodetectors, which are particularly
relevant for evaluating photosensors. The table includes a brief description of each FoM, its
mathematical expression, and the appropriate reporting units.
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Table 1. Commonly used figure of merits (FoMs) for characterizing vdW-m based

photodetectors[19]
Pai‘m ter Definition Expression Unit
I Liight — 1
Responsivity  Ratio of Photocurrent (Zpion) to the incident light power (Pin). R= pgom = okt P dark A/W
i i
Ratio of number of photogenerated electrons per unit time to the
External number of incident photons. Also referred to as the product of N, h.c.loo
Quantum charge transfer efficiency and light absorption efficiency. EQE = T % -
Efficiency [/ is the Planck constant, e is the electronic charge, ¢ is the light P -4 Fin
speed, and 4 is the incident wavelength of light source]
Dark Current Current persistent in the phoFo_detector under dark/no light Liar A
conditions.
Ratio of number of photogenerated e-h pairs collected by the Tiife M. Tiife
contacts to the number of photoexcited e-h pairs. 1 n T2 bias
Gain [ is the carrier mobility, Vaias is the applied bias, L is the channel ranst 12 -
length, i is the carrier lifetime, and tuansic is the carrier transit Teransit = ———
time.] [ Vbias
Linear . . I . .
P
Dynamic It is the range of illumination llog power density for.whlch thellog LDR = 20log Fsat dB
e range of photocurrent shows linearity, before reaching saturation. Piow
The rise (decay) time is defined as the time for the photocurrent to
Response time reach 10-90% (90-10%), after introduction (removal) of incident Trise (Tdecay) S
photon flux.
3dB The cut-off frequency f34s, of modulated incident light when the
. responsivity of the photodetector decreases by 3dB (0.707 of the I — I
bandwidth @ N max min
. stable value). At a much lower frequency, the responsivity is faap@—% Hz
Relative ind d £ the lich dulation f Lnax
balance independent of tl e. 1ght modu a}tlpn requency.
[Zmax and Imin are the maximum and minimum photocurrent]
Noise Current Unwanted current persistent in the_dev1ce due to internal physical iy AHz 12
mechanisms
Noise The minimum light power that is detectable by a detector is . VA
Equivalent defined as the light power when the signal-to-noise ratio (SNR) is NEP =N _ WHz 1?2
Power 1. [4 is the effective device area.] R D~
Measured . Y Ny 12—
Specific It is a measure of a detf;ctc_)r S ab_111ty tg resolve the weakest of the Lo NVA VA, cmHz!"*W
De:)ectivi ty incident light signal T NEP iy (Jones)
Czs‘;c:cl;.it:d Specific detectivity is calculated, assuming that the major Dt = A R cmHz'"?W™!
Detectivity contribution of noise is from dark current shot noise. 2.q dgark (Jones)

2.4. Broad Classification

Photodetectors

of

vdW-m

based

vdW-m based photodetectors can be broadly classified into four main types based on the

literature: photovoltaic, photoconductive, photothermoelectric, and photobolometric, as

illustrated in Figure 3. The specific photodetection mechanism in a vdW material-based

detector may operate as a standalone phenomenon or as a combination of these effects. This

variation depends on several factors, including the internal potential developed or externally

Tawsif Ibne Alam
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applied potential, the internal light-matter interaction mechanisms within the two-dimensional

layered material, and the distribution of the input light flux density.

Schottky-Junction

r , hv

___A® Ep

P-N Junction

3%

— Dark
— = Ilumination

van der Waals =N
Photodetectors

Heat Sink

—— Dark

’ Vis

Figure 3. Broad classification of vdW-m photodetectors and their outlying internal

mechanisms.

2.4.1. Photovoltaic Type Photodetectors

In a photovoltaic-type photodetector, the built-in electric field that facilitates the photovoltaic
effect (PVE) originates from either a p-n junction [21] or a Schottky junction [22] at the
semiconductor-metal interface. This internal electric field is critical for separating the
photogenerated electron-hole (e-h) pairs, thereby enhancing the efficiency of the
photodetection process.
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Strategies for developing the necessary built-in electric field in two-dimensional vdW-m based
detectors include the following:

e Creating vertical or lateral heterojunctions [23,24]

e Chemical doping [25,26]

e (Carefully selecting metals with different work functions [27,28].
When the vdW-m active channel is illuminated with photons that exceed the bandgap energy,
the absorbed photons excite electron-hole (e-h) pairs, which are subsequently separated by the
internal electric field resulting from band bending at the p-n or Schottky junction (see figure 4
a,b). This separation generates a short-circuit current (/sc) in the device (see figure 4c). The
direction of the photocurrent is determined by the built-in potential. If the circuit is left open,
the separated e-h pairs instead create an open-circuit voltage (/oc) (see Figure 4c).
Photovoltaic photodetectors typically exhibit rectifying current-voltage characteristics and can
operate either without any bias or under reverse bias. This capability is very much essential in

photodetection as it allows for low dark currents and high quantum efficiencies.

() (b) (c) L

3 Iy Dark
P-N Junction - — —Illumination

— N T J '[ " / ’
€V sarrier /
oo oo\ £, o~ S /

N\N\eese o %(0

N-pype Schottky-Junction

Figure 4. Energy band alignment in a typical (a) p-n junction (b) Schottky junction. (c) Typical
14~V characteristics of a photovoltaic-type photodetector.[19]

2.4.2. Photoconductive and Photo-Gated Photodetectors

Photodetectors that exhibit the photoconductive effect (PCE) show an increase in free charge
carriers when illuminated, typically within a semiconductor channel or photoconductor (PC)

material. This rise in free carrier concentration leads to a decrease in the channel’s resistance.
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When a bias voltage (Vus) 1s applied, these excess charge carriers are swept apart, generating a
photocurrent (Lynon) (see figure 5a). The photocurrent is defined as the difference between the
current under illumination (/ign:) and the dark current (Zsw«). When the channel material is
illuminated with photons that exceed its bandgap energy, the absorbed photons create electron-
hole (e-h) pairs. These carriers are then driven by Vg, causing the current to exceed the dark
current due to the increased concentration of charge carriers. Unlike photovoltaic-type
detectors, photoconductive devices require an applied bias voltage for photocurrent generation.
As aresult, these detectors do not exhibit an open-circuit voltage (Voc) or short-circuit current

(Isc), as illustrated in their typical /;-V4 characteristics (see Figure 5b).

(a) (C) (e) Dark

Iy = = = Jllumination

(b)

Dark
— = Illumination

Dark (g)

Iy = = Illumination Iy

Dark -
= = Illumination -

ld

Figure 5.(a) Typical photoconductive effect in a vdW-m based photodetector. The band bending
and charge carrier extraction process requires an applied external bias voltage. (b) 14V
characteristics of a typical photoconductive photodetector. Typical photogated photodetector
showing (c) n-type characteristics due to p-type charge trapping and (d) p-type characteristics
due to n-type charge trapping. 1+-Ve characteristics of a typical (e) ambipolar photoconductive
photodetector, (f) n-type carrier dominant photodetector and (g) p-type carrier dominant
photodetector.[19]

Photo-gated photodetectors are a specific type of photoconductive device, often likened to

phototransistors, that leverage the photogating effect. Under illumination, the typical
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generation of electron-hole pairs occurs. However, the application of a gate bias introduces
charge-trapping states that function as a localized floating gate, significantly modulating the
channel conductance [29,30]. When photogenerated holes are trapped in positively charged
hole-trapping sites, the remaining free electrons can move for a longer duration before
recombining. This results in high gain and n-type doping characteristics (see figure 5Sc).
Conversely, if electrons are trapped, the device exhibits p-type behavior (see figure 5d). This
photogating mechanism enables tuning of the channel conductivity. By carefully designing the
device—such as by optimizing the metal work function—photo-gated detectors can display
ambipolar transport characteristics (see figure 5e) or be optimized for unipolar operation
[31,32] (see figures 51, g). However, the processes of charge trapping and detrapping can lead
to sluggish photoresponse, which is a trade-off for enhanced photoresponsivity and gain

[33,34].

2.4.3. Photothermoelectric (PTE) Photodetectors:

Localized light irradiation in a vdW-m can induce a thermal effect known as the
photothermoelectric (PTE) effect. This localized illumination generates a temperature gradient
(4T) across the semiconductor channel, especially when the spot size is smaller than the
channel dimensions [27] as illustrated in figure 6a. This temperature differential induces a
photothermoelectric potential difference (Vpre) at the ends of the channel, determined by the
difference in Seebeck coefficients (S; and S>) of the material:
Verg = (81— S2). AT €y

The units of Vere are volts per kelvin (V/K). The generation of this photo-induced
thermoelectric potential allows PTE-based photodetectors to operate in a self-powered mode,
eliminating the need for any external bias voltage, as illustrated in the typical current-voltage
characteristics in figure 6b. The electrical conductivity of the channel material is closely

associated with the Seebeck coefticients S; and S> through the Mott formula:
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where T, is the electron temperature, and the derivative of the conductivity ¢ with respect to
energy ¢r must be evaluated at the Fermi energy [35,36]. It is noteworthy that global
illumination can also induce the PTE effect in vdW-m, provided there is a strong absorption
gradient within the channel to create the necessary temperature differential and form Vprg,
typically in the range of a few microvolts to millivolts. The sign of the photogenerated current
depends on the difference in Seebeck coefficients of the channel material locations and the

polarity of the charge carriers in the channel.

(b) L.
—— Dark
= = Illumination
P
7’
7
-
1 R Ve
1 re
1 . -
VPTE
Heat Sink
(c) (d) L.
—— Dark
= = Illumination 4

AR

Figure 6. Typical PTE photodetector. Localized light spot (green color) generates a
temperature gradient across the entire vdW-m channel material, from the drain to source
electrodes, developing a photothermoelectric potential (Verg). b) 1a-Va characteristics of a
photo thermoelectric type photodetector. (c) Typical vdW-m based PB photodetector. Uniform
light illumination results in a temperature-induced resistance change (AR) of the channel

material. (d) Typical 14-Va characteristics of a PB-type detector.[19]
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2.4.4. Photobolometric Photodetectors

The Photobolometric Effect (PBE) generates carriers through uniform light-induced heating of
a channel material. During the PBE, the heat-sensitive channel material experiences a change
in its resistivity due to the increase in temperature as shown in figure 6¢. The thermal resistance

(R#) 1s defined as the rate of change in temperature with respect to the incident power:

Re=%T/ip (3
Unlike photothermoelectric detectors, bolometric photodetectors are not self-powered and
require an external bias voltage. This external bias voltage linearly scales the heat-induced
photocurrent generated by the bolometric photodetector, as illustrated in figure 6d. This
characteristic enables bolometric detectors to effectively measure changes in temperature due

to incident light, providing a useful mechanism for light detection in various applications.

2.5. Synergetic optimized strategies considered in this

thesis:

2.5.1. Contact engineering and its influence on optoelectronic device

performance:

In this section of the chapter, we explore the norms of contact engineering methods in 2DLM
electronics and optoelectronics. A discussion on the associated physical phenomena, a brief
background, and a literature review highlighting the progress made in contact engineering for
2DLMs will be provided. Additionally, based on the discussion and findings a pathway toward
successful contact integration aimed at optimizing performance in 2DL.M-based optoelectronic
devices is presented.

To obtain highly efficient electronic and optoelectronic devices, the norm has been to use ohmic

type contacts, where the electrical current injection and optical photocarrier extraction
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mechanisms face least resistance and unintentional barriers (only specific cases exist where
intentional Schottky junctions are created to enhance device performances, for application
specific uses). To create high-quality ohmic contacts in bulk three-dimensional (3D)
semiconductor-based electronic devices, the most widely adopted method involves heavy
doping of the contact region (see figure 8a). This heavy doping reduces the space charge width,
facilitating the tunneling of charge carriers into the conduction or valence bands of the
semiconductor [37]. This technique enhances the efficiency of charge injection, ensuring better
electrical performance and reliability of the device. However, doping atomically thin
semiconductors presents significant challenges. The incorporation of heteroatoms into the
lattice can distort the native structure of the vdW-m and introduce defects, thereby altering its
intrinsic properties [38]. Additionally, the space charge region in 2D semiconductors that are 1
nm thick or less is only weakly dependent on the doping concentration [38]. Consequently, the
operating modes of bulk MOSFETs, such as accumulation and depletion modes used to achieve
p-type and n-type device operations, cannot be directly applied to electronics based on vdW-
m. Moreover, due to their atomic thickness, 2D limiting properties at the interface between the
metal and 2D semiconductor is critical and any chemical interaction between them should
control the charge carrier extraction and injection [39]. The contact resistance quantum limit
denoted by Rc™" is measured using the number of conducting modes in the semiconductor
channel that are connected to the 2D charge carrier density (n2p), results Rc™"=0.026/\nap =
30Qum, when n2p=10*cm [39,40].

When examining the most common type of electronics made from 2D semiconductors i.e. field
effect transistors (FETs), it becomes clearer to understand the significance of contact resistance.
Low contact resistance in 2D material-based FETs is essential for achieving high on-current,
high-frequency operation, and enhanced photoresponse, particularly in the case of
photodetectors [39]. However, the large contact resistance created at the interface between the
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2D semiconductor and the metal contacts, typically formed through deposition methods such
as photolithography or electron beam lithography (EBL), significantly reduces the drain
current. The constraint highlights the need for effective strategies to minimize contact
resistance to improve the overall performance of 2D semiconductor devices.

There are three elementary interface geometries between 2D materials and bulk metals, which
can be broadly categorized as follows:

1. Top Contact Geometry (see figure 7a): In this configuration, the metal is deposited on
top of the 2D material, or a semi-metallic/metallic vdW-m can be laid over on top of
the 2D material to define the drain and source regions. To achieve a purely top-
contacted geometry, it is essential to avoid contact between the edges of the 2D material
and the metal [39].

2. Bottom Contact Geometry (see figure 7b): For this geometry, the vdW-m must be
transferred onto pre-deposited metal contacts on a substrate. To ensure a pure bottom
contact, care must be taken to avoid touching the edges of the vdW-m during the transfer
process.

3. Edge Contact Geometry (see figure 7c): In this arrangement, the vdW-m makes
contact with the metal along its edges. For a purely edge-contacted configuration, it is
important to prevent any contact between the metal and the top surface of the vdW-m
during deposition.

Reports exist of edge-contacted devices on graphene (pure edge contact) [41], combinations of
graphene and transition metal dichalcogenides (TMDCs) (not completely pure edge contact)
[42], and devices incorporating graphene and TMDCs [43]. Each geometry presents unique

advantages and challenges in terms of contact resistance and overall device performance.
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Figure 7. Pure Top Contact Geometry. (b) Pure Bottom Contact Geometry. (c) Pure Side

Contact Geometry

Provided that the surface of the 2D material is pristine and defect-free, in a top contact
geometry, the metal and the 2D material do not form any covalent bonds. Consequently, the
interface between the top-contacted metal and the 2D material is characterized solely by a vdW
gap. The same principle applies to bottom contact geometry when a vdW-m is laid over pre-
fabricated metal electrodes. This vdW gap introduces an additional tunneling barrier for charge
injection in the case of field effect transistors (FETs) [39], as illustrated in figure 8d, and it also
affects the collection of photogenerated charge carriers in photodetectors. This tunneling
barrier can influence the overall performance of devices, necessitating careful consideration in

the design and fabrication of 2D material-based electronic and optoelectronic systems.

To reduce the tunnel- barrier at the top contact surface, hybridization between the metal and
the 2D material can be explored as a method to decrease contact resistance. Density functional
theory (DFT) results indicate that certain metals can form covalent bonds with 2D materials,
as detailed in [44]. However, it is important to note that strong hybridization between the 2D
material and the top contact can distort the properties of the underlying material, potentially
negatively impacting the sheet resistance of the 2D material and thereby increasing contact
resistance. In some cases, strong hybridization achieved through high-temperature vacuum
annealing has been shown to reduce contact resistance. For example, when graphene is
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contacted with nickel (Ni) or cobalt (Co), where the carbon atoms can dissolve into the contact
metal and form strong covalent bonds, contributing to much smaller contact resistance [45],
owing to removal of resist residues and near perfect interfaces. This ability of stronger
interactions with the metal may enhance charge injection and improve overall device

performance, which was evidence in some cases.

