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PREFACE

This dissertation chronicles the quest to find suitabledim@ensional (2D) transition metal
dichalcongeindes (TMDCs) for near infrared (NIR) photodetection while also considering retinal
electrophysiology. Chapter 1 offers an introduction to 2D materadSTMDCs with amverview
of NIR photodetection. Additionally, given tlrecurrentexperimental setup and discussion of
photocurrent generation mechanisms in Chapters 2, 3, and 4 these topics are also didgtessed in
general introduction offered by Chap 1 Chapters 2, 3, and 4 presents work that explored the
electrical and optoelectronic properties of differ@genices based on 2D TMD@aterials (PdS#,
structures (BMMo$; vertical junction), and phases (CDW phase ofTi$e) with more detailed
relevant introductory material. Chapter 5 then turna blogical applicationand the status of
retina electrophysiology with an emphasisd@monstrating expected results aoldust protocols
for custommicroelectrode arrays. Chapter 6 concludes bynsanzing key results and suggesting

that data science can play a pivotal role in overcoming some hurdles to the scaling of 2D materials.
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Chapter 1 Introduction to 2D Transition Metal Dichalcogenidesand Scanning
Photocurrent Microscopy

1.1 Introduction to 2D Materials and Transition Metal Dichalcogenides (TMDCs)

The successful isolation and characterization oplygae(a two-dimensional hexagonal
arrangement of carbostoms)opened up a new dimensiom materialsscience promptingthe
explorationand exploitation oits unique mechanical, electrical, and optical propertidgs been
found that it isnearly 300times stronger than stegét as flexible as rubbgpermits200 times
faster charge transport than silicon, and is nearly transp@nen¢ so than glas§), 2] This has
led graphene based devicestouchnearly every scientifidiscipline from biology in the form of
flexible sensors, to chemistry in the form of catalysts, to physics in the form of tranastoed
asmany disciplinesn between. Bspitethediverseapplications enabled by ispecialproperties,
the lack of asizeable band gap has limited its ability to be used in some electronic and
optoelectronideviced 3, 4] Thedesire to overcome this limitati@@companied bthe realization
that atomic layers of materials are stable, a phenothenghtto bepreviously ruled out due to
thermodynamic instabilifp], has resulted in an explosion of research 2o materials. But
before continuing to a discussion of these other materials, it is worth considering what is meant by
the dimensionality of materials.

Living in a three dimensionaBD) world animpulseexiststo describe the dimensionality
of materials through lengthyidth, andheight And while thisis precisely true foBD materials
suchas graphite, the 3D assembly of many layers of grapfEnshownn Figure 1.1aThis
descrigiion is usually not satisfactory as one steps down into lower dimensionsasinescan
be considered thave their own length, width, arfteight, meaninga truly lower dimensional

space isnot actually obtainedTo remedy this, two approaches are offered and used in



understandin@D materials in this work as well &sver dimensional materiaia general One is

that the relative magnitudebfh e di me n s i o n isimbch smalierghariitme eemaining d 0
ones For example the length and widthmicrons) ofa graphensheet, as shown in Figure 1.1b,

are much greater than rslativeheight (subnanometer)This is similar forone dimensioal (1D)
materials, such as carbon nan@silshown in Figure 1.1c. Thduthis is useful in classifying and
understanding 1D and 2D materials, the lack of a relative dimension breaks down in zero

dimensioml material{0D) such as a fullerenesphers of carbon, shown in Figure 11
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Figure 1.1 Material Dimensionality. The 3D, 2D, 1D, and 0D allotropes of carbon are shown as
graphite, graphene, a carbon nanotube, and a fullerene in (a), (b), (c), and (d), resp€hbgvely.
added black arrows signify the number aection of dimension&eneral forms of the density
of states for 3D, 2D, 1D, and 0D states are shown in (e), (f), (g), and (h). The blue shows the
representative dimension with the higher dimension traced in gray. (a) and (b), arecegrod
under(CCO0 10) and(CC BY 2.5) from Mattman723nd Zhantongz, respectively. (@hd (d) are
reproduced und€lCC BY 3.0)from Mstroeck. (e) (h) are reproduced from Rg¢6] under(CC
BY 4.0).

Anctherapproach i$o considermproperties such as the density of staté distribution of

electrical stateplay a pivotal role in the formation of band gaps and electrical tranapoine



effective dimension in which chargecan existor move in isreducedwith decreasing
dimension[ 6] This is diagrammed for 3D, 2D, 1D, and 6&rbon allotropgin Figure 1.&71 1.1h,
respectively. This quantum confinement is likely the reason flee unique properties in 2D
materials as well the observation of thickness dependent quiditi#®. and 0D materialalso
have shown somextremely interesting propertieshichinclude siperdiffusive phonon transport
in aligned1D atomic chainof NbSe, which offer a new route to thermal superconduc{8is.

Ironically, heavymetal basedizedependen®D quantum dots amxcellentlight emitters[9]

a.

13 14 15 16
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Zr | Nb | Mo Pd In | Sn|Sb| Te

Hf [ Ta | W | Re Pt Pb | Bi

I transition metals | | post-transition metals | |metalloids| | non-metals | [ chalcogenides |

Figure 1.2 2D Transition Metal Dichalcogenides. (a) Periodic tablehighlighting some
significant elements for 2D materials. (b) and (c) ball and stick models representing the popular
TMDC Mo% and graphene analog for phosphorus, respectivelRiédjramof thechaicteristic

X1 M1 X structure as well as the common 1T and 2H phases for TMDQs(¢aReproduced

with from Ref[10] under(CC BY 4.0) (d) Reproduced with permission fraref.[11]. Copyright

© 2015 American Chemical Societyhis is an unofficial adaptation of an article that appeared in

an ACS publication. ACS has not endorsed the content of this adaptation or the context of its use.
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Returning to 2Dmaterials one finds thatbeyond graphene, and other single element
materals like the phosphorous analpigosphorene (Figure LR a group of materials known as
transition metal dichaclogenides (TMD¥save attracted significant attentidihese materials are
characterized by th Xi M1 X structure, where the X represents a chalcogen &tom group
sixteen(primarily S, SeandTe), and the M is a transition metal from groups four though seven
or ten as shown in Figure 1a2and 1.b. This is also shown in Figure H2along with a
comparison of two comon phases. Th2H phase is thalignmentin orientation betweethe
differentX atoms layersvhile the1T phase presents a%@lative rotation of these layeiBhough
many TMDs are well understood in their bulk form, relatively feawe received significant
attention in their fewayer or monolayer fornOf these materials, Me$ the most widely studied
with a thickness dependent band ranging featirect band gap of 1.9 eVin its monolayer form
andto an indirect gap of ~1.3eV ulk.[12-14] It has also showstrong electroniperformance
with a field-effect mobility of ~700 crfV-'sand ON/OFF ratis upwards of 19[15, 16] as well
as strong optoelectronic properties in uliigh photo responsivities (~880 AW).[17, 18]
Interestingly, a prolific use of both bulk graphene (graphite) and bulk-N40& a mechanical
lubricant. And theprimary propertythat make these solids slipyeare enabled by the same weak
interlayervan-Der Waals forces that allotacile mechanical exfoliation and isolationindividual
atomic layers Beyondthe semiconductingloS,, other 2D TMDCs have alspevealedmore
semiconductors (MaS, WS, etc.) as well assemimetals\WTe, TiSe» etc) and metals\(Se,
etc).[19-21] To offer perspective on the study of 2D materials a graphical summary of publications
is shown in Figure 1.3This keenly illustrates the relative impact of graphertetad publications
(Figure 1.3aas wel as in optoelectronic devicegigure 1.3p. Furthermore the dominance of

MoS; is seen in Figure 1.3c.
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Figure 1.3 Publication Perspectives on 2D Materials(a) Total number of published article on
2D materials. (bYotal number of published articles optoelectronics and photonics. (c) Portion
of articles for specified 2D materials other than graphene fronDéia collected from the Web
of Science as of April 201®eproduced from Ref22] under(CC BY 3.0)
Though TMDCs dominate the literature on optoelectronic devices there are a bevy of other
2D materials suchs Transiton Metal CarbidégisC», Cr.C etc.) Transition Metal Oxide@e0Os,

MnQOz3, etc.) 2D PerovskitegSrTiOs etc.) as well as others that have merited optoelectronic

investigation due to theiwrariedand thickhess dependeband gaps as shown in Figure 1.4.
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Figure 1.4 Varied Band Gaps in 2D Materials.Reproduced from R¢f], under(CC BY 4.0)
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1.2 Near Infrared Photodetection

Photodetectors playsucha pivotal role in scientific discoverythat theNobel Prize in
Physicshas recognized them outridiour times two of which in photography and two of which
for the photoelectric effect, anchplicitly numerous other times such as in these detecting
neutrino oscillations in the 2015 Nobi#ize. Clearly these photodetectors manifest themselves in
markedly diferent forms, but the necessity of a material to sense incident light is central to all of
them. For a single material to sense the nearly infinite continuum of electromagnetic radiation that
is light is a tall and unreasonable task, so the electromagpettrum is divided up into different
portions with certain materialsossessingensitivitiesaccordngly. This emphasizethe central
role that materials play in finding effective photodetectorsarget wavelength ranges general

picture of the elgcomagnetic spectrum with illustrative examples is shown in Figure 1.5.
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Figure 1.5 The Electromagnetic SpectrumPublic domain image reproduced from NASA JPL.
This work focuses on a portion of this spegtruhe part just outside the visiblbe near

infrared (NIR). The exact delineation for the wavelength range for the NVRnsble but for the

purposesof this workand itseyetoward retina electrophysiologihe rangds considered to be

650nm to 1350nm dhis is the range which light has its maximum penetration depth in {@3jue.
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The first biological window is the primary focus of this work as it offers the aforementioned
advantges and a lower wavelength offers the potential for higher resolWtimh.though the
results in this work primarily report on the shorter side of this récm#aining the entirety of the
first biological window and 100 nm into the secprglgnificant nsightsarestill gleaned for full

NIR photodetectionA delineation of this window and its importance is shown in Figure In6a.
addition to biological investigationslIR photodetectors are pivotalneanymilitary technologies,
portions of the telecomuamications band, some astronomical investigatiamsl assessinghe

quality offood or petrochemical products.
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Figure 1.6 NIR Biological Windows. (a) Penetration depth in the first (in red) and second (in
gray) biological windows with respective to certain aspects of biological tigsu€omparison

of standard NIR photodetectors with respect to the two NIR biological windows. Reprinted with
permissiam from Ref[23]. Copyright © 2009 Macmillan Publishers Limited.

Though commercial NIR photodetectors exist, they suffer from some severe limitations.
Germanium based photodetectors are unable to simultaneously spbwsgeed and high
responsivity due to thickness tradeoffs of the absorption [@¥rSilicon based photetectors

rapidly lose sensitivity after ~ 1000nm limiting their use in the full NIR range. AthdroNIR
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photodetectors based on inorganic semiconductordnikaAsor HgCdTe suffer from intensive

and expensive fabrication processes in the form okoutdr beam epitaxy and/or require low
operating temperatur¢®5] The relative weakness of these photodetectors is shown in Figure 1.6b.
Additionally, these bulk materials are unable to offer other propertiethiflexibility and optical

transparency that 2D materials can possess.

1.3 ScanningPhotocurrent Microscopy (SPCM)

Many different experimental techniquesth different aimsare used to investigate the
electronic and optoelectronic properties of 2D materiatsne of these includengle resolved
photoemission spectroscopy that can provide a detailed look at band sgraotipemp-probe
spectroscopy that can explodynamical proesses Given the central role that scanning
photocurrent microscopy plays in this wahd its ability to investigate 2D materials as device
candidates for NIR detection as welliasthe exploration of fundamental physical propertees
brief overview ofthis experimental technique and the setuprovided.

Scanning Photocurrent Microscopy (SPCM)aipowerful experimentaiechnique that
employsrasterizedaser excitationfo generate a spatial mapping of current values. The resulting
mapping can shedght on the photocurrent generation mechanisms present as well as other
properties such as internal electric field, charge transport, and recombination dynamics.
Furthermore, the technique facilitates the facile addition of other experimental equipnient tha
enables spatially resolved wavelengtitemporal, temperature gate, and biasdependent
measurements.

