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Abstract
Modeling, fabrication, and characterization of 2D devices for electronic and photonic
applications

Ankur Baburao Nipane

Over the last two decades, two-dimensional (2D) materials such as graphene and
transition metal dichalcogenides (TMDCs) have invoked tremendous interest of the sci-
entific community due to their unique electronic and optical properties. While TMDCs
hold great promise as a potential replacement for silicon for scaling transistors beyond
sub-3 nm technology node, graphene holds great potential as transparent electrodes
and optical phase-modulators for next-generation photonic devices. In addition to the
aforementioned applications, these 2D devices also provide a great platform for study-
ing novel physical phenomena associated with 2D materials such as Moiré interactions,
valley-dependent spintronics, and correlated electron physics. In order to realize high-
performance 2D material based devices, advancement of three key aspects are imperative
- (1) analytical modeling to gauge insights into the electrostatics and current transport
in 2D devices, (2) development of efficient techniques for fabricating 2D devices, and (3)
understanding the fundamental limitations of the existing characterization techniques
and developing better methods.

We started by modeling the unique electrostatics of the 2D lateral pn junctions,
wherein we developed analytical expressions for the electric field, electrostatic poten-
tial, and depletion width across 2D lateral p-n junctions. We extend these expressions
for use in lateral 3D metal-2D semiconductor junctions and lateral 2D heterojunctions.
The results show a significantly larger depletion width (2 to 20 ) for 2D junctions
compared to conventional 3D junctions. Further, we show that the depletion widths
at metal-2D semiconductor junctions can be significantly modulated by the surrounding
dielectric environment and semiconductor doping density. Finally, we derived a minimal

dielectric thickness for a symmetrically-doped 2D lateral p-n junction, above which the



out-of-plane simulation region boundaries minimally affect the simulation results. Af-
ter electrostatics, we attempted to understand the current transport in 2D material-based
devices. Typically used back-gated field-effect transistors (BGFETs) are often modeled as
Schottky barrier (5B)-MOSFETs assuming that the current flow is limited by the source-
contact in the OFF state, while the channel limits the current in the ON state. Here,
using an analytical model and drift-diffusion simulations, we show that the channel
limits the overall current in the OFF state and vice versa, contrary to past studies. For
top-contacted BGFETs, we modeled different current paths at a top-contacted metal-2D
semiconductor junction and illustrated the unique “corner effect”—where the potential
change and current transport is dominated by the metal-2D semiconductor edge and the
associated lateral region. We determined that the edge transport supersedes the vertical
current injection in monolayer TMDCs and hence, to reduce contact resistance in 2D
devices degenerate doping of channel region next to contact regions is of paramount
importance.

After developing models to theoretically analyze these devices, we focused on un-
derstanding the shortcomings in the existing characterization techniques affecting the
extraction of important device parameters such as contact resistance, SBH, and channel
mobility. We prove that the transfer length estimated using the standard TLM mea-
surement technique can severely overestimate the true transfer length. We also discuss
the large discrepancy in SBH values extracted using the Arrhenius method compared
to their theoretical values. Using our analytical modeling, we attribute this to the pres-
ence of long channel regions in experimental devices. Furthermore, we highlight that
the presence of large contact resistance results in underestimation of channel mobili-
ties which renders Kelvin measurements such as four-probe and Hall-bar measurements
imperative for 2D devices.

Finally, we introduced a unique etch and doping method using self-limiting oxida-

tion which allows us to design and fabricate various high-performance 2D devices. We



tirst used the method to demonstrate a selective, damage-free atomic layer etch (ALE)
that enables layer-by-layer removal of monolayer WSe, without altering the physical,
optical, and electronic properties of the underlying layers. Using a comprehensive set
of characterization techniques, we show that the quality of our ALE processed layers is
comparable to that of pristine layers of similar thickness. Further, using graphene as a
testbed, we demonstrate the use of sacrificial monolayer WSe, layer to protect the chan-
nel, which is etched in the final process step in a technique we call Sacrificial WSe;, with
ALE Processing (SWAP). Furthermore, the top oxidized layer acts like an atomically-
thin degenerate p-type dopant for a large variety of semiconductors such as graphene,
carbon nanotubes, and WSe;. We show that the TOS-doped graphene yields low sheet
resistance (118 W/ ) due to high mobility (2000 cm?/V s) at very high hole density
(32 10 cm 2) that remains active even at 1.5 K. We apply this principle to improve
the transmittance of graphene (>99%) at telecommunication bandwidth (1.5 to 1.6 nm),
that makes it a suitable replacement for Indium tin oxide (ITO) as a transparent elec-

trode.
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(Io(Vegsp) for various studies involving few-layer MoS » based transistors
with the drain current predicted by thermionic emission model for ex-
tracted barrier heights. The model predicts 3000 larger current at the
extracted Vggspg for our device. Similarly, the model also predicts signif-
icantly higher theoretical drain currents than the experimental values for
other prominent contact engineeringworks. . . . . .. ... ... ... ...

(a) Variation in the extracted at-band voltage ( VFeétSB) and at band cur-
rent (V&35 With Lcn. (b) Extracted SBH as a function of Lcy using
current-based and Arrhenius method. The ideal SBH is also indicated.

Effective mobility and eld-effect mobility. (a) Effective mobility is ex-
tracted from the drain conductance near the origin of the output charac-
teristics. For both mobility extraction techniques, both the transfer and
output characteristics should show linear behavior around the extraction
bias point. (b) Field-effect mobility extracted from the transconductance
of a MOSFET, biased in the linear regime [114]. . . . . .. ... ... ...

Relation between effective mobility and eld-effect mobility. (a) Typical
universal my¢¢ curves for Si for different doping densities ( Np, < Np, <
Np,). Coulomb (impurity) ( m), phonon (m,y,), and surface scattering ()
limited mobilities are also indicated [139]. (b) Calculated electron mobil-
ities for monolayer MoS , as a function of carrier density (top panel) and
gate voltage (lower panel) for different temperatures [67]. . . . . .. .. ..

Xiii



4.9

5.1

5.2

5.3

5.4

Hall effect measurements of a bridge-type Hall bar structure. @) Il
lustration of the Hall effect of an electron. (b) Circuit con guration of a
typical bridge-type Hall bar structure device. (c) Vy versus B-eld of a
graphene device dependent on Vgs. (d) SdH effect in graphene showing
oscillatory behavior of ryx and sxx in the presence of B- elds [141].

ALE process ow and XPS characterization. (a) The topmost layer of
WSe is removed by rst oxidizing the ake using UV+O 3 for 30 minutes
at room temperature, forming monolayer tungsten oxyselenide (TOS) that
Is subsequently removed with a mild 1M KOH dip for 10 s. The etching

process selectively removes the oxidized topmost layer without damag-
ing the underlying layers. (b) XPS spectra of the W (4f) peak for a 4L
WSe, ake showing the appearance of W-O peaks after the UV-ozone pro-
cess. The peaks corresponding to W-O bond formation disappears after

. 110

the KOH treatment indicating the removal of the TOS layer. . . . . .. . .. 116

Monolayer precision of ALE process. (a) Optical images (top), AFM scans
(middle), and height pro les (bottom) of an exfoliated WSe , ake on SiO »
at each stage of the ALE process. The as-exfoliated bilayer region (2L) is
etched down to monolayer (1L) and the monolayer region is completely
removed after the oxidation and etching step. (b) Raman spectra for the
as-exfoliated, oxidized, and etched ake from ( @). The Raman spectra
were taken near the center of the 2L region of the ake. The removal
of B%g peak (in the inset) corroborates the conversion from bilayer to a
monolayer. (c) PL spectra are taken from the as-exfoliated bilayer region
of the ake given in ( a) at each stage of the ALE process. The PL spectra
shows a clear transition from a broad, low intensity bilayer spectrum to a
sharp, high-intensity monolayer spectrum, in agreement with our optical
and AFM results. . . . . . .

AFM height pro les of etched-to 1L WSe , (a,b) Color-corrected optical
images of the pristine and etched-to 1L WSe, on h-BN. (c) Height pro les
along A-A' line cuts indicate similar heights (0.7 nm) for both the akes.
The pristine 2L used to obtain etched-to 1L is also shown as a reference. .

Application of ALE process to other TMDCs  Optical images of MoSe,,
MoS,, and WS, akes processed using the ALE method. In the case of
MoSe,, the 1L and 2L regions are uniformly oxidized and removed by
the ALE process leaving behind an etched-to 1L MoSe, with no apparent
damage. However, the oxidation process is not self-limiting for MoS , and
WS, samples possibly due to different diffusion barrier strengths of sulfur-

based TMDCS. . . . . . . . . e
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5.5

5.6

5.7

Repeatibility of the ALE process. (a) Optical images show clear demon-
stration of repeatable ALE process. In the rst ALE cycle, the (n) layer
section becomes (n-1) layer, e.g., 3L region become 2L, 2L region become
1L, and 1L region is completely removed. The same process is repeated
twice to completely remove the 3L region with clear change in optical con-
trast of thick area illustrating layer-by-layer etching of all the regions. No
visible damage was observed on the thick or thin parts of the ake during
the multiple runs of the ALE process. (b) Normalized Raman spectra of
the different monolayers obtained from multiple ALE cycles showing no
change in crystalline structure of WSe, with ALE processing. (c) Normal-
ized photoluminescence (PL) spectra of the same monolayers illustrating
slight increase ( 20 meV) in sample inhomogeneity with multiple ALE cy-
cles possibly due to small size of the etched-to akes, however no defects

peaks were observed inthe PLspectra. . . . .. .. .. ... .........

Patternability of the ALE process. Optical micrographs showing different
etch patterns in exfoliated few-layer WSe ,. Different patterns (2 nm 15
nm rectangles, multiple 1 mrm 20 nm lines) were etched out in separate
regions of as-exfoliated akes showing selective patterning of the ake
with PMMA mask. . . . . . . . .