(a) Metal-bulk SC contact (c) Metal-2D SC contact (e) Metal-2D SC contact
(with vdW gap) (with hybridization)
Metal Metal Metal
£ ,',‘;E[ . 20 SC A 2D SC
e JLBJ C  BukSC #..‘— %
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| Metal o g f\” po, Ti
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Figure 8. Types of metal-Semiconductor junctions and their respective band diagrams. a,b,
Schematic (a) and corresponding band diagram (b) of a typical metal/bulk SC interface. c,d,
Metal-2D SC interface with vdW gap (for example, Au—MoS: contact). ef, Metal/2D SC
interface with hybridization (for example, Ti—-MoS: contact, where MoS> under the contact is
metallized by Ti). Er, Ec and Ey represent the Fermi level of the metal, and the conduction and
valence bands of the 2DSC, respectively. Tp and Sp indicate the tunnel and Schottky barrier
heights, respectively. A, B, B’ and C represent different regions in the current path from the
metal to the SC. The blue arrows in b, d and f represent the different injection mechanisms.
From top to bottom: thermionic emission, thermionic field emission and field emission
(tunnelling). In d, only thermionic emission is available [39].
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In contrast to the argument supporting strong hybridization for contact formation, which can

help suppress the tunnelling barrier, another ;-=------"=-z---7----z-7--------------

fundamental issue arises due to Fermi level pinning
, ax,
(FLP). This phenomenon occurs at the metal-2D q®
material interface, where an abrupt change in work S
qd Q Ec
b -
= - RELCEEEEEEELEEEE E
states result from weakened intralayer bonding within © Q, |3
9 3

the 2D material, effectively pinning the metal work

function leads to the creation of gap states. These gap |
function near the Fermi level of the 2D material. This i

pinning effect creates high Schottky barrier heights for “-----------------------------------.
Figure 9. Metal Induced Gap States in

carrier injection, which in turn increases contact . ...1 comiconductor interface. [38]
resistance. As a result, while hybridization may offer certain benefits, it can also introduce
challenges that negatively affect the performance of 2D material-based devices by impeding
efficient charge transport.

Next an in-depth discussion on the origin and role of FLP in 2DLM optoelectronics is

presented. The origin of FLP can be explained in 3 ways for 2D semiconductors. [38,46]:

(1) Formation of metal-induced gap states (MIGS) between 2D semiconductors and 3D
metals, which is also present in 3D metal-3D semiconductor junctions. These states
serve as a reservoir for electrons or holes and therefore pin the FL and allow little
variation of ¢ tuning.

(1)  An interface dipole formed by the charge redistribution at the interface can shift the
electronic levels from their original positions, leading to a deviation from the
Schottky-Mott limit. The formation of these dipoles could be attributed to metal

vacancies, metal like defects and substitutional impurities [47].
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(ii1)  Defects at the interface (created during metal/material/device fabrication) could
generate gap states that pin the FL, yet this can be neglected for a high-quality

interface.

Further elaborated illustration of FLP can be found in figure 9. The figure illustrates the
formation of mid-gap states that partake in the FLP. For most practical experimental cases, the
Schottky barrier is found to be independent of the metal work function. This is because of the
presence of defects at the metal-semiconductor interfaces as there is a distribution of mid-gap
states. As a result of these defects, the Fermi level is consistently pinned at their mid-gap energy
level and, therefore, the barrier height is determined by the mid-gap states, which is now

independent of the work function of the metals, details of which can be found in [38].

2.5.2. Route to weakened FLP and efficient charge injection and

extraction:

In this section we describe some methods reported in the literature to decouple direct
interaction of the metal and 2D semiconductor to weaken FLP, which allows a more practical
approach to modify the Schottky barrier height (SBH) at the metal-semiconductor contacts by
using metals of different work functions. The literature available could be broadly categorized

into 4 distinct methods:

1. Utilizing ultra-thin insulating tunnel barrier for deposited metal contacts.

2. Utilizing vdW metal-2DSC interface from prefabricated contacts.

3. Utilizing vdW metal-2DSC interface via decomposable buffer layer for deposited metal
contacts.

4. Utilizing soft deposition techniques.

The first of the methods described is by utilizing a thin insulating layer between to the metal
and 2DLM. Suppression of MIGS in the semiconductor can lead to a weakened FLP as
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discussed earlier. This can be achieved by a lot of methods. One of them can be to use a
separation layer between the metal and 2D semiconductor. Using a very thin layer of hexagonal
boron nitride (h-BN) is one option. Transferring monolayer h-BN on top of the 2D
semiconductor and then depositing metal on top of the h- BN, will prevent direct interaction
between the metal and 2D semiconductor. This will help in two ways. Firstly, it will prevent
damage to the 2D semiconductor and preserve its lattice structure during metal deposition and
secondly as the metal is not directly deposited on top of the 2D semiconductor, strong
hybridization between the metal and 2D semiconductor is restricted and the chances of MIGS
is reduced. h-BN has pristine surfaces with electrically insulating nature and when it is made
sufficiently thin, it acts as a tunnel barrier allowing efficient injection of charge carriers into

the 2D semiconductor [48—50]. A schematic illustration of the method is provided in figure 10.

Inserting thin tunneling barrie Metal Contacts

———— ——— Ultra-thin

000000000000

Figure 10. Inserting ultra-thin tunnel barrier for weakening FLP.

Wang et al. [48] demonstrated MoS> FET with high carrier mobility by lowering the SBH
utilizing 1-2 layers of h-BN. They demonstrated that the SBH can be greatly reduced using
very thin layers of h-BN with very low tunneling resistance. Additionally, increasing the
thickness of the h-BN did not necessarily alter the SBH but increased the tunnel resistance.
Their optimized h-BN thickness resulted in a low contact resistance of 1.8k Qum with SBH of

31meV for h-BN-Ni-Au.
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With similar approach, Cui et al. [49], achieved low temperature ohmic contacts by inserting a
h-BN layer between MoS; and Co-Au contacts. They obtained a flat band SB of 16meV, with
lowest contact resistance of 3kQum for their h-BN-Co-Au contact pads. Li et al. [50] achieved
gate controllable, ambipolar MoS, FET using a few layers tunnel barrier for Au contact. The
device exhibited both p-n junction and n-p junction characteristics for gate voltage V¢ of -3V
and OV respectively while from V=4V and above, the device displayed asymmetric full pass
rectifying characteristics, with subthreshold swing for p-type characteristics of 230mV/decade
at Vgs=1+2V. Similar tunnel barriers can be achieved using other oxide materials such as
Titanium dioxide (TiOz) (for MoS; with Co [51], Black Phosphorus (BP) with Co [52], MoS>
with various metals such as Ti, Ni, Au, and Pd [53] and MoS> with Au [54]) and Aluminum

oxide (Al203) (for MoS; with Py-Au [55] and for WS, with Cr [56]).

Another alternative route to weakened FLP could be by suppressing MIGS with the utilization
of a vdW junction between metals and 2D semiconductors. For 2D materials having very

pristine surfaces, the FLP can be weakened by allowing Metal Semiconductor Junctions (MSJ)
to be formed via vdW interaction. This phenomenon will allow tuning of (ps, by using different

metals, provided they maintain a vdW gap between themselves and the 2D material underneath.
This potentially results in the concept of creating a metal semiconductor vdW junction, in short
we refer hereafter as vdW-MSJ. However this cannot be achieved by direct deposition of metals

on top of 2D semiconductors as this will distort the lattice structure of the 2DSC and introduce
defects at the metal semiconductor interface [38]. Having the ability to tune (Ps will potentially
open the door to many improvements in electronic device performance, including reduced

contact resistance, having the ability to modulate carrier polarity in the channel materials for

transistors, and enhance selectivity of carrier extraction for photovoltaic cells.
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Figure 11. DFT Calculated band alignment between 2D metals and semiconductors and real
3D metals work functions. Columns on left show the electron affinity and ionization potential
of semiconductors. Right column shows work function of 3D metals. The phase is labeled in

italics [46].

A carefully designed photodetector requires work function matching of the metals to the active
material when it comes to efficient carrier collection. When light is shined on a photoactive
material, electron hole pairs are generated. The electrons are available in the conduction band
while the holes are available in the valence band. For ideal cases of device design, the electrons
should be collected using a contact metal, that has low work function, creating negligible
Schottky barrier for the electrons in the conduction band, minimizing the contact resistance,
while the holes should be collected using a high work function contact metal, that can easily
access the valence band, with negligible Schottky barrier for the holes. Ideally, we can speak
of a device that is created out of one active channel material, having two different metal
contacts of different work function, creating asymmetrical contact geometry that will result in
a rectifying Schottky diode and hence provide a built-in potential to create a self-powered
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photodetector. Figure 11 illustrates work function for 2D and 3D metals, with respect to some
commonly used 2D semiconductors that can be carefully chosen to design contact engineered

photodetectors.

For achieving a pristine vdW metal-2DSC interface, the most elegant way is to prefabricate the
metal electrodes on a sacrificial substrate and then transfer them from the substrate using
PDMS/PMMA/Thermoplastic polymer on top of the desired flake to create a vdW MSJ based
electronic device. Liu et al. [57] prefabricated 50nm thick metal electrodes (Au, Ag, Pt, Ti, Cr,
Ni, Pd) on sacrificial substrate and then mechanically transferred them on TMDC flakes to
realize vdW MSJ based FET. Subsequent electrical characterization revealed that the
transferred electrode-based devices exhibited superior performance when compared to
evaporated contacts on the same 2DLM, and in some cases presented opposite transfer
characteristics to that of evaporated contacted devices. These results further substantiates that
the devices using transferred metal contacts have weakened FLP compared to evaporated
contacted devices. Zhang et al. [58] utilized a similar approach but used PEDOT:PSS to heal
surface defects. As a result of this healing, the effects of FLP were further weakened and
demonstrated SB free WSe> FETs using Au transferred electrodes, with extremely high
mobility and on/off ratio at very low biasing voltage. Went et al. [59] created Schottky junction
TMDC based solar cell using vdW MSJ using similar transfer method. In their investigation,
PDMS/PPC was utilized as the supporting polymer for efficient transfer of Au electrodes on
top of WS, resting on a silver (Ag) bottom contact, initiating an asymmetric vertical Schottky
junction. Furthermore, a comparison between evaporated and transferred contacted devices
revealed a stark difference in their device performances, where the transferred metal contacts
device displayed superior optoelectronic performance, compared to evaporated metal contacted
device, with Voc of 256mV, Jsc=4.10mA/cm?, FF of 0.44% and PCE of 0.46% under one sun

illumination. Liu et al. [60] prepared prefabricated 30nm Ag capped with 20nm Au on
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sacrificial substrates, utilizing a similar technique to [57] and then transferred on to Inm MoS;
layer to create a-vdW vertical heterostructure FETs, with graphene as bottom electrode. Their
study pushes the scaling limits of MoS; based devices and provides a general low-energy
contact integration approach to vertical junction devices. Kong et al. [61] also prepared vdW
MSJ contacted complementary WSe; circuit using vdW metal electrodes and evaporated metal
electrodes. The vdW metal contacted device exhibited p-type FET characteristics while the
evaporated metal contacted device exhibited n-type FET characteristics. Additionally, a
probing of the electron and hole mobility of the devices revealed that for evaporated contacts
electron mobility was in around 11cm?V-!s™ while a hole mobility of 16 cm?V-'s! was observed
for transferred contacts, realizing a complementary FET on same WSe: flake. Jung et al. [62]
prepared via contacts that were prefabricated on h-BN with etched holes to create ultimate vdW
MSJ, pristine top contacts that could realize almost FLP free devices. The via contacts were
then transferred on top of a bilayer WSe: to create perfectly ohmic contacts with Au, realizing
the first ever ohmic transferred contacts, that did not have edge connections, with 2R, as low

as 8kQum.

The other alternative route for vdW MSJ interface could be utilizing a decomposable buffer
layer. As outlined in figure 12, a buffer layer is first deposited on top of 2D material, followed

by metal deposition, and subsequently the buffer layer is decomposed to form vdW MSJ.

Metal Contacts

1. Inserting buffer layer / De°°mp°sable\

Buffer layer 2. Annealing
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Figure 12. vdW metal-2DSC interface via 2 step decomposable buffer layer strategy.
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To create a vdW-MSJ using buffer layer, Kwon et al. [63] utilized 10 nm thick selenium, that
was pre-deposited on top of a number of TMDC. Later, metals of various work functions
including Au, Ag, Pt, Co was evaporated on top of selenium and finally subsequent annealing
at 150°C for 4 hours evaporated the selenium, leaving a vdW-MSJ between the metal and
TMDC. They observed that their vdW MSJ WSe; FET with Ag exhibited n-type unipolar
behavior, whereas Pt and Co contacted FETs exhibited p-type unipolar and p-type dominant
ambipolar characteristics respectively, as was expected based upon the work functions and
SBH. For MoSe;, MoS> and WS>, contacted with Au by direct deposition, the authors found
that the despite have a large work function, the devices showed n-type behavior, whereas for
vdW MSJ created by pre deposition of selenium and post Au deposition annealing for MoSe>
and WS, FETs, the devices showed p-type dominant ambipolar behavior. In case of MoS»,
which is an n-type TMDC, with very high electron affinity, it was not possible to reach p-type
operation using vdW Au contact. Kong et al. [64] created vdW-MSIJ using a buffer polymer
layer. In this approach, the authors utilized a thermally decomposable polymer buffer layer-
poly(propylene carbonate) (PPC) on top of CVD grown WSe;, WS>, MoS,, MoTe; and
2DLMs. The buffer layer was solution processed, and spin coated on top of the wafers to form
a 450nm thick layer, followed by heating for solvent evaporation. Later on 50nm metals
including Ag, Al, Ti, Cr, Ni, Cu, Co, Au, Pd were evaporated on the PPC coated channel
materials, using a steel stencil mask. Subsequent annealing on a hotplate at 250°C in nitrogen
environment for 30 minutes in a glovebox would gasify the PPC, leaving the metals on top of
the 2D semiconductor, with a vdW gap. The authors extracted the contact resistance (Rc) for a
range of vdW contacted metals to WSe», to form FET. Their control WSe> FET with evaporated
contacts exhibited R¢ of 33.82 kQ-um, while vdW Au contact showed Rc of 10.2 kQ-um, vdW
Pd contact showed R¢ of 5.3 kQ-um, and vdW Pt contact with R¢ of 1.6 kQ-um, consistent with
p-type behaviour of WSe: FET and lowered contact resistance due to increasing work function.
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For vdW Ag and Ti contacts, Rc was obtained to be 27.5 MQ-um, and 3.9 MQ-um, respectively,
showing very high SBH and increased Rc. Their findings opened a door for wafer scale
fabrication of vdW MSJ and depinning fermi level for conventional bulk semiconductors
including Ge GaAs, IGZO etc. While the abovementioned buffer layer method may show a
sustainable route, the annealing step may still possess significant effect on hybridization of the

metal to the 2DSC, as was previously discussed.

The fourth method widely adopted is the soft deposition technique where, soft metals are
directly deposited on 2DSCs at very slow deposition rates, and have been found to weaken
FLP. Wang et al. [65] deposited 10nm soft metal indium, capped with 100nm Au on top of
WSe2, MoS; and WS2 to realize vdW MSJ. Cross-section HRTEM analysis revealed pristine
interface between each of the metals and 2DLMSs. Additionally, their reported devices exhibited
high mobility values when compared to high deposition rate evaporated contacts. However, the

choice of soft metal is limited and cannot be widely utilized for device fabrication.

Alternatively, utilizing graphene as a diffusion barrier for the deposited metal can be a
sustainable method. As illustrated in figure 13, patterned monolayer graphene is first

transferred to the top of the 2DLM, upon which metal is vacuum deposited.

Inserting ML graphene diffusion barri Metal Contacts

"""'."” graphene
A R AR RRARRY

Figure 13. Using patterned graphene as a diffusion barrier for deposited contacts.
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Overall, each of the methods mentioned above represents significant benefits at certain
applications. However, “one size fit for all” cannot be concluded as all the mentioned methods

have their own benefits and drawbacks.

2.5.3. Strategy for obtaining ultra-low dark currents:

Dark Current is an important figure of merit for photodetectors, especially for devices that
operate in the infrared regime (IR). The implementation of infrared (IR) photodetectors using
gapless semimetals and narrow bandgap semiconductors presents several challenges[66—68].
A primary concern is the high intrinsic carrier concentration resulting from thermal excitation,
which is particularly problematic for devices operating in the 4-25 um regime [(MWIR) and
(FWIR)] [67-70]. For devices working at room temperature, the thermal energy of charge
carriers can approach the transition energy across the bandgap. Consequently, devices
experience significant dark current, a major source of noise. This elevated dark current can
obscure weak IR signals, severely undermining the specific detectivity of photoconductive type
devices operating under shot noise-dominated conditions. Therefore, outlining strategies for
dark current suppression is crucial for optimizing the performance of photo sensors, especially

working in the IR regime.

The composition of dark current and its influence is different in different types of
photodetectors like photoconductors and photodiodes. In the case of a PC type photodetector,
the PCE occurs when incident photons excite additional carriers and enhance the population of
free carriers in the semiconductor. This resulting effect increases the available free carrier
concentration partaking in the electrical conduction and reduction in the resistance of the
channel material and successive modulation of the material’s conductivity of channel. By
applying external voltage bias across the contact terminals on the PC material, an elevated

photo induced current can be generated as these excess carriers are collected through the
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contact terminals. However, in the absence of light, the flow of majority carrier can arise from
excitation (thermal) within the bandgap or from trap states across the bandgap, generating large
dark current [71-73]. Under equilibrium conditions in dark, a photoconductor type device is
predominantly influenced by thermalized injection of majority carrier from the conduction
band to the valence band. The equation for thermal excitation probability indicates that, in
narrow bandgap semiconductors, electrons at the maxima of the valence band have more
probability to transition to the minima of the conduction band via band-to-band thermal
excitation or background radiation at elevated temperatures, overshadowing the
photogenerated carriers by weak light pulses and severely hampering the detectivity of the
device [74,75]. Additionally, the shot noise associated with dark current predominates in device
noise primarily from the defect induced trap states, particularly as it escalates at higher
frequencies, further limiting detector sensitivity. Consequently, the high dark current generated
by semiconductors with narrow bandgaps results in a inferior signal-to-noise characteristics,

constraining the performance of photodetectors at room temperature specially in the IR regime.