The origins of SPCM are found within the scanning prolxeaacopy Similar to scanning
tunneling microscopy, atomic force microscdpy¥M), and eéctrostatic force microscopy a local

excitation source is used but instead of a probe tip a focused laser beamThisseeam locally



excites charge carriers indevice which subsequently relax throughermal, recombination,
diffusion, and driftprocessesProvided that the charge carriers reach these electrodes before they
recombine a current signal is measurelge Gurrent signathat is a resulbf these excitationsis
termed thghotocurrent|rc. To exclude the current that may be flowing in deeice as result of
other factors such as extern@&des it is defineds the difference between the tatatrent(with
illumination), lwotal, and thedarkcurrent(without illumination, ldar, as shown in equation (Mhis
photocurrent isometimeseferred to as the short circuit curreAtdditionally, a drairsource bias
can be applied to lower the potential barrier and thus counteract this current which results in a
voltage value known as the open circuit voltage.
0 O O (1)

1.3.1 Experimental Setup

A schematic of the critical elements related to the electrical and optoelectronic
characterizton are presented in Figure 1The supercontinuum las@KT Photonics, SuperK
Select modelprovides a tunable wavelengththerangeof 650nm to 1100hm. The scan mirror
(Nutfield Technology, RS 15)ses piezoelectric motors to control a pair of mirrors to guide the
laser with nanometer scale precisi@mnotocurrensignals are locatedas simultaneousmaging
taken with a Si phodetector (Thorlab, PDA 36A).he optical choppefScitec,model 300CD
enables light ON/OFF modulation to perform temporally resolved scanning photocurrent
measurements. Though the rise/decay tifrtb@optical chopper is ~300n&etminimum timing
resdution of the system imited by the current preamplifi@DL instrumentsmodel 121) at~8
€s[21,26) The | aser is focused in to Zbydndlympuact i on
LUCPlanFLN 40x objective (N.A. = 0.6). The sample is mounted on a chip carrier (Spectrum
Semiconductor Materials) and held irdanis ST500 microscopy cryostafhe cryostat can be

liquid nitrogen cooledA multifunctional data acquisition unit (National Instruments, USB 6363
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model)provides drairsource bias, enables data collection, antdtrots the scan mirror& back
gate voltage is provided via a Keithil®odel 6487 Picoammeter/Voltage Sour€arther details

regarding the optical path of the laser jgrevided in appendix A.1

Scan
Mirror .

Supercontinuum
Laser

I Chopper

40x
Objective

Current
Preamplifier

Ve

Figure 1.7 Scanning Photocurrent SetupSchematic presenting the crucial elements that enable
the electrical and optoelectronic characterization of the 2D TMDC devices discussed in this work.

1.4 Photocurrent Generation Mechanisms

A critical element for engineeringptoelectronic devices is an understanding of the
underlying photocurrent generation mechanisms. This requirement is further compounded when
looking at the novel physics often present in 2D materidisre are several mechanisms that can

contribute to pbtocurrent generation. The three that play the most prominent role in this work are
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the photovoltaic (PVE), photthermoelectric (PTE), and phebmlometric effects (PBE).

a. b. C.

Photovoltaic (PVE) Photothermoelectric (PTE) Photobolometric (PBE)
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Figure 1.8 Relevant Photocurrent Generation Mechanisms. Schematic representation of
photocurrenigeneration mechanisms in semiconducting 2D materials. M and S indicate metal
electrode contacts and 2D semiconductor channels, respectively. (a)-Bkacited electrothole
pairs (EHPs) sepaed by internal electric fields at mesgmiconductor Schottky barriers. Red
shaded areas indicate an elevated temperature
di ffermeovae (@Y overall conduct an bknageanchcaptiane @G |
adapted and reprintaghder(CC BY 4.0)from Ref[27].

The PVE is the result gbhotoexcited electrofhole pairsbeing separated by internal
electric fieldspresent in the devicd his typically occurin PN junctions ofrom Schottky barriers
that arse at metatemiconductor junctionsA schematic of this for a metakmiconductor
junction is shown in Figure 8a. The prominence of this photocurrent generation mechanism can
be investigated through gate@nd bias dependent photocurrent measurementsceSthe
application of a gate voltaganchangethe band alignmengotentially altering thelirection and
magnitudeof the internal electric fieldchanges irpolarity and intensitytypically reveal PVE
induced photocurrent. Furthermore, the applicatiba bias is important as it can modulate the
lateral band alignmemiften significantly ehancingthe photocurrent response.

The PTE is the result aflight induced heat gradient between the semiconductor and metal
contacts as shown in Figure 8b. Theresulting temperature differencgy, induces a voltage

difference q)p1e, due to the modifiecenergy levels This voltage scaleinearly with the

difference inSeebeclcoefficiens, S of the materialsThoughthis change is characterizéy the
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differenceof the metal and semiconductar primarily depends on the semiconductor since the
Seebeclcoefficientof metals is on the order o YK ™. This relationship ishown by equation

(2). Given the difficulty in expressing the Seebeck coefficiarterms of known quantitieg is

typically expressedor semiconductorthrough the Mott relatioasshown by equatior8j, where

ko is the boltzman constargjs the charge of the electrohjs temperatureG is the conductance

of the semiconductoi/s is the back gate voltage, anfr is the Fermi energy28] Due to the
prominence of this effect at ta-semiconductor junctions sippresences often easilydentifiable

by a photocurrent dAtail 0 widvbliage diffefertial ragiltsanl reg
a deviation from the Gaussian shapeadfpical photocurrentesponsg29] Furthermore, this

effect can be seen both in global illumination of devices wihere is distinct portions of a device

or when a laser is incident locally on the metal semiconductor jungaan.

A Y Y yY Y Y'Y (2

oy )

The PBESs another heat induced effdatt itis the result of ainiform heating thathanges
the conductanceys, of the semiconductor chann@lsdiagrammed in Figure 8c. This change
will be represented as a linear increase in photocutkessf,with applied drairsource biasyps
as shown in equatiod). A notable difference between the PBE and PTE is that the presence of
the PBE can only be induced under an appbeatif external bias but the PT&nplay a role in

unbiased devices.
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0 YO @ (4)

Examples of th@resence of these effees well as thanpacton polarity andintensity of
photocurrent responsé shownin Figure 1.9 The photocuent response from a Si waveguide
integrated with dlack phosphorousBf) (p-type) photodetector for the NIR regime, is shoinun
in Figure 1.@. At negative gate voltages-fype electrostatic doping) strong PVE dominant
photocurrent signals are seen wmparison to weaker PBE dominant photocurrent sigaials
positive gate voltages {type electrostatic doping) that result in signalshefdpposite polarity of
the applied biag31] The photocurrent response from a double gated:\viSgpe) phototransistor
of nonuniform thicknesss shown inFigure 1.9b and 19 Laser illumination (640nm) abotiee
band gapshown in Figure 119 resultin strong photocurrent signals in the PN and NP regions
due to the PVE but significaqthotocurrent signals in the PP regiare also observed hese
strong PP photocurrent signals are due to the PTE as confirmezldwy lband gap excitations
(885nm) shown in Figure Bc. Above the band gap EHPs are able to be excited and separated by
the internal electric fields generated by opposite electrostatic doping but below the bHrekgap
EHPsare absent arttie nonuniform device thickness producelkeat gradientnder illumination
creating a PTEpotentialdifference which driveswrent. Suppressed NN photocurrent signals
from above the band gap excitations are possibly due to asymi8etiottky contacts for holes
and electrons and nonlinear-BhaacteristicsFor below band gap excitationdss likely due to

the lowerSeebeck coefficient of-doped WSeg [32]
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Figure 1.9 Examples of PVE, PTE and PBE Induced Photocurrent Signalgia) Relative
dominance of the PVE @< 0V)and PBE (¢ > 0V) in aBP integrated Si waveguide. (b) and (c)
show photocurrent signals in a raniform WSe double gated phototransistor. (b) Above band
gap illumination showing PVE dominance in PN and NP regions as well as the PTE in the PP
region. (c) Belowbard gap illumiration confrimng the PTE for the PP regida) is reproduced

with permission from Reff31]. Copyright © 2015 Macmillan Publishers Lited. (b) and (c) are
reproduced with permission from Ré&?Z]. Copyright © 2014 American Chemical Society
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Chapter 2 NIR Light-Matter Interactions in 2D Phototransistors

2.1 Introduction to Metal-Semiconductor Junctions

Metalsemiconductor junctions are at the heart of every semiconductor devicearEhey
among the oldest useful electronic devices and continue to play a pervasive role today. The
distribution of electronic states which give rise to the band gap in semiconductors and the
interactions of those with metadefine the resulting properties of raksemiconductor devices.
These junctions possess a Schottky badifefarying heightsdependingn the relate value of
the work functionof the materialsTo understand the different carrigntributions and polarity
of photocurrent signalin 2D maerial devices it is often useful to create a band diagfdra.
materialsare often examinefirst in isolation (Figure 2.1aand then in contact (Figure B)LFor
the metal in these di adguw, @ustdekndwh. €ortmesenscbaibs wo r k
in these diagrams, it is typically easiest to know the work fundiigg, and the electron affinity,
Gsc, Of the semiconductorfhe bending of the conduction and valence bamdble the Fermi levels
to alignandis governed by the Schotthylott Rule which predicts a potential barrier known as
the Schottky barrier heighii,s. For Ntype semiconductoris is defined byequation ($.[33, 34]
This model provides a strong foundation for understanding 2D material junctions but it neglects
the phenomena of Fermi ldy@nning, frequent in 2D TMDCS his effectcan render th8chottky
barrierheightless sensitive to the metal work functi@%] In either casehe resulting Schottky
barrier height can have a profound effect on the performance of electrical and optoelectronic

deviced.36]

% % .. (5
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Figure 2.1 Metal-Semiconductor Junction Schematiqa) A metal and Nype semiconductor
before coming into contact. (b) A mes#miconductor with a Schottky barrier height governed
by the SchottkyMott rule.

In addition to being present in all semiconductor devices, rsetalconductor junctions
have bere demonstrated as 2D material electronic and optoelectronic devices mwheight in
the form of fieldeffect transistors (FET)highly rectifying diodes, photodiodes, and
photodetects [37, 38]

2.2 PdSe Phototransistors

The atomic composition and arrangement of 2D mateai@sthe foundations for their
intrinsic properties. In examining TMDCs, significant attention has been pgrdup6 materials
(those where M in the characteristicNK-X structure is M or W), which possessa similar
hexagonal structure to grapheBat by looking beyond this group to the dozens of other TMDCs
intriguing properties are found as result of atomienposition and arrangemefuch as @ong
group 7 TMDCs, a high external quantum efficiency and a thickinedependent band gap of
ReS make it an attractive candidate for optoelectrof®&.Additionally, a rovel structure with

mi rror symmetri c sdgbeeg shewnrcthisygeotipsbymondlayerd&kéSeasd h a
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is suggestive of novel anisotropic electroaidoptoel&tronic propertie$40]

More re@ntly, the exploration of grouf0 noble metalfMDCs has begun. Excellent near
infrared (NIR) photodetection capabilities have been demonstrated ufiet$effect transstors
(FETs)[41] Ultrahigh photogain has been achieved in bgate modulated Pi®leviceg42] Of
particular interest from this class of materials is Bd$lee high tleoretically predicted mobility,
upward of 42,000 cRvV-1s?, air stability of the electronic properties, and thickrgspendent band
gap ranging from ~ 0 eV in bulk to an indirect band gap of ~1.43 eV in a monolayer structure make
it an interesting material to further probe its optoeteut propertie$43-45] Furthermore, the
unique buckled pentagonal structure of PdiSehighly intriguing. This is illustrated when
considering pentagonsssellatedh a 2D spacdf one triesto completely fill this space, it quickly
becomes clear that this is not possible. An example of this tessellation and the associated
pentagonal structure of PdSemat is enabled by puckering is shown in FigurgaZand 2b,

respectively.
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Figure 2.2 Puckered Pentagonal Structure of PdSe (a) Regular pentagons tessellated in a
plane. (b) Puckered pentagonal arrangement in P&#8@nd Se atoms are represented by gray
and yellow balls, respectively. (b) reproduced with permission from[&&t. Copyright© 2017
American Chemical Society.
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With the dominance of the hexagonal arrangement of atoms in popular 2D matechals
as MoS and graphene or the buckled hexagonal arrangement of atoms in BP, the novel structure
present in PdSeoffers many interesting opportunitiésr anisotropic electrical, optical, and
optoelectronic deviceggl3-49] A comparison of these puckered structures for BP RuaiSe is

shown in Figure 3a and 23b, respectively
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Figure 2.3 Comparison of Puckered strucutres in BP and PdSe(a) Puckcered hexagonal
structure of BP. (b) Puckered pentagonal structure of 2d8p and (b)reproduced with
permission from Ref43]. Copyright© 2017 American Chemical Society.