Comparison of pristine and etched-to 1L WSe , akes. (a) (i). Optical
images of WSe, ake con rming the monolayer etch. The as-exfoliated
bilayer (2L) region is etched down to monolayer (1L) and the monolayer
region is completely removed. (ii). AFM characterization con rms the
atomic layer etch with no apparent change in shape, size, or topography of
the ake. RMS surface roughness (Rq) of the etched-to 1L is similar to that
of the as-exfoliated monolayer indicating that the ALE process minimally
affects the underlying layers. (b) Raman spectrum of the etched-to 1L
WSe, is similar to that of as-exfoliated 1L WSe,. No additional defect
peaks were observed in the etched-to 1L WSe with negligible change in
the peak positions con rming the crystalline nature of the etched layers.
(c) STEM images of as-exfoliated and etched-to 1L WSe taken at the same
scale. The etched ake does not show any noticeable damage or defects
when compared to pristine ake. The electron diffraction patterns also
indicate a single-crystalline structure of the etched-to 1L ake with similar
angle and distance between adjacent planes as that of pristine 1L WSe,
indicated by arrows intheinset. . .. ... ... ... ... ..........
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5.8

5.9

Optical characterization of etched-to 1L WSe ,. (a) Optical (gray-scaled)
images of pristine WSe, ake (before and after etch) show that only one
layer is removed per ALE cycle. Corresponding PL spectra con rm this
with a clear transition from a broad low-intensity bilayer WSe , spectrum
to a sharp monolayer spectrum for etched-to 1L WSe, after the ALE pro-
cess. The etched-to 1L WSg ake depicts PL characteristics similar to the
pristine 1L WSe, ake with a 0.55 reduction in the peak PL intensity.
(b) Deconvolved room-temperature PL spectra of the pristine and etched-
to 1L WSe, from (a). The PL spectrum for the etched-to 1L WSe, shows
the same number of deconvolved peaks (exciton peak (X% and hole trion
peak (X*)) and similar X*/ X© ratio. (c) Integrated PL intensity ( |) for as-
exfoliated and etched-to monolayers for different pump laser powers ( P).
Both as-exfoliated and etched-to akes show similar sub-linear behavior.
(d) Time-resolved PL decay also corroborates the similar optical character-
istics of pristine and etched-1L WSe, akes with comparable PL dynamics

anddecay timeconstants (t). . .. .. ... .. .. .. ... .. ...

Temperature-dependent PL characterization of etched-to 1L WSe , (a) PL
spectra of as-exfoliated (pristine) and ALE-processed (etched-to) mono-
layer WSe, akes measured at 77K. The ALE-processed ake has similar
PL spectrum as pristine ake with no discernible defect peaks. (b) Ex-
citonic linewidth as a function of temperature show a clear reduction in
the linewidth and linewidth difference between the pristine and etched-
to monolayers with lowering the temperature, indicating reduced sample

inhomogeneity. . . . . . . . . e

5.10 Electrical properties of ALE-processed WSe , akes. (a) Enhanced optical

image of a back-gated 2D device made from an etched-to 3L WSe ake
with transferred via contacts made from Pt in a Hall-bar pattern. The
WSe, was exfoliated as a 5L ake and etched-to 3L using two cycles of
the ALE process. (b) Output characteristics show linear behavior at low
Vps for high gate voltages. (c) Transfer characteristics show good p-type
conduction with high ON-current, low hysteresis, and large ON/OFF ra-
tio. (d) Temperature-dependent transfer characteristics showing the linear
region of device operation for Vgg< 80 V. (e) Extracted 2-probe and 4-
probe eld-effect mobility ( neg) at Vgs= 95 V at different temperatures.
High 4-probe hole mobility of 515 cm %/V s at room-temperature denotes
the high-quality electrical properties of ALE-processed WSe , akes.
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5.11 Sacri cial WSe , with ALE Processing (SWAP) technique for high-quality

6.1

2D devices. (a) Schematic and process ow of a graphene device made
with direct PCL transfer (control device) and using SWAP technique. The
ALE process removes the sacri cial WSe, layer along with the polymer
residue accumulated in the transfer and lithography steps. (b) Raman

measurements show the relative cleanliness of the samples. Raman spectra

of the control device show a broadened 2D peak with a small 1,p/ Ig ratio
(2.2) indicating the presence of polymer residue on top of the graphene.
Raman spectra for the direct transfer device with WSe , sacri cial layer has
sharper 2D peak, compared to that of control device. The subsequent ALE
process removes of the top WSe layer along with the polymer residue

and leads to a clean graphene surface indicated by the large lop/ I ra-
tio suggesting minimal damage to the underlying graphene layer during

the ALE process. (c) Comparison of sheet resistance Rgp) for graphene
devices made using direct transfer and SWAP technique showing better
electrical characteristics of the SWAP device with Dirac peak close to 0V,
2.5 reduction in Rgy at corresponding Dirac peaks, and 3 increase in
effective mobilities extracted using the Kim's model (dark grey lines). (d)

Room-temperature 4-probe eld-effect mobility ( m:g) of the device made
using SWAP technique shows minimum 3  improvement at any carrier
density (nyp) over the devices fabricated with direct PCL transfer. The
SWAP enabled device shows much better mobility from an unencapsu-

lated graphene device.[196, 197, 198, 199, 200, 201, 202, 203, 204, 205, 78,

208] . e e,

Electrical and Raman characterization of the TOS-doped graphene. (a)
Device structure at different points in the measurement process. UV-ozone
exposure only oxidizes the top WSe; layer creating monolayer TOS, which
strongly p-dopes the underlying graphene layer. (b) Optical image of

the TOS-doped graphene device with Hall-bar geometry used for Hall-

effect and four-terminal measurements. (c) Raman characterization of the
graphene device shows blueshifts in G and 2D peaks after oxidation, in-
dicative of p-doping effect. The insets show a clear reduction in Iyp/ Ig
and FWHM (G peak) after doping. (d) Comparison of Ry, as a function
of Vgg for the graphene device in part b, before and after doping, depicts
the strong reduction in Ry, after doping. The Dirac peak shifts to higher
Vgs (beyond our measurement range) after doping indicating the degen-

erate p-doping of graphene. (e) Zoomed-in view of Rg, shows 118 W/

for doped sample at zero gate voltage. . . . . . .. .. .. .. ... ....
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6.2

6.3

6.4

6.5

6.6

Transfer curves of a 1L WSe 5 device. Transfer curves of a 1L WSe, device
before and after UV-ozone at Vps = 1 V. The Cr/Au contacts were formed
by the edge contact method used for graphene devices. It shows an n-type
semiconducting behavior before doping and the current drops to the noise
oor of our measurement system (gray line indicates the leakage current,
Igg) afterdoping. . . . . . . . . e

Material characterization of monolayer TOS. (a) Optical micrographs of
monolayer (1L) WSe, before and after oxidation. After oxidation, 1L WSe »
is transformed into monolayer tungsten oxyselenide (TOS) which makes it
completely indiscernible from the surrounding SiO » due to higher trans-
parency. (b) AFM images and height maps conrm that the change in
optical contrast in part (a) is due to oxidation. Similar to 1L tungsten ox-
ide (WOy), 1L TOS also show increase in height after oxidation [156]. The
AFM scans show that the UV-Ozone process results in uniform oxidation

of sample without any pits or damage [167]. . . . . . .. ... .. ... ...

Self-limiting nature of UV-ozone oxidation. Optical images highlighting
the self-limiting nature of our oxidation process. Only a single layer of
WSe, is removed despite using (5 ) longer oxidation process (2.5 hrs).

Structural characterization of monolayer TOS. (a) Raman spectra of the
1L WSe, ake given in Figure S1 before and after oxidation. The Ra-
man spectrum after oxidation does not show any additional peak near 800
cm ! which indicates amorphous nature of 1L TOS [222]. (b) TEM image
of monolayer and few-layer WSe,. (c,d) SAED patterns of 1L WSe,, be-
fore and after UV-ozone process. Single-crystal diffraction patterns with
zone axis [0 0 0 1] are clearly visible before UV-ozone and are completely
removed after UV-ozone process, con rming the amorphous nature of the
TOS layer. (e,f) Corresponding SAED patterns for few-layer WSe, before
and after UV-ozone treatment. Unlike monolayer WSe ,, few-layers still
show single crystalline patterns even after UV-ozone treatment, indicating
the underlying layers are protected by self-limited TOS layer. . . . . .. ..

Stoichiometry of monolayer TOS. (a) The table shows the obtained atomic
percentage of C, W, Se, O atoms, and Se/W and O/W ratio for monolayer
WSe, from EDS measurements. The atomic ratio of Se/W for monolayer is
signi cantly reduced (although not completely removed) while O/W ratio
increases by the oxidation process, indicating that mostly the Se atoms are
replaced by oxygen atoms. (b,c) XPS characterization of 1L WSe and 1L-
TOS indicating the W (4f) and Se (3d) peaks, respectively. A comparison of
W (4f) peaks show a creation of new oxidation states in the TOS layer con-
rming the formation of W-O bonds and substoichiometric nature of the
oxide. Se (3d) peaks also show a formation of Se-O bonds after oxidation
with the appearance of broad peaks at higher binding energies. . . . . ..
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6.7 Tunable p-type doping and hole mobilities in graphene with WSe 2 in-
terlayers. (a) Hole density, (b) corresponding Fermi-level of graphene with
respect to its Ecyp, and (c) sheet resistance as a function of back-gate bias,
extracted from Hall-effect measurements. Increasing the number of WSe,
interlayers between the TOS doping and graphene reduces the hole den-
sity in the graphene. High hole doping densities push the Fermi-level
deep into the valence band as shown in the inset. (d,e) Hole mobility as a
function of hole density for TOS-doped graphene with WSe » interlayers at
room temperature. LA phonon-limited mobility is achieved at high hole
densities in doped graphene with 3L and 4L WSe , interlayers, suggesting
phonon-limited scattering due to the TOS doping. These mobilities are sig-
ni cantly higher than other chemical doping techniques with similar dop-
ing densities, highlighted in the bottom gray zone. This also extends the
ideal hole mobility, previously achieved in h-BN-encapsulated graphene
(black points), to higher hole densities. At extremely high hole densities
for TOS-doped graphene without and with 1L WSe » interlayer, our work
shows a signi cant mobility improvement compared to electrolyte gating. 147

6.8 Charge transfer mechanism for TOS-based doping. (a) Schematic for
TOS-Gr system indicating the origin of charge transfer due to work func-
tion mismatch. In equilibrium, the high work function of TOS layer results
in hole doping of the graphene layer. (b) Fits (gray line) using Equa-
tion (6.4) to the hole density extracted using Hall measurements (black
squares). A TOS work function of 5.6 eV was extracted from the ts. The
thickness of the Ims is indicated in parentheses. Our results for the TOS-
doped graphene are highlighted in purple and red, showing the highest
transmittance and comparable sheet resistance at remarkably small thick-
ness (<5 nm). (c) Simulated sheet charge density in different layers in the
TOS-WSe-Gr stacks for different WSe,, interlayers. Most of the charge is
mirrored in the Gr and TOS layers. (d) Raman map of 2D vs. G peak
frequencies for pristine graphene (gray), graphene on 1L-TOS (red), and
1L-TOS on graphene (dark red). The gray and orange dotted lines indicate
a peak shift of G and 2D peaks with different carrier density and strain,
respectively [248]. A clear blueshift obtained from the G and 2D peaks
in graphene along the e = 0.2% line can be seen after the TOS doping,
irrespective of the TOS location. The shifts are in good agreements with
previous work on p-type carrier modulation in graphene devices by Das
et al.(shown in sky blue) [217]. . . . . . . . . . . . .. ... .