The case is different for photodiode type devices. In photodiodes, the flow of majority carrier
can be obstructed by the p-n junctions due to its inherently pronounced interfacial barrier in
the depletion region. The dark current composition in photodiodes consists of several

components, including:

(a) Diffusion Current: Arising from the movement of carriers due to concentration
gradients [76].

(b) Generation-Recombination Current [77] : Resulting from the creation and
annihilation of electron-hole pairs within the depletion region.

(c) Band-to-Band Tunneling Current [78]: Occurring when carriers tunnel directly from

the valence band to the conduction band.
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(d) Trap-Assisted Tunneling Current [78,79]: Involving carriers tunneling through trap
states in the bandgap.
(e) Impact Ionization Current [80,81]: Generated when high-energy carriers create

additional electron-hole pairs through collisions.

More recently, several methods have been outlined to reduce dark current in 2D photosensors,
including the design of heterostructures, introducing interfacial passivation and electrical
modulation. By combining the advantages of different 2D materials and rationally aligning
their bandgaps through the formation of heterojunctions or homojunctions, a barrier at the
interface can be effectively introduced to oppose dark current. The techniques could be broadly

classified into 3 key strategies:

1. Utilizing Band Alignment Engineering (Type-II and Type-III)
2. Localized field modulation (Gate or Ferroelectricity).

3. Repression of trap state induced dark current utilizing interfacial barrier.

2.5.4. Utilizing Band _Alignment Engineering for dark current

suppression:

Combining the diverse photoelectrical properties of vdW-m with the assembly of
homojunctions or heterojunctions is an effective approach to hinder dark current. In this
configuration, the built-in potential helps by blocking the unhindered flow of majority carriers,
thereby enhancing the performance of the photodetector. As outlined in figure 14, the most
prominent strategy for suppression of dark currents is to utilize type-Il or type III

heterojunctions, by carefully choosing the bandgaps of the materials.
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Figure 14. (a) A type-11 (Staggered) heterointerface band alignment (b) A type-111 (Broken Gap)

heterointerface band alignment

As outlined in figure 14a, constructing a vdW heterointerface demonstrating a straddling (type-
IT) band alignment is a practical method for achieving low dark currents. The electric field at
the heterointerface created by the type-II band alignment can effectively split photogenerated
carriers, ensuring a rapid photo response speed. Moreover, the heterointerface potential barrier
at the interfaces of the vdW heterojunction can efficiently suppress dark current, further
enhancing detector performance. Most of the vdW heterointerface photovoltaic type devices

are constructed utilizing this method [66,82—84].

Figure 14b illustrates a broken gap type-III heterointerface. Utilizing a prominent band
alignment induced hefty band offset and extreme heterointerface potential barrier, a type-III
heterointerface promotes suppression of thermally induced dark current, demonstrating
excellent photoresponse speed and large on-off ratio. Reports of excellent type-III band
alignment induced photodetectors include vdW WSe»/BiSes [85], SnSe>-MoTe: [86] and mixed

dimensional HgCdTe/BP [87].
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2.5.5. Utilizing localized field modulation induced suppression of dark

currents:
(a) (b)
Gate induced electricfield modulation  Ferroelectricity induced electric field modulation
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Figure 15. Localized field modulation induced dark current repression (a) Localized Gate-field

using split gate(b) Localized Ferroelectric-field

The localized field modulation induced suppression of dark current is another method that is
broadly used in generating pseudo type-II or type-III band bending in pristine 2DLM based
photo FETs to mimic a p-n homojunction. In this process localized vertical fields are generated
utilizing split gate technique to artificially deplete the 2DLM as illustrated in figure 15a. Gate
terminals G and G are biased with opposite polarities to generate a local pseudo p-n junction
that functions like a type-II or type-III band alignment with depletion regions and potential
barriers to suppress thermally generated dark currents, enhancing the performance of the
device. Examples of utilizing gated techniques include WSe>/SnSe; [88] and MoTe; p-i-n [89]
heterojunctions, where band alignments were effectively tuned to achieve type-III and type-II

pseudo band alignments, respectively.

A more elegant way to achieve the same outcomes as the split gate technique reported above
could be to utilize a thin ferroelectric layer above the split gate to spontaneously polarize the
ferroelectric layer, without the need for continuous gate voltage application as illustrated in
figure 15b. The opposite polarity of the gate voltages applied can spontaneously polarize the
ferroelectric layer with desired out-of-plane dipole induced electric fields and generate robust
local pseudo p-n junction that functions like a type-II/type-III band alignment with depletion
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regions for suppressing the dark currents. Multiple authors successfully demonstrated spin-
coated PVDF-TrFE as the ferroelectric layer and developed homo junctions of MoS; [90] and
MoTe, [91] and heterojunctions of GeSe-MoS, [92] while BiFeOs; was utilized as a

ferroelectric layer for a WSe; p-i-n homojunction [93].

2.5.6. Repression of trap state induced dark current utilizing

interfacial engineering:

(@)

Inserting graphene for trap state (b) Inserting interfacial barrier for dark

induced dark current repression current repression
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\4 smmmmmmmn \, ey O
........

e L e s

At v 0 0 VL VLV VIV
s T TR AR AN as v -

ATt Tt v P Y ¥ Y d
DA A0 o o o o o Dl a0 NI . - - -
ANSMNAMNSMANS NN

Figure 16. Repression of trap state induced dark currents utilizing (a) graphene as interfacial

recombination repressor or (b) interfacial barriers (A1203/h-BN) as repressor.

Defects within the semiconductor play a crucial role in determining the photoelectric
performance of the device. The defects are hot spots for generation and recombination related
phenomenon and contribute to the extension of the lifetime of carrier by trapping one type of
photogenerated carrier in photogating operation modes [94]. While the abovementioned
phenomenon is helpful for specific applications, the defects within the heterojunction result in
unwanted trap-related generation-recombination routes affecting figure of merits of
photodetectors such as sensitivity [95]. To overcome the issue, engineering of the interface via
surface passivation or intercalation n can significantly reduce defects at the heterointerface
[96,97]. This improvement helps suppression of heterointerface trap-related dark currents and
noise, enhancing the overall performance of the device, including sensitivity to weak light

signals. Moreover, the suppression of recombination of photo-carriers in the interface would
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reduce the losses of photo-generated electron hole pairs, enhancing the overall photo-to-electric
conversion efficiency [98]. As outlined in figure 16a, graphene could be utilized as an
interfacial recombination repressor in a heterojunction to combat trap induced losses.
Graphene, being a semimetal with zero gap, has large number of free electrons resulting from
the overlap of its band structure [98]. Reports indicate that when graphene is assembled onto
the surface or at the heterointerface of heterostructures, these free electrons can populate defect
and trap related states at the heterointerface. This filling process efficiently suppresses
interlayer recombination and minimizes the loss of photogenerated carriers [98—101]. Wang et
al. [102] utilized intercalated graphene between the interface of BP-InSe heterojunction to
successfully suppress SRH recombination processes, while Seo et.al [100] used graphene
passivation for MoS2-p-Si heterojunction for suppression of dark current with enhanced device
performance at 940nm. Another characteristics method is by introducing insulating oxides like
Al>,O3 or h-BN in between the heterojunction as illustrated in figure 16b. Wu et al. [103]
demonstrated a WS»-AlOx-Ge mixed dimensional heterojunction that can effectively detect up
to 4.6um, while Zhu et al. [97] demonstrated PtSe>/n-Ge heterojunctions with Al,O3 as ultrathin

interfacial barrier for suppressing dark currents.

2.5.7. Role of underlying substrate on ultra-thin 2DL.M:

Properties of 2DLM tend to be modulated by the underlying substrate when they are in the
ultrathin regime. Properties such as Schottky barrier, bandgap and fermi-level has been
experimentally proven to be affected by the underlying substrate. The origin of this
phenomenon could be due to multiple factors, including charge transfer, trapping-
recombination of charge carrier and difference in the dielectric constant. For instance, the use
of h-BN as substrate has been proven to enhance mobility of the device due to suppression of
scattering and screening of charged impurities. Similarly, a difference in the dielectric constant
of the underlying substrate could effectively modulate the band structure of a 2DLM, as was
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illustrated by Utama et.al [104]. The authors utilized substrates of different dielectric constant
(cytop €=2.0 and h-BN=5.0)- to tune the band structure of a MoS, flake to achieve a
homojunction diode. Alternatively, the dielectric properties of underlying substrate could
directly influence the dielectric properties of the overlaying 2DLM, as was noticed for
graphene on h-BN [105]. Moreover, bandgap renormalization due to the work function of the
substrate could significantly impact the Schottky barrier between metal and 2DLM, as was
observed for the case of MoS; [106]. A similar report could be found for the case of WS,-
Graphene heterointerface, where exciton interactions were observed to be influenced by h-BN-

Gr spacer layers, effectively, modulating the charge carrier densities by 20% [107].

2.5.8. Role of laver thickness on position of fermi-level:

Recently, in-depth investigation utilizing kelvin probe force microscopy (KPFM) on the
number of layers of WSe, and WS, have shown that, altering the number of layers could
significantly change position of fermi-level. Liu et. al [17], demonstrated that with increasing
thickness of WSe;, from 4nm to 30nm, a significant change in the fermi-level was observed to
lower energy values, where the work function of WSe; flake decreased significantly, portraying
substantial n-doping. This finding is crucial as WSe; has been widely reported as a strong p-
type semiconductor. Their systematic investigation substantiated that for device optimization,
specially for robust p-n junctions, researchers must consider keeping WSe; thicknesses to very
thin regime, which would substantially increase the efficiency of photoelectric conversion.
Utilizing a similar method, Yu et al. [108] demonstrated a work function tuning, based on layer
thickness of WS, suggesting more electron dominating transport characteristics as the
thickness increased from few layers to 10 layers. The authors also explained the role of
optimized thickness of WS> played in their type-I heterojunction between WS»-Te for robust

photodetection.
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Overall, the literature review of various synergistic optimization strategies for device
performance leads to the conclusion that a clear understanding of the 2DLM-metal interface is
crucial. This interface often represents a significant bottleneck in charge extraction, primarily

due to two factors:

1. Metal-Induced Gap States: These states can facilitate unwanted recombination
mechanisms and the thermal injection of dark currents, which severely undermines

photoconversion efficiency and increases noise related to dark current.

2. Fermi Level Pinning (FLP): The metal work functions may be pinned to mid-gap
states, making it challenging to change the metal work functions to achieve true ohmic

contacts.

Furthermore, it is evident from the preceding discussions that stacking 2DLMs without
considering the effects of layer thickness can negatively impact device performance due to
poorly optimized heterojunctions. Thus, addressing these interface challenges and carefully
designing layered structures are essential for enhancing the efficiency and effectiveness of

2DLM-based optoelectronic devices.

2.6. Conclusion:

Overall, for optimizing optoelectronic device performance, a synergistic-approach has been
probed from the literature and discussed indepth. This chapter began with a comprehensive
overview of two-dimensional layered materials (2DLMs), highlighting key material
characteristics that impacted their applications in optoelectronics. These characteristics

included crystal structure, absorption properties, bandgap relationships, and carrier mobility.

Following this introduction, we presented the figures of merit for photodetectors, accompanied

by a broad classification of 2DLM-based photodetectors and an explanation of their operational
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principles. A succinct literature review then provided context for the topics addressed in this
thesis, leading to a detailed discussion on the synergistic optimization of photodetectors and
their significance in advancing optoelectronic technologies. This thorough examination aimed
to underscore the potential of 2DLMs in enhancing device performance and addressing

contemporary challenges within the field.
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Chapter 3: All van der Waals GaS-WSe;
photodiodes: Synergistically engineered for
Multifunctional Optoelectronics:

3.1. Introduction:

Multivariate optimizable strategy in vdW heterojunction is a crucial aspect of research in the
context of vdW heterostructure photodiodes. Among them, transitional metal dichalcogenides
(TMDC) and metal monochalcogenides are equally imperative vdW-m for optoelectronic
sensing applications, due to enhanced light matter interaction, high charge carrier mobility,
layer dependent tunable bandgaps-all in the ultra-thin regime of few atomic layers [109,110].
GaS, a layered post-transition metal monochalcogenide, has demonstrated excellent light-
matter interaction in the ultraviolet-visible regime[111]. Its remarkable structural [112] and
phonon dynamics characteristics [113], suggest promising applications in flexible
optoelectronics. However, the reported low intrinsic in-plane mobility has hindered its progress
in realizing in-plane self-powered photo-sensors, till date. Earlier it was suggested that ultrathin
films of gallium monochalcogenides could be suitable active element candidates for ultraviolet
photon harvesting in vertical tunneling transistors [114]. Besides, double peak valence band
maxima, as theoretically predicted for ultrathin GaS, encourage photo absorption [111], making
them suitable for optoelectronic heterojunction devices. Thus far, reported photoconductive
type bare GaS [115,116], defect-based GaS devices [115] and heterojunction devices like Gr-
GaS-Gr [116] and GaS-WS; [117] required large operating voltages and demonstrated sluggish
response speeds, necessitating renewed investigation into favorable layer thickness
determination, device structure and contact engineering approaches, conducive to self-powered
applications and faster response speeds. It is well established that self-powered heterojunction

optoelectronics benefits from type-II heterointerface facilitating band bending and enhanced
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charge carrier separation [118]. However, shift of the band edges and fermi-level owing to
impetuous layer thickness modification and emergence of refractory Schottky barrier at the
contact regions due to FLP, could nullify these type-II junction benefits. This is especially
critical for large bandgap vdW-m like GaS and its heterojunctions, which have not yet been
thoroughly investigated. The selection of number of layers is subjective to the applications of
the constituent material and may not be universal for every aspect, however a clear strategy has
been already adopted for FLP free application of vdW-m, owing to recent investigation of vdW
transfer metal contacts for efficient current injection in FETs [57,119—121] and photocarrier
extraction in solar cells [59]. Hence, with meticulous engineering strategy, we report a
photovoltaic type-II, “all van der Waals” GaS-WSe: heterojunction photodetector, having
thickness, structure and contact optimized to achieve broadband detection response between
275 nm and 1064 nm regime, multispectral unity approaching linearity, with a significant linear
dynamic range of 106.78 dB. The device also exhibits a large on/off ratio of 10°, fast response
speeds of 545/ 471 ps alongside ultra-low light detection capabilities with ~fA dark currents to
achieve a peak responsivity of 376.78 mA/W and a detectivity of 4.12 x 10" Jones with
stabilized EQE of 30% and fill factor of ~0.33; all achieved through a single junction and a
name coined “all van der Waals” due to the integration of the metal contacts with intimate vdW
interaction. Moreover, our systematic investigation on multiple a-vdW devices along with a
control device fabricated using traditional electron beam lithography (EBL) pattered contacts
for comparison, covering key performance attributes such as junction potentials, electronic-
optoelectronic characteristics, further endorse and emphasize the essential role of meticulous
approach to thickness-engineered layers in establishing a robust depletion region for GaS-WSe»
type-II heterojunction and modulating the Schottky barrier height via vdW metal contacts to
achieve FLP free, vdW metal-2D material interface, beneficial to recombination resilient high
linearity, striking a favorable balance among photocarrier generation-recombination,
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separation, transport, and extraction, eventually facilitating a highly sensitive, broadband

photodiode.

3.2. Results and Discussion:

3.2.1. Fabrication of heterojunction:

The fabrication process consists of two distinct steps: the fabrication of the heterojunction and
the integration of the vdW metal contacts. Traditional scotch-tape/ PDMS based
micromechanical cleavage and aligned dry transfer technique has been performed to obtain the
vdW heterojunction. In short, scotch-tape was used to exfoliate h-BN, GaS and WSe> (HQ
Graphene) and transfer to PDMS. The correct thickness of the flakes were identified under
microscope using optical contrast and then transferred onto a previously ultrasonically cleaned
[Acetone (2mins), [PA (3mins) and DI water (3mins)] and plasma treated [O> Plasma, 100W,
5mins] 300nm SiO2/Si*", sequentially by means of a homemade aligned transfer stage. The
heterojunction was annealed under 50 sccm Ar flow at 180 °C for lhr to increase coupling
efficiency and ensure efficient charge transfer between the layers. h-BN was chosen as the
dielectric material to provide potential screening from charged impurities and adsorbates on
the SiO» surface [122] which could modulate the carrier transport characteristics [123], and

influence the Schottky barrier height between the contacts and the underlying vdW-m [106].