2.2.1 Results and Discussion

In this study, electrical transport and optoelectronic measurements are performed on few
layer PdSe phototransistors via gatewavelength, power, and biasdlependentSPCM The
experimental results suggest that the strong photocurrent signals atPa®éajunctions are
mainly attributed tahePVE whenPdSe phototransistors turn off and partiallylated to thePTE
when the devices are in the -state. PdSedevicesare also demonstratedith a Seebeck
coefficient as high as74 pVv/K at room temperature, which is consistent with the theoretical

predication.44, 47] More importantly, hicknessdependent photoresponse resonance peaks are
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observed in the NIR region. TheBkely results from indirect optical transitions in fdayer
PdSe. Additionally, a fast response time is obtained (~{18) which is an improvement of more
than two orders of magnitude over otlgeoup 10noble TMDC basedphotodetectors. This work
offers new insight into the optoelectronic properties of P@&8d opens up new aversur
engineeringuture noble2D TMDC based electronics and optoelectronics.

Devices to facilitate this study were provided by generodatmmiators. The synthesis of
high quality PdSgcrystals was performed by DAmanda Haglund under the direction of Dr.
David Mandrus and these crystals were exfoliated and fabricated into devices by Dr. Kraig
Andrews,Dr. Upendra Rijal, and Dr. Arthur Bawan under the direction of Dr. Zhixian Zhou.

The hgh-quality fewlayer PdSgflakes were mechanically exfoliated from bulk crystal
onto Si/SiO, substratesdegeneratelp-doped Si substrates wih270nm SiG oxidation layer).
Thin PdSeflakes were then identified by using optical microscopy and characterized with-a Park
Systems XE70 norcontactAFM. Numerous devices and heights weramined ranging from 5
nm to 20nm in height. To complete the device metal electrdd®snm Ti/45 nm Au) were
depositednto the flakes by using standard electb@am lithography and deposition. The devices
were then mounted in a chip carrier with carbon tape where contacts were wire bound and the gold
backing of the chip carrier waalso wire bound tofacilitate a back gatevoltage via the
degeneratelgloped Si substraté. schematic of the device and an optical image of a typeatd
are shown in Figures 2.4a andl2.Zhe gold electrodes and fdayer PdSgchannel are outlined

in gray and purple daged lines, respectively.
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Figure 2.4 PdSe Phototransistors.(a) A schematic of the Pdsgevice. (b) An optical image of
the asfabricated PdSedevice. The PdSdflake is outlined in a purple dashed lines and the
electrodes are outlined in gray dashed lifié® scale bar is &m.

The dectrical properties of the devices were measured in a JarEO& Microscopy
Cryostat under high vacuum (~ 40Torr). Figure 2.5a displays the electrical transfer
characteristics of & nm (~ 15 layer)thick PdSe transistor at room temperature. The device
exhibits a predominately-type behavior with an on/off ratio greater than 4, 1hich is better
than a previous repoifi48] The linear output characteristic of the Pgl8evice for gate voltages
sweeping from80 V to80 V are shown in Figure 2.5b agdn be attributed to thermally assisted

tunneling through the Schottky barrigs0]
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Figure 2.5 Electrical Transport of PdSe Phototransistors. (a) Gatedependenglectrical
transport of the PdSe2 phototransis@n/off characteristics seen by the right log scaledig
in red. (h The output characteristics of the device at various gate valtages

The fieldeffect electron mobility of the device was calculatedge92 cnfV-S* at room
temperaturdy usingequation §). WhereCg is the back gate capacitance of the S&yer,L and
W are the length and width of the channel, respectigiy,the conductance, aMd is the applied

back gate voltage.

| - - — ®

Although the fieldeffect mobility observed in this deviemd the other measured devices
(ranging from ~60 cAVS! to ~290 cn?VIS?Y) is significantly lower than theheoretical
prediction,[4€] it is comparableo or better thawtherexperimental measuremis. [43, 48] This
variation of mobilityis partly attributedto the anisotropianobility predicted inPdSe, which
varies by a factor of four in theaxis vs yaxis direction[46] Furthermorethe observed field
effect mobility ofthe PdSgdevicesis alsolimited by the presence ofsaibstantial Schottkiyarrier

(onemeasuring-180 neV) at the electrical contact$ these deviceas shown in Figur2.6h
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Figure 2.6 Schottky Barrier Height Extraction. (a) The Arrhenius plots for several bagite

bias voltages measured with drain voltage bias at 100 mV. The slope of each curve yields the
effective Schottky barrier height at the corresponding gate bias. (b) The extractanveeffec
Schottky barrier height at the various baye bias voltage, where the flatband electron Schottky
barrier height is measured to be 180 meV.

The Schottky barrieneight (SB Heighhere can befound from the slopeof In (Ips/T¥?)
vs 1000/T at a awstant positive draisource bias as a function of temperat@edvarying gate
voltages as shown in Figure 2.6nd 2.®. At the flat band gate voltage, the discontinuity in
linearity seen in Figure 2.6, the SBH isextracted This is done bynodeling tle device as two
Schottky diodegone at the source and the other at the d@nhectedy the PdSgchannelin
the thermionic emission reginjgl] At low doping levelsn TMDCs and below the flat band
condition (downward shaped band bending in thgpe PdSg), charge injection is governed by
this thermionic emissiof52] Above the flatband (upward shaped band bending in BdSe
condition thermionic field emission (tunneling) will also substantially contribute to the current
which deviates from the thermionic emission regime encesponsible for the change in slope
found above the fldband voltageUnder a positive draisourcebias the majority of the voltage
is consumed at the source contact fetype materialsthus dominating the behavior of the

transistor.The current densityJps, is given by thefollowing equation 7). WhereA'p the 2D
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Richardson constant,is the temperature,is the electron chargés is the Shottky barrier height,

ko is the Boltzmann constant, an@3is the applied voltage at the junctifs8-56]

0 0" "YQ p Q (7)

When q\bs>> ko T (for theseexperiment with W¥s=100mV, 100meV >>> 25meVesults
in the bracketed terraqualing~0.98), the above equatioi)(reduces to the following equation
(8) and at low gate voltages (in the subthreshold regime) can be used to creat®.bayaral

2.60.[15, 52, 57]

0 0" "YQ (8)

To investigate the photoresponse of the Rdfwices, spatially resolved SPCMere
performed Figure2.7bshows the scanning photocurrent image ofRfti&e deviceunder 1060 nm
illumination at azero gate and zero drasource bias, whose corresponding reflection image was
recorded simultaneously argshown in Figur@.7a. The electrodes and Pd8kannel are outlined in
gray and purple dashed lines, respectively. Strong photocurrent sigrexigedbat the metdtdSe
junctions are likely due to the creation@®thottky barriersrom theFermi level alignment at the
junctions, which results in builh electric fields that can efficiently separate phexaited
electronhole pairs (EHPSs) to gersge photocurrent signalb8] Thisis further suggested by the
negligible photocurremesponse at the center of the channel due to the relatively flat band structure

at this location.
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Figure 2.7 SPCM of PdSe Phototransistors. (a) Reflection and (b) sanning photocurrent
images ofatypical PdSe phototransistor under 1060 nm illuminatias well as zero back gate
andzero draiii source biasMetal electrodes and felayer PdSgchannel are outlined by gray and
purple dashed linesespectivelyThe horizontal scale bars in (a) and (b) ami&ons (c) Gate
dependent photocurrent signals along vkeetical black dashedine in (b). In (c), the vertical
direction is y position and the horizontal direction is back gate voltage. Tresponding scale
bars are 2.5 microns and 10 V, respectiv@y.Green and black curves represent photocurrent
responses along the green and biattedlines in €), respectively.

To further study the photocurrent generation mechanisms-dgaendentscanning
photocurrent measurements were performed by sweeping theogatge from-80 V to 0 V while
recording the photocurrent along the Pd8®nnel (Figure 2¢j under zero draksource bias
The photocurrent signal exhibits monotonic gate voltageddace in the offstate (Figure 24),
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indicating that the PVE plays an important rimiets photocurrent generati¢B9, 60] Upon laser
excitation, EHPs will be generated locally and driven in opposite directions by thenlaidttric

field dueto the Fermi level alignmentreatingSchottky barriers at metédldSe junctions. Since

the electronic energies are higher near the metal contacts than those in the middle ofthe PdSe
channel when the device is electrostaticaljoped (Figur®.83, photeexcited electrons will be
injected into thechannel, leading to a negativpo§itive) current flow at the drain gourcé
electrode Whenthe back gate voltagdecreases ted4 V, theflat bandvoltage, \ts, is reached

(Figure 2.8b. Here negligible photocurrentesponseis observed Similarly, the polarity of
photocurrents reversed when the back gate voltage is below the flat band voltage due to the

electrostatig-doping (Figure 2.8).

a. b. C.
Ve> Vs Ve =V Vo<V
S —

Figure 2.8 Band Bending Conditions of PdSgPhototransistors.Schematic of the band bending

in the PdSgin response to a back gate voltage showing below the flat band voltage in (a) when
the material is electrostaticallydoped, the flat band condition in (b), aeahe flat band voltage

in (c) when the material is electrostaticallgdpped.

Interestingly, the photocurrent signals start to saturate whemnlsrger than20V (Figure
2.7d), which can be attributed to reduced gateability of the band bending ithe depletion
regions as the Fermi level approaches the conduction band edge. In addition to photovoltaic
mechanisms, other photocurrent generation mechanisms may also contribute to the photocurrent.
Under illumination, the laser beam can also locally Ret8e to produce photocurrent response

via eitherthe PBE or thePTE
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When a laser beam scans otlePdSe channel, the temperature of the channel inceease
due to lightinduced heatin¢eading to the electrical conductance increafsthe channel61, 62
The change in the conductance with a change in temperatsihown in Figure 289This change
in conductanceshould contribute a photobolometric current that scales with the -d@ince
voltage[61] Thusthe expectation would e see a photocurrent that scales linearly with drain
source biasBut as shown irFigure 2.® the photocurrent response does not scale linearly with the
draini source bias, suggesting that the PTE rbaya largercontributorto the photocurrent
generationTo further examine #serelative contributionsnd to establish the presence of the
PTE spatiallyresolved scanning photocurrent images of the PdiSace are examinedAs
shownin Figure2® a str ong pisobseovedurrtire enai®dSé@junetionl reion,
indicatingthat thePTE also contributes to the photocurrent generali@to the differing Seebeck

coefficients betweethe PdSe channeland the gold electrod¢$4, 29]
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Figure 2.9 Thermal Photocurrent Generation Analysis in PdSe Phototransistors. (a)
Conductance of a Pd5device as a function of temperature; (b) photocurrent response of the
device @ a function of drakwsource bias (red dots represent experimental data and black line is a
linear fitting); and (c) a line profile of the photocurrent response across theRd&a? junction
is shown by the black dots. The red solid curve is the refatgsian fitting. The green arrow
denotes the phot ocur r ealowbéckgeount iadicates the gostionreof e c t r

the electrode

Since the Seebeck coefficients of PdSsnd the gold electrodeare different, a
photothermal voltageVete) across the meté?dSe junction exists.Using the Mott relation

equation (3)and noting thaG is due to constants and modulated by the back gate voltage the
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chain rule can be applied to get a modified Mott relaticorder toobtainthe Seebeck coeffient

asshown in equation (9)28, 29, 63
Y o— = — (9)

Here, thelastterm can be estimated as follows. When the Fermi level moves from the valence
band b the conduction band, the barrier heighthanges linedy with Ve (UEx= e Ud), Where

| is a numerical constant that measures how effectively the gate voltage modulates the band
energy(58, 64] The measured shuofff gate voltages forype and rtype conductancare-60 V

ard -20 V, respectively (Figur2.5q). The band gap for fedayer PdSegis 1.17 eV; therefore, the
calculatedU & 0.029which can be used to infer the Seebeck coeffici@nmaximum Seebeck
coefficient of PdSg(~ 74 pV/K at \6 = -10V), consistent with the theoreticalpredicted value

is obtained47] Therefore, photocurrent signals of Paf#ethe onstate may partlyy result from

the PTE.