6.9 Universal p-type doping of various semiconductors with TOS. Transfer
characteristics for (a) SWCNT, and (b) 4L WSe, with and without 1L-TOS.
A signi cant increase in the hole current is observed in all the devices with
TOS layer. The insets show the structure of each device. . . .. ... .. ..
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6.10 Transmittance of TOS-doped graphene. (a) Transmittance of CVD-grown

Al

A.2

Cl

C.2

C.3

1L-WSe, on graphene before and after the UV-ozone oxidation. Shaded
area indicate the standard deviation. The dashed line indicates the trans-
mittance of intrinsic graphene (97.7%). Before UV-ozone, the transmit-
tance remains around graphene's intrinsic absorption for photon energies
less than 1.4 eV. An excitonic band gap peak of WSe is also seen at 1.67
eV. After UV-ozone treatment, the peak is reduced signi cantly along with

a increment in the transmittance from 97.2 to 99.2% at telecommunication
wavelength (1550 nm). The insets show different CVD stacks on quartz
substrate to compare transparency in visible regime. (b) Optical transmis-
sion at 1550 nm as a function of sheet resistance for widely-used trans-
parent conducting Ims [261, 262, 263, 264, 265]. The thickness of the
Ims is indicated in parentheses. Our results for the TOS-doped graphene
are highlighted in purple and red, showing the highest transmittance and
comparable sheet resistance at remarkably small thickness (<6 nm). . . . . 156

Analyzing a symmetrically-doped 2D lateral p-n junction surrounded

by an in nitely thick dielectric. The depletion region is divided into

in nitely many line charges, which extend into the width of the plane
containing the p-n junction. The vertical components of the electric eld

at the junction interface for two symmetrically placed line charges across

the junction interface (n lineand p line) cancel each other; resulting in

only the horizontal component along the x-direction. . . . . ... ... ... 188

Application of method of image charges to model symmetrically-doped

p-n junction. A symmetrically doped 2D lateral p-n junction with a de-
pletion width of Xp j,s. The image charges enforces zerox-directed elec-

tric eld at the depletion region edges; resulting in accurate calculation

of Xp jnf. The blocks of charges were chosen in an order that enables easy
analytical formulation of the x-directed electric eld at the junction interface.190

Schematic of the MoS BGFET used for self-consistent simulations. . . . . 195

Simulated total current ( 1p) for different Nt (thick solid line). The dotted

line denotes the hopping current, and the thin solid line denotes the band
(drift-diffusion) current. Note that the hopping current for 1 1012 cm 2

and the band currentfor1  1023cm 2and6 102cm 2 are smaller than

1 10 2 A/ mm. The dominant current component changes from band to
hopping transport for Nt between1 102 cm 2and6 10%cm 2. . ... 196

Veri cation of the load-line model using self-consistent simulations for dif-

ferent trap densities. The simplied mys model given in Eq. (6) provides
nearly perfect ts to the simulationresults. . . . . .. ... .. .. ...... 197
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D.1 Normalized lateral potential pro le for different sheet densities ( Np 2p)
for xed tgap The x-axis is scaled with respect to lateral depletion width
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Chapter 1: 2D Devices - Motivation and Challenges

1.1 Why 2D materials?

Ever since graphene's discovery in 2004, two-dimensional (2D) materials have mor-
phed into a promising material platform to study novel electronic and optical properties
arising due to quantum con nement [1, 2, 3]. Since then, many classes of 2D materials
like transition metal dichalcogenides (TMDCSs), black phosphorus, and hexagonal boron
nitride ( h-BN) have been identi ed as shown in Figure 1.1. 2D materials consist of met-
als, semimetals, semiconductors, and insulators, making them truly ubiquitous. These
2D materials offer wide range of electronic and optical properties that renders them use-
ful for devices including eld-effect transistors (FETSs), photodetectors (visible/infrared),
light-emitting diodes (LEDSs), solar cells, and chemical sensors. Additionally, the fact that
2D materials are compatible with silicon technology and could be integrated into silicon
CMOS process ow has aggressively propelled its investigation for beyond-Moore ap-
plications.

In this system, atomically-thin layers are held together by weak van der Waals forces.
The lack of interfacial dangling bonds and presence of van der Waals bonding in out-of-
plane direction makes these material surfaces agnostic and which enables these crystals
to be ripped layer-by-layer and to be re-stacked in a con guration of ones choice, form-
ing heterostructures [5]. This also allows easy integration with other material platforms
such as silicon and GaN [6, 7]. The interactions between layers in a heterostructure, in
effect, enable band structure engineering and thus allow exploration of further exotic
phenomenon such as observation of Moiré patterns [8]. These materials also exhibit

thickness-dependent properties which offer a range of band alignments and bandgaps



Figure 1.1: Spectrum of 2D materials. 2D materials encompass a large range of
bandgaps making them useful for applications across the spectral range. The atomic
crystal of different 2D materials such as h-BN, MoS,, BP, and graphene is provided
along with their electrical properties [4].

for engineering different optical and electronic devices such as tunnel eld-effect tran-
sistors (TFETs) and lasers [9, 10]. Furthermore, owing to the aforementioned properties,
these material systems are actively being pursued other applications like chemical and
biological sensors, image detectors, piezoelectric devices, optical modulators, memory
devices and many more, as shown in Figure 1.2.

Next, we dive deeper into understanding why certain 2D materials such as TMDCs
and graphene have created huge interest especially for next-generation electronic and

photonic applications, respectively.

1.1.1 TMDC:s for electronic applications

Arguably, one of the most important applications of TMDCs is in logic and mem-
ory devices. International Technology Roadmap for Semiconductors (ITRS) has long

provided futuristic technological requirements for next-generation of logic and mem-



Figure 1.2: Different applications of 2D materials.  Possible applications of 2D materials
along with the complexity associated with 2D material- silicon process ow integration.
The position of a circle shows the year when the particular product could potentially be
introduced in the industry [11].

ory devices to continue scaling according to the famed Moore's law — an observation
that the number of transistors in an integrated circuit doubles every two years. For
long, the semiconductor industry has managed to keep scaling alive and reached higher
transistor density along with lower cost per chip following the speci cations laid out
by the ITRS roadmap. However, in recent years, this has visibly hit roadblocks due
to both engineering and fundamental physics-based limitations. Till now, problems of
pattering transistors with extremely small feature sizes (beyond the diffraction limit of
conventional immersion photolithography) have been circumvented by smart engineer-
ing solutions such as self-aligned double and quadrature patterning (SADP/QADP).
Although it is getting dif cult to push the boundaries of conventional lithography tech-
niques, advanced lithographic techniques such as using extreme ultraviolet lithography

(EUV) still promises to push the limits of transistor scaling. This has come at the cost of



an increased R&D budget and therefore many companies have subsequently opted out
of this race. Nevertheless, an even more pertaining challenge is the fundamental limita-
tions to scaling set by quantum-mechanical effects that become prominent at such small
dimensions. These quantum-mechanical effects often manifest themselves in enormous
reliability challenges such as leakage current, dielectric breakdown, and device-to-device
threshold voltage variation. The only path to overcome these challenges is to look for
potential materials which could outperform Si at such small dimensions, and that's the
appeal for TMDCs such as MoS,; and WSe,.

Unlike graphene, TMDCs offer a wide range of bandgaps from 1 3 eV and thus are
useful for both low-power and high-frequency applications. The presence of bandgap
also results in large transconductance which is required by both logic and analog ap-
plications. Along with bandgap, one of the crucial advantages of using 2D materials
is its atomically thin dimensions in out-of-plane direction ( t.y) which can go down to
<1 nm for monolayer TMDCs. To understand the importance of small t, let's look at
the electrostatic screening length (I ) that determines the minimal channel length below
which short-channel effects overcome the device performance resulting in large leakage
current and potential loss of switching characteristics [12]. Although several analytical
formulations of | are available in literature, one of the simplest form which captures
the essential physics can be given asl = | %{ich, where e, is the dielectric constant
of the semiconductor channel, ey is the dielectric constant of the gate oxide, tox is the
thickness of gate oxide, and h varies depending upon number of gates [13]. Clearly, a
lower t.,results in a smaller value of | and thus helps to avoid short channel effects even
at sub-5 nm channel lengths [14]. Figure 1.3(a) show another manifestation of the same
thing. Due to quantum con nement caused by the nanometer-scale thickness of TMDCs,
the gates can more ef ciently control the carrier density in the channel and thus leads
to better gate electrostatics. Thus, the presence of bandgap and atomically-thin thick-

ness leads to better OFF state/subthreshold characteristics of 2D transistors built from



Figure 1.3: Unique properties of TMDCs. (a) Comparison of mobile charge distribu-
tion along the thickness of the semiconductor for 3D vs 2D materials. Narrower mo-
bile charge distribution in 2D materials allows better electrostatic control by the gate
electrodes [13]. (b) Channel mobility (m as a function of channel thickness (t.}) for dif-
ferent materials. 2D materials offer much higher mobilities at smaller thickness [11].
(c) Energy-delay benchmarking of TMDC-based TFETs with other technologies showing
higher switching speeds at lower switching energies [16].

TMDCs [15].