3.2.2. Van der Waals contact fabrication and integration:

In the second step, vdW integration of Ag/Au (38 nm/22 nm) contacts was achieved through a
modified transfer method using prefabricated contacts on a sacrificial substrate. The fabrication
of vdW contacts can be explained in three primary steps: (i) fabrication of contacts on

sacrificial substrates, (i1) pick-up and aligned transfer of the contacts to a previously fabricated
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heterojunction using a thermoplastic, and (iii) removal of the thermoplastic to complete the

device fabrication.

In brief, a 1 cm x 1 cm silicon substrate was spin-coated with photoresist (PR) (AZ5214E) at
5000 rpm to achieve a photoresist thickness of 1.25 pm. The PR-coated substrate was then
baked on a hotplate for 1 minute at 110 °C. Subsequently, a chrome photomask, featuring
electrode patterns, was aligned onto the substrate using a mask aligner (SUSS MA-6,
Microtek). The PR-coated substrate was exposed to ultraviolet light at a wavelength of 375 nm
for 5 seconds. Following exposure, the substrate was immersed in a developer solution
(AZ300MIF) for 30 seconds with gentle agitation, then thoroughly rinsed with deionized (DI)

water and dried using a nitrogen gun.

Metal deposition was executed through electron beam evaporation (Denton E-beam Explorer)
employing a sequential deposition technique. Silver (Ag) was deposited at a rate of 1.2 A/s at
a working pressure of 4.2 X 107 torr to a thickness of 38 nm, followed by a gold (Au) capping
layer deposited at a rate of 1 A/s at a working pressure of 6.1 X 1077 torr to a thickness of 22
nm. The liftoff process was initiated by placing the metal-deposited substrate in an acetone
bath, where gentle shaking was applied to facilitate metal liftoff. Finally, the patterned substrate

was rinsed sequentially with isopropyl alcohol (IPA) and DI water.

For the integration of patterned electrodes into the heterojunction, polyvinyl alcohol (PVA)
thermoplastic was utilized for the pick-up and transfer process. In brief, a PVA-deionized water
solution (0.083 g/ml) was prepared and allowed to bake overnight in a clean glass petri dish at
60 °C to facilitate hardening. A 5 mm x 5 mm piece of the hardened PVA was then cut out and

placed on polydimethylsiloxane (PDMS).

The PVA/PDMS stack was aligned using a glass slide on an aligned transfer stage, and the PVA

film was transferred onto the patterned electrodes at a stage temperature of 50 °C. The

Page-43 |
Tawsif Ibne Alam



&

%>

electrodes, now wrapped in the PVA film, were carefully released from the sacrificial substrate
using tweezers and subsequently transferred onto the designated heterojunction area. This
transfer was executed using the same micrometer-aligned transfer stage, with PDMS serving

as the carrier.

Once the electrode/PVA/PDMS structure was accurately positioned on the heterojunction, the
substrate was heated to 50 °C and maintained in contact for 3 minutes. Following this, the
PDMS was released at an angle to facilitate separation. To complete the formation of the a-
vdW photodetector, the PVA support was dissolved in DI water, after which it was dried using
a nitrogen gun. This approach minimizes FLP and enhances photocarrier extraction. A

schematic illustration of this process is provided in Figure 17.

Deposition of Metal using conventional
lithography and

physical vapor deposition . Mechanical peel off
Transferred thermoplastic on using tweezer

prepatterned metal contacts

All van der Waals Photodetector Dissolve th lastici lvent Precise alignment and transfer of metal on
Issolve thermoplastic in solven heterostructure using a PDMS stamp
under a micro alignment transfer stage

Figure 17. Integration of van der Waals contact to GaS-WSe: heterojunction.

The finalized device structure and schematic of the WSe>-GaS vdW heterostructure and an

optical micrograph of an a-vdW photodiode is illustrated in figure 18a and b respectively.
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Figure 18. (a) Schematic lllustration of all van der Waals heterojunction photodetector (Purple
and red spheres represent gallium and tungsten metal atoms, while blue and yellow spheres

represent sulfur and selenium atoms respectively). (b) Optical micrograph image of the device.

3.2.3. Raman and Photoluminescence spectroscopic characterization

of the heterojunction:

To better understand the layer coupling properties of the prepared heterostructure photodiode,
we employed Raman spectroscopy, as shown in figure 19a. For few-layer GaS, the prominent
vibrational modes A'y, and A%, were identified at 188.16 cm™ and 359.58cm™, respectively,
while the less prominent E'>, mode appeared at 296.01cm™!, consistent with previous reports
[124]. Likewise, few-layer WSe, exhibited a prominent in-plane mode E'5; at 249.58cm™ and
a weak out-of-plane A, mode at 256.94cm™ [125,126]. In the overlapped region between WSe
and GasS, all peaks corresponding to the individual layers were observed, indicating a high-
quality heterojunction. Moreover, to further investigate the charge transfer characteristics and
coupling effects, we performed Raman intensity mapping and analyzed the photoluminescence
(PL) spectra and mapping. As shown in the Raman intensity mapping for the peaks at
256.94cm™ and 359.58 cm! in figure 19 b and ¢, we observed a notable reduction in Raman
intensity—a phenomenon known as “Raman quench”—which signifies strong interfacial
coupling between the GaS and WSe; flakes [84,122]. Raman quenching has been reported in
many vdW p-n heterojunctions. They are likely attributed to two causes; Shielding effect by

the upper layer which reduces the laser intensity and absorption of it and interlayer charge

Page-45 |
Tawsif Ibne Alam



transfer between the well coupled vdW materials due to their fermi-level difference [17,108].
The PL spectra in figure 19d reveal strong excitonic emission for bare WSe>, while an

obviously quenched PL spectrum is observed in the overlapping region.
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Figure 19. (a) Raman spectroscopy of few layer GaS showing characteristics A'1q, E'2¢ and
A? 1g modes, ultrathin WSe> showing characteristics E' g and A;q modes and the heterojunction
region showing all the characteristics peaks. Raman mapping of (b) Aig mode (256.94cm™) of
WSe: (top) and (c) A%1g (359.58 cm™) of GaS, showing evident uniform Raman quenching in
the overlapped regions for both the modes. (d) Photoluminescence spectroscopy of ultrathin
WSe: in the bare and overlapped regions of the heterojunction, with the (e) showing the PL
mapping. Evident PL quenching is observed from both the spectroscopy and mapping resullts.

Furthermore, the intensity mapping shown in figure 19e, demonstrates uniform quenching
effects of PL intensity in the heterointerface region, indicating non-radiative recombination in

the GaS-WSe; heterostructure and efficient separation of photogenerated electron-hole pairs
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[15]. These results from Raman scattering and PL spectra indicate a well-coupled, pristine

heterointerface suitable for photodetection mechanisms.

3.2.4. Estimation of band structure profile using UPS and KPFM and

height profile using AFM:

To better understand the charge transport characteristics, ultraviolet photoelectron
spectroscopy (UPS) was employed to determine the complete energy level alignment before
contact. The work functions (®) of GaS and WSe> were estimated to be 4.19 eV and 4.38 eV,
respectively, calculated from the difference between the second electron cutoff energy and the
photon energy of the He I light source (21.21 eV), as outlined in figures 20a and b, from the
following calculations.

The work function of a semiconductor could be obtained from the difference between the

energy of the illuminating photon and secondary electron cutoff energy as follows:

Dgas = E(He;) - E(sec.cut) (4)

=21.2eV-17.01 eV=4.19 eV

(Z)W.S‘ez = E(He;) - E(sec.cut) (5)
=21.2eV-16.82eV=4.38 eV

The valence band edges of GaS and WSe> were found to be 2.41 eV and 0.38 eV lower than
their respective fermi energies (£y), as shown in the insets of those figures.

Additionally, we employed Kelvin probe force microscopy (KPFM) to investigate the fermi-
level adjustments at the heterojunction after contact (figure 20c), revealing a surface potential
difference (SPD) of approximately 200 mV across the heterojunction using the following

equations.

eSPDgas = Prip — Pgas (6)
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eSPDgas = Ptip — Pgas

(7)

Where €, @tip, Pgas and @y se, represents the work function of the SKPM tip, GaS and WSe:,

respectively. Consequently, the difference between the fermi level between GaS and WSe:

could be written as:

AEf = eSPDgqs — eSPDyse, = Pgas — Pwse,

(8)

AE¢(device,) = eSPD = 200 meV
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Figure 20. Inference of heterojunction band structure from UPS (a) Secondary Electron cut-off

for GasS, with the inset showing the position of valence band edge. (b) Secondary Electron cut-

off for WSez, with the inset showing the position of valence band edge. (c) KPFM image of the

heterojunction region with corresponding SPD profile, showing a SPD of ~200 mV. (d) The

proposed band alignment before contact, with various energies.

Notably, the fermi level difference between WSe; and GaS, measured at around 0.19 eV from

UPS measurements, closely matches the results obtained from KPFM. Combining the insights

Tawsif Ibne Alam
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gained from KPFM and UPS, along with the reported bandgaps of 1.3 eV for few-layer WSe>
[127,128], and 2.5 eV for GaS [129,130], the proposed type II heterointerface band diagram is
illustrated in supporting section figure 20d.

Atomic Force Microscopy (AFM) was employed to obtain the height profile of the prepared
heterojunction photodetector, as shown in figure 21a. The height profile analysis revealed the
height of the GaS flake was approximately 8.5 nm, (~10 layers) (figure 21b), while the WSe>
flake had a height of around 3 nm, (~4 layers) (figure 21c), confirming the thicknesses of the

layers used in constructing the heterojunction.
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Figure 21. (a) AFM image of the heterojunction region with corresponding height profiles
showing a thickness of (b) GaS and (c) WSe: layer of 8.5nm (region A) and 3nm (region B),

respectively.

3.2.5. HR-STEM and HAADF-STEM EDX analysis at the cross-

section of a-vdW heterojunction:

High-resolution scanning transmission electron microscopy (HR-STEM) was employed at the
cross section of a device to verify the quality of a-vdW heterojunction region, as illustrated in
figure 22. The investigated region consists of few-layer h-BN, ultrathin WSe», few layers of
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GaS, encapsulated by vdW contact. The images reveal clean interfaces within the 2D-2D
heterojunction, free of impurities and the 2D-metal interface shows an undisturbed, column-
like structure of the naturally passivated GaS layers, maintaining a vdW gap without any
perforation of metal into the GaS layer. This suggests a clean metal-vdWm interface, which is

conducive to FLP free operation.

vdW Contact

Figure 22. Cross-sectional HR-STEM image of the all vdW region of the heterojunction,
showing (from bottom) h-BN, WSe>, GaS and vdW contact, with pristine interfaces between

constituent junctions.

Additionally, we utilized high-angle annular dark field (HAADF) STEM energy-dispersive X-
ray spectroscopy (EDS) mapping to determine the elemental composition of the constituent
elements at the 2D-2D interface (figure 23). The EDS results further complement the Raman
and PL spectroscopic conclusions of a robust and pristine heterojunction, composed of GaS-

WSe;.
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Figure 23. HAADF STEM image of the cross section of the heterojunction and EDX mapping

of the elements in the heterojunction region showing presence of Ga, S, W, Se, B and N

concentrations at respective vdW material layers.

3.2.6. Electronic transport characteristics of the GaS-WSe; a-vdW

photodiode under dark conditions:

The charge injection mechanism in a vdW materials’ interface has significant impact on
numerous performance descriptor figures of merit, including contact resistance, current on/off
ratio and response time of the device [131]. For vdW heterostructure devices, general
approximation of the transport characteristics is well established within the framework of direct
tunneling (DT) under Simmons model at low bias, Fowler—Nordheim (FN) tunneling model at
cold field emission regime and space charge limited (SCL) emission regime [132]. To elucidate
the electronic transport in the heterojunction, the I4-Vq characteristics for the device was
obtained (figure 24a, b and c). Drain voltage with positive polarity was applied to the WSe>

side, while the source terminal at the GaS side was connected to ground. A clear rectifying
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characteristic of a conventional p-n junction is observed in figure 24a with a rectification ratio
of over 10%. Interestingly, the log-scale plot of the drain current reveals two distinct linear
regions in the forward bias configuration; 0.01V<V4<0.19V, with a diode ideality factor (n) of
~1.6 and 0.2<V<0.6V, with an ideality factor of ~2.96, in accordance with the Shockley diode
equation. To understand the tunneling phenomenon, the forward current [4-Vq characteristics
was replotted as shown in figure 24b with three distinct regions. A low voltage DT regime is
observed under low bias configuration (region (I)), and a FN tunneling regime (region (II))

with negative slope which could be expressed by the following expression [133,134].

( (_Zd 2m*¢T)
Vse h (Vy < Venr): DT
Ig { 4d /2m*¢T3 ’ )
T 3heV
V,2e (Vg > Venp): ENT

where m* is the electron effective mass, % is the reduced Plank’s constant, d is the barrier
thickness, @7 is the tunneling barrier height. The tunneling threshold voltage, Vent of ~0.195V,
could be obtained from figure 3b and tunneling barrier @7 could be estimated from this
threshold to be roughly 0.195eV (Vevr=®1/e). Upon further investigation, using a double log
plot of the 14-Vq characteristics as shown in figure 24c, one could notice that the DT region
shows a linear regime portraying an approximate ohmic behavior, as expected in the case of
DT effect in region (I), due to thermionic emission. The formation of band bending of the
device under applied potential is illustrated in figure 24d. The barrier hindering the charge
carrier is trapezoidal in this region as illustrated in figure 24d, region (I). Furthermore, the
current is found to increase more rapidly in region (II) at a higher applied drain-source
potential, the barrier tends to form a triangular shape and becomes narrower leading to FN
tunneling (figure 3d region (II)). At much higher voltage (V4>0.6 V), the current is limited by

the space charge limited region (SPLC) [135] (figure 24d region (III)). The device shows a
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rectification ratio of ~250, which could be further enhanced by forming asymmetric
accumulation type contacts at both ends (i.e. a higher work function contact at the WSe, end
and lower work function contacts at GaS). It is worth noting that the current of the device at
Vas= 0V, is in the ~fA range. Such ultra-low dark currents could be attributed to the type-II
heterojunction, large valence band offset between the GaS and WSe> (evident from figure 20c),
that suppresses minority carrier injection and the inherent vdW gap between the contacts and

vdW-m that promotes MIGS resilient dark current suppression.
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Figure 24.(a) Dark 14-Va profile of the photodiode, showing two distinct linear regions with
ideality factor ni and n2 of 1.6 and 2.96 respectively. (b) In(L/V4) vs 1/Va plot of the diode
forward current regime, showing 3 distinct operation regions (DT, FN and SPLC). (c) Double
log 14-Va plot of the forward current. (d) Schematic illustration of transport characteristics of

the photodiode under forward and reverse bias conditions.

3.2.7. Charge Transport of the device under illumination conditions:

We then examine the charge transport and excitonic transfer in our vdW heterojunction as

outlined in the pseudo band diagram in figure 25. During quasi-equilibrium state of
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illumination, at lower wavelengths (< 450 nm), the intra layer excitation T>, dominates the
excitonic dissociation in GaS layer producing electron hole-pairs that are separated by the built-
in potential in the heterojunction, causing electron and hole transit towards the source and drain
contacts respectively. As the excitation wavelength transitions toward higher wavelength,
contribution of excitonic transitions from WSe> with intralayer excitation T aids to the
photocurrent generation with highest responsivity observed at 450 nm and maximum open
circuit voltage before saturation (discussed later). At illumination wavelengths below the
bandgap of GaS (i.e. A > 490 nm), intra layer excitation T path dominates excitonic transitions
and the responsivity of the device starts to decay. As the illumination reaches beyond bandgap
of ultra-thinWSe>, (A > 850 nm), interlayer excitonic transition T3 contributes mostly to the
charge transport and excitonic dissociation, which is also evident from the difference in

response between 810 nm, 980 nm and 1064 nm illumination (discussed later).
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Figure 25. Pseudo band alignment of the heterojunction under quasi-equilibrium state of

illumination, illustrating intralayer transitions (T1 and T:) and interlayer transition (T3).

3.2.8. Employment of synergistic device optimization strategies:

Role of the thickness of GaS and WSe: in synergistic optimization:

We subsequently examine the significance of the optimized thickness of the GaS and WSe:

layers in our investigated devices. In our investigation of multilayered GaS on h-BN, Ag/Au
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vdW contacts demonstrated least deviation from linearity in the low bias regime (£500 mV)
for a thickness above 8-10 nm as outlined in figure 26a and 26b. Any thickness lower than the
mentioned value would significantly deviate the linearity, signifying the emergence of a
Schottky barrier as outlined in figure 26¢. A plausible explanation of this trend could be
explained as thickness decreases, bandgap starts widening with decrease in free-carrier
concentration and available density of states and fermi-level, shifting the conduction band edge

to lower energy values, away from the fermi-level of the contact as outlined in figure 26d.