Furthermore, wavelengitiependent scanning photocurrent measurements were taken to
investigateadditionalphotocurrent generation mechanismgewn-layer PdSg Figure 2.1Gshows
photocurrent responseof the PdSg devices with differentthicknesgs The thickness of a
monolayer flake ofPdSe is ~0.6 nm[43] For thinner PdSe phototransistors (e.g. 9 layer), a
dominant resonance peak was observetl0&0 nm(1.17 eV), which is comparable with the
indirect band gap of Hayer PdSgrevealed by scanning tunneling spectroscdpyg + 0.07
eV).[69] Interestingly, when the thickness of Pd8&reases, more and more small peaks appear
around this nealR region, such as peaks loedtat 1030 nm (1.20 eV) and 1090 nm (1.14 eV),
respectively. These distinct peaks are likblg result odifferent optical transitions between the
local valence band maxima along X line and the local conduction band minima located at
thel-M line, [45] which are affected by the thickness due to the strong interlayer coupling in the
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puckered pentagonal morphology of Rg$66] This may also explain the uncertainty of the few

layer PdSg band gap characterization in previous optical absorption measurements1(@3.7

eV)[43]
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Figure 2.10 Wavelength Dependence of PdSd>hototransistors. (a) Wavelength dependent
photocurrent response for various devices thicknesses under zero back gate voltage and-zero drain
source biagsach layer of PdSés ~0.6 nm resulting inaresponding thicknesses of ~5.4nm (9L),
~9nm (15L), ~16.8 nm (28L) and ~19.8nm (33L).
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Next, biasdependen§PCMwasperformedon the PdSgphototransistors at zero gate and
different drainsource biases frorl50 mV to 150 mV (Figur@.11a). Here theelectrodes and
few-layer PdSgchannel are outlined in gray and purple dashed lines, respectively. Regardless of
the applied bias, strong photocurrent signals are observed at thePa®&junctions while the
photocurrent response in the middle of theS&dchannel is negligible. For comparison,
corresponding horizontal cut lines along the channel (black dashed lingara Z1h) are shown
in Figure2.11bh When a large positive bias is applied to the device, the positive photocurrent
intensityat thesourcecontact electrode increases. Similarly, the negative photocurrent gignal
the drain contacelectrode intensifies as the device is negatively biased. This increase in
photoresponse under the application of a larger ibigsimarily due to the emmcement of the
electric fieldin thedepletion region at the electrical contagthjch allows for the more efficient
separation and tlection of the photeexcited EHPs. Since the slope of the electrostatic potential
(or the local electric fieldyith respect to positiois proportional to the photocurrent intensity, the
photocurrent curvesvere numerically integrateth Figure 2.1b to obtain the lkectrostatic
potential (Figure 2.1d). The potential change in different regions at various biases cay l@asil
identified. Large potential drops near the electrode contact regions and relatively flat band in the
middle of the PdSechannel are observed, indicating the presence of contact resistances due to the
Schottky barriers between metal electrodes andPti&2 channel. By selecting electrode metals
with proper work functions and eliminating (or reducing) the Fermi level pinning, the Schottky

barrier between electrode contacts and the Pd®&enel may beninimized[35, 56, 67]
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Figure 2.11 Analysis of Potential Distributions in PdSe Phototransistors. (a) Scanning
photocurrent | ma gakeswitlf dabisanse biases fdd 168/ o)-150 mV

in increments of 50m¥éxcluding the zero bias imaged under zero back gate voltagbe scale

bar is5 microns.The electrodes of the device are outlined in gfdye PdSegflake is outlined in
purple dashed lines. (Qorresponding photocurrent intty along the black dashed lines in (a).

(c) Electrostatic potential computed by numerically integrating the photocurrent intensity curves
from (b).

The photoresponse dynamics of Pd$dototransistorare also studiedhrough time

resolved scanning photocurrent measuremdits was performed by applyif@N/OFF light

31



modulationwith an optical choppexhile photocurrent signals were recorded as a function of time
in order tomeasurethe rise and decay time constani®he device performed similarly over
thousands of cycles of ON/OFF light modulation signifying the stability of the tenmespainse

of the device. Figure 2.8Zhows three typical cycles. By applying a single exponential function
to fit the rising and dsaying regions of the curve, the obtained rise and decay time constants are
~ 156¢s and ~ 163s (Figure 2.1B), respectivelywhich aremore than two orders of magnitude
faster than those other noble TMITs based devicg89, 40, 42, 68] These extremely fast response
times arepartly attributed to the high nimlity of charge carriers in PdgeAdditionally, power
dependence measuremeats performedo examine the significance of trap states on the reported
response timélhe photocurrent signals have a nearly linear relationship with incident pbwer (

6 PY98) as shown in Figure 2.t2The slight deviation from the linear relationship may result
from some defects and trap states in the PdB&nnelwhich may beresponsible for the longer

decay time relative to the response tjh@é 40, 46, 69, 70|

' 70 r 70 . —/— T ’ 30
60| E el ™7 156 1 -'\ E
s0f | s0f f '.; | 20
= wf E 1 <l H 1 =<
& : £ £ I = £
o wb n= On' lOni {1 Ot I ‘.l 1 ¢
4 E : ' E10
20F - 0 2 E
0} ‘ ' - 10} _-" \ E
0 J 0 J 1.',1 ~ 163 us 0
0 10 |z 14 16 1.5 zjo 2. R 4.0 4:5 5.0 0 100 200 300
Time (ms) Time (ms) Power (1W)

Figure 2.12 Photoresponse Dynamics and Power Dependence of PdBaototransistors.(a)
Photocurrent signals as a function of time under 1060 nm illumination. (b)-#oofrthe rising
and decaying regions of the photocurrent signasfi(a) showing the rise and decay time
constants oD156 s andD163¢s, respectively(c) Powerdependent photocurrent behavior of
the device, where the red solid line shows the trend fite:6 PO,

In this chapterglectrical transport and saa@ng photocurrent measurements are used to

demonstrate that strong photocurrent responses inBd8®transistors primarily result from the
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PVE when the devices turn off and are partially related to the PTE when the devices are-in the on
state. PdSeadevices with Seebeck coefficients as high-@4 pV/K at room temperature, which is
consistent with theoretical predications also shown Moreover, thicknesdependent
photocurrent resonance peaks are observed in the NIR region, which aredlikety strang
interlayer couplingnduced indirect optical transitions in fdayer PdSg Additionally, a fast
response time of ~ 15 62plotetraisiaters, wheleisi moeedhian twov e d
orders of magnitude faster than other noble T®/Adevices. Tis work not only presents new
insight into the optical transitions and photocurrent generation mechanisms of Pa3elds

insight intoengineering future noble TMCs based optoelectronic devices.
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Chapter 3 NIR Detection Using Vander Waals Heterojunctions

3.1Introduction to Van-der Waals Heterojunctions

The explosion of research into 2D materials catalyzed by the isolation of graphene has not
only propelled the search for other atomically thin materials possessing similar properties but also
has led to conderations of combining lowdimensional materials in unique ways. The growth of
the 2D material library to include metals, semiconductors, semimetals, and insulators as well as
the discovery of superconductivity, chaigensity wave states, and ferromagsmtiin these
materials enables the exploration of materials physics in a new dimension and offers the potential
for devices with diverse and multifunctional propertigg. The layered nature of 2D materials
presents a way to combine materials not offered by their 3D counterpartg; iBtpdene covalent
bonds and weak out of plan van der Waals bonds have made the-staleld=GO building a

wildly successful endeavr.l] A schematic bthis idea is shown in Figure3

Graphene “3

3

hBN

MoS,

WSe,

Fluorographene

Figure 3.1 LEGO Building Approach to 2D Materials. Schematic illustrating the concept of 2D
material Lego Building. Reprinted with permission from R&f]. Copyright© 2013 Macmillan
Publishers Limited
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Furthermore, traditional constraints of lattice mismatch as well as the presence of dangling
bonds in bulk materials are not a signifitgssue in 2D materialghich resultsn atomically sharp
interfaced.71, 72] Stacking also presents another degree of freedom in the way layers are aligned
relative to one another which has led to the discovery of new physical phenomenon such as the
selftsimilar Hofstadter butterfly states in graphenBMstacksor t he di scovery of
in bilayer graphene stacks resulting in unconventional supercondugfi8jty4] Despite the
nearly infinite flexibility offered by stacking, it is a somewhat slow and intensive process. This
has led to the exploration of largeea crystal growth techniques such as chemical vapor
deposition or epitaxial growth. In addition to vertical heterostructures, 2D materials alsteffer t
possibility to create lateral heterostuctures viplame stitching.75] This offers the possibility of
devices athe atomic limit as withthe demonstration afianometer scale PN junctiofi&] A

comparison of a vertical and lateral ér@junction is shown in Figure3

5um

In-plane WS, /MoS, monolayer

'Y
i F=

Figure 3.2 Comparison of Vertical and Lateral Heterojunctions. (a) i (d) Schematic and
imaging of a vertial 2D TMDC heterostructure. (&)(h) Schematic and imaging of a horizontal
2D TMDC heterostructure. Both hterostucturase grown via chemical vapor deposition.
Reprinted with permission from REf7]. Copyright © 2014 Macmillan Publishers Limited.
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The realm of 2D material heterostructures can even be further expanded by examining the
combination of materials with different dimensiaties[78] The most common D materials to
be combined with 2D structurese quantum dots. The use of PbS quantum dots integrated with
MoS; sheets has shown exceptional NIR spectral response via a facile liquid phas®lg
procedurd.79] The combination of 1D and 2D materials h#&sbeen previously demonstrated in
our group by te combination of carbon nanotubes and MasBeets which showed strong
polarized NIR photoresponsg0] Additiondly, the layering of 2D materials upon bulk 3D
materials can also show enhanced properties. The combination of a 2D SnS film on top ef a 3D n
type Si substrate has also shown excellent NIR photodetection capallifiesnd perhaps
unsurprisingly the combination of 3D metallic electrodes to 2Den@$ is ubiquitous in the
metallization process that enables the investigation of 2D material pesp&thematicef the

possibilities of 2D material heterojunctioaeshown in Figure3.3.
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0D/2D 1D/2D 3D/2D

Figure 3.3 Summary of the numerous 2D HeteroStructuresSchematics of a lateral (a) vs

vertical (b) heterojunction. Reprinted with permission from B&f. Copyright© 2020 Wiley
VCH GmbH
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3.2 BRMo0S: Heterojunctions

In the fabrication of 2D material heterojunctions, BP and Ma&e attracted significant
attention. Both vertical and latefaP-MoS, heterojunctions have shown excellent properties in a
variety of eleatical devices. FETs have been created showingfbratios up to nearly fand
subthreshold swings as low as ®%/decat 300K.[83-85] Ultra high gain tunable binary and
ternary logic inverters as well as diodes have been demonstf@éd7] Beyond electrical
devices, optoelectronicand photonic devices have also received attention such as LEDs,
photodetectors, photovoltaic solar cells, and optical modulf88r81] Theses devices also
possess potential for NIR applications due to tremnsitivity to phobns in the desired
energy/wavelength ranggdm ~0.8 eV to ~1.6 eV)rhoughtheband gap of MoSranges frona
direct band gap of1.9 eVin its monolayer form to an indirect gap of ~1.3e\bink, [92] the
band gapof BP isdirectand rangesrom ~ 0.3 eV in bulk to 2 eWh monolayer [93, 94]. For
example, aertical heterojunction formed by stacking BP and Mtekes together displays a high
photoresponsivity up to 22.3 A/W under 532 nm illumination and 153.4 mA/W under 1550 nm
illumination, [95, 96] Beyond photoresponsivity, response time is a critical parameter for
photodetectors. Noticeably among BP, Mo%nd BPMoS; devices, a great variety of
photoresponse tingdave been reported under various conditwhi&h are summarized in Table

3.1.
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Table 3.1 Summary of BP, M0oS, and BP-MoSz Heterojunction Response Times

Device Material Vbs Ve Uise = Ref.
200 mV oV 1ms 940 nm [94]
100 mV oV 40 780 nm [97]

Few Layer BP
100 mV oV 4.8 ms 1550 nm [98]
-50mvV -10V 5ms 900 nm [99
8V -70V 600 ms 561 nm [10Q
1L MoS, 1V 50V 50 ms 532 nm [18]
1V 2V ~1s 633 nm [101
Y 3V 15 1550 nm [107)
BP-MoS; oV oV ~1s 582 nm [103
2V oV 150 457 nm [104
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It is well-known that the response time of photodetectors is limited by the carrier transit
time, [109 which depends on electrical transport properties of individual channels and junctions.
Previous reports indicate that gate voltages can modify the Schattkgrs between TMOs and
metal electrodes and then influence the electrical transport properties of d@6c&686 But no
work to date has examinéide tuning of photo response speed with the systematic study of gate
voltages and laserwavelengthilluminations. Previous works have observed the changing of
photoresponse speed with different channel lengths for dd@@esr by altering the applied gate
voltage[107], but do not offer a comprehensive explanation and in particular have not studied
variable wavelengthsThe response of devices across a broad range of operating conditions is
essential in uderstanding 2D heterostructure device engineering
3.2.1 Results and Discussion

Here the photoresponse dynamics in BROS; heterojunctionsare systematically
investigatel through gateand wavelengtiiependent scanning photocurrent measureminss.
found that the Schottky barrier at the Ma8etal interfaceés likely toplay a significant role in the
rise and decay times of the heterojunction. When theldo&hnel is in the estate, photeexcited
carriers can tunnel through the narrow depletigiore at the Mogmetal interface, leading to a
short carrier transit time. For both the rising and decaying region a response time constant of 13
€s has been achieved, irrespective of the incident laser wavel@hgtheported response time
constants areomparable or better than those of otherNB®S, heterojunctions as well as BP and
Mo$S; based phototransistors. In contrast, when the \b&nnel is in the offtate, the sizeable
Schottky barrier and depletion width make it difficult for phetited cariers to overcome the
barrier, which significantly delays the carrier transit time and thus the photoresponse speed. Under

this condition since photexcited carriers induced by short wavelength photons possess higher
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energy, they have a higher probakilib overcome the Schottky barrier at the MoSetal
interface resulting in a relatively fast response in comparison with that of carriers excited by the
incident light with a long wavelength. Consequently, the rise and decay time constants of the
heterojunction increase with increasing incident laser wavelength. These fundamental studies not
only provide an irmdepth understanding of the photoresponse dynamics iAM&S
heterojunctions, but also offer a new way to reduce the response time of 2D hetercguingt
engineering 2D matertahetal interfaces.