To highlight another signi cant advantage of TMDCs, we rst ask a question —
what is the ultimate limit of ultra-thin body silicon on insulator (UTB-SOI) technology?
Figure 1.3(b) shows the effective channel mobility for sub-5 nm SOI technology. Even
though Si has been shown to achieve high mobilities of the order of 500 cn?/V s at
ten Of 3 nm, the mobilities drop sharply in the sub-3 nm regime. Moreover, producing Si
at such small thickness also results in large interface trap density and lattice-mismatch
induced strain during the epitaxial process. Thus, for all practical purpose, traditional
SOl technology has reached a standstill with no clear path to achieve sub-3 nm thickness.
Contrary to Si, TMDCs such as MoS, and WSe, maintains their high mobilities even at
sub-1 nm thickness due to their layered nature. TMDCs have a chemical formula of MX »,,
where M is a transition metal element (Mo, W, etc.) and X is a chalcogen element (S, Se,
or Te, etc.). A single layer forms an X-M-X structure bound by covalent bonding and one

layer to another layer is bound by weak van der Waals force. The weak van der Waals
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force allows thinning down of TMDCs to monolayer limits without any dangling bonds

or process-induced strain. Moreover, the absence of dangling bonds leads to a pristine
surface which results in minimal surface-scattering, hence, giving record high mobilities.
Theoretically, monolayer TMDCs can achieve mobilities of ~ 1000-3000 crd/V s at room
temperature with a very small disorder of < 10 #/cm 2,

Figure 1.3(c) shows an energy-delay benchmarking of TMDC-based tunnel-FETs com-
pared to other competitive technologies. The out-of-plane van der Waals also allows easy
integration of dissimilar TMDCs with low interface traps leading to high-quality tunnel
FETs. TMDCs allow scaling of planar technology which allows TMDC-based FETs and
TFETs to switch at faster speed with lower switching energy due to a signi cant de-
crease of parasitic capacitance associated with 3D FinFETs. Thus, the unique material

properties of TMDCs put them at the forefront to evaluate their usability at scaled nodes.

1.1.2 Graphene for photonic and optoelectronic applications

Although the absence of bandgap in graphene has limited its applicability for transis-
tor applications, its tremendous advantages in terms of mobilities and optical properties
make it apt for optoelectronic and photonic applications [17]. The data communication
industry is growing at an alarming rate with the addition of billions of new mobile
phones, laptops, and IoT devices. Silicon photonics and optoelectronic devices have
been single-handedly driving this industry forward. Currently, 1lI-V materials are at
the core of these devices which are then integrated with silicon photonics platform as
photodetectors and optical modulators. However, the silicon photonics industry is in-
herently very expensive owing to the use of silicon-on-insulator (SOI) substrates and
the need for epitaxial growth of 11I-V materials limits the ubiquity of photonic devices.
The enormous growth of data traf c requires better photodetectors, modulators, and
switches that support ultra-high bandwidth and have higher performance indexes [18].

In this light, graphene is the one-shot solution to all the problems with current photonic



integration.

Figure 1.4: Graphene for optoelectronics. (a) Band structure of graphene. Inset shows
linear dispersion relation and absence of bandgap [19]. (b) Room temperature mobility
versus electron density for different material systems. Graphene shows much higher
mobilities than other systems [20]. (c) Transmittance as function of wavelength in the
visible regime for different materials useful for transparent conductor application [17].
(d) Variation of sheet resistance with thickness. Graphene provides higher transmittance
and low sheet resistance at smaller thickness [17].

Graphene has a unique linear dispersion relation with zero bandgap as illustrated in
Figure 1.4(a). This results in ultra-high electron mobility (upwards of 10000 cnf/V s),
as shown in Figure 1.4(b) at room temperatures which is signi cantly higher than any
other currently know the material system. Moreover, the absence of bandgap in graphene
allows the fabrication of ultrafast broadband photodetectors that absorb incoming pho-
tons of any wavelengths and can work at telecommunication wavelengths — a signi -
cant advantage over Si photodetectors. From the transmitter side, the excellent electro-
absorption [21] and electro-refraction [22] properties of graphene makes them ideal for
ef cient modulators. These modulators are used to embed information into a carrier

signal using either amplitude modulation or by modulating the phase of the carrier sig-
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nals. Graphene also exhibits strong odd-order nonlinearity owing to its centrosymmetry
and linear dispersion [23]. This enables its use in ultrafast lasers using the mode-locking
technique and in optical frequency converters using four-wave mixing (FWM), both es-
sential components in transceivers. A major technological advantage of graphene over
[1I-V materials is that graphene does not require epitaxial growth and thus can be di-
rectly integrated with silicon photonics.

In addition to these active devices, the high mobility and low transmittance of graphene
allow its usability as a transparent electrode in optoelectronic and photonic applications.
Indium tin oxide (ITO) is currently the most dominant material for such applications.
Even though ITO has higher performance in the visible range, its low transmittance at
telecommunication wavelengths leaves it unt for higher-frequency operations. More-
over, ITO is very brittle and cracks when used in exible devices. On the contrary,
graphene offers a highly exible platform with way higher transmittance (> 97%) and
very low sheet resistance (< 1000 W/ @ compared to ITO across the frequency range
as illustrated in Figure 1.4(c) and (d), making it an ideal material for transparent con-
ductors. Furthermore, the unique electro-refractive and electro-absorption properties of
graphene along with its atomically-thin dimensions make it highly useful for on-chip sil-
icon photonic integration to make ultra-low-loss transparent electrodes and modulators

[24].

1.2 Current challenges in making 2D devices

Having understood the enormous advantages of 2D materials, we further investigate
the current challenges faced in making high-performance 2D devices. A recent review
paper from Akinwande et al. highlighted the major challenges in the integration of 2D
materials speci cally for electronic applications, as shown in Figure 1.5 [11]. We can
combine these challenges into three major categories: (1) device fabrication issues, (2)

lack of device models, and (3) insuf cient wafer-scale growth & transfer techniques.



Here, we delve deeper into the rst two categories which are pertaining to this thesis.

Figure 1.5: Major challenges associated with 2D materials. Timeline associated with
different challenges associated with 2D materials. Currently, the major challenges in-
clude lack of large-scale growth & transfer, fabrication issues associated with doping
and contacts, and design principles for better device design [11].

1.2.1 Fabrication challenges

The atomically-thin dimensions of 2D materials which gives rise to all the interesting
properties also cause signi cant fabrication challenges when working with these materi-
als. This lack of thickness in 2D materials renders the conventional bulk doping, pattern-
ing, and etching techniques ineffective which leads to signi cant issues involving contact
resistance, irregular channel geometries, and lack of thickness control. In the absence of
wide availability of high-quality wafer-scale 2D materials, mechanical exfoliation is the

most employed method which researchers employ to make 2D materials-based devices



Figure 1.6: Disorder in 2D materials. Internal and external disorders which affect carrier
mobility of 2D materials [25].

[5]. These layers are often exfoliated directly on dielectric substrates such as SiO, and
Al,03. Even though the exfoliated akes do not have dangling bonds, the large surface-
to-volume ratio of 2D materials leads to signi cant interaction between the 2D material
and the dielectric environment. Thus, in practice, the observed room-temperature mo-
bility in 2D materials is way lower than expected due to surface roughness and charged
impurities as shown in Figure 1.7(a). Furthermore, typical methods of growing 2D crys-
tals do not produce high-quality crystals and this generally has large defect densities
(> 10 #/cm 2). Thus, these two factors are typically considered to be disorders in 2D
materials where the intrinsic disorder arising due to defects in 2D material crystal and
exterior arising due to the environment, as shown in Figure 1.6.

The only way to avoid internal disorders is innovative and careful crystal growth
techniques like the ux growth technique [25] and chemical vapor deposition ( CVD)
technique for minimizing aforementioned defects. The obvious way to minimize exter-

nal disorder is to isolate the 2D material from the substrate with charge impurities and
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Figure 1.7: Scattering mechanisms in 2D materials (a) Theoretical comparison of differ-
ent scattering mechanisms affecting mobility of monolayer MoS » as a function of tem-
perature. At room temperature, the mobility is limited by optical phonon scattering
(red line). However, low temperature mobilities is limited by impurity scattering (blue
line) [26]. (b) Experimental mobilities on different encapsulation (substrate+passivation)
layers. Low-temperature mobility is highest for h-BN encapsulation [25].

ambient conditions. Figure 1.7(b) shows the impact of various encapsulations on the
extracted mobilities in MoS ,. The best improvement in mobility was achieved by en-
capsulating the 2D material with h-BN on top and bottom, shielding it from all external
disorders. h-BN, being a van der Waals material itself, aided in fabricating h-BN-2D
material- h-BN heterostructures, resulting in record-high mobilities. However, h-BN has
a lower dielectric constant and thus further improvement in fabrication techniques for
open-surface devices is required to allow integration of high- k dielectrics. These devices
are also useful in making sensing applications where a top h-BN layer can hamper the
sensitivity of the active 2D layer.

Another challenge with the current fabrication methodology is the lack of a suitable

dopants. The development of precisely tunable and damage-free doping methods is key

11



to fabricating advanced electronic and photonic devices. For instance, precise control
of doping in silicon is used to minimize contact resistance, suppress leakage currents,
and control the threshold voltage in ultra-scaled MOSFETs. Dopants in bulk semicon-
ductors are substitutional in nature, whereby a dopant atom takes the place of a host
atom in a semiconductor crystal by a process such as dopant diffusion or ion implan-
tation, followed by a high-temperature annealing step that activates the dopants in the
lattice. However, a plethora of issues arise when extending them to other 2D materials
such as the requirement of higher activation energy due to large bandgap (MoS », WSe,,
etc.), low thermal budget, and implantation-induced damage [27, 28]. In the absence of
an area-selective doping method, 2D devices often suffer from large contact resistance
which hampers the device performance, as shown in Figure 1.8(a). This effect worsens
due to fabrication-induced damage introduced by e-beam lithography and direct metal-
evaporation, shown in Figure 1.8(b). Thus, suitable doping and metallization techniques

are required to reduce contact resistance in 2D materials.