@ ®) e

—_ R

< <

= S 0504

iy X -

= = 025

1 1

s 0 E 0.00

= :

E =

5 = -0.25

224 O

@)

= £ -0.501

= =

= i

g Syl |

0.6 04 02 00 02 04 06 0.6 -0.4-0.2 0.0 02 04 06
Drain Voltage - V, (V) Drain Voltage - V, (V)

(©) o (d)

- F—>50m| SRS
‘é 0.50 4 . s,
= ! Conduction band profile ]
= 0.251 ! !
- ! ;
= 0.00 i .
[P] 1 1
i | 3
] 1 1
= -0.251 ! !
o i :
2 0.50; ! !
R s | -

0.6 0.4 0.2 0.0 02 0.4 0.6
Drain Voltage - V,; (V)
Figure 26. Evolution of layer dependent transition in contact type for GaS-vdW Ag on h-BN.

(a) ohmic-14nm (b) ohmic- 8nm (c) schottky-5nm. (d) Estimation of shift in Schottky barrier

with decreasing thickness, due to shifts in fermi-level and conduction band edges.

Additionally, the thickness of the WSe> layer plays a crucial role in determining the robustness
of the p-n junction. Earlier, it was reported that a thicker WSe> would shift the work function
to lower energy levels, promoting an n-type transition [17], supporting our KPFM findings as

well. Figure 27 illustrates the changes in the Fermi level of WSe; with respect to gold (Au) as
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areference, across varying thicknesses. Specifically, figure 27a presents an optical micrograph,
while figures 27b and 27¢ display corresponding atomic force microscopy (AFM) and Kelvin
probe force microscopy (KPFM) images, respectively. As indicated in figure 27d, a variation
in the thickness of the WSe; flake from approximately 10 nm to 15 nm results in a measured
surface potential difference (SPD) of approximately 15 mV. This observation suggests a
reduction in the work function of WSe;, leading to a shift in the Fermi level toward lower
energy values, which indicates an emergence of n-type doping as the thickness increases.
Therefore, to establish a robust heterojunction with p-type WSe, it is essential to optimize the
thickness at lower values. Moreover, our abovementioned argument could further explain the
reason for reduced performance, in device-2, which comprised of a thicker WSe; region and
the optoelectronic characteristics and KPFM results suggested that the built-in potential
developed in junction region may have degraded as the SPD obtained was 125 mV,
significantly lower than the SPD of device-1, undermining its optoelectronic performance
(more discussion later). This may be one of the probable factors. Additionally, another
contributing factor could be that the optimized thickness of WSe: layer (3nm) may play an
important role in charge carrier separation and extraction. It is well established that monolayer
TMDC shows an absorption of only 5% of the incident illumination. With increase in the
thickness of WSe> to a few layers, the absorption should increase and should promote higher
photocarrier generation. However, a scaling limit is reached due to a trade-off between
photocarrier generation in multiple layers and its separation and extraction, due to intra layer
recombination dominating over the extraction and separation mechanism, which could be

another reason for reduced efficiency as outlined in figure 27e.
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Figure 27. Modulation of WSe> fermi-level, with thickness. (a) Optical micrograph of a step
height varying WSe: flake of 15nm. Corresponding (b) AFM image used for height profile. &
(c) KPFM image for surface potential difference. (d) Height profile and surface potential
difference variation in the flake. (e) Strategy for optimization of WSe: layers for efficient charge

generation, separation and extraction.

Furthermore, a device with thicker GaS (~13.2nm) and ultra-thin WSe> of 3.8nm (device-3)
was also investigated and was found to have lower power conversion efficiency (PCE) than
device-1, despite having a larger SPD than device-1 (more comparative discussion presented

later), indicating poor charge separation and extraction characteristics as well. The measured
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SPD from KPFM was higher (~216 mV) likely due to a thicker GaS region with ultra-thin
WSe;, similar to device-1, suggesting a robust p-n junction. However, observation of lower
PCE could be explained using figures 28a and b. As illustrated, when the GaS thickness (t1) as
in device-1 (figure 28a), is lower than that of (t2) as in device-3 (figure 28b), the contact region
for charge carrier extraction is positioned closer to the depletion region of the junction in the
vertical direction. Consequently, the carrier transit path (L) in device-1 is shorter than the
transit path (L2) in the thicker GaS region of device-3. This configuration significantly reduces
the photocarrier recombination likelihood and enhances carrier extraction efficiency in device-
1, which demonstrates a PCE of 0.8%, compared to the 0.4% PCE observed in device-3 with

the thicker GaS region at 405 nm (more comparative analysis presented later).

(@) (b)

N

1
Tia5

Depletion Depletion

Figure 28. Carrier extraction pathway for GasS layers with thickness (a) t; (device-1) and (f) t2

(device-2), where t> >t.

Role of Fermi-level-pinning and its perceived effects in vdW junction photodiodes:

For high performance device operation of vdW optoelectronics, it is generally expected that
metal-vdW-m junction is free of Schottky-barrier and forms ohmic contact, that sponsors
ultralow contact resistance. The emergence of Schottky-barrier in metal-vdW-m junction is
strongly correlated to the metal-vdW-m interfacial interactions that trigger FPL, similar to the
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case observed in metal-3D semiconductor FLP characteristics, despite having near perfect
surface states, due to absence of surface dangling bonds. The origin of FLP in metal-vdW-m
interface has been thoroughly investigated [57,119,120] and the cause has been identified to be
from the formation of large number of defect states that occur when metal is directly deposited

on the surface of the vdW-m.
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Figure 29. (a) Metalized 2DLM and Fermi level pinning (FLP). (b) Van der Waals contact, free
of FLP, metallized 2DLM and efficient contact engineering.

In figure 29 a, a typical scenario involving deposited metal is depicted. It illustrates that metal
diffusion into two-dimensional layered materials (2DLM) results in three primary issues:
structural defects within the 2DLM, the formation of hybrid bonds between the metal and the
2DLM, and the diffusion of metal into the 2DLM (see figure 29a-i). These phenomena
significantly impact the performance of vdW optoelectronic devices. The structural defects act
as hotspots for the capture and injection of thermalized carriers, leading to a degradation of

both mobility and dark current characteristics. Furthermore, the presence of hybrid bonds and
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diffused metals adversely affects dark current performance due to the formation of a metallized
region within the 2DLM, effectively eliminating the vdW gap (refer to figure 29a-ii) and a large
Schottky barrier is created (®sg). Moreover, the dark current of the device is affected in two
ways; (1) the dark current is significantly increased due to injection of thermalized carriers from
the midgap states and (ii), the formation of hybrid bonds between the metal and vdW-m leads
to loss of vdW gap between the metal-vdW-m junction, further escalating the flow of dark
current. The effect is more pronounced for few layer vdW-m when the metal pierce through the
top layer and create bonds with the subsequent layers underneath as well, reducing the effective
resistance for dark current path as shown in figure 29a-iii. Ultimately, it is important to note
that the Fermi level of the metal is consistently pinned at the mid-gap states. Consequently,
employing metals with varying work functions to adjust the Schottky barrier frequently proves
ineffective, and this diminishes the prospect of achieving ohmic contact, despite using metals
with matching work functions, as the metal work function is pinned to the mid-gap states of
the vdW-m as shown in figure 29a-iv. This is very significant for a vdW-m with a considerably
large bandgap like GaS, for which self-powered optoelectronic devices may not have been
possible till date. Additionally, the defect-induced gap states are also hotspots for scattering,
recombination and trapping of photogenerated carriers. This negatively impacts key FoM of
photodetectors, especially reduced efficiency, linear dynamic range, power exponent, sluggish

response times, etc. and the overall performance of the photodetector is greatly reduced.

On the contrary, using a vdW transfer metal contact, here after referred to as vdW metal
contacts (vdW-MC) significantly reduces FLP [57], can help in efficient alignment of work
function-based metal-Schottky barrier engineering for efficient photocarrier extraction, pristine
metal-vdW-m interface eliminating the gap state induced scattering, recombination and
trapping of photocarriers, enhancing the overall performance of the detectors. As outlined in

figure 29b, the scenario of a vdW-MC is illustrated. This configuration preserves the vdW gap
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between the metal and the vdW-m, ensuring the absence of structural defects at the metal-vdW-
m interface and preventing any penetration into the underlying 2DLM (see figure 29b-1). In
this arrangement, a tunable Schottky barrier (®sgp) is observable, preceded by a tunnel barrier
(TB) prior to the metal-vdW-m interface (illustrated in figure 29b-ii). The dark current path
resistance is significantly increased due to the presence of the tunnel barrier, with the
underlying vdW-m contributing substantially to the overall dark current path resistance (as
shown in figure 29b-iii). Furthermore, the alignment of the Schottky barrier can be optimized
through the careful selection of metal work functions, allowing for the formation of either
Schottky or ohmic contacts (depicted in figure 29b-iv). Overall, the implementation of vdW-
MC contacts not only alleviates issues related to dark current but also enhances the
photoelectric performance of photodiodes by minimizing trap states and facilitating efficient

charge carrier extraction.

Role of the optimized structure in charge carrier extraction:

We looked at the role of the structure of the device in enhancing the device’s performance.
Previous reports of GaS based photodetector structures [111,115-117] employed a lateral
configuration. Since GaS has a large bandgap of ~2.5 €V, it is expected to have low charge
carrier mobility due to reduced free charge carrier concentration. Hence a lateral heterojunction
with an extended GaS layer before the contact, would introduce unnecessary increment in the
charge transport path. In the comparison of GaS and WSex, it is observed that GaS possesses a
bandgap that is almost twice that of WSe> [1.3 eV -1.5 eV]. As a result, the resistance of any
extended GaS channel, denoted as R», is significantly greater than the resistance of an extended
WSe; channel, R, when both channels are of similar length, as illustrated in figures 30a and b.
This disparity in resistance leads to reduced charge carrier mobility in GaS compared to WSe,.
Assuming that both devices have the same active area and similar flake thicknesses, any
extended GaS channel prior to the contact region is likely to experience enhanced photocarrier
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recombination relative to the WSe> channel. Consequently, the device structure depicted in
figure 30a—which represents a diode D formed at the hetero-interface between GaS and WSe:
exhibits superior performance compared to the structure shown in figure 30b, which includes

the extended GaS channel with an additional resistance Ro.

(@) D, R () R, Di R
Ag/Au
n-GaS Ag/Au Ag/Au n-GaS Ag/Au
p-WSe, p-WSe,
SiO,/Si SiO,/Si
(© (d)
B -
Depletion
Ag/Au
Depletion e % -
N E .._n:.GaS Ag/Au Ag/Au ,\ S "'n"GaS Ediela Ag/Au
S o W O R g} BN
________ S A RS
p-WSe, p-WSe,

Figure 30. (a) Schematic of a semi-vertical GaS-WSe: heterojunction. (b) Schematic of a lateral
extended channel GaS-WSe: heterojunction. (c) Transport path of photo carrier in a semi-
vertical heterojunction (d)Transport path of photo carrier a lateral extended channel GaS-

WSe> heterojunction.

In the scenario presented in figure 30a, the electron transit length is in the nanometre range,
dependent on the number of layers, particularly near the source contact, resulting in
significantly reduced transit time, as illustrated in figure 30c. Conversely, in the case depicted
in figure 30d, under identical photocarrier generation rates, electrons are required to traverse
distances on the order of several micrometres, as opposed to merely nanometres in the device
shown in figure 30c. This increased transit distance raises the likelihood of photocarrier
recombination prior to collection at the contact terminal, thereby diminishing the overall

photoconversion efficiency and sluggish response.
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Overall, a synergistically optimized effect of efficient charge carrier generation, separation and
extraction takes place in this optimized heterojunction based on the precisely adjusted thickness

of GaS-WSe, integration of vdW-MC along with the device structure.

3.2.9. Optoelectronic characteristics of the Synergistically engineered

a-vdW photodiode:

A robust heterojunction photodiode showing fast response and broadband characteristics
should be a synergistically engineered device so that it balances maximum photocarrier
generation, enhances the charge separation and provides an efficient route for charge carrier
extraction, under illuminated conditions. Figure 31a represents the output curve of the device
with increasing light power Pi, from 0.067pW to 14.44nW at 450 nm illumination. As the light
power increases, a significant increase in the short circuit current (Zsc) and open circuit voltage
(Voc) 1s observed, which can be further substantiated from the zoomed linear scale plot of /4
Va4 in figure 31b, clearly stating the crossover at the respective axis. The photovoltaic effect of
our optimized heterojunction was assessed using the measurements of Isc and Voc, (figure
31c). Voc shows a linear scaling dependence with the log of the input power density (PD;y),
with gradual evident saturation as PD;, reaches ~50mW/cm?, with a maximum Voc of 0.36V.
The photocurrent (/) of the detector is defined as the difference between drain current under
illumination and dark condition (Z,,=liigh-Laiark). In the case of our a-vdW photovoltaic detectors,
where there is absence of source-drain bias, the dark current (/4.«) of our investigated devices
were in the ~f4 range, which is impressively low and the current under illumination (Zign) could
be written as liign = Isc. Interestingly, the double log plot of Isc vs PD;,, shows an impressive
linearity, with no saturation observed in our investigated maximum PD;, (52.7mW/cm?), with
an impressive power exponent, o (i.e. Isc & PD;,*) of 0.96. The linear regime of the Isc - PDy,
can be quantified by an important figure of merit, the linear dynamic range (LDR) of the

photodiode, in dB, and could be obtained using the following equation:
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_ P Din(max) / )
where, PDipmax)[PDin@min)] 18 the maximum [minimum] PD;, of the linear region. Based on

the reported results in figure 31c, the LDR of our optimized junction is 106.7dB. It is worth
noting that 106.7 dB is still underestimated due to the limited illumination conditions available
at our disposal. Our reported Voc of 0.36V, LDR of 106.7dB and ultra-low dark currents of ~f4
in this work is amongst the most impressive ones in single vdW heterojunctions and even
exceeds that of more recently investigated double heterojunctions under similar illumination
conditions [83]. This suggests GaS-WSe> vdW heterojunction for similar applications would

be an excellent alternative.

Owing to the impressive power exponent value of 0.96 and a large Voc of 0.36, we further
investigate the ongoing photocarrier generation and recombination mechanisms in our
synergistically engineered heterojunction photodiode. For vdW interfaces, two primary

physical phenomena are involved in the interlayer recombination mechanisms[21][136]:

1) Shockley-Read-Hall (SRH) Recombination: This process is driven by the inelastic
tunneling of majority carriers into trap states, often referred to as monomolecular
recombination.

2) Langevin Recombination: This occurs due to Coulomb interactions, where electron-
hole pairs recombine at the junction shortly after their creation, also known as

bimolecular recombination.

In the heterojunction region, one of these mechanisms may dominate, although both can occur
simultaneously. To quantitatively elucidate the recombination process, the following equation
can be used [137]:

dv, KsT
o = (11)

2
din(PDy,) B q
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where, [ represents the recombination order (1:-SRH recombination & 2:-Langevin
recombination). K is Boltzmann’s constant, 7 is the temperature and ¢ is the unit charge. From
the fitting of the experimental data, we obtain 3 to be 1.84, suggesting the synergistic optimized
device is dominated by Langevin recombination. This is very significant as upon synergistic
engineering, the device tends to suppress/reduce trap mediated recombination, when compared
to device-2 and device-3, with more discussion presented later. The reason could be further
related to the thickness of the optimized layers of both GaS and WSe: for robust p-n junction,
shorter carrier transit path for GaS layer to reduce trap assisted recombination, ultimately

benefiting the device for efficient charge separation and extraction.

Additionally, we also investigated the electrical power production from the diode (P,;/145. V4s)
with a maximum power produced as 0.162nW (figure 31d). The calculated power conversion
efficiency (PCE) using the maximum electrical power P, using the following equation:
PCE = Pey,y,, /Pim (12)

for the same Pin, is represented in figure 31d. With increase in Pin, the PCE also increases to a
maximum value of 1.52%, before slight reduction at maximum investigated Pi, of 14.44nW,
demonstrating a gradual saturation of its capacity of energy conversion and light harvesting at
the p-n junction, likely due to the saturation of the photovoltage developed at the junction. Our
reported PCE in this work is significantly larger than WSe2-Bi20,Se heterojunction (0.428%)

[84] in the similar thickness regime.
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Figure 31. Optoelectronic characteristics of the device under 450nm illumination. (a)
Evolution of log 14-Va characteristics under increased illumination power. (b) Zoomed region
of 14-Va showing clear Isc and Voc. (c) Isc and Voc vs power density plot showing a linear
region for Isc and no saturation with a LDR of 106.7 dB and Voc saturation at 0.36 V. (d)
Electrical power characteristics of the photodiode under increased illumination showing

various PCE under varied illumination conditions.