Devices to facilitate this study were providég generous collaborator®r. Bhim
Chamlagainand Dr. Upendra Rijalunder thedirection of Dr. Zhixian ZhouMultilayer MoS
flakes were produced by mechaadiexfoliation of MoS crystals and subsequently transferred to
Si/SIG substratesdegeneratebp-doped Si substrates with290 nm SiQ oxidation layer) Thin
flakes of BP that had been mechanically exfoliated setectedand then placed on the target
Mo$S; flake on the substrate to form aiB®0S; heterojunction in the overlap regiofo complete
the devicemetal electrodeg5 nm Ti/40 nm Ay were defined bystandardelectron beam
lithography anddepositionprocessefOptical microscopy and ParkSystens XE70 norcontact
mode atomic microscopyere used to identify and characterize thin MES nm)and BP flakes
(~14 nm) The devices were then mounted in a chip carrier with carbon tape where contacts were
wire bound and the gold backing of the chip carrier was also wire bound to facilitate a back gate
voltage via the degeneratalipped Si substraté. schematic and an opéitimage of the BiMoS,
heterojuretion is presented in Figure 3.4a andb3.fespectively. Th8P and Mo$ flakes are
outlined bypurple and blue dashed lines, respectively, anck telectrodes are outlined in gra

dashed lines.
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Figure 3.4 BP-MoS2 Heterojunctions. (a) A schematic of the BRl0oS, heterojunction device.

(b) An optical image of the dabricated device. BP and Mg&re outlined in purple and blue
dashed lines, respectively. The electrodes are outlined in gray dashed lines. The scale bar is 10
em.

To assess the electrical properties of theseMB, heterojunction devices electrical
transport measurements were takem iJanis SI500 microscopy cryostait room temperature
under high vacuun{~10° torr). The four electrode configuration of the device permits the
examination of the electrical characteristics of both the individual BP and 4&8s where the
gate voltges were applied to the Si substrate to adjust the carrier concentration in each material.
Figure 3.% presents the gat@ependent transport characteristicgh@ two individual flakes, in
which the BP and Mof§lakes show typical pype and rype behawr at a zero gate voltage,

respectively[108 109 From this gée dependent behavior the fiedffect mobility valuesgger,

of the BP and Mogcan be obtained fromquation (6)This yields mobility values of ~53 chV-
1 s1for the MoS channel and ~40 chw ! st for the BP channel.
Though BP igheoretically predicted to have igh mobility upwards of ~2000 cnf V!
s?, its extreme sensitivity to ambient conditions, despite fabrication and storage in an appropriate

environment, will lead to unavoidable degradation within as ladean hour after without
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passivation[110 111] Unfortunately, passivation processare known to significantly alter the
optical properties of BP such as the introduction of pladajeing when passivated witlexagonal
boron nitride[117] This produces a challenge when attempting to maximize the electrical as well
as the optoelectronic properties of devices involving BP

Thel-V characteristics of the BRoS;junction were also explored at various gate voltages
as seen in Figurg5h Consistent with gateinable transport properties, strong rectification of the
drain current can be seen at a zero gate voltage where unintentional doping occurs. As the gate
voltage is modified, a decrease in these rectification properties is observénl the modulation
of carrier concentrations. These rectification properties are similar to traditiongnxztions
except the electrical tunability in vertical van Der Waals heterojunctions between two atoemically
thin materials is likely attributed toinnelingassisted interlayer recombination given the absence

of a vertical depletion regidril3
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Figure 3.5 Electrical Transport Properties in BP-MoSz Heterojunctions. (a)Gat e depender
transport characteristics of the Biack) and Mo%(red) channels of the device, respectivdby.
The electrical transport properties of the heterojunaiimher various gate voltages.

To begin the investigation of the optoelectronic properties of these heterojunctions
spatiallyresolved photocurrent mappings were generated usB§CM Under 650 nm

illumination, the reflection and photocurrent images of aMBIS, heterojunction were collected
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simultaneously to locate the position of photoentrsignals. As shown in FiguBe6a and 316, a

strong photocurrent response was observed in the overlap region between BP ariidkdsS

where the builin electric field can efficiently separate the phetcited electrothole pairs ¢
generate photocurrent signals similar to ajBhttion. Due tathis, the PVE is attributed as the
primary photocurrent generation mechanism. To further investigate the optoelectronic properties
of the device power dependent photocurrent measurements are extracted from the maximum
response of the device under exporaytincreasing powers. The photocurrémd)as a function

of incident laser power shows a sublinear dependence resulting in a monotonous decrease in
photoresponsivityY O j 0, blacK as showrin Figure 3.&. This behavior can be explained by

the presence of trap states in the BP or MwSat their interfaceg17, 114 As the illumination

power increases most trap states are filled and further increases in power camiraiecto
increase the photorespong&15 116 Furthermore, a peak responsivity of ~50 mA!\Was
observed, which is comparable to previous-MB&S; junctions and greatethan previously

reported for BP phototransistof89, 94, 117]
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Figure 3.6 SPCM and Power Dependence of BMoSz Heterojunctions. (a) The reflection
and f) scanning photocurrent images of thé MBS, heterojunction under a zedyainsource
bias and zero gate voltage. Theydashed lines show the outline of the electrodes.plingle
andbluedashed lines represent BP and Mti&kes, respectively.
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To examine the output characteristics ofBBS; heterojunctions unddyoth visible and
near infrared illuminatiothe heterojunctionsereexposed to laser illumination with wavelengths
of 650 nm and 1000 nnunder650 nm illumination 1.9 eV),sufficiert photon energy is provided
to efficiently excite electrons in Me®%s well as the BP toontribute to the photocurrent signals.
Under 1000 nm (1.2 eV) illumination photocurrent responses are mainly attributed to the direct
bandgap optal transition of fev-layer BR. This is diagrammed in Figure 3.7a anda3.Yhe gate
dependent output characteristics under zero daimce bias and constant power reveal this effect
as a stronger response is found under 650nm than 1000nmmation as shown in Figure .7
The asymmetryin the photocurrent response between negative and positive gate voltages is
attributed to the ambipolar characteristic of the BP and its contribution to the photocurrent for both
examined wavelengths. Additionaltyhedrainsource bias geendenbutput characteristics of the
heterojunction under a gate voltage of 0 V with and without laser illumingtiow clear PVE.
The opercircuit voltage and shodircuit current are 0.08 V and 0.06 pA for 1000 nm excitation
and 0.13 V and 0.2 pA f@50 nm excitation, respectivelgndcan be seen in Figure 8.71n the
middle of the yellow region, photexcitedelectronrhole pairsbecome separated due to the built
in electric field at the heterojunction. When the forward bias is equal to thecopeit voltage,
the biasdriven flow is opposite to and cancel the flow induced by pkatted EHPs, leading to

a zero net current.
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Figure 3.7 Photocurrent Generation in BA MoS2 Heterojunctions. Banddiagram for the BP

MoS, heterojunction under (a) 650nm and (b) 1000 nm wavelength illumination. (c} Gate
dependent output characteristics under no illumination (black), 650nm illumination (red) and
1000nm illumination (blue). (d) DraiSource bias dependemeasurement under no illumination
(black), 650nm illumination (red) and 1000nm illumination (blue). The yellow region highlights
the PVE.

Critical to this study that aims to look at the variety of reported response times in BP and
MoS; based devices ih¢ examination of the temporal photocurrent response of tHelds?
heterojunction under varying gate voltages and incident wavelemgtheptical chopper was
utilized to mechanically appl®N/OFF light modulation to the laser beam while photocurrent
sigrals were collected as a fummt of time. The photoresponse of the heterojunction with an
applied baclgate voltage of20V recorded as a function of time while 650nm lighihodulated
is shown in Figure.8a. When the wavelength of this illuminatiorinsreased from 650nm (black
squares) to 1000nm (maroon circles) a lengthening of the response can be observed in both the

rise and decay of the ptworesponse as shown in Figure 3.8b and,3d&spectively.
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Figure 3.8 Photoresponse Dynamics in BAM0S2 Heterojunctions. (a) Photocurrent response

as function of time under 650nm wavelength illumination while light is modulated on and off by
an optical chopper at 200 Hz. The heterojunction is utf®Y backgate voltage. A zoom in of

the rising (b) and decaying (c) of the photocurrent respor&#ain (black squares) and 1000nm
(maroon circles). The same optical chopper frequency of 200 Hz is used and the device-is under
20V backgate voltage.

To systematically investigate this change the heterojunction was measured under three
different gate voltages-Z0V, 0V, and 20V) each at 100nm wavelength increments. To
he

characterize t

phot g raensdp odnegreangaptevardefouritle r i s
by fitting the respective rising and decaying portions of the photoresponse curves with a single
exporential fit function. As shown in Figure &%the rise time constant of the junction gradually
increases from 35 ps to 90 us when the illumorativavelength increases from 650 nm to 1000
nmwhile remaining undeai-20 V backgate voltageButwhen the back gate voltage is maintained

at OV or 20V the rise time constant remains the same afisaBd~13 us, respectively, under

increased wavelengthAdditionally, the rise time constant increases with decreasing gate voltage
regardless of the wavelengifhe same phenomenon is observed for the decay times as well. As
shown in Figure.9%, thedecaytime constant gradually increasegh wavelengtifrom 47 us to

119usand is under20V backgate voltage. Andhen when the back gate voltage is maintained

at OV or 20V the decay time constant remains the same ats-&%~17 us, respectively, under

increased wavelength.
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Figure 3.9 Tunable Photoresponse Speed in BRMoS2 Heterojunctions.(a) Rise and (b) decay
constants as a function of wavelength and gate voltage. (c) Simplified energy band diagram of the
MoSx-Au contact. Red, black, and blue curvaturerespond to the behavior of bagéte voltages

of -20V, 0V, and 20V, respectively.

The observed behavior of the heterojunction pamarily be explained by simplified
energy band diagram (fuband diagram given in Figure 3)16f the MoS contactas $iown in
Figure 3.2. When the MoSchannel is in the of§tate {20 V, the red band curvature in Figure
3.90, there exists a sizeable Schottky barrier and depletion region located at thenktab
interface, which make it difficult for carriers tvercome the barrier and to be collected by the
metal electrode, leading to a long carrier transit time. When the Fermi level efivoSs close
to its conduction bandhe band offset O 'O ) changes liearly with the baclgate voltage
vial % '‘Qlw : whereO is the minimum of the MoSconduction bandQ is its Fermi energy,

Qis the electron charge, andis a numerical constant that measures how effectively the gate
voltage modulates the band energyl8 119 The shutoff gate voltage observed in the transfer
characteristic of the MaShannel is aboutl0 V, indicating that the Fermi level is close to the
minimum of the MS conduction band under this gate voltd@s, 120 On the other hand, when
the Fermi level is very close to the conduction band of M0S/, theblack band curvature in

Figure 3.@ or 20 V, theblue band curvature in Figure 8)9the depletion width will become very

narrow. Asa result, the carriers can easily flow from Ma&the metal electrode due to tunneling
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through a narrow depletion region, leading to an oHikécontact[67, 121]
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Figure 3.10 Band diagram of BR MoS: Heterojunction .Band diagram for the BRI0S;
heterojunction under (a) 1000 nm and (b) 650 nm wavelength illumination. The band gap of BP is
~0.3 &/ and the respectivér - Ev is 0.1 eV. The band gap of the MoiS ~1.9 eV and the
respectiveEc 1 Eris 0.2 eV.[83, 122

Through further examining the complete band diagnamier various gate voltage
conditions as diagrammed in Figurg.1Q the photocurrent generation cathe wavelength
dependence of the response tioam more fully be understootdnder 1000 nm illuminatign
Figure3.10g, the photocurrent signals are mainly attributed to the direct band gap transition in BP
since the incident photons cannot provide sigfitenergy to excite electrons in the Mdf®m
its valence band to itsonduction bandBased on the polarity of photocurrent responsesnbe
identified that photeexcited electrons in BP flow from BP to Mp8ue to the conduction band
offset at theBP-Mo0S; interface.[117] These photaexcited electrons will then pass through the
MoS; channel to the metal electrode. When the Mdtannel changes from the-state (20 V) to

the offstate {20 V) the depletion width at the M@3netal interface increases and the Fermi level
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moves away from the conduction band, making it more difficulipfustoexcited electrons to
overcome the interface barrier as well as defect/impurdyced trapping states along the channel
and thus leading to a long carrier transit time. Therefore, the photoresponse time increases when
the MoS channel is in the of§tate since the carrier transit time is the key factor that limits the
photoresponse tim¢105 Similar results have been reported in M@8ototransistors, where a
large decrease in the photoresponse time was observed when theldoBel was turned on.
[100 107] Moreover, photons with a shorter wavelength and thus higher energy can transfer more
energy to EHPs, leading to high energy pheoited electrons with a higher probability to
overcome the Schottky barrier at the Moagetal interface and trapping states along the channel
when the Mogchannel is in the oftate[18] The subsequent flow of higher energy phexeited
electrons to the external circuit to generate the photocurrent has a shorter transit time and thus
faster photoresponse time. However, when the Mb&nnel is turned on pheexcited electrons
can tunnelhrough the narrow depletion region; thus the photoresponse time does not depend on
the energy of these pheexcited electrons (or the wavelength of the incident light).