1.2.2 Lack of appropriate device models

Over the past decade, numerous experimental and theoretical works have primarily
focused on understanding the fundamental electrical and optical properties of 2D ma-
terials. However, the development of analytical models to understand the role of key
device parameters on the overall performance of 2D devices has been missing. In bulk
devices, analytical models for depletion width, contact resistance, threshold voltage,
and I-V characteristics provide great insights into the working of pn-junction diodes and
MOSFETs. The lack of such models for 2D devices inhibits the understanding of differ-
ent limiting factors to achieve the maximum potential of 2D devices. Simply extending
models developed for bulk semiconductors to 2D materials can result in erroneous inter-
pretation of experimental results. For example, the presence of large contact resistance

in 2D materials results in the underestimation of channel mobilities. Thus, it becomes
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Figure 1.8: Issue of contact resistance in 2D materials . (a) Contact resistance Rc) as
a function of carrier density. Compared to other materials, TMDCs show two-order

of magnitude higher contact resistance [13]. (b) Cross-sectional transmission electron
microscope (TEM) image of metal-semiconductor interface shows fabrication-induced

damage [29].
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imperative to understand the role of factors such as lateral electrostatics, contact resis-
tance, and global back gating to extract important device parameters that are critical for

understanding and benchmarking 2D devices.

1.3 Thesis Overview

In this thesis, we rst provide analytical models for the electric eld, electrostatic
potential, and depletion width in 2D p-n and metal-2D semiconductor in chapter 2 to
understand the effect of doping density and dielectric environment on lateral electrostat-
ics. In chapter 3, we studied the role of contact and channel region in different operating
regimes of 2D devices where it was established that opposite to general understanding,
the ON current is limited by contact resistance which can be reduced by degenerate dop-
ing next to the metal-semiconductor junction. Endowed with this knowledge, we then
highlighted the key limitations of current experimental techniques to extract important
device parameters in chapter 4. Subsequently, chapter 5 introduces a novel etching tech-
nique that enables easy fabrication of high-performance 2D devices built from graphene
and WSe,. While WSe, devices fabricated using the ALE method demonstrate the high-
est mobilities ever reported in the literature, chapter 6 introduces TOS-doped graphene
which signi es a major step towards establishing graphene as a potential substitute of

ITO as a transparent electrode in next-generation photonic devices.
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Chapter 2: Electrostatic Modeling of Lateral Junctions in 2D

Semiconductors

1P-n and metal-semiconductor junctions act as building blocks of any 2D semicon-
ductor based devices [30]. Several important electronic devices, such as eld effect tran-
sistors (FETSs), light-emitting diodes (LEDs) and solar cells have p-n junctions at the heart
of their operation. An in-depth understanding of 2D lateral p-n junction electrostatics is
critical for designing high-performance devices using 2D materials. But unlike the case
of bulk semiconductors, these materials often form 2D lateral junctions with non-zero
out-of-plane electric eld [31]. A proper understanding of these electric elds and re-
lated electrostatic potential pro les is critical for design of high-performance electrical
and photonic devices with 2D materials. Although signi cant research is on-going to
attain high-quality 2D lateral junctions where experimental techniques involving selec-
tive area growth [32] and selective material functionalization [33] have been employed
to realize lateral p-n junctions, simple analytical models are still missing. This becomes
even more critical in reducing contact resistance by optimizing edge and top contacts in
2D transistors as the tunneling current at the metal-semiconductor interface is strongly
affected by the electrostatic eld pro le which limits the ON current of 2D transistors, as
discussed in Chapter 3. In this chapter, we develop an analytical model for determining

the electrostatics of 2D lateral p-n and metal-semiconductor junctions.

1This chapter is based on [34, 35] and reproduced with the permission from AIP Publishing.
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2.1 Electrostatics of 2D lateral p-n junctions

Although charge in 2D materials is tightly con ned to the plane of these materials,
a signi cant out-of-plane electric eld is typically present due to their large surface-to-
volume ratio, shown in Figure 2.1(a) [36, 37]. This leads to weaker screening of charge
carriers in these 2D lateral p-n junctions. The weaker screening in 2D lateral p-n junc-
tions leads to larger depletion widths compared to bulk (3D) junctions — an effect that
has been experimentally determined by optical characterization [38] and Kelvin Probe
Force Microscopy (KPFM) [39]. The non-zero out-of-plane electric eld also makes analytical
calculation of the electric eld, electrostatic potential, and depletion width challenging since the
conventional Poisson formulatiom ( € = Le) within the depletion approximation can no longer
be simpli ed to a one-dimensional derivative as in the case of bulk p-n junctiémisthe 2D
lateral p-n junction shown in Figure 2.1(a), r E I°° I+ Iz

Several interesting methods for analyzing the electrostatics of 2D lateral p-n junc-
tions have been previously proposed to overcome the dif culties associated with a non-
zero out-of-plane electric eld. Gurugubelli et al. developed an analytical formulation
of the electrostatic potential and depletion width by solving the Poisson equation in
two-dimensions (2D Poisson equation) for symmetrically doped thin nano- Ims [40].
Their methodology requires determination of exact boundary conditions at the deple-
tion edges, junction interface, and top and bottom surfaces of the 2D lateral p-n junction;
however, these boundary conditions are not straightforward to determine for asymmet-
ric doping con gurations, especially along the junction interface (right image of Fig-
ure 2.1(b)). Similar issues are faced for determining boundary conditions for the top
and bottom surfaces as they neither satisfy Neumann nor Dirichlet boundary condi-
tions. This limits the applicability of their methodology to symmetric junctions. In a
similar method, Achoyan et al. solved the 2D Poisson equation by using the method of

conformal mapping, which maps the out-of-plane electric eld to an planar equivalent
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and results in relatively easy boundary conditions for solving the 2D Poisson equation
[41, 42]. However, just like the previous method, conformal mapping is also limited to
symmetric junctions and, hence, has a limited applicability. To avoid the complexity as-
sociated with the determination of exact boundary conditions for solving the 2D Poisson
equation, Gharekhanlou et al. modeled the depletion charge as a series of in nitesimally
thin line charges [43, 44]. Although their method is intuitive, it results in incorrect electric
eld and electrostatic potential pro les as the method does not honor the zero-electric-
eld boundary condition for the quasi-neutral regions. Their expressions yield non-zero
electric elds in the quasi-neutral regions along with non-monotonic potential pro les
within the depletion region, which are non-physical and do not match simulation and
experimental results [45, 46]. Hesameddin et al. improved the line-charge method by
considering the screening induced by mobile carriers in the quasi-neutral regions [47].
They enforced the zero-electric- eld boundary condition in the quasi-neutral regions by
using the method of image charges. Their study, however, was limited to symmetric
junctions and approximated the image charge by considering only a single re ection
of the depletion charge on each side of the 2D lateral p-n junction, which results in
small, but non-zero electric elds at the depletion edges (discussed in further detail in

Section 2.1.2 and Figure 2.3).

2.1.1 Formulation of the 2D lateral p-n junction as a collection of 1D line charges

Given the limitations of previous techniques, we present a comprehensive study of
the electrostatics of symmetric and asymmetric 2D lateral p-n junctions. We derive an-
alytical expressions for the electric eld, electrostatic potential, and depletion width for
abrupt 2D lateral p-n junction formed using 2D semiconductors with uniform (but not
necessarily equal) doping on each side of the junction. Although abrupt, uniform dop-
ing is an idealization of real p-n junctions, this assumption enables analytical solutions

for various electrostatic parameters that provide important insights into device opera-
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Figure 2.1: Electric eld pro les in 2D lateral p-n junctions. (a) Schematic of a 2D lat-
eral p-n junction showing depletion and quasi-neutral regions with different dielectric
media above (e;) and below (&) the plane containing the 2D lateral p-n junction. The out-
of-plane electric eld is prominent in these junctions due to the large surface to volume
ratio. (b) Electric eld lines for symmetric and asymmetric doping con gurations. For
asymmetric doping, a non-zero tangential ( z) electric eld exists at the junction inter-
face, which prevents the use of previous analytical methods for asymmetrically doped
junctions.

tion, just as is typically done in analyzing bulk (3D) junctions. In addition, our analyt-
ical model assumes a continuum model of doping (as opposed to considering discrete
dopants). Interestingly, the total number of dopants within the depletion region of a 2D
lateral p-n junction is weakly (logarithmically) dependent on the doping density, as the
total number of dopants in the depletion region depends only on the built-in potential

of the junction, f ;. For instance, the number of dopants in the depletion region of a 1
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nm wide 2D p-n junction with SiO , and air as surrounding dielectric media and hav-
ing a doping density of 10 12 #/cm 2 is 350, which implies that a slight variation in the
dopant number and spatial distribution does not affect the overall junction electrostatics.
Although the total number of dopants in the 2D depletion region is weakly dependent
on doping density, higher doping densities result in extremely small depletion widths on
the order of the average distance between dopants. Hence, the continuum model breaks
down for narrow, highly doped, and strongly forward-biased 2D lateral p-n junctions
and therefore, cannot be accurately modeled using our method.

For wide sheets of 2D semiconductors in which the thickness of the sheet (Tsheg) IS
much smaller than the depletion width ( xp), i.e. Tsheet Xp and the width of the sheet
(Wshee) iIs much larger than the depletion width, i.e, Wgheet Xp, We can model the
depletion region as a collection of in nite line charges extending into the width of the
2D plane as shown in Figure 2.2(a). A similar methodology was used by Hesameddin
et al. to study the electrostatics of bulk semiconductor junctions by dividing them into
many in nitesimally thin sheet charges as shown in Figure 2.2(b) [47]. Figure 2.2(c) and
Figure 2.2(d) highlight the difference in the electric eld pro les for a single in nite line
charge and a single in nite sheet charge. The electric eld for an in nite sheet charge
is independent of distance from the sheet charge, which simpli es the analysis of bulk
junction electrostatics, whereas the electric eld for an in nite line charge is inversely
dependent on the radial distance from the line, which makes analysis of 2D-junction
electrostatics more complicated. In the following subsections, we rst nd the electric
eld pro le due to a combination of these line charges representing the space charge in
depletion region of a 2D lateral p-n junction. We then calculate the electrostatic poten-
tial pro le by integrating the electric eld across the depletion region of the 2D lateral
p-n junction. Finally, the depletion width is determined by demanding that the total

potential difference across the junction is equal to the built-in potential of the junction.
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Figure 2.2: Comparison of bulk vs 2D electrostatics. (a) Schematic of 2D lateral p-n
junction showing the depletion region as a collection of in nitesimally thin line charges.
(b) Schematic of 3D junction showing the depletion region as a collection of in nitesi-
mally thin sheet charges. (c) Electric eld pro le due to single line charge. The electric
eld is inversely dependent on distance from the line charge. (d) Electric eld prole
due to single sheet charge. The electric eld is independent of distance from the sheet
charge.