The photovoltaic responsivity (R) of the device was obtained using the ratio of the photocurrent
to the input optical power (i.e. R = I,,/Py,). As represented in figure 32a, a maximum
photovoltaic responsivity of 376.76mA/W was obtained, comparable to single junction InSe-
Gr a-vdW device [138] and larger than recently investigated PdSe.-MoTe: heterojunctions
[139]. Along with responsivity, external quantum efficiency (EQF) is an important bench
marking parameter for photovoltaic type devices and could be estimated based on the
responsivity of the device and illumination wavelength, using the following equation.
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EQE =R.h.c/e. X (13)
where A, ¢, e and 4 represents Planck’s constant, speed of light, unit charge and wavelength of
illumination respectively. The estimated EQE of the photodiode at various wavelengths under
self-biased condition is illustrated in figure 32b. The device shows an excellent EQE evolution,
maintaining a value of ~ 30% at high illumination intensity in the 400-450nm region,
suggesting excellent photovoltaic performance for solar cell applications as well [140].
Moreover, for competitive performance comparison, the fill factor (FF) of our device was also
obtained. FF is a measure of solar cell quality, indicating how closely the actual maximum
output power follows the theoretical maximum value for the device and could be obtained as:
FF =P, . /lsc-Voc (14)
The polychromatic FF of our device has been presented in figure 32c with varied illumination
intensity. Our device exhibits an excellent value of FF within 0.28 to 0.35 even at higher power
density, suggesting the device is indeed a contender for power harvesting in the solar spectrum

region, and potentially contribute to harvesting the 4% UV solar irradiance, which is otherwise

overlooked in conventional silicon solar cells.
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Figure 32. (a) Responsivity and detectivity vs power density of the device at 450nm
illumination, showing a peak photovoltaic responsivity of 376.76 mA/W and detectivity of
4.12x10" Jones. (b) EQE at various wavelengths and power densities (c) Fill factor of the

device under visible solar spectrum region with varying power density.
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Another important figure of merit for photodetectors is the specific detectivity, D* of the
device, which can be derived from noise equivalent power (NEP) of the photodetector using

the following equation:

VA

D* = ——
NEP

(15)
where 4 is the device active area. The inference of noise currents in photodetectors could be

made from the summation of Johnson noise, Shot noise and Flicker noise. The shot noise
current (isy) in a photodiode could be estimated from the following equation using the dark
current igy = m , where Ly represents the dark current of the device. Additionally,
the flicker noise current could be extracted from the //ffitting at the low frequency region of
the noise power density plot. An estimation of the D* could be readily obtained from the
following equation:
1
(r,.4%)
D= —— (16)
(2.9-1aari)?

where, R; is the wavelength specific responsivity and ¢ is the unit electron charge. The
maximum estimated detectivity from the abovementioned equation at 450 nm illumination
could be obtained as 7.32x10'? Jones. However, the above-mentioned estimation is valid when
the dominant noise factor in the device is the shot noise and is a crucial aspect at high
frequencies and could be overestimated by several orders of magnitude, compared to noise
contribution from flicker noise at low frequencies. To further evaluate the discrepancies, we
investigate the presence of flicker noise from the noise power density plot of our detector.
Figure 33 represents the temporal evolution of dark current and the corresponding noise power
density of the synergistic engineered. The dark current traces of the devices were obtained
using Agilent B1500 semiconductor parameter analyzer at Vg = 0 V at a sampling rate of 50
Hz for 5 seconds. Noise power density was obtained from the Fourier transform of the time
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evolution of the dark current. A flicker noise sub log linear fit (//f)* could be interpreted for the
device, suggesting low frequency flicker noise dominant characteristics. The measured noise
currents (iy) was within 10'® AHz 2, suggesting they can deliver ultra-low light detection
performance. The noise current obtained from linear fitting of the noise density plot could be

used for estimating the NEP using the equation:

i
NEP = % (17)

where iy, is the flicker noise current, and R is the responsivity the device. The obtained NEP
is 1.28 fWHz "2, which could be used to obtain maximum D* of 4.12x10'" Jones as outlined
figure 32a. This reveals that indeed estimation of a presence of dominant shot noise would
lead to an underestimation of the detectivity of the device. Henceforth, we report the detectivity

of our findings based on NEP.
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Figure 33. (a) Dark current trace of the synergistic-engineered photodiode at Vi,=0 V. (b) Noise
Power Density plot of the device.

We next look into the temporal photocurrent response of the device. The photovoltaic response
speed is an essential performance parameter for a self-powered photodetector, as it measures
how promptly the device responds to rapidly changing incident light. This characteristic is

particularly important for applications that demand quick detection and adaptation to
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fluctuating light conditions. Owing to the presence of the strong built-in potential from the
type-II heterojunction, the device is expected to have a fast response. Figure 34a represents the
time resolved photocurrent of the device at 1 Hz - 405nm illumination, with 200 switching
cycles. A stable photo-switching is observed over 200 cycles with no evident degradation in
the device’s photocurrent, suggesting a robust performance. Furthermore, to evaluate the
stability of the device under ambient storage, time resolved photocurrent measurements were

repeated over a period of 3 months as represented in figure 34b.
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Figure 34. Temporal photocurrent response of the device at 405 nm illumination, showing (a)
200 cycles of switching stability with no degradation, (b) evolution of stability of the device
under a course of 90 days observation period, (c) rise and fall time of the device showing 545

us (rise) and 471 us (fall) edges and (d) frequency response showing a cutoff (-3dB) at 697Hz.
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We observed that the device performance exhibited variations shortly after fabrication and was
monitored over the first three months. All optoelectronic characterizations presented here were
conducted after a period of 20 days, once fluctuations in device performance had stabilized.
Notable differences in performance were recorded between day 1 and day 15 during ambient
storage. This variation could be attributed to a stabilization effect occurring in the contact
region due to photo induced contact evolution where the metal interacts with the underlying
vdW-m, as was reported for the case of Au-InSe contacts [141]. Additionally, diffusion of
oxygen into the contact region may have contributed to some expected degradation in
performance, akin to phenomena observed in MoS: field-effect transistors (FETs) with titanium
contacts [142]. However, no significant changes were detected between the tests conducted on
day 15 and day 90, suggesting that a saturation limit in performance may have been attained.
The consistent and reproducible photo response after 200 switching cycles along with long
term stability of the device demonstrates the exceptional reliability of the self-powered
photodetector. The rise time and decay time of the device was obtained between 10% and 90%
of the maximum /,,, as illustrated in figure 34c, where a rise time (fall time) of 545us (471us)
was observed, demonstrating superior response speeds compared to MLG/ReSe2/SnSe> (752
us/ 928 ps) [133] and PdSe;-MoTe; (3.5 ms/3.7 ms) [139] heterojunction-based devices.
Additionally, a series of measurements conducted at multiple laser modulation frequencies
(figure 34d) display that the 3 dB bandwidth (f345) of the optimized photodiode is 697Hz, which
is in good agreement with the measured photo response time. These results indicate the
proposed device's capacity to monitor rapid optical signals and its great potential for high-speed

photodetection.

Furthermore, we also investigated the on/off ratio of the device under various wavelengths at
maximum illumination intensity at our disposal, as illustrated in figure 35a, in a self-powered

configuration. The device demonstrated an excellent broadband photovoltaic response ranging
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from 275 nm to 1064 nm, achieving a peak on/off ratio of ~10° from 405 nm to 660 nm,
comparable to WSe>-BixO>Se [84] and Bi20»Se/In»S3 [134] heterojunctions. Additionally,
interlayer transitions were evident from the weaker temporal responses, with an on/off ratio of
10?> observed for 940 nm and 1064 nm illumination. The wavelength dependent peak
responsivity and detectivity of the device is illustrated in figure 3b, highlighting its exemplary
photovoltaic performance. It is important to note that the detection bandwidth was limited by

the available light sources during this investigation and may not represent the maximum

bandwidth-limited response of the device.
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Figure 35. (a) Photovoltaic temporal response of the device under maximum available

illumination conditions of the device under various wavelengths. The device shows a

photovoltaic response between 275nm and 1064nm, with peak on-of ratio of 10°. (b)

responsivity and detectivity of the device at various investigated wavelengths. (c) Isc-PDix for

various wavelengths of investigation. (d) evolution of power law exponent (@), at various

wavelengths.
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We also examined the wavelength-dependent transition of the power exponent, a, as depicted
in figure 35c. In conventional photodiodes, the power function a, derived from the double
logarithmic plot of Isc-PD;, serves as a measure of the device's charge extraction performance
figure of merit, with a theoretical maximum value of 1. However, in practical applications, the
value of a typically falls below 1, indicating the presence of recombination processes occurring
in trap states [143]. This reduction in a reflects the inefficiencies in charge extraction due to
these recombination pathways, which can adversely affect the overall performance of the
photodiode. Notably, at lower wavelengths (<375 nm), a was less than 0.9. As the wavelength
is increased to 405 nm, a increases to 0.98, maintaining values above 0.95 between 405 nm
and 810 nm, and approaching near unity (0.99) at 940 nm (figure 35¢ and d). These findings
suggest that some trapping and recombination occur at lower wavelengths, likely due to
interaction with atmospheric absorbates which serves as charge trapping/detrapping centers
under UV illumination [144], while negligible trapping is observed as the wavelength
increases, indicating superior trapping/recombination-free performance in the near-infrared
(NIR) region. The reported linearity in our device, across a wide range of wavelengths, is
among the highest for single-junction photodiodes [136,139] and is comparable to recently

reported dual floating junction detectors [82].

3.2.10. Comparative performance analysis of the synergistic-

engineered photodiode:

In this section we will present a performance comparison analysis of the 3 a-vdW devices and
the route to categorical analysis of the devices, based on power exponent (&), power conversion
efficiency (PCE) and recombination order (f), to elect the most synergistically engineered
photodiode. Additionally, we will explicitly look at the role of the FLP in an EBL patterned
device and how significantly it impacts the device’s performance. Figure 36 represents the

characteristics of device-2 and figure 37 for device-3 a-vdW devices while figure 38, represents
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the characteristics of the device-4 (EBL-patterned device). The performance analysis has been
presented based on illumination under similar conditions at 405 nm wavelength. The dark
current traces for the devices were also obtained and presented as well for comparative analysis

purposes.
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Figure 36. (a) Optical micrograph image (b) AFM image and height profile (c) KPFM image
and height profile (d) 14+-Va characteristics (e) double log plot of Isc vs PDi, and (f)
Optoelectronic power conversion characteristics of device-2 (All optoelectronic features were

obtained at 405nm illumination wavelength).

Interestingly, all the investigated a-vdW devices (device-1, 2, and 3) exhibited a power
exponent (o) greater than 0.9, with values of 0.98 for device-1, 0.92 for device-2, and 0.94 for
device-3. In contrast, an electron beam lithography (EBL) patterned control device (device-4)

demonstrated a significantly lower a of 0.55.
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Figure 37. (a) Optical micrograph image (b) AFM image and height profile (c) KPFM image
and height profile (d) 1+-Va characteristics (e) double log plot of Isc vs PDi, and (f)
Optoelectronic power conversion characteristics of device-3. (All optoelectronic features were

obtained at 405nm illumination wavelength,).

Given that all devices were fabricated under identical conditions, have similar structure and
active area, the inferior performance of device-4, patterned using traditional contact integration
methods, suggests EBL patterned devices may have undergone significant interface
modifications in the contact region, likely due to e-beam induced damages in the contact region
and/or metal impingement induced trap states [121], inevitably making the device susceptible
to increased FLP and charge trapping in the contact region. Additionally, device-4 presented
no rectification and drain voltage induced conduction characteristics between the applied drain
voltage of £2 V (figure 38d), under dark conditions, suggesting emergence of large back-to-
back Schottky barrier at the contact regions. Additionally, power conversion is extremely poor
as shown in figure 38f, likely due to competition between the built-in potential and the Schottky
barrier.
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Figure 38. (a) Optical micrograph image (b) AFM image and height profile (c) KPFM image
and height profile (d) 1s+-Va characteristics (e) double log plot of Isc vs PDi, and (f)

Optoelectronic power conversion characteristics of device-4.

The dark current traces and noise spectral density from device-3 and device-4 are presented in
figure 39. The noise current traces were obtained using the same technique, under ambient
conditions, as presented previously. Device-3 presented noise characteristics similar to device-

-1/2

1, having a noise current iy of ~10'® AHz!?, with a similar persistent dark current

characteristic.

The persistent dark current in the device-4 was an order of magnitude higher than all the a-
vdW devices, suggesting injection of random thermalized carriers from the mid-gap states as
stated earlier. Additionally, the noise current, iy for device-4 was an order of magnitude higher
than the a-vdW devices at ~10"'> AHz ', which supports our claim as well. This finding is
particularly relevant for GaS-based heterojunctions due to GaS's larger bandgap and more
likeliness of being affected by FLP induced Schottky barrier and degrading performance, as
evidenced.

Page-76 |
Tawsif Ibne Alam



10
(@ (©
< g
=~ 104 = 154
&L -
s %
[ i -
D = 20
-
o 5
5 E 25
O -5- O
< 2
3 10. = 30
_ a
15 T 35 :
0 1 2 3 4 S 0 1 2 3 4 5
) Time (s) Time (s)
(d),,~
>

[
<
173
-

107 4

Noise Power Density (A’Hz ") a‘

Noise Power Density (A’Hz"

10¥ ' T 10 T T
0.1 1 10 0.1 1 10
Frequency (Hz) Frequency (Hz)

Figure 39. (a) Dark current trace of at Vas=0 V. and (b) Noise Power Density plot of the device-
3. (¢) Dark current trace of at Vas=0 V. and (d) Noise Power Density plot of the device-4.

Additionally, the lower values of o for devices-2 and 3 could be attributed to interlayer
recombination centers, rather than contact-induced degradation and charge trapping, further
emphasizing the need for a synergistic approach to thickness engineering for improved
performance, as demonstrated by device-1. To substantiate our claim, we compare the
recombination order value () for the three a-vdW devices at 405 nm, obtained using the
equation 11. The results show that B for device-1 is 1.62, indicating dominant Langevin
recombination. In contrast, device-2 and device-3 exhibited a B of 1.2, and 1.3 respectively,
both suggesting dominant Shockley-Read-Hall (SRH) recombination occurring in trap states

due to defects in the semiconductor. Moreover, analysis of the EQE of the devices presented in
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table 2 further demonstrates that photocarrier extraction is best in device-1, while intermediary
in device-3 and poor in device-2 among the a-vdW devices, while device-4 demonstrates the
poorest among all 4 devices. This analysis reinforces our assertion regarding the necessity of a
robust p-n heterojunction and thickness-optimized layers. Such optimization ensures that when
photocarriers are generated, they are swept apart by the strong built-in potential before being
trapped in defect states. Furthermore, our findings suggest that through meticulous
optimization in vdW devices, we can achieve a scenario where dominant Langevin
recombination persists. This may represent the ultimate performance limit in the proposed
device structure due to low charge carrier mobility [145] of GaS, highlighting the performance

limit of efficient charge extraction mechanisms observed in device-1.
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Figure 40. (a) Evolution of PCE of the fabricated a-vdW devices, suggesting the need for
synergistic thickness engineering for efficient light harvesting characteristics, with a maximum
PCE for synergistically optimized dev-1 and minimum for dev-2 having a thicker GaS and WSe:
regions, with intermediate performance from dev-3, constructed from ultra-thin WSe>, similar
to dev-1 and slightly thicker GaS than dev-1. (b) Comparison of responsivity and detectivity for
the fabricated devices under similar illumination conditions. (c) Comparison of rise/fall time

and power exponent of all the fabricated devices.

A comparison of the PCE of the a-vdW devices at 405 nm further supports this claim, as shown
in figure 40a. Device-1 achieved the highest PCE of 0.8%, while device-3 exhibited half the

PCE of device-1 at 0.37%, despite having a slightly higher SPD, and device-2 illustrated a PCE
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that was one order of magnitude lower than device-3, at just 0.047%, under similar illumination
conditions. Additionally, a stark difference is observed between other figure of merits such as
responsivity, specific detectivity and rise/fall time as illustrated in figure 40b and 40c, for a-
vdW devices and EBL patterned device as well, with device-1 outperforming the other 3
devices, with device-3 displaying the second-best performance. These findings further indicate
that device-1 possesses the most synergistically optimized conditions in terms of thickness and
structure for a robust rectifying p-n heterojunction, capable of efficient photocarrier generation,
separation, and extraction, while the vdW-MC ensures a pristine interface, free of FLP further

aiding to efficient charge carrier extraction and superior photodetection.

3.2.11. Gate tunable optoelectronic response of the device:

To further explore the device’s versatility for multifunctional applications, we investigated its
gate tunable characteristics. As illustrated in figure 41a, the device exhibits a strong ambipolar

gate tunable characteristics under various applied Vgs.
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Figure 41. (a) Gate-tunable dark current characteristics at various Vis, showing strong
ambipolar response. (b) Gate tunable photoresponse of the device under various illumination
intensities. (c) Evolution of Voc and Isc under gate tunable conditions, for optoelectronic logic
applications.

We also assessed the device's responsivity under gate tunable conditions (figure 41b),
demonstrating a gate tunable ambipolar responsivity of greater than 10° A/W at a back gate

voltage (V) of £40 V. This implies that the device can be tuned for high photoresponsivity
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applications as well. Additionally, we looked at the possibility of gate tunable Isc and Voc of

the device as illustrated in figure 41c. The device shows excellent Voc and Isc tunability as well
for possible optoelectronic logic operations.
3.2.12.

Potential application in multi-functional optoelectronics:
Multispectral imaging:

To evaluate the device's potential as an image sensor, device-1 was incorporated into a single-

pixel imaging system, as depicted in figure 42a.

(@)

Pixel

| !
Figure 42. (a) Schematic illustration of a single-pixel imaging system. Reconstructed image of

the pattern "P O L Y U" (b) using 405nm illumination and (c) using 810nm illumination.