Under 650 nm illuminationFigure3.10h the electrons in both BP and Mo&e ableo
be excited from their valence to conduction bands. Due to the Fermi level alignment of BP and
MoS,, the valence band maximum of BP is much higher than that ofb;Mb&efore, photo
excited holes in the valence band of M@&n inject into the BP andéh pass through the BP
channel to the electrode resulting in strong photocurrent signals with the same polarity as those
induced by the photexcited electrons in BP. For phed¢acited holes, the barrier at the afetal
interface isexpected to be negligie in comparison with that at the Mg&etal interface due to a
much snaller band gap of Bfhaving a limited effect on the carrier transit time.

Therelative lengthening afecay process of the BYRoS; heterojunctions also considered
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As shown in Figure3.9h the decay time follows a similar gat@nd wavelengtiiependence as
the rise time, but is slightly longer than the corresponding rise time when theddadhel is
turned off. Here, the longer decay time is likely related tad#fect/impurity traping presenat
the MoS-metal interface and possibly along the M@&d BP channeld23 When the light is
on, photeexcited carriers get trapped in these states. Once the light turns off, the photoresponse
cannot fully vanish until the trapped carriers are released leading to a longer decay time. However,
when the Mogchannel is in the ostate, the width of the Schottky barrier is significantly reduced
and the trapping states in the channel are alsd filegate induced electrons. Consequently, the
photcexcited electrons can tunnel through the narrow depletion region without filling the trapping
states. Thus, there is no delay for the decay time under this circumgtatide.experiment, a
decay timeof 13 €s regardless of the incident laser wavelength has been achieved with a gate
voltage of 20 V, which is several times faster than that of otheMB®, heterjunction®6] as
well as BP and Mofhased phototransistof$8, 107, 124, 125 Here the rise and decay times are
mainly limited by the sizable Schottky barriers at the Mofetal interface. Carefully engineering
the MoS-metal contact by adding heawtioped TMICs to generate extremely narrow depletion
region$21, 67] or using gatedyraphene contact to achieve negligible Schottky baftizé may
further improve the photoresponse time ofBBS; heterojunctions.

In this work, SPCM has been utilized to study the photoresponse time oMB®
heterojunctions excited by incident light of wéamgths ranging from 650 nm to 1000 nitnis
found that the Schottky barrier at the Ma8etal interface is likely to play an important role in
the rise and decay time of the heterojunction. A longer carrier transit time and thus a slow
photoresponssgpeed is observed when the Ma8annel is turned off due to the sizeable Schottky

barrier and depletion width that make it difficult for phetccited carriers to overcome the barrier
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at the MoS-metal interface. Moreovetheseresults have shown thdtd rise and decay time of

the heterojunction increase with increasing incident laser wavelength under this condition. Here,
photoexcited carriers induced by short wavelength photons possess higher energy, resulting in a
higher probability to overcome tt&chottky barrier at the M@Snetal and thus a relatively fast
response time. While at longer wavelengths the lower energy incident photons are unable to
overcome the barrier and thus have an even longer response time. On the other hand, when the
MoS; chanrel is in the opstate, photeexcited carriers can tunnel through the narrow depletion
region at the MoSmetal interface, leading to a short carrier transit time independent of the
wavelength of the incident photon. A response time constant & bas ben achieved in both

rising and decaying regions regardless of the incident laser wavelength, which is comparable or
better than those of other BRoS; heterojunctions as well as BP and Mb&sed phototransistors.

This work expands the understanding of iresponse dynamics in 2D material heterojunctions
andprovidesnew insight into the engineering of the interfaces between 2D materials and metal
electrodes to reduce their photoresponse times, opening a door for futwspéeghelectronic

and optoelectmic applications.

51



3.3 MoSe Based Heterojunctions

In addition to devices constructed out of two materials, the facile fabrication offered by
heterojunctions>dend far beyondhis. Here collaborative work done with Christian D. Ornelas
on an undopedMoSe> channel device with asymmetheavily pdopedWSe and MoS contacts
is briefly discussedue tothevariability found in 2D device fabrication, this architecture offers
the unique opportunity for direct comparisondifferent2D material interfaces. Furthermore, a
response speed of ~16 to €%8s observed representinghaee order of magnitude ingrement
previous MoSgchanneldevices These devices were fabricated by Dr. Arthur Bowman and Dr.

Kraig Andrews under the direoh of Dr. Zhixian Zhou.
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Figure 3.11 MoSex-Based Heterojunction(a) Optical micrograph outlining the constituent 2D
materials. (bElectricaltransport properties of the devidaset shows the linear ohmmature of

the device at different gate voltage$ Representative photocurrent mapping of the device under
-30mV bias and at 780nm wavelength illumination. (d) Wavelength dependence of the
photocurrent response at their respective junctions.
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An opticalmicrograph of a typical device is shown in Figure 3.11a. The thickness, obtained
from AFM, of the hBN (dark purple), MoS2 (pink), MoSeark blue), and WSe2 (cyan) are ~15
nm, ~23nm, ~7nm, and ~16 nmrespectively A high field-effect mobility of ~260cn?Vv-1s?
extracted using equatio6)(from the linear portion of Figure 3.11b is found at 80K which is higher
than previous repor{d.27, 128 Electrical transport propertiedsoreveallinear and symmetric
behavior indicating ohmic behavior (Inset of Figure 3.11b). The modulation of lateral band
alignment from the PVE is demonstrated through SRCHMgure 3.11shown by a representative
scanning photocurrent image of the device uAgi@mV of drainsource biasThis is further shown
in the tuning of the photocurrent response at the respectieégus shown in Figure 3.12a and
3.12bby modulating the dra#source voltagaith power dependencAdditionally, the ability for
heterostructures to demonstrate properties of their constituent materials is shown through
wavelength dependent measuremestiswn normalized for comparison Fgure 3.11d. The
shared peak at ~1.59 eV and 6le¥ is attributed to the A and B exciton of MeS®spectively,
while the distinct peak at ~1.68 eV is attributed to the A ¥Y5293-131] Additionally, therelative
strength of the MoSside between 1.8 eV and 1.9 eV is likely a restilthe corresponding A
exciton in MoS producing a meaningful contribution to the photocurrent resg@2d=inally,
temporally resolved SPCM is shown in Figure 3.12c and 3.12d. Given the pronounced effect to
activae and eliminate the photocurrent response at the different junctions as shown in Figure 3.12a
and 3.12b, the temporal response is measured at 0 mV for theNl& junction and the WSe
MoSe. The improved electrical and optoelectronic activity in thewice is attributed to the
negligible contact resistance enabled at the 2D material interfaces via use of heavily doped 2D and
a clean substrate in hBN material contact resulting in improved mobility and shortened

photocurrent response speeds.
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Figure 3.12 Bias and Time Dependent Photocurrent Response in MoSebased
Heterojunctions. Bias and power depdenet photocurrent itensity under 650nm wavelength
illumination for the(a) MoS; and the(b) WSe side of theMoSe heterojunctions. Temporally
resolved photocurrent measuremeamtder 650nm wavelength illuminatishowing fast response
times for both the (c) MaSunder0 mV drainsource bias, antthe (d) WSe, under-30 mV drain
source biasside of the MoSgheerojunctions.
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Chapter 4 Charge Density Wave Materials for NIR Detection

4.1Introduction to Charge Density WaveStatesand TiSe

Not only do theinitial atomic composition and arrangement of a material profoundly
impact their electrical and optoelectropioperties, lte changing ofphasewill often times result
in significantly differentelectricalbehavior. Beyond the typical understanding of phases as states
of matter, materials caalsobe classifiedn phasedy their properties such deing metallic,
insulating,or semiconducting aalsoby exott phases such as being superconducting or permitting
charge density wave (CDW)rmation.A notable examplef thisin somegroup6 2D TMDCsa
transitionfrom semiconducting in a 2H arrangement to metallia il arrangeentoccursdue
to a change in the relative orientation of the X chalcogen layers in characteristieMR¥ X
structurg132 As evidencedby this, hese changes primarily relate to the distribution and
movement of chargsuchas inthe formation otharge density wageCharge density waves are
the result othe electron charge densiyound statéwecoming spatially modulatetcompanied
by a periodic distortion in the atomic lattiCEhis can easilype conceptualized in the 1D case as
shown in figure 4.1In the normal phase (Figure 4.1a) uniform atomic spawith constant
electron densitys observedut in the CDW phas@-igure 4.1b) a more energetically favorable
distorted lattice with a modulated electron density is pregkith alters the band structufé33
CDW phasesare also of interestince theyoften arise on the cadaly down to superconducting
phasesAdditionally, CDW materials have begmoposed for optoelectronic memory devices such
as inKo.3Mo0O3z where the CDW phasmnbe manipulated with an external electric field and then
destroyed with a laser or inTdTaS where datacan beencoded by a femtosecond laser in the
amplitudes of CDW esitations[134, 135 Furthermore FETs with a conductance increase of 2

orders of magnitude are found in the CDW phase over the normal phase ynaNOS&%.[136
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Figure 4.1 Energy Bands and Atomic Spacing for Normal and CDW State for a 1D crystal.
lllustration for normal state (a) and CDW State (b) energy bands and atomic spacing for a 1D
crystal (temperature above tlransitiontemperature)Reproduced unddCC BY 4.0) from Ref

[133.

@ [

Figure 4.2 lllustration of commensurate and Incommensurate CDW (a) Commensurate and
(b) Incommensurate CDW states depeicted in 1D. Purple dashed linegartbie increased
atomic spacing arising from Figure 4.1b.
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A variety of 2D TMDC materials have showto possessupeconducting as well as
differentCDW phasesll occurringata wide rangéransitions temperatureSome of thes€DW
phases areommensurat¢CCDW) meaning that thepossess&n integer multipldbetween the
periodic distortiorof the lattice and electron density. Othersiaoemmensuratd CDW) which
clearlylack thistrait. There are also some that nearly possess this trait amedfarred to as nearly
commensurat€DW phases (BDW). Thedifference in theses transitions is illustrated in Figure
4.2.The nature of these transitions and their associated mechanisihsibgct to debate but it
is clearthat in 2D TMDCs the CDWral superconducting phasa® interrelatefl133 A summary
of these variationwith their respective transition temperatuags summarized imable 4.1.

Table 4.1 Summary of 2D TMDC CDW and Superconducting Phase Transitions.

Material T superconductor Tcow(Type) Ref.
2H-NbS 6 K Likely None [137]
2H-NbSe 7.2K 35K (CCDW) [138
~180K (CCDW)
1T-TaS ~50 K 350K (NCDW) [139
550K (ICDW)
2H-TaSe 0.15K ~120K (NCDW) [140-142
1907 240K (CCDW)
1T-TiSe <3K [143 144
~37 5K (ICDW)
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From this table a chief advantage of the focus of this wiaBe, is readily apparenthe
CCDW transition temperaturg Tcpw, IS relatively near room temperatul@ith thickness
dependence resulting in the observed rangkis rangeis easily obtainable through practical
liquid nitrogen coolingand increaseshe viability of it in device architectures Though the
transition temperature is clearly seehe natureand mechanismasf thetransition has been hotly
debated since thierst observation of the CDW phase in bulk-TiSe in the late 19705145
Recently withthe use of timalependent density functional theory simulations thestjan has
largely been resolved. As is evident in the ambiguity of the definition presented for the CDW state,
it is not always clear whether the lattice distortions form the CDW (in accordance with the electron
phonon coupling theory) or are merely asegquence of the CDW formation (in accordawdé
the dominance of excitonic pairing). These simulations resolved this question by probing an
excited state thus decoupling the lattice distortions from the ground state and enabling the real time
visualizaton of the transitionThese results indicate that batlechanismsontribute with the
CDW phase being initiated by excitonic binding and enhanced by electron phono cgigdng.
Additionally, the ICDW phase is believed to be a precursor and plays a prominent role in the
observation of superconductivity 1T-TiSe». A representative phase diagram drawn from a top

gated TiSeFET device is shown in Figure 4.343
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Figure 4.3 Phase Diagram for 1FTiSe. The phase diagram created from measurements on hBN
encapsulated thin (< 10nm) ion gel top gated I7FFETS.Reproduced with permission from Ref
[143. Copyright © 2016 Macmillan Publishers Limited.