The electric eld for a single in nite line charge is given by

. N .
E(#)]line = ﬁr’ (2.1)
e

where + is the radial vector from the line, gNjip is the line charge density (in C/length),
and e+ is the effective dielectric constant. For 2D materials, the effective dielectric con-

stant in Equation (2.1) is highly affected by the surrounding dielectrics [48, 49]. Sarma
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et al. showed that for the limiting case of negligible thickness of 2D semiconductors
(Tsheet  Wsheet Lshee): €eff Can be estimated as the arithmetic mean of dielectric con-
stants of the surrounding media above (e;) and below (ey) the 2D semiconductor [50]

and can be expressed as
_ (et &)

€eff >

(2.2)

where e; and e, are dielectric constants of the media on either side of 2D semiconduc-
tor. Since the effective dielectric constant for 2D materials is completely determined by
the surrounding dielectric media, our method also works for 2D lateral heterojunctions.
The results in the manuscript are derived assuming that the dielectric constant of the
surrounding dielectric materials is constant, i.e. the dielectric materials are isotropic and
extend to in nity. This assumption models 2D p-n junctions with thick dielectric media
above (such as air) and below (such as SiQ) the 2D layer. A detailed analysis for sym-
metrically doped junctions, discussed in Section 2.2, suggests that dielectric thicknesses
greaterthan 1.5 the 2D depletion width ( X2p sym) do not impact the electrostatics of
the 2D lateral p-n junctions. For dielectric thicknesses less than  1.5xp sym, the layers
above the top dielectric (and below the bottom dielectric) impact the junction electrostat-
ics, and numerical simulation is required.

For a single in nite line charge lying along the y-axis and positioned at (X = X,z =

0), the x-directed electric eld along the z = 0 plane is given by

gNip
2pecii(X  Xo)

EX(X’ XO) line = (23)

If we divide a block of sheet charge representing the space charge region of a 2D lateral
p-n junction that extends from Xxj to X, into in nitely many line charges, the line charge

density for a single line is given by

(x2

. X
gNip = r!}m¥ qNZDTl) = gN2p dXo, (2.4)
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where gNyp is the sheet charge density of the block (in C/area). The x-directed electric

eld due to one of these in nitely many line charges is given by

0 N2p dXo
dEx(X, Xg) = : 2.5
(. o) 2peet(X  Xo) (@5)
such that the x-directed electric eld for the entire block of charge is equal to
z Zy,

. 0 N2p dXo X Xg qN2p

Ex(x =  dE(X,%p) = =1l In , Where | = .

x(X)Iblock x(X, Xo) v\ 208erf(X  Xo) X % e
(2.6)

For the 2D lateral p-n junction shown in Figure 2.2(a), the combined electric eld due to

the p and n block of depletion charge is given by

X+ Xp X

Ex(X)]depletion chargs | N, In + | N3 In X X (2.7)
where | = IMNaazp and | = INozo N and N* .. are the sheet charge densities
Na = 2peers NS = 2pecri® “A2D D.2D 9

of ionized acceptors and donors of the p and n regions, respectively, and the negative
sign in front of the | N, [erm, accounts for the negative charge of ionized acceptors. Xp

and X, are depletion widths for the p and n sides of the junction.

2.1.2 Derivation of the electric eld and electrostatic potential as a function of position using

the image charge method

Although Equation (2.7) represents the standard depletion approximation, it incor-
rectly yields in nite electric elds at the edges of the depletion region, non-zero electric
eld in quasi-neutral regions, and a non-monotonic electrostatic potential pro le within
depletion region as shown in Figure 2.3(a). This is in sharp contrast with experimental
ndings and, hence, illustrates the limitation of the standard depletion approximation
for analyzing 2D lateral p-n junctions [38, 51]. To enforce the Ex = 0 boundary condi-

tion at the edges of depletion region, we use the method of image charges proposed by
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Hesameddin et al. [47]. The method of image charges captures electric eld screening by
mobile carriers in the quasi-neutral regions. The image charges, however, do not represent a
real charge distribution in the quasi-neutral regions, and the electric eld and potential calculated
using the method of image charges is only valid in the depletion regiioenforce Ex( xp) = 0
boundary condition, the image charge method mirrors the charge distribution across the

X = Xp plane, as shown in Figure 2.3(b). To enforce the second boundary condition,

i.e. Ex(xn) = 0, we re ect the charge distribution across the x = x, plane including the
mirror charge due to the rst boundary condition as shown in Figure 2.3(c). While this

leads to zero electric eld at x = Xxp, the electric eld at x =  Xp is small, but non-zero

and the rst boundary condition is no longer satis ed. The presence of thetwo Ex = 0
boundary conditions leads to an in nite number of re ections and, therefore, an in nite

number of repeating blocks of image charges as depicted in Figure 2.3(d). The image
charge method yields a monotonic potential pro le across the depletion region and zero
electric eld at both the depletion region edges. It is worth repeating that these image

charges are not real charges but used only to establish the desired boundary conditions.

Analytical formulation of electric eld
From Equation (2.6), the x-directed electric eld due to all the p-type blocks of charge

given in Figure 2.3(d) can be written as

g X 2k(Xp+ Xn) + 2Xp

| f < X< Xp. 2.8
: X 2k(Xp+ Xn) fOF - Xp S XS X (2.8)

EX(X)jp blocks= | N,
k= ¥

Here, | N, is a constant for all p-type charge blocks as it only depends on the constant
p-side sheet charge density (N, ,). After some algebraic manipulations, the above

expression can be written as

n 2 #
X+ Xp 2
_ ~ X+ 2Xp ¥ 20 k
k=1 X k2
2Xp



Figure 2.3: Qualitative analysis of the charge distribution, electric eld, and electro-
static potential across a 2D lateral p-n junction with symmetric doping. (a) Charge
distribution, electric eld, and potential pro le using the standard depletion approxima-
tion. The standard depletion approximation results in in nite electric elds at the edges
of depletion region and a non-monotonic potential across the junction. (b) Enforcement
of Ex( xg) = 0 using the method of image charges. The charge to the right is re ected
across thex =  Xp plane. (c) Extension of (b) to enforce Ex(x9) = 0 by re ecting the
charge to the left across the x = x, plane. However, this leads to a small but non-zero
electric eldat x =  Xp. (d) Extension of the image charge method to an in nite number
of re ections to satisfy both Ex( xJ) = 0 and Ex(x]) = 0 boundary conditions. This
also results in monotonic electrostatic potential throughout the depletion region.

Using the Euler in nite product representation of the sine function [52], i.e., w =
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Op (1 k;‘—sz) along with the logarithmic property & In(f(x)) = In(0 f(x)), we get

p (x+ 2xp)

H X
Ex(X)jp blocks= | N, In X ! Ny In X g Xt 2Xp
Sln(2XD)( 2XD )
(2.10)
. p (x+ 2Xp)
= | In : Jfor  Xp < X< Xp,
Na sm(%) P n
where the total depletion length ( xp) can be given as
Xp = Xp* Xn. (2.11)

Similarly, the x-directed electric eld due to the n-type blocks of charge can be expressed

as

in(2x

sin( o
p(X 2xn)

n 2XD

Ex(X)in blocks= | NG In Jfor  Xp < x< Xxn. (2.12)

Si

Rewriting these equations for n and p-type blocks in a scaled coordinate system where

0— X 0—- Xp 0 — Xn yi
XU= 50 Xp = o and xp = St yields

sin(5(x%+ 2x9))

Ex(xqu blocks= | N, n sin(%xcb (2.13)
: B sin(%(x9)
Ex(X%Jn blocks= | Ng In sin(%(xo 2x0)) (2.14)
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and the total x-directed electric eld is equal to

Ex(x% = Ex(x%p blocksT Ex(xc)jn blocks

sin(5(x%+ 2x9 sin(2x
= 1y In (2_( ) | Ne N = (59 Jfor  x8< x%< X,
A sin(%x9 o sin(%(x0 2xY)) P
(2.15)

By rewriting Eq. (2.11) as x] + x} = 1 and using the fact that sin(5(x° 2x?)) =

sin(%(x%+ 2x9)), the total x-directed eld can be simpli ed to

_ sin(2x9
Ex(X) = (1, *+ 1 yg)In sin(%(x02+ 2x9)) /fo

r xg < x%< xﬂ. (2.16)
The depletion widths of the p and n regions can be expressed solely in terms of

acceptor and donor doping densities by making use of charge neutrality of the overall

structure (i.e. gN, ,pXp = qNS,zoXn) in combination with the scaled version of Equa-

tion (2.11):

NS N
X9 = D,2D and x{ = AD (2.17)

¥ ¥
Naop+ Npop Naop + Npop

Hence, the x-directed electric eld E,(x9 for arbitrary doping con gurations can be

expressed as

sin(%x9
2Np 20

)
+Np op

Ex(x9 = (I N, F )i for xS < x%< x).  (2.18)

sin 2 x0+
2 NA,ZD

Finally, the x-directed electric eld Ex(x) can be expressed in the non-scaled coordinate
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system by using Equation (2.18) and the scaled version of Equation (2.11):

N + N7 sin(2X
E(x) = A(Na 2p D.20) In (2xD) i Jor X< X< Xn. 2.19)
2p€etf sin(B(X + —2No20_y) '
23Xp " Npop+Npop

Analytical formulation of electrostatic potential
Next, we derive an analytical expression for the electrostatic potential across the

depletion region can be found by integrating the x-directed electric eld

Z
V(x) = Ex(x)dx, for  Xp< X< Xp. (2.20)

By transforming this expression to the scaled coordinate system where x° = % the

electrostatic potential can be expressed as

z

VXY= xp  E(xYdxC for  x§ < xO< xP. (2.21)

Substituting the electric eld expression from Equation (2.16) into Equation (2.21) gives

z 0
sin(2X)
VO = ol N, T ng) p(xow?:zxg)
2

_ dxdfor  x§< x%< xp. (2.22)
sin

Given that In (x) = In(jxjé9) = Injxj+ ig, then Injxj = RefIn(x)g. Therefore, we can

rewrite Equation (2.22) as

( z z o)
0 x9+ 2x0
V(x9 = xp(l N, +tlng)Re I sin(%) dx® In sin p(—zp) dx?
for  x9< x%< x.
(2.23)

27



Using integration by parts, the two integrals can be expressed as

z 0 inx
In sin(%) dx= xoln(2)+i%x0 i%(><‘32+iL'2(pL0> (2.24a)

Z O O HH
X+ 2X
In- sin p(—2p) &= (< 29I+ 1200+ 20) i (0 292+
i Li Z(ép(XQF 2X3))
p )
(2.24b)

where Liy(2z) is the second-order Polylog function given by

. A
Lin(z) = a K
k=1

(2.25)

Substituting Equation (2.24a) and Equation (2.24b) into Equation (2.23) and obtaining

the real part results in

Re iLiy(dPx) iLi, dP02® #
V(x9 = xp(l N, ) 2x8In(2) + . +C,
for  xJ< x0< xd.