Tawsif Ibne Alam
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In practical applications, image sensing is typically conducted using sensor arrays integrated
with readout circuitry and amplifiers. The quality of the acquired images is influenced by the
pixel size, which is determined by the dimensions of the detector array. In contrast, single-pixel
imaging systems mimic the functionality of array detectors by utilizing a single device. Such
systems are often employed in scientific demonstrations to illustrate the capabilities of
fabricated devices for imaging applications. For our demonstration, a patterned aluminum mask
displaying the letters "P O L' Y U" was positioned between the light source and the detector.
The mask was programmed to move stepwise in the x-y direction using a motorized 2D stage.
Light passing through the mask was focused onto the detector via a lens, generating
photocurrent signals. The recorded photocurrent data, along with corresponding positional
information were reconstituted into a 3D plot using computer software, thereby representing
the image acquired by the sensor. Figure 42b displays the image captured using a 405 nm light
source, while figure 42c illustrates the imaging capabilities with an 810 nm light source.
Notably, the excellent polychromatic imaging capabilities of the demonstrated photodiode can
be attributed to its remarkable linearity and synergistic engineering, further supporting its
suitability for high-resolution imaging applications at various wavelengths.

Demonstration of Optoelectronic Logic AND gate:

We investigated the device's capability to function in gate-tunable optoelectronic logic
applications. As previously mentioned, the device exhibits excellent gate tunability, allowing
us to evaluate the variation of Voc in response to varying V. This relationship is depicted in
figure 43a, where a maximum Voc of 0.41 V is observed at a gate voltage of -40 V. As Vy is
increased, Voc demonstrates a pronounced change between gate voltages -10 V and 10 V,
stabilizing below 0.15 V, with further increment of V, to +40 V. Consequently, a high state of
Voc is defined as values greater than 0.35 V, while a low state corresponds to values below

0.15 V (as shown in figure 43a). The device schematic for the optoelectronic AND gate is
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illustrated in figure 43b, accompanied by a state table that outlines the input conditions (light

and V) and the corresponding output conditions (Voc).
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Figure 43. a) Variation of Voc, with tuned Vg, under illumination at 405nm. A state of High
(Voc>0.35 V) and Low (Voc<0.15 V) could be outlined in the sky blue and pink region,
respectively. (b) Schematic Illustration of the Optoelectronic logic AND gate (top) and its’
corresponding state table (bottom). (c) State trace and corresponding logic function

demonstration of the optoelectronic AND operation.
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The device exhibits a clear input-output relationship characteristic of an AND gate, as depicted

in figure 43c. This demonstrates its potential functionality in optoelectronic logic operations,

reinforcing the viability of the device for advanced multifunctional optoelectronics.

3.2.13.

Summary Comparison of Key Performance parameters

for all fabricated devices:

A summary of all key performance metrics of all the fabricated devices, investigated under

405nm illumination could be found in table 2.

Table 2. Comparison of device performance parameters of all the fabricated devices under self-

bias conditions at 405 nm wavelength:

Device-
Parameters Device-1 Device-2 Device-3 4
AE; (meV) 200 125 216 178
Active Area (um?) ~28 ~52 ~30 ~32
Thickness [GaS/WSe;] (nm) 8.5/3 11.4/10.9 13.2/3.8 11.5/3.5
Responsivity (mA/W) 192.87 18.22 90.73 1.79
Specific Detectivity- D* (Jones) | 2.11x10" 5.42x1010 7.612x101° 1.59x10°
Rise Time /Fall Time (ms) | 0.545/0.471 1.24/1.45 0.651/0.807 115/178
On-off ratio 10° 10 10° 5%10°
iv(AHz'?) ~1071 ~1071 ~1071 ~1071
Power Law Exponent- o 0.98 0.92 0.94 0.55
Recombination Order - f 62 12 '3 -
Dominant-LV | Dominant-SRH | Dominant-SRH
Linear Dynamic Range — LDR (dB) ~94.6 ~88 ~94.2 ~73.9
Photoconversion Efficiency (PCE) 0.8% 0.047% 0.37% -
External Quantum Efficiency (EQE) 29.86 2.47 12 0.08
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3.2.14. Comparison of synergistically engineered photodiode to

reported high performance photodetector devices:

A performance comparison between our synergistically optimized a-vdW device and other

photodetector devices reported with outstanding performance, is presented in table 3

Table 3. Multivariate performance comparison of some of the recently reported heterojunction-

based photodetectors with our optimized device.

Contact
) Bandwidth | Bias | On/Off | LDR Response R
D Type/method D* (J EQE Ref
evice Ti:::ial‘]’ (nm) (V) | Ratio | (dB) ¢ speed | (AW) (Jones) | EQ ¢
GaSosr- | Top/EBL
:V;‘” O[pAu] 395-622 | 5 - 73 | 07 10s 13 ] - mi7
2
MoTes- | Top/EBL
(];Pez [(épr; au | 3202000 | 0 - - | 095 | 78/176ps | 0.290 ] 70 | [146]
MoS,- Bottom/
WSer | iy | 4051064 | O - 66 | 091 | 48/43us | 075 | 5.15x10" [147]
PbS-QD | "
B‘fl?zsse' T[OT’;//[/Q:]L 532 1| 108 - | 069 | 170296ps | 144 | 12x10% | - | [134]
293
PdSe- | Top/EBL
1\/?:;; [??ZAH] 375-1550 | 0 - - - | 3.53.7ms | 0243 | 6.46% 10" | 56.73 | [139]
2
MLG -1 ropuvL
ReSe; - [Ocpr/A] 638 0 | 10° | 103 | 0.84 | 752/928us | 0.144 | 2.4x10° | - |[133]
SnSe; u
WSez-
Top/EBL
Bi,0; [(():I;j Aul 532 0o | 10° - - | 2020ps | 0.284 ; 66.27 | [84]
Se
Top/EBL
MoTe; - op/ 5 g
o [Ct/Au& | 500-1200 | 0 | 10 - 0701 | 60ps | 0.046 | 1.06x 10 - | [136]
? Pd/Au]
WSez- To
MoSx- [Ap] 405-808 | 0 | 10* - - 45us | 0715 | 1.59x10% | - | [83]
WSe, .
MoS;-
MoTes. | T
M‘(’)Sez O[I’gf]lw 405-1600 | 0 | 10° | 100 | 30us 157 | 428x 10" | 365.8 | [82]
N
MoTe,
GaS- Top/vdW 545/ This
275-1064 | 0 | 10° | 106.78 | 0.99 0376 | 412 x10" | 30
WSe; [Ag/Au] 471ps work
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3.2.15. Comparison of synergistically engineered photodiode to

reported high performance vdW solar cell devices:

Table 4 represents a comparison of our device’s performance with some high performance 2D

solar cells.

Table 4. Comparison of reported solar cell figure of merits with synergistically engineered

photodiode.
rueturel | ) | coven| "F | %) | Contitons | ATHEm) | Ref
W[izzé l\r/i(l’]s ? 022 | 002 039 | 02 Wh[iltenlli\‘)gvh/zlss;]‘rce 32x107 | [148]
W[izzt/e l\r/i(l’]sz 039 | 1775 | 037 | 256 U‘ggﬁl\l,\iciz] 4x10% | [149]
Gr“ﬁ,‘; 1;:;’1?2'“ 035 | 11111 | 045 | 34 ;ﬁiﬁﬁsﬁx /:HI?% 9x10° | [110]
: Sssis'_'\\lzrsﬁe;al] 0.36 5.42 032 | 1.8 L‘?szsljn (\115/23?) 28 % 107 \I,Ei

3.3. Conclusion:

In summary, we have synergistically engineered a-vdW type-II heterostructure photodiode,
leveraging a GaS-WSe; heterojunction, meticulously engineered to achieve favorable balance
among photocarrier generation-recombination, separation, transport, and extraction, eventually
facilitating a highly sensitive, broadband photodetector. The device exhibits ultralow light
detection capabilities with polychromatic unity approaching linearity, photovoltaic
responsivity and detectivity of 376.78 mA/W and 4.12 x 10'! Jones respectively. The device
also demonstrates a large on/off ratio of 10°, substantial LDR of 106.78dB, stabilized large
EQE of 30%, FF and Voc of 0.33 and 0.36 respectively, with response speeds of 545/471 ps,

showing excellent prospects in imaging and solar cell applications. Moreover, demonstration
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of gate tunable ambipolar responsivity of the photodiode, further expanded its applicability in
gate tunable optoelectronic logic gate. Our systematic investigation on key performance
indicators like power exponent and PCE for multiple devices reinstates the need for meticulous
engineering of vdW heterointerfaces, particularly the effects of vdW-m thickness and contact
integration strategies that severely influence characteristics performance of the devices. Our
results presented in this work open an exciting route for future investigations that can be
universally adopted to achieve photovoltaic heterojunctions with near unity linearity in other

vdW-m with moderately large bandgaps.
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Chapter 4: Graphene contacted GaS all van der
Waals photodiodes

4.1. Introduction:

In this chapter a Graphene-GaS-Au all van der Waals photodiode is presented. The device
demonstrates a detection bandwidth of 275 nm - 455 nm, self-powered responsivity of
150mA/W and a rise/fall time of 15.98/35.99 ms. Additionally, the device shows dual axis
spiking features in its temporal response under ultra-low light illumination. Utilizing the
spiking features of the pulsed, response, the device shows an extra-ordinary enhancement in its
self-powered spiking responsivity of 0.7A/W with a corresponding detectivity of 7.67 x 10!

Jones.

4.2. Gr-GaS-Au a-vdW heterojunction diode:

4.2.1. Fabrication and Characterization of the a-vdW Gr-GaS-Au

photodetector:

Few layer Graphene (Gr) (NGS GmbH) was exfoliated on a 285nm oxidized silicon substrate
that was previously cleaned in acetone, IPA and DI water using ultrasonication. Few layer
Gallium Sulfide (GaS) (HQ Graphene) was exfoliated on PDMS and after observation under
optical microscope, a flake of appropriate thickness was identified and transferred to the few
layer graphene flake using a home built micro precision and alignment transfer stage to form
Gr-GaS heterojunction. The heterojunction was annealed under 50 SCCM argon flow for 2
hours at 200 °C to enhance the coupling between the layers. Contact electrodes were integrated
utilizing a similar method reported in chapter-3, fabrication section. Briefly, 50nm gold (Au)
electrodes were deposited on photolithographically patterned silicon substrate, which was then

spin coated with thermoplastic Poly vinyl alcohol (PVA) solution at 3000rpm and then
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hardened using hotplate heating. PVA film with the 50nm Au wrapped underneath was
mechanically peeled off from the sacrificial substrate and with the help of PDMS stamp and
transfer stage, the PVA film with the 50nm Au electrodes was precisely stamped on to the
previously prepared Gr-GaS heterojunction and finally dissolved in warm DI water to form Gr-
GaS-Au a-vdW photodetector. A schematic illustration of the as prepared Gr-GaS-Au
photodetector can be found in figure 44a. The optical microscope image in figure 44b reveals
the device structure of the as prepared photodetector with an active area of 72um?. Raman
spectroscopy of the few layer GaS, as outlined in figure 44c illustrates the well-known strong
out of plane vibration modes A'i, and A%, at 185cm™ and 361cm™, respectively while E'z,
mode relates to the well-known in plane vibration mode at 291cm!, in line with previous

reports for Raman spectroscopy of ultra-thin GaS nanosheets [111,126,129].
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Figure 44. (a) Schematic Illustration of the self-powered Gr-GaS-Au a-vdW Photodetector. (b)
Microscope image of the fabricated device. (c) Raman spectrum of multilayered GasS depicting
the in plane and out of plane vibration modes. (d) Atomic Force Microscopy image of Gr-GaS

heterojunction and (e) & (f) height profiles of few layer Gallium Sulfide (~14nm) and few layers
of graphene contact (~10nm), respectively.
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Atomic force microscopy was employed to identify the height profile of the device as
illustrated in figure 44d. The height profiles revealed a GaS flake of 14nm thickness (figure

44¢) and Gr contact with a thickness of 10nm (figure 44f)).

4.2.2. Optoelectronic Characterization of the device:

We next probed the optoelectronic performance of the a-vdW device for photodetection
characteristics. Figure 45a illustrates the I-V characteristics of the device under dark conditions.
A clear rectifying characteristic is observed denoting diode features with a rectification ratio of
~105. Additionally, under illumination conditions, the device also exhibits common
rectification characteristics with excellent response in the 375nm regime, with response of the

device recorded within 275nm to 455nm as illustrated in figure 50b.
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Figure 45. (a) 14-Va characteristics of the device under dark conditions. (b) 1+-Va
characteristics of the device under illumination conditions. (c) log 1+-Va characteristics of the
device under variant power densities at 406nm illumination. (d) Isc vs power density with o
value of 0.86, suggesting trapping and recombination in the semiconductor. (e) Temporal

response of the device under 375nm illumination, showing pyro-electric features.
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We further explored the device’s response under 406nm illumination, with intensities ranging
between 78.8 pW/cm? to 35.8 mW/cm?. As illustrated in figure 45c¢, the device maintains sharp
diode like I;-V4 features, with clear built-in potential developed as light power density is
increased. However the developed built-in potential and the short-circuit current extracted were
inferior to the device presented in chapter-3, likely due to presence of large back to back
Schottky barrier between GaS-Au and GaS-Gr junctions.

The dependence of photocurrent on light intensity can be fitted well by the power law of
IscacP?, where the power law exponent a has a value of 0.86 as illustrated in figure 45d,
suggesting the heterojunction device shows enhanced trapping induced recombination, inside
the semiconductor and needs further improvements in the contact region for extraction of

photocarrier.

m—— 375 nm
e 405 NM
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Figure 46. Recorded spiking photo-current effect in Gr-GaS-Au a-vdW device under 375nm,

405nm and 450nm illumination.

To further probe the devices performance under pulsed light condition, the device was probed
under the lowest detection capabilities at our disposal at a light power density of 0.2pW/cm?.
The device shows a temporal response of a typical pyroelectric detector with temporal spikes
in both positive and negative photocurrent axis as illustrated in figure 45e. The spiking

responsivity of the device under this illumination condition is 0.7A/W, which much larger than
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previously reported spiking like pyroelectric detectors under UV-Vis illumination [151-153].

Additionally, investigation under multiple wavelengths as outlined in figure 46, the device

indeed demonstrates broadband spiking response under multiple wavelengths at ultra-low light

intensities of ~uW/cm?, paving the way for vdW heterojunction based pulsing photodetectors.
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Figure 47. (a) Temporal response of the device under 375nm illumination. (b) Rise time of the
device (b) Fall time of the device.

The temporal response of the device under elevated pulsed light condition is presented in figure

47a for 3 on-off cycles. The device shows a maximum on-off ratio of 10* under pulsing

conditions, with increasing the illumination intensity of the light source 375nm, and illustrates

Tawsif Ibne Alam
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a steady state persistent short circuit photocurrent, with an initial spike like feature presented
in figure 46. Additionally, the risetime and fall time of the device was obtained from the
temporal response as presented in figure 47b and ¢ and it was found to be around 15.98 ms and
35.99 ms respectively. The risetime and fall time reported for our Au-GaS-Gr device is much
faster than previously reported any of the GaS based devices that were under voltage biased
conditions [111,129]. This clearly suggests a-vdW approach for device fabrications using vdW
metal integration technique is the best method to avoid FLP induced device performance

degradation.

The noise characteristics of the device was analyzed next. As illustrated in figure 48a, the dark
trace for 5 second shows a dark current characteristic similar to the a-vdW GaS-WSe»

heterojunction presented in chapter-3.
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Figure 48. (a) Dark current trace of Gr-GaS-Au photodiode (b) Corresponding Noise Power
Density plot.

The dark current traces of the device was obtained using Agilent B1500 semiconductor
parameter analyzer at Vg, = 0V at a sampling rate of 50 Hz for 5 seconds. Noise power density
was obtained from the Fourier transform of the time evolution of the dark current is presented
in figure 48b. A flicker noise linear fit (//f)* could be interpreted for the device, suggesting low

frequency flicker noise dominant characteristics. The measured noise currents was 7.74 x 10
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16 AHZ 2, suggesting the device can also deliver ultra-low light detection performance. The
noise current obtained from linear fitting of the noise density plot could be used for estimating
the NEP using equation 17. The obtained NEP is 1.1 fWHz!, which could be used to obtain

maximum self-powered spiking D* of 7.67 x 10! Jones at 375nm.

4.3. Conclusion:

A Graphene-GaS-Au a-vdW photodiode was presented in this chapter. The device exhibited a
detection bandwidth of 275 nm to 455 nm, a self-powered responsivity of 150 mA/W, and
rise/fall times of 15.98 ms and 35.99 ms, respectively. Additionally, it showcased dual-axis
spiking features in its temporal response under ultra-low light illumination. By leveraging these
spiking characteristics, the device achieves an extraordinary enhancement in its self-powered

spiking responsivity of 0.7 A/W, with a corresponding detectivity of 7.67x10!! Jones.
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Chapter 5: Conclusion and Future work:

This chapter summarizes the work presented in this thesis and continued future work. At the
beginning, a brief summary of the a-vdW GaS-WSe; synergistically engineered photodiode is
presented. Afterwards, a brief summary of Gr-GaS-Au all van der Waals photodiode is

presented. Finally, future work on Gr-GaS-WSe; based photodiode is presented.