4.2 TiSex-Metal Junctions

In continuing the search for an appropriate material for NIR photodetdatiorihelibrary
of 2D TMDCs one finds chargéensitywave (CDW)phases inTaSe and Ta$ which have
recentlybeen examined for their optoelectronic propertiesciamdonstrated extremely fasattra-
broadband, andltra-high responsefl42 147 Looking nearby from thesgroup5 TDMCs into
the nearbygroup4 TMDCs (M= Ti, Zr, Hf and X='S, Se, Tene notices they haweceived
relatively little attention in their singl®r few-layer form even though they possess unique optical,

electrical, optoeactronic, and thermoelectric propertj@g48 Strong light absorption properties in
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the visible to the infrared region as welleadhanced thermoelectric performamath high power
factors have been show in Bf849, 150 An exceptionally high charge carrigrobility of ~2,000
cm?V-1istas well as a sheet current density up to 8008m™ have been predicted for Zrgd 51,
152 And the semiconducting Hfgdas a high predted mobility of ~3,579 cAv1s1.[157
Furthermore, phototransistors fabricated out of Hffé&e shown strongsponsivity in the visible
to ultraviolet regimes in the range of hundreds of amperes per watts but with a slow response time
on the order of milliseconds and only achieved under large gate vdli&gesAll these
fundamental studies hold promise for the further exploration of the optoelectronic properties of
group4 materials, such as TiseMany investigations have exéned the optical and electrical
properties of fewayer TiSe, showing a relatively high CDW phase transition temperailisy,
of ~200 K as well as the ability to precisely control this transition temperature using an electric
field.[143 145 154156 But, previous work on optoelectronic properties of tifave been
focused on either anglesolved photoerssion spectroscopmeasurements that reveal detailed
understandings of the CDW phase transition and associated band stti3gtd@) or other work
that explores the observation pbsitaneous gyrotropic electronic ord@61] This encourages but
leaves open the expktion of fewlayer TiSe optoelectronic devices.
4.2.1 Device Fabrication

Traditionalsemiconductor devickabricationprocedures almost universally include metal
deposition either in the form dfiermalor electron beandeposition To do thisalsothe spinning
and patterning of a photoresistrequired This process of creating metal connections to material
samples is known as metallization and is commonly used in the study of 2D devicelsoégt t
the maturity of this process offers a facile waynetalize2D materialsand is unparalleled for

mass production of semiconductor devjéesomeswith several downsides. The metal deposition
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process often inducehemical disorderdefecs due to atom bombardmemindpenetration into
the semiconductorrothe order of nanometers due to the decaying wave function of the atletal
damagingthe crystal lattice of the 2D materia schemati@long with transmission electron
microscopy TEM) imaging showing the impact fothis is displayedin Figure 4.4e thnagh
4.49.[162-164 The TEM imaging clearly reveals defects and damageMoS; flake as a result
of the deposition process. The ghasasyer is the result of the strong bonding between the outer
sulfur layer and gol@35] Furthermore any residue left duringhé photoresist spinningnd
development procedures or heating during the baking of the photoresist can result in imperfections
that limit the ability to achieve theoretically predicted reS88.

A secondary concern in the fabrication of semiméelices, such agraphengl65 and
likely TiSe» as well, but the motivating factor for thavork of Liu et al in developinga gold
transfer proceduns that it has been shown to nearly eliminate the Fermi Level pinning effect that
plagues 2D TMDC as well asdlV bulk semiconductorg35, 166-169 The pristine nature of 2D
material flakes with their dangling bond free surfaces that make them ideal for staekaigoa
likely able to remove ShocklelJammstateswhich contribute to Fermi Level pinning, states that
arise at the surface of bulk semiconduc{d&), 171] Additionally, the transfer method offers a
much gentler metallization that doeesdiréctly requi
on the 2D materia¢liminating the defects, diffusion, and disorder introdudedng traditional
metalization. A schematic of this is offeredim Figure 44a and 44b. This results in atomically
clean and distinahterfacesas showwia TEM imagingn Figure 44c. The direct physical contact
without adulterating the 2D material sample is also belig¢gegreatly alleviate the gap states
responsible for Fermi Level pinnif85, 172-174] The ultimate summary of theffiérence in the

bonding between the gold and 2D material flakeais be seen whesomparing the resulfsom
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whenthe gold is mechanically peeldd5 off as shown in Figure 4d (transferredjold) and 4h
(deposited gold). This difference highlights the «&m Waals bonding that takes place for the
transferred goldi35]

Additionally, this technique is ideally suited for meliyer 2D material device fabrication
as the metallization process provides sitamp that is required to transfer and stack different 2D
materialg171] This has been demonstrated in our lab recently through the stacking of
nanowired176 The incorporation of metallization into the assembly procedure for
heterostructuresould alsoexpedite device fabrication by eliminatingime intensive EBL or

photolithography step in the fabrication process.
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Figure 4.4 Comparison of Transferred and Deposited Gold on 2D Materialsa) i (c) Cross
sectional schematics and TEM imagedrahsferred Au electroden top of MoS. (d) Optical

image of the Mo&device with transferred electrodes (upper) and with the transferred electrodes
mechanically released (lowerfe) i (g), Crosssectional schematics and TEM images of
conventional elecon-beamdeposited Au electrodes on top of Mof), Optical image of a MoS

flake with deposited electrodes (upper) and with the deposited electrodes mechanical released
(lower). Image (a), (b), (c), (d), (e), (f), (g), and (h) reprinted with permissmm Ref[35].
Copyright© 2018 Macmillan Publisher&td., part of Springer Nature
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In this work a similar gold transfer procedure is implemertediagrammed in Figure
45. Gold electrodes were preparem a silicon wafeusing a standard photolithography and
thermal gold deposition procedused diced into transfer sized piec@sigure 4.%) They were
then treated witlhhexamethyldisilazan@HMDS) tofunctionalize the silicon wafer to enable weak
adhesion with the subsequgntbated PMMA layer. (Figure 4% Without the HMDS treatment
the gold electrodes/PMMA cannot be easily nor wholly removed withlydimethylsiloxane
(PMDS) stampThis electrode preparation procedure is described in detail in appendix A.2. High
quality TiSe flakes (purchased from 2D sesonductors) were mechanically exfoliated onto
degenerately dopedoped SiQ/Si (285nm thermally grown oxide layer) substrates using the
standard scotch tape meth®igure 45d).[3] To ensure a clean substrate for the high quality-TiSe
flakes, substrates were nanostrip cleaned via the procedure described in apperitive Add
electrodes/PMMA are peeled off the sacrifig#icon substrate (Figure3t) with a PDMS stamp,
aligned with the TiSeflake using a custom stage, and then the stage is gently heated and the
PDMS stamp is slowly removed. (Figur®d) Finally, electron beam lithography is performed to

open gold coract pads for wire bonding.
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Figure 4.5 Schematic of the Gold Transfer ProcedureThe preparation of the electrodes is
shown in (a) and (b). (d) and (c) are the two steps that culmniate in the deviceitabgbatvn
in (e). The final step that is required to enable Wwading to the device is shown(f).
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To demonstrate the ability to execute this procedure, graphene devices were fabricated and
basic electrical and optoelectronic characterizations wemged out. Few layer graphene flakes
were mechanically exfoliated fromghly oriented pyrolytic graphite (HOP@nto degenerately
p-doped Si@'Si substrates (285nm oxide layesip the scotch tape meth¢8 The transfer
metallization procedure was completed and the as fabricated gragdwaoe is shown in figer
4.6a. The scale bar i$ em. Electrical transport properseof the device were assessed by
performing gate and drasource bias dependent measurements. The characfdistid 7§ V-
shapedconductancecurve of graphenéndicating ambipolar charge transport with charge
neutralitypoint of ~32 Vis shown in figure 41& Calculated mobility for the hole (< ~32V) and
electron (> ~32V) transport regions are 310°¢rstand 131, crfVs1, respectively Strong
linear current response is observed when sweeping thesiraioe bias of the device frosh0
mV to 10 mV indicating ohmic contacts shown in the inset of figuBs. Scanning photocurrent
imaging under 1064nm wavelength illuminateomd power of 546W is shown in figure 46 The
scale bar i$ em. Reflection imaging (not shown) taken simultaneously is used to determine the
location of the fewlayer graphene that has strong photocurrent signal as well as the electrodes,
outlined in puple and gray, respectively. The x location of the laser was fixed aaghed black
line from figure 4.6 and the gate is swept from 0V to 6@ producethe position and gate
dependent photocurrent image shawriigure 46d. The y axis indicates theopition and the x
axis is the gate voltage. The scale ba &n in the y direction and\bin the x directionBand
bending as a result of the application of gate voltage is responsible for the change in polarity of
the photocurrent response similar to awvhis seen in the above work regarding RdSe

phototransistorgl79
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Figure 4.6 Basic Electrical and Optolectroinc Characterization of Gold Transferred

Graphene FETs. Fabrication of graphene FET using the gold transfer procedure. (a) Optical
image of the finished device. Scale bar &1 (b) Gate and (inset of b) drasource biaslectrical

transport behavior of the device. Scanning photocurent imaging of the device with the electrodes
outlined in gray and the felayer graphene outlined in purple. Scale barasta. ( d) Gat e de
scanning photocurrent image taken with x fixdupwn as the dashed line in (c), showing the

change in polarity of the photocurrent response as the bands are modulated by the back gate
voltage. Yaxis is postion and-a xi s i1 s back gate voltage with
respectively.

4.2.2 Results ad Discussion
Here fewlayer TiSe-metal junctionsare fabricatedisingthe previously described gold

transfer technique and their electrical and optoelectronic proparéesibsequently explorgd
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scanning photocurrent microscopy. Strong photocumresphonses have been observed at the
TiSe-metal junctions under 650 nm and 1064 ilamination, respectivelyFurther studies have
revealed that bothhe photovoltaic effect (PVE) and the photothermoelectric effect (PTE)
contribute to the photocurrent gaation. At 145 K, the photoresponsivities are 4.8 mA/W and 1.4
mA/W for 650 nm and 1064 nm illumination, respectively. Moreover, temporally resolved
scanning photocurrent measurements demonstrate that rise and decay time constantsiace 31
32 ¢ srespectivelywhich are two orders of magnitude better than Hifssed devicgd 53 More
importantly, it is found tat the response times are two times slower when the temperature
increases to 225 K. Additionally, there is up to an order of magnitude of reduction for the
photocurrent responsivigt room temperature. The significant temperatindeiced changes are
likely attributed to dramatic reduction in carrier scattering that occurs whepigiSenged from

the normal to CDW phases &tpw (~ 206 K). These results signify the depth and breadth of
knowledge gained from continually exploring and assessing 2D niatéoiaoptoelectronic
devices and advance the understanding of gdotidDCs. Furthermore, this work sheds light on
the critical aspects of 2D materaletal junctions for engineering future temperatependent

fast optoelectronic devices.