(2.26)

Next, we simplify the Polylog terms by expanding them using Equation (2.25), which

gives

I(9
y (dri2) dp02g) Tz
a
=1 k2 )

8
n . . 0 2y
Re iLio(éP) iLi, dP0:*2®) = Re_ &
- k=1

(€P/2) (&P
k2

x~

(2.27)
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Taking the real part of the individual components

8
2 ¥ [ pi2\(dpxOhKk ¥
¥ (dri2)(dr)k
Re.> 21 2 a

9
(dP/2) dp (X% 2x}) k2

2 >
=1 k )

=~

cos(§ + px%) cog(§ + p(x%+ 2xQ)K) (2.28)
12
sin(p (x%+ 2x9)k)  sin(pxk)
k2 ’

¥
_ o
= a

k=1

5
= a

=1

>~

and using the trigonometric identity sin (A) sin(B) = 2cog£%2)sin(258), we can

express Equation (2.26) as

) 04 O K) si Ok #

cos(p (x°+ xp)K) sin(p xpk) ‘C
k2 ’

2 3
V(x9 = xp(l N, D) 2x0In(2) + 5 a

=1 (2.29)

0 0 0

for  Xp < X°< Xp.

Hence, we arrive at a simpli ed expression for the electrostatic potential by setting the
potential at x% = xJ equal to 0, i.e. V( x8) = 0. Hence, Equation (2.29) can be

expressed as

n . ) #
2xp(I'y, + Tnz) ¥ sin(px8k) ¥ cos(p (x°+ x8)k) sin(p x3k)
k=1 k=1 (2.30)
for xg < x%< X%

Finally, the electrostatic potential V(x) can be expressed in the non-scaled coordinate

system by using Equation (2.30) and and the scaled version of Equation (2.11):

#
Vi - AN o5 + N7 50)X0 g sin(%pk) g cos(p(X;DXp)k)sin(pXX;"‘)
P 2€efs o1 K 1 k2 " (2.31)

for  Xp< X< Xp.
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2.1.3 Analytical formulation of the depletion width

Next, we derive an expression for the depletion width by imposing the condition that

VX)) V( xD) = fu (2.32)
Since, we have chosenV ( xg) = 0 as the reference potential,V (x9) must be equal to f
to satisfy Equation (2.32). This yields

: #
2xp (] N, F N,;) ¥ sin(px8k) ¥ cos(p(x]+ xB)k) sin(p xDk)
fpi= 0 a 2 a
k=1

(2.33)
=1 k2

=~

Simplifying this expression using x8 + x9

p = 1 and rearranging Equation (2.33) to give
the total depletion width yields

Pf bi
Xp = - . (2.34)
o¥ [1 (1Msin(pxPK)
o N Np NJ .
Furthermore, by substituting | = gpQ;Zfo’ NG T gpgfﬁ, and xg = ﬁ into

A,2D D,2D
Equation (2.34) and generalizing the 2D depletion width expression to include the impact

of external potential applied across the junction ( V,) leads to

. = P?eeri(foi Va) _ P2eeri(fni Va)
5= -

" N ' (2.35)
N+ f ﬁ\,ZD N Q,ZD
Moao' [, Q209 N,
where
0 1
| 1 ( DX+ Jamysinf ek k&
: ¥ Np 20 1+ N/J-r\,ZD (2.36a)
f NA,2D - é Np 2p
I\II;,ZD k=1 k2
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0 1

k Noay gin By pk
B (DI E2)snpe (2.360)

N

¥
I\IA,ZD — é D,2D

9 ,
Ns,zD k=1 k2

and V; is de ned to be positive when the 2D lateral p-n junction is forward biased.

Figure 2.4 shows f and g as functions of the doping ratio E’i” . For strongly
D,2D

asymmetric junctions, a logarithmic dependence on the doping ratio is observed:

N N N
. A,2D A2D _ A,2D
Naop Npop:f NF frie % = 712log, ¥ *+201 (2373)
D,2D D,2D D,2D
! ! !
N N N
. A,2D A2D  _ A,2D
Npoo  Naap 0 NT Ot & 7.12log,, NE + 2.01, (2.37b)
D,2D D,2D D,2D

Next, we discuss the impact of 2D vs 3D electrostatics on screening of charge carriers
within the depletion region. Two-dimensional lateral p-n junctions with different doping
con gurations, both symmetric and asymmetric, are studied. Here, we use the full (non-
approximate) expression for 2D depletion width given by Equation (2.35) to study the
2D lateral p-n junction electrostatics. For symmetric doping, Eg. (2.36a) can be simpli ed

to

I\IA,2D

f

B = 4G, (2.38)
D,2D

where G is the Catalan's constant (G 0.915). Replacingf in Equation (2.35) provides a
simpli ed expression for 2D depletion width for symmetric doping
_ p2eetf(fpi  Va)

XDj2D,sym = AGqNesy (2.39)
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Figure 2.4: Approximations of f and g functions for asymmetrically doped junctions.
Functions f and g from Equation (2.37a) and Equation (2.37b) plotted for different dop-

ing ratios N’;"ZD . For strongly asymmetric junctions, a logarithmic dependence for
D,2D
either f or g is observed.

where Ng2p is the sheet charge density of the symmetric junction where Nsazp = Ny 5
= Ng,zo- We then calculate the 3D depletion width using the expression

S

deeii(fpi Va)
gNs,3p

XDjSD,sym = (2.40)

where gNg 3p is the doping concentration of the symmetric junction (in C/volume) [53].
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We can express Equation (2.40) in terms ofNgop as

S

. Aeeti(fpi  Va) Tsheet
XpJ3D,sym = ° q;\]SZDa e (2.41)

through the relationship that Ng2p = Ns3p Tsheet@SSuming a uniformly doped semicon-
ductor.

Figure 2.5(a) compares the 2D and 3D depletion widths calculated using Equation (2.39)
and Equation (2.40), respectively. For this analysis, we have assumedees = 2.45, which
re ects the case where the 2D lateral p-n junction has SiO, (e; = 3.9¢p) and air (e; = ep)
as its surrounding dielectric media. Further, we consider Tgheet= 0.7 nm, which is the
approximate thickness for monolayer TMDCs. For symmetric junctions, the 2D deple-
tion width is proportional to +—, whereas the 3D-depletion width is proportional to

Ns2p ’

p——. Atlow sheet charge densities, the 2D depletion width can be signi cantly larger

Ns2p
than that calculated from the conventional 3D method. The longer depletion width for

2D lateral p-n junctions can be attributed to the weaker screening of in-plane charge
carriers due to the large out-of-plane electric eld [54]. We further analyzed the 2D and
3D depletion widths for asymmetric doping con gurations by varying the sheet charge
density on the p-side while keeping constant n-side doping ( Ns,zD = 101 cm 2). We
calculate the 2D depletion width from Equation (2.35) and the 3D depletion width from

the conventional expression given by

. 2€eif(fbi Va)Tsheet 1 1
XpJ3D,asym= & I q e N + N* . (2.42)
A,2D D,2D

AL
T

o<

As shown in Figure 2.5(b), the depletion width dependence of asymmetric junctions
varies for 2D and 3D geometries. For a p*-n junction, i.e., N 20 NS,zo’ the 3D de-
pletion width becomes independent of doping density of the highly doped p-side. The

depletion width for a 3D p *-n junction can be obtained by taking the limit of Equa-
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Figure 2.5: Comparison of 2D vs 3D depletion width as a function of sheet charge
density. Depletion width calculated for (a) symmetric and (b) asymmetric doping con-
gurations calculated using our 2D method and the conventional 3D method. For sym-

metric doping con guration, the 2D depletion width is proportional to ﬁ whereas the

3D depletion width is proportional to le— For strongly asymmetric junctions, the 3D
S,2D

depletion width is determined solely by the lowly doped side (e.g. it is independent of
N 2p for Ny op Ns,zo)’ whereas the 2D depletion width shows a weak (logarithmic)
dependence on the doping density of the highly doped side.
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tion (2.42):

S

. . . . 1
3D p* -njunction:  lim . XDj3D asymM

- (2.43)
NA,ZD ND,ZD ND,2D

Hence, for asymmetrically doped 3D junctions, the 3D depletion width is completely
determined by the doping density of the lowly doped side. However, as shown in
Figure 2.5(b), the contribution of the highly doped side cannot be neglected for 2D
junctions. Following a similar analysis as before, we take the limit of Equation (2.35)

(using Equation (2.37a)), which leads to

1

2D p* -njunction:  lim ., Xpi2DasymH

N N + NA 2D
A,2D D,2D )
Np 2p 10959 N

(2.44)

This equation shows the logarithmic dependence of the 2D depletion width on the dop-

ing density of the highly doped side.

2.1.4 Extending the analytical model to lateral metal-semiconductor junctions

In this section, we extended our model to understand the electrostatics of 2D metal-
semiconductor junctions given their critical role in 2D transistors. Estimating depletion
width at metal-semiconductor junctions is also crucial for optoelectronic devices such as
Schottky photodiodes, tunnel eld-effect transistors, and solar cells [55, 56, 57]. For bulk
semiconductors, the analytical expression for 3D depletion region can be easily mod-
i ed to study metal-semiconductor junctions since the depletion region depends only
upon the doping density of lowly-doped side. Since the 2D depletion width for asym-
metric doping con gurations still depends on the doping density of highly doped side,
Equation (2.35) cannot be used to calculate the depletion width for 2D metal-2D semi-

conductor junctions by simply considering an in nite carrier density in the metal. An
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Figure 2.6: Comparison of electric eld proles for 2D lateral p-n and metal-
semiconductor junction (a,b) Schematics of a symmetrically doped 2D lateral p-n junc-
tion and a 3D metal-2D semiconductor junction. (c) A symmetrically doped 2D lateral
p-n junction is simply a mirror charge construct of a 3D metal-2D semiconductor junc-
tion. The depletion for a 3D metal-2D semiconductor junction is half of that of a sym-
metrically doped 2D lateral p-n junction having the same semiconductor doping density.

extension of Equation (2.35); however, can be derived for calculating depletion widths
for 3D metal-2D semiconductor junctions by exploiting the similarities of symmetrically

doped 2D lateral p-n junctions (Figure 2.6(a)) and 3D metal-2D semiconductor junc-
tions (Figure 2.6(b)). As shown in Figure 2.6(c), a symmetrically doped 2D lateral p-n
junction can be equally represented as a mirror charge arrangement of a 3D metal-2D
semiconductor junction since both con gurations yield the same Ejinterface= 0 bound-

ary condition. Since no depletion occurs in an ideal metal, the depletion width for a 3D
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metal-2D semiconductor junction can be obtained by dividing Eq. (2.39) by 2 since only
one side of the junction is depleted:

_ p2eeri(fpi Va)

XD]3Dmetal 2Dsemi = 8GqNs 20 (2.45)

The built-in potential ( f ;) used in Equation (2.45) corresponds to 2f s (twice the
built-in potential of the metal-semiconductor junction). If recast in terms of f 5, we can

rewrite the expression as

2
: p€eif(f ms Va)
XDJ3Dmetal 2Dsemi= eAqustD . (2.46)

Thus, the depletion width for metal-semiconductor junctions in 2D materials is strongly
dependent on the sheet doping density on the semiconductor side.

Interestingly, the depletion width also strongly depends upon the surrounding di-
electric media. The atomically thin nature of 2D materials allows tuning of the depletion
width by changing the surrounding dielectrics because the out-of-plane electric eld is
highly affected by the surrounding media. Hence, the surrounding dielectric media can
be engineered to reduce or increase the depletion width. A smaller depletion width is
desired for low resistance contacts whereas a larger depletion width is desired for solar
cells and photo-detectors. Figure 2.7 shows the dependence of the depletion width on
the effective dielectric constant e.¢s for symmetric p and n-side doping densities. Here,
we assume that the dielectric-semiconductor interface remains pristine for all dielectrics,
i.e., there is negligible interface charge density compared to the intrinsic sheet charge
densities of semiconductor. The impact of interface charge density can also be included
in our analysis by adding the interface charge density to the intrinsic sheet charge den-
sity. Clearly, the impact of the surrounding dielectric environment must be considered

in the design of 2D lateral p-n junctions.
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Figure 2.7: Impact of surrounding dielectric media on 2D depletion width. The signif-
icant out-of-plane electric eld of 2D lateral p-n junctions leads to a linear dependence of
the depletion width on the relative dielectric permittivity of the surrounding dielectric
media.

2.1.5 \Veri cation of analytical model against experimental and simulation results

Finally, we discuss the extent of depletion tails in 2D lateral p-n junctions and their
impact on the validity of the depletion approximation. In general, the boundaries of the
depletion region are not abrupt due to the diffusive nature of the mobile charge on each
side of the junction. Similar to 3D (bulk) junctions, the 2D depletion tails show similar
dependencies on various structural/material parameters, such as the effective dielectric
constant and sheet doping density since both the depletion width and depletion tails re-
sult from the screening behavior of charge carriers which only depends on the junction
dimensionality [40]. To better understand the impact of depletion tails on the electrostat-
ics of 2D lateral p-n junctions, we modeled a quasi-2D 2-nm-thick Si p-n junction with

symmetric doping ( NJ 5 = N, ,p = 1012 cm 2) and SiO; as the surrounding dielectric
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Figure 2.8: Veri cation of the analytical model against simulations. (a) Comparison
of simulated and calculated space-charge distribution (r) along a 2D lateral p-n junction.
The calculated space charge accurately models the box-like section of space charge pro-
le. The simulated 2D lateral p-n junction contains long depletion tails which decay as

%. (b) Electric eld ( Ex) and (c) electrostatic potential (V) pro les for the same structure
in (a). Although the space-charge calculated from the analytical model and TCAD sim-
ulation show signi cant differences, the electric eld and electrostatic potential pro les
show little discrepancy.
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media using Sentaurus Devicd CAD. Figure 2.8 (a) compares the pro les of the simu-
lated and calculated space charge () along the 2D lateral p-n junction. As expected, the
box-like pro le of the depletion charge is accurately predicted by our analytical method;
however, the simulated pro le of the space charge also contains a long depletion tail
that decays as% [36, 40]. Unlike 3D (bulk) junctions, these long depletion tails in 2D
lateral p-n junctions contain a signi cant amount of the total depletion charge; however,
as shown in Figure 2.8(b,c), the depletion tails do not signi cantly impact the electric
eld and electrostatic potential pro les, and our 2D analytical method provides a great

t to the simulated data, supporting the use of the depletion approximation in modeling
2D lateral p-n junctions.

To further validate our model, we compare the 2D depletion width calculated us-
ing our model with the experimental data for a 2D lateral p n junction (Tspeet= 10
nm) fabricated from IlI-V materials and measured using optical beam induced current
(OBIC) measurements as shown in Figure 2.9(a) [38]. Our model provides a good match
to the experimental data for the given experimental parameters ( Ns,zD =5 10%cm 2,
Npop = 4 10" cm 2). Here, eqfs is considered as a tting parameter that varies be-
tween 7.05¢y (when the top dielectric is air and the bottom dielectric is a semiconductor)
and 13.1ey (when both top and bottom dielectrics are semiconductors). Compared to the
2D depletion width, the depletion width for conventional 3D method calculated using
Equation (2.42) is off by an order of magnitude irrespective of eq¢s. In Figure 2.9(b), we
compare the depletion width calculated from our method and other 2D methods with
the same experimental data from Figure 2.6(a). Since the other 2D methods are only
formulated for symmetric doping con gurations, we calculate the depletion width for
these models by considering the doping density of only the lowly doped n-side — the
doping of the highly doped p-side is ignored. Our method includes both n- and p-side
doping and calculates the depletion width using Equation (2.35). The effective dielec-

tric constant is taken to be e.ss = 10.32g, in accordance with the value extracted from
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Figure 2.9: Veri cation of the analytical model against experimental data. (@) Ex-
perimental [38] and calculated depletion width for a 2D lateral p-n junction for the
experimentally given range of eg¢s. Our 2D method provides excellent ts to the experi-
mental data, whereas the depletion widths calculated using the conventional 3D method
are off by an order of magnitude irrespective of egs. (b) Comparison of different 2D
methods against the same experimental data from part (a) [40, 41, 43, 45, 58]. Assuming
eesf = 10.3p, our 2D method provides best estimate to the experimental data.

Figure 2.9(a). This comparison shows the importance of the generalized 2D depletion
width expression derived in this work that accounts for both n and p-side doping since

no other analytical 2D methods are applicable for asymmetric doping con gurations.
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Table 2.1: Analytical expressions for various electrostatic parameters for 2D lateral junc-
tions.

sin 2%

S _ Q(NS,ZD*'NA,zD) 2Xp
Electric Field Ex(x) = Spear; In on g F 2
D
2 k (x+xp)k
. PXp p (X+Xp
) . NY . +N XD o sin 1 cos ———
Electrostatic Potential V(x) = « > f‘:‘ZD) 28K, 4 = 2 =
e

Depletion Width

p2eeri(fpi Va)

general case Xp = - ) K
q(NS,2D+NA,2D)a§=1[l ( DKsin p:é) k?
2
_ . . —_ Poeeii(fpi Va)
symmetric doping XDpJ2D, sym = W
2
. . . _ Peeri(fpi Va)
p™ -n junction XpJ2p, p* njunc = N ' !
gNg .5 7.12l0g, 422 +2.01
’ Np 2p
2
. _ . _ Peer(fpi Va)
n™ -p junction Xpl2p, n* pjunc = NE |
Ny ,p 7-12l0g, 22 +2.01
’ Na,2D
. . _ PZeii(fms Va)
3D metal-2D semiconductor Xpj3p metal 2D semi = TTAGqNsm>

2.1.6 Summary

To summarize, we developed analytical expressions to calculate the electric eld,
electrostatic potential, and depletion width for symmetric and asymmetric doping con-
gurations for 2D lateral p-n junctions. Table 2.2 provides the key analytical expressions
derived for various electrostatic parameters of 2D lateral p-n junctions. We used the
method of image charges to achieve zero electric eld at the edges of the depletion re-

gion. Compared to bulk semiconductors, 2D lateral p-n junctions demonstrate weaker
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screening of charge carriers resulting in larger depletion widths compared to 3D junc-
tions of similar doping densities. Further, we validated our method by comparing the
experimental and calculated depletion widths for a 2D lateral p-n junction where our
method provides best match to the experimental data when compared to conventional
3D method and other 2D methods. We also investigated the impact of the surround-
ing dielectric media and sheet doping density on the electrostatics of 2D lateral metal-
semiconductor junctions. Thus, increasing the doping density on the semiconductor side
along with the use of lower dielectric media is essential for making Ohmic contacts with

low contact resistance.

2.2 Role of out-of-plane dielectric thickness in electrostatic simulation of 2D devices

In this section, we focus on some subtle aspects of electrostatic simulations of 2D
devices which is often ignored in 2D device community. Accurate modeling and simu-
lation of 2D lateral p-n junctions are needed to complement the ongoing experimental
studies in order to develop high-performance 2D-material devices [59, 60, 61]. Consider
the structure shown in Figure 2.10(a), in which a thin semiconductor layer is surrounded
by a thick dielectric. Given that there are no gates in the structure, it is tempting to
assume that the dielectric thickness does not matter; however, this reasoning is incorrect.
Unlike bulk (3D) p-n junctions, the presence of a large surface-to-volume ratio in the
thin (2D) lateral junctions leads to a signi cant out-of-plane electric eld, indicated by
the electric eld lines in Figure 2.10(a) [62]. The impact of these out-of-plane electric
elds have been discussed in the previous section.

Here, a practical issue for accurate modeling of 2D lateral junctions is determining
an appropriate position of the simulation boundaries in the out-of-plane direction, es-
pecially when the desired dielectric thickness is exceedingly large. The simulateddielec-
tric thickness (tpx) surrounding a 2D lateral junction signi cantly affects the simulation

results by modifying the out-of-plane electric eld due to the boundary