5.1. Summary of investigation presented in this thesis:

The multivariate optimizable strategy in vdW heterojunctions is a crucial aspect of research
related to vdW heterostructure photodiodes. Transitional metal dichalcogenides and metal
monochalcogenides are particularly important for optoelectronic sensing applications due to
their enhanced light-matter interaction, high charge carrier mobility, and layer-dependent

tunable bandgaps—all achievable within the ultra-thin regime of a few atomic layers.

Through a meticulous engineering strategy, we report on a photovoltaic type-II, “all van der
Waals” GaS-WSe: heterojunction photodetector. This device features optimized thickness,
structure, and contacts to achieve a broadband detection response spanning from 275 nm to
1064 nm, with multispectral unity approaching linearity and a significant linear dynamic range
of 106.78 dB. The device also demonstrates a large on/off ratio of 10°, fast response times of
545 ps and 471 ps, and ultra-low light detection capabilities, achieving dark currents around
~fA. This results in a peak responsivity of 376.78 mA/W and a detectivity of 4.12x10!! Jones,
along with a stabilized external quantum efficiency (EQE) of 30% and a fill factor of
approximately 0.33—all accomplished through a single junction. The term “all van der Waals”
is used to describe this device due to the integration of metal contacts with intimate vdW

interactions.

Furthermore, our systematic investigation of multiple a-vdW devices, alongside a control

device fabricated using traditional electron beam lithography (EBL)-patterned contacts for
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comparison, covers key performance attributes such as junction potentials and electronic-
optoelectronic characteristics. This work underscores the essential role of a meticulous
approach to thickness-engineered layers in establishing a robust depletion region for the GaS-
WSe2 22 type-II heterojunction. It also highlights the modulation of Schottky barrier height
via vdW-MC, achieving a FLP-free vdW metal-vdW-m interface. This optimization is
beneficial for promoting recombination resilience and high linearity, striking a favorable
balance among photocarrier generation, recombination, separation, transport, and extraction,

ultimately facilitating a highly sensitive, broadband photodiode.

Additionally, a Graphene-GaS-Au all van der Waals photodiode was fabricated to investigate
the impact of Schottky junctions within the all van der Waals strategy. The device demonstrated
a bandwidth ranging from 275 nm to 455 nm, with a self-powered responsivity of 150 mA/W
and rise/fall times of 15.98 ms and 35.99 ms, respectively. Additionally, it exhibited dual-axis
spiking features in its temporal response under ultra-low light illumination. By leveraging these
spiking characteristics, the device achieved an extraordinary enhancement in self-powered

spiking responsivity of 0.7 A/W, along with a corresponding detectivity of 7.67x10!! Jones.

5.2. Future Work: Gr-GaS-WSe: based ultra-efficient
photodiodes

In this section we look into a Gr-GaS-WSe; based photo detector. As stated in chapter-3 WSe»-
GaS provides a robust p-n junction for photodetection and utilizing graphene as bottom contact
to the GaS is expected to enhance the carrier collection efficiency, as demonstrated in previous
reports [67]. To compensate the lower in-plane mobility in GaS, utilizing graphene for charge
carrier extraction could be and excellent choice and hence we investigate the possibilities of a

Gr-GaS-WSe: heterojunction, integrated to a vdW transferred Au contacts.
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5.2.1. Fabrication of a-vdW Gr-GaS-WSe; heterojunction:

Few layer Graphene (FL-Gr) (NGS GmbH) was exfoliated on a 285nm oxidized silicon
substrate that was previously cleaned in acetone, IPA and DI water using ultrasonication. Few
layer Gallium Sulfide (GaS) (HQ Graphene) and WSe> (HQ Graphene) were exfoliated on
PDMS and after observation under optical microscope, flakes of appropriate thickness were
identified and transferred to the few layer graphene flake, sequentially, using a home built
micro precision and alignment transfer stage to form Gr-GaS-WSe; heterojunction. The
heterojunction was annealed under 50 SCCM argon flow for 2 hours at 200 °C to enhance the
coupling between the layers. Contact electrodes were integrated utilizing the method reported
in section 4.2.2. Figure 49a illustrates the schematic of the device while figure 49b illustrates

the optical micrograph image of the device.

()

Figure 49. (a) Schematic illustration of the Gr-GaS-WSez a-vdW heterojunction photodetector.

(b) Optical micrograph image of the device.
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5.2.2. Characterization of the heterojunction:

Raman characteristics of the prepared heterojunction as illustrated in figure 49a.

FL-Graphene
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Figure 50. (a) Raman characteristics of bare FL-Gr, bare GaS and bare WSe: and the
constituent heterojunction region, showing all the characteristics Raman peaks, highlighting a
robust heterojunction. (b) Raman mapping of (i) FL-Gr G band (1580cm™) (ii) GaS A° 14 band
(361.5cm™) and (iii) WSe> Alg band (256.5cm™). Intense “Raman quenching” is evident for
all the bands mentioned, in the Gr-GaS-WSe: region suggesting robust coupling.

Few layer graphene in the bare regions illustrated its prominent characteristics G band peak at
1580cm™ while almost diminished D and 2D peaks at 1337 cm™ and 2684cm™! respectively,
For few-layer GaS, the prominent vibrational modes A'i; and A%, were identified at 188.16
cm™! and 361.5cm™!, respectively, while the less prominent E';; mode appeared at 296.01cm™,
consistent with previous reports [124]. Likewise, few-layer WSe> exhibited a prominent in-
plane mode E'5; at 249.58cm™ and a weak out-of-plane A1 mode at 256.5cm™ [125,126]. In
the overlapped region between WSe; and GaS, all peaks corresponding to the individual layers
were observed, indicating a high-quality heterojunction. Moreover, to further investigate the
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charge transfer characteristics and coupling effects, we performed Raman intensity mapping,
illustrated in figure 50b. As shown in the Raman intensity mapping in figure 50b(i), no
considerable quenching was observed for FL-Gr G band intensity in the overlapping region
between Gr-GaS region. However, for all the peaks (256.94cm™, 361.58 cm™ and 1850cm™)
we observed a notable reduction in Raman intensity in the Gr-GaS-WSe: heterojunction
region—a phenomenon known as “Raman quench”—which signifies strong interfacial
coupling between the Gr, GaS and WSe; flakes [84,122]. Hence we can conclude that most of
the charge transfer in the heterojunction would occur in this region, during illumination, due to
strong built-in potential in the GaS-WSe: region, that facilitates direct tunneling thorough the

Schottky barrier.

(b) -20
——WSe,
-181
E ~6.5nm
£ 6
=16
= A
D -141
m A
12 -=--
00 02 04 06 08
Distance (umy
@ °
C -14
© 1 ~10nm ——Gas
o~ 14 ~ 41
E 10 K E
=
=~ -8] g
= = 2
ozn _6- o%n
[P}
= -4 = 01
224
0 T __|_ T T '2 T T T T T T
00 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Distance (um) Distance (um)

Figure 51. (a) AFM image of the heterojunction device. Height profile of (a) WSe>, (b) GaS
and (c) FL-Gr, showing their corresponding thickness.
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We next look at the height profile of the prepared heterojunction detector. Figure 51a illustrates
AFM image of the heterojunction device. The measured height profiles reveal a WSe: thickness
of ~6.5 nm (figure 51b), GaS thickness of ~10nm (figure 51¢) and FL-Gr thickness of 5.5nm

(figure 51d). The total thickness of the device would be around 22nm, with an active area of

~32um?.

5.2.3. Optoelectronic characteristics of the a-vdW Gr-GaS-WSe;

heterojunction:

We next look at the optoelectronic characteristics of the a-vdW Gr-GaS-WSe> heterojunction.
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Figure 52. (a) 14-Va characteristics of the diode under dark conditions (b) 14+-Va characteristics

of the device under illumination conditions.

Figure 52a represents the [-V characteristics of the device under dark conditions. The Gr-GaS-
WSe: heterojunction shows an excellent diode like characteristics with a rectification ratio of
~100 at £0.5V, with an impressive ideality factor n of 1.15. Additionally, it could be observed
that the forward current is clamped at ~0.3V, likely due to the emergence of Schottky barrier
between Gr-GaS interface as stated earlier, clamping the forward current injection. Figure 52b

represents the I4-Vq of the device under 405nm illumination under variable input light power
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density. A strong built-in potential is observed in the as the illumination density evolves from
0.014pW/cm? to 9mW/cm?, demonstrating the device’s ability to detect ultra-low light,
superior to the devices we presented chapter-3 and chapter-4. Additionally, the Isc under
illumination condition is much larger than the devices reported in chapter-3. This is likely due
to high efficiency of collection of photogenerated carriers by the FL-Gr, which might have

enhanced the overall device performance [67].

We next look at the charge transfer under illumination conditions. As illustrated in figure 53,

the pseudo band diagram under illumination conditions is illustrated.
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Figure 53. Exciton dissociation and charge transfer in the Gr-GaS-WSe:> heterojunction.

During quasi-equilibrium state of illumination, at lower wavelengths (< 450nm), the intra layer
excitation T, dominates the excitonic dissociation in GaS layer producing electron hole-pairs
that are separated by the built-in potential in the heterojunction, causing electron and hole
transit towards the source and drain contacts respectively, where FL- graphene collects the
photo-electrons and the Au vdW contact at the WSe> end collects the photogenerated holes. As
the excitation wavelength transitions toward higher wavelength, contribution of excitonic

transitions from WSe; with intralayer excitation T aids to the photocurrent generation with

Page-100 |
Tawsif Ibne Alam



&

highest responsivity observed at 450nm as previously discussed. At illumination wavelengths
below the bandgap of GaS (i.e. A > 490nm), intra layer excitation T path dominates excitonic
transitions and the responsivity of the device starts to decay. As the illumination reaches beyond
bandgap of ultra-thinWSe», (A > 850nm), interlayer excitonic transition T3 contributes mostly

to the charge transport and excitonic dissociation.
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Figure 54. (a) 15-Va characteristics of the device showing Isc and Voc cross-overs at respective

axis. (b) Input light Power density vs Voc and Isc of the device.

Figure 54a represents the zoomed I4-Vq characteristics of the Gr-GaS-WSe: device under
variant illumination conditions. As the illumination power density is increased power increases,
a significant increase in the short circuit current (/sc) and open circuit voltage (Voc) is observed
clearly from the crossover at the respective axis. The photovoltaic effect of the heterojunction
was assessed using the measurements of Isc and Voc, from figure 54b. Voc shows a linear
scaling dependence with the log of the input power density (PD;,), with no evident saturation
as PDj, reaches ~70mW/cm?, with a maximum Voc of 0.33V. The photocurrent (,») of the
detector is defined as the difference between drain current under illumination and dark
condition (Zpi=liighr-Laart). In the case of our a-vdW Gr-GaS-WSe; detector, where there is

absence of source-drain bias, the dark current (Zzu«) of our investigated devices were in the ~f4
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range, which is impressively low and the current under illumination (Z;gn;) could be written as
Liign: = Isc. Interestingly, the double log plot of Isc vs PD;,, shows an impressive linearity, with
no saturation observed in our investigated maximum PD;, (70mW/cm?), with an impressive
power exponent, o (i.e. Igc & PD;,*) of 0.95. The linear regime of the Isc - PDi,, can be
quantified by an important figure of merit, the linear dynamic range (LDR) of the photodiode,
in dB, and could be obtained. Based on the reported results in figure 54b, the LDR of our
optimized junction is 133.97dB. It is worth noting that 133.97 dB is still underestimated due to
the limited illumination conditions available at our disposal. This suggests Gr-GaS-WSe, vdW
heterojunction shows superior performance than our previously reported GaS-WSe: p-n
junction likely due to the integration of the FL-Gr contact, which allows excellent charge
carrier collection efficiency.

Additionally, we also investigated the electrical power production from the diode (P,;/145. V4s)
with a maximum power produced as 0.350nW (figure 55a). The calculated power conversion

efficiency (PCE) using the maximum electrical power P, using equation 12, is presented

lmax
in figure 54a. It is observed from the figure that with increase in Pi,, the PCE decreases from a
maximum value of 6.23 to 1.58%, demonstrating that the heterojunction reached its saturated

capacity of energy conversion and light harvesting at the p-n junction and its capacity to

efficiently transport it to the contacts.

The photovoltaic responsivity (R) of the device was obtained using the ratio of the photocurrent
to the input optical power (i.e. R = I,,/P;,). As represented in figure 55b, photovoltaic
responsivity shows a gradual increase with increase in light power reaching a maximum

photovoltaic responsivity of ~1.5A/W, at ~ImW/cm? before gradual declination.

Page-102 |
Tawsif Ibne Alam



(a) 04 1= oassaw] (P ey (©) 0.324 " 400
g PCE =1.58% 3.808 nW =—@—Responsivity - t % F.F. ~
= 0.075 nW Detectivity fm; @ E.QE. |F350
o7 0.3 ——22.42W %1 5 = 0.284 300

21 . =
= el \ % g 250
5 & . = = 0.24- =
Z 0.2 = ) 7
S £038 \ I 200
A g0 E& | ?
=01 o 2 ° o
E 04 2 0164 * 9L
= LA 50
0.0 ' . ’ T T 0.12 .
0.0 0.1 0.2 03 0.4 10% 10 lﬂ‘ 100 10° 10 s 10 10° 10! 102
Drain Voltage - V, (V) Power Density - PD;, (mW/cm’) Power Density - PD,, (mW/cm?)

Figure 55. (a) PCE of the Gr-GaS-WSe: devices. (b) Responsivity and detectivity of the device.
(c) Fill factor and EQE of the device.

Along with responsivity, external quantum efficiency (EQFE) is an important bench marking
parameter for photovoltaic type devices and could be estimated based on the responsivity of
the device and illumination wavelength, using equation 13. The estimated EQE of the
photodiode at 405nm illumination at self-biased condition is illustrated in figure 55c. The
device shows an excellent EQE evolution, with maximum value of greater than 350% at
~1mW/cm? and as illumination intensity is increased, the value drops to 100% at high intensity.
Moreover, for competitive performance comparison, the fill factor (FF) of our device was also
obtained. FF is a measure of solar cell quality, indicating how closely the actual maximum
output power follows the theoretical maximum value for the device and could be obtained using
equation 14.

The FF of our device has been presented in figure 55¢ with varied illumination intensity. Our
device exhibits a value of 0.32 at ~ImW/cm? and with increasing input power density, it
reaches to less than 0.13 at 70 mW/cm? suggesting the device has further scope of improvement

for solar cell performance applications.
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5.3. Conclusion

While significant attention is dedicated to engineering new vdW-m for ultra-fast, high-
efficiency photodetection technologies, equal emphasis should be placed on addressing the
existing bottlenecks that hinder the overall performance of currently available vdW-m. By
alleviating these limitations, we can better harness the maximum potential of these materials

and enhance their effectiveness in practical applications.

On this note, we believe renewed thinking is necessary on how an optimization of photodiode
should be performed, especially when it involves moderately wide bandgap semiconductors
such as GaS in the heterojunction. We explored and identified key performance enhancement
processes for vdW photodiodes. vdW-MC enhances carrier extraction significantly, since most
of the traps associated with devices were identified to be at the contact region. Device
performance can be further enhanced by tuning thickness of layers to achieve a robust p-n

junction that can promote a balance between photogeneration, recombination and extraction.

Hence, a bottom-up pyramid approach is necessary where the first step of optimization should
involve careful contact integration strategy to minimize FLP, with a second step of structural
optimization of the device to include enhanced photocarrier transportation. The final step
should include extracting maximum efficiency of the p-n junction by tuning the thickness of
the constituent layers. These steps will ensure a recombination resilient metal-vdW-m interface,
striking a favorable balance among photocarrier generation-recombination, separation,

transport, and extraction, eventually facilitating a highly sensitive, broadband photodiode.

The conclusions from this work challenge the traditional direct metal deposition for contact
integration strategy and support significant advancements in vdW-m photodiodes, especially

for reduction in device-to-device variations for industrial scale applications, initiating

Page-104 |
Tawsif Ibne Alam



&

alternative research in metal contact integration methods and synergistic multifactorial

approach to device optimization.
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Appendix:

Al: Supplementary Characterization for a-vdW GaS-WSe: photodiode:
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Figure 56. (a) 1+-Va plot (b) Double log plot of Isc vs PDi, showing power exponent (a) (c)
Optoelectronic power conversion characteristics and (d) Responsivity and Detectivity of

device-1 at 405nm illumination
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Figure 57.(a) 1&-Va plot (b) Double log plot of Isc vs PDi, showing power exponent (o) (c)
Optoelectronic power conversion characteristics and (d) Responsivity and Detectivity of

device-1 at 532nm illumination.
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Figure 58. (a) 1+-Va plot (b) Double log plot of Isc vs PDi, showing power exponent (a) (c)
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