A schematiof a typical TiSe device used in the experiments is presented in Figjiee
These devices were prepared via mechanically exfoliating>Ti®en a bulk crystal onto
degenerately doped SiSi substrates using the standard scotch tape mggho8ample
thicknesses were characterized using a Bruker Dimension Icon Atomic Force Micrascoae
standard optical contrast comparison imaging procedarging from ~20 nm to ~49 nfh80,

181] Finished devices were mounted in a chip carrier amd ound.The inset of Figurd.7b

shows a TiSgdevice with a thickness of ~31 nMemperaturalependent electrical resistance
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measurements were further performed to characterize and assess device performance. A broad
resistance peak centered at ~¥8@s observed (black in Figure 4.)lconsistent with previous
electrical transport investigations of Tp§&43 145 182 183 This anomalous resistivity peak is
attributedto a crossover betweerlow temperature regime where electrbke carriers dominate

the conductivity toa high temperature regimevhere thermally activatedholelike carriers
dominate[184] Additionally, a ratio forRma/Rso0 of ~1.3 is observed that is comparable to
molecularbeam epitaxy grown TiSethin films[183 indicating the high quality of the
mechanically exfoliated TiSélakes. To detenine the CDW phase transition temperatUig )

in TiSe, the derivative with respect to temperature of the resist@meperature grdp is
calculated (red in Figure 4.yland the local minimum is fo as 206 K (Tcow), which is

consistent with previougports[143 145 182 183
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Figure 4.7 Electrical Transport in few-layer 1T-TiSez. (a) A schematiallustrating the layout

of a TiSe device (b) Temperaturalependent resistance measurements show the characteristic
resistivity peak(black) A broad maximum is noted at ~180K. A ratio f&ha/Rs00 of ~1.3 is
observed, indicating the high quality of the mechanically exfoliatedb TTde first derivative of

the temperaturdependent resistance with respect to temperature is shaed The mnimum

of this curve, 206 K, corresponds to the CDVphasetransition temperatureThe green
backgroundepresentthe CDW phaselnsetin (c) is an optical micrograph oflaSe> device The

scale bar is 16m.
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Raman spectroscopwas also used to identify the quality of TiSeflakes. Raman
measurements were carried out in the VINSE analytical core usirith#reno Scientific DXR
Ramarb32nmmicroscopeAs shown in Figurd.8atwo dominant peaks are located-a84cm'?
and~197cm', respetively, corresponding to the in planegfand out of plane (4) vibrational
modes of the Se atoms in TiSeespectively154156 These vibrational modes adepicted in
Figure 48b with the Ti atoms in teal and the Se atoms in da!sg No significant difference was
noted in these peaks basedismsample thicknessesed A weak peak is also seen@05cm' L,
likely resuting from acoustic phonons in the underlying silicon substrate and potentially the
combination of the two different dominant mod&54, 185 186 Moreover, the absence of
additional peaks indicates the pristine nature of the sample as it is common for peaks to arise during
the oxidation process associated with trigonal (~@83) and amorphous (~233n'1) selenium

that replace the dominance of the aforementioned active Raman [h88ek37, 18§

100 150 200 250 300 350

Raman Shift (cm™)
Figure 4.8 Raman Spectroscopy ofew-layer 1T-TiSez. (a) Raman spectrum af typicalfew-
layer TiSe flake at room temperatur@wo strong peaks are seen aB4cm'! and 497 cm'?,
respectively, whicimatch well withpredictedEg andA 14 optical phonon mode#\ weak peak is
observed at 305cm', which may result fronthe overlap of the two phonon proceseessa
remnant of the silicon substrafb) lllustration of the Fand Ay crystal lattice vibrations in TiSe
Reprinted with permission from REE56. Copyright© 2018John Wiley and Sons

To explore optoelectronic properties of TiISSPCMwas employed189 As shown in
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Figures 4.9a and 4.a40remarkable photocurrent responses were observed under 1064 nm and 650
nm illumination, respectively. The corresponding reflection images (FigWbsand 4.10) that

were recorded simultaneously could be used to locate the positions of photocurrent signals. The
electrodes are outlined in gray dashed lines, with D and S represéné drain and source
contacts, respectively. The Titakes are outlined in purple. Strong photocurrent sighalsare
observed at the Tigenetal junctions. This ibkely due to the Fermi level alignment at the junctions
which leads to buHin electric fields that can efficiently separate pketoited electrothole pairs
(EHPSs) to generate photocurrent sig@eishow in the inset of Figure 49T his suggests ththe PVE

plays an important role in the photocurrent generation ap-ni®&al junctiong27] When the laser

scans across the drain (source) contact, paotded EHPs are separated, generating a negative
(positive) photocurrent due to the larger work function of the sffi8ke relative to gold contacts

that produces downward band bendit@g3 To further clarify the photocurrent generation
mechanisms present in the TiSeetal junction, line profiles of photogent intensity under 1064

nm illumination are extracted across the junctions at 145 K and 280 K (Fi§y@ceand4.d),
respectively, where the photocurrent intensities were normalized for cByitgomparing the
photocurrent profiles with the Gaussian t t i ngs (sol i d red curves),
the gold electrode regias noticedfor the environmental temperature below tkewas indicated

by the blue arrows, suggesting that the PTE also contributes to the photocurrent geneteion at
junction for TiSe in CDW phasdl14, 29] This is consistent with previous reports that BiSe
possesses a high thermoelectric power beleww][190-192 inducing heat gradientd the TiSe-

metal junction and thus giving rise to a thermoelectric cufte&8. This was also done f@0nm

illumination (Figures 4.10c and 4.1), where similar results were found.
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Figure 4.9 SPCM of TiSe Metal Junctions under 1064 nm illumination.(a) Spatially resolved
photocurrent and (b) reflection images of the device at 145 K show strong photocurrent responses
under 1064nm wavelength excitation of ~1.86 mWriSe-metal junctions. The power of the
1064 nm laser is ~1.86 m\Whe inset of (a) stws a circuit diagram of the TiSéevice depicting
the current direction for the respective laser scanning locafltneslaser scan across the drain
(source) contact, resulting in the observed negative (positive) photocurrent signals. Photocurrent
resporses across the Tizeetal junctions at (c) 145 K and (d) 280 K, respectively. The black dots
and red solid curves are experimental data and the related Gaussian fittings, respectively. The
photocurrent fAtail o on t he roal Tdhe yeliow loaekgrousds hi g h |
represent the positions of the electrodes
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Figure 4.10 SPCM of TiSe Metal Junctions under650nm illumination. (a) Spatially resolved
photocurrent and (b) reflection imagegiod device at 145 K show strong photocurrent responses

at TiSe-metal junctions. The power of ti&0nm laser is 6.14mW. The inset of (a) shows a

circuit diagram of the TiSelevice depicting the current direction for the respective laser scanning
locations. The laser scan across the drain (source) contact, resulting in the observed negative
(positive) photocurrent signals. Photocurrent responses across thanEtaejunctions at (c) 145

K and (d) 280 K, respectively. The black dots and red solid siaxe experimental data and the

rel ated Gaussian fittings, respectivel y. The
the blue arrow. The yellow backgrounds represent the positions of the electrodes

73



Power dependent measurements were atoied out for both 650nm and 1065nm
wavelength illumination. A linear relationship was observed for Bofl5K, as shown in Figure
4.11a. This linear trend is expected the increased number of incident photons from a higher
power results in an incread generation of EHPs. Furthermore, high power excitations were
further carried out for 1064nm continuing to show this linear toend loglog scale kpc® P*%Y),
as shown in Figure 4.b1This high power characterization results in almost a perféotar
relationship. This is notable as this is absent among common TMDCs such aso®/ Se
[194, 195 as well as in graphene devicg$96, 197 The absence of saturatia these large
powers as it likely indicates the absence of trap states and the potential to be explored as a high

power photodetectof115 116

a. b.
750 T T T T T T T A T 104
4 650 nm

600} | m 1064 nm
_ — 10°F .
< 450 -«
= =
S’ N
Z 300} s 5 "
= = 10}

150 | A LI .

[ ] n
A A ] .
0L u .I 1 1 1 1 1 1 1 101 1 1 1
0 20 40 60 80 100 120 140 160 10! 102 10° 10*
Power (LW) Power (uW)

Figure 4.11 Power Dependence of TiSeMetal Junctions (a) Power dependent measurements

for 650nm (redriangles) and 1064nm (black squajdaser illumination. (b) High power 1064nm
laser illumination.

The photoresponse dynamics were also examined through temporally resolved scanning
photocurrent measurements for both above and b&ew. In these expements, the addition of

an optical chopper to the light path allowed for the application of ON/OFF light modulation while
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photocurrent signals were recorded as ation of time.Two cycles of a typical temporal response
under 1064 nm illumination at 146 for the TiSe device is shown in Figuré.12a. The device
maintained onsistency in its optoelectronic performance over thousands of cycles demonstrating
its reliability. Using a single exponential function to fit the rise and decay portions of the time
response curve, rise and decay time constants are found for both above and below plegae€S®W
transition temperature¥he photoresponse times are significantly reduced upon coolifpéo

To further examine this difference snapshoft the rise and dexy curvesare shown in Figure

4.12b and 4.12aespectively.
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Figure 4.12 Improved Photoresponse Dynamics in the CDW phase of 1TiSex (a)
Representative sample of the temporal photocurrent response utdemnil@dlumination and
below theTcpw at 145K. Snapshots of the rising (b) and decaying (c) portions of the temporal
photocurrent response below theow at 145K (in black circles) and above theow at 225k (in

blue squares).

At 225 K (aboveTlcpw), riseand decay time constardse 60 €s and 6€s, respectively
Moreover,rise and decay time constants ofe3land32 es are achieved 445 K (bdow Tcpw),
which are as twice fast as those abdgew, two orders of magnitude better than Hf®ased
deviceq.153 Further temperature dependent characterizations were performed, as shown in
Figure 4.8a, from 145K up to 240K, showing roughly a stepwise change in the photocurrent rise
and decay timesThe greatly improved response times below the Cpkése transition

temperature is likely attributed to dramatic reduction in carrier scattering that occurs as a result of

75



the switching between the normal and CDW phases of 2I[iB#§ It is wel-known that two
important factors that limit the response time of a device are RC time constant and carrier transit
time[70] For TiSe in CDW phase, the reduction in carrier scattering results in short carrier transit
time, leading to fast photocurrent resporBe.determine the exact nature of these interactions

further focuson the photodynamic response of Ti&ewarranted.
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Figure 4.13 Improved responsivity and response time in the CDW phase of 1TiSex. (a)
Temperature dependent response time constants showing tiveisstidpcrease in response time
above theTcpw. Rise and decay time constants are indicated by black and red triangles,
respectively. (b) Temperature dependent responsivity measurement$5@dm (red triangles)

and 1064nm illumination showing the doubling of the rate of change in responsivity with respect
to temperature below thie-pw. The green background in (a) and (b) indicates the CDW phase.

Next how the CDW phase transition influentdes responsivity of TiSemetal junctions
under laser illuminatioms explored(Figure 413b). Here, the laser beam with a diffraction limit
aboutle m has been | oc abmefalirteofacesswhidh isadifferentlirem sdmeS e
studies that thddeam sizes are larger than the devjdd® 199 200 Positive and negative
photocurrent signals are found atusce and drain regions, respectively, in which the positive

response has been used to analyze the responsivity in Fij@eExperimentalesults reveah

76



significant enhancement in the responsivity of the devices under coolirgdandbling of the rta

of photocurrent increase beldwpw. Maximum responsivities at 145 K have been achieved to be
4.8 mA/W under 650 nm illumination and 1.4 mA/W under 1064illumination, respectively,

up to an order of magnitude higher than those obtained at room temperarirelatively small
responsivity of TiSg under 1064 nm illumination is likely attributed to the lower optical
absorption for 1064 nm excitation thdrat for 650 nm excitatiof201] This further suggests that

in the CDW phase, the carrier scattering reduction leads to short carrier tran$t3@n202
improving the collection of photoexcited EHPs and thus enhancinghibicurrent generation
efficiency.

In this chapter,systematic investigation of thedectrical and optoelectronic properties of
few-layer TiSe-metal junctionsis conducted Remarkable photocurrent responses have been
detected at the Tigenetal junctions, likely resulting from both the PVE and the PTE. A fast
response time approaching to8Xas been achieved, which are two orders of magnitude better than
HfSe baseddevices. More importantlyt is found that the photocurrent respongivand speed
increase significantly upon the temperature coolinGctaw, which is likely attributed to dramatic
reduction in carrier scattering that occurs as a result of the switching from the normal to CDW
phases in TiSe Not only do these results fhdr the understanding of grodpfMDC materials
but also offer promise for future investigations into these enticing class of materials, opening new

phaseconsideration$or future 2D optoelectronic engineering.
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Chapter 5 Retina Electrophysiology

5.1Introduction to Retina Electrophysiology

The human central nervous system (CNS) is a masterful work of nature. It is composed of
billions of neurons and trillions afendritesand synapse%lectrical signalspulsebetweenand
throughthesein large neuronal network3 he exploration of thiglectrical activityis imperative
to understand how thesmits achieve higher function su@ssight and cognition. These signals
are the result ofonic movanent across cellnembranes, which is charagzed by an action
potentialor morecommonly referredo as a spikeThese can occur spontaneously or as result of

a stimulusThe characteristic intracellular action potential is shown in Figure 5.1.

Figure 5.1 Characteristic Intracellular Action Potential. The voltage characteristic resulting
ion movement due to a stimulus inducing the opening and closing of sodiuk" afnnels.
Reproduced from Ref203 under(CC BY 4.0)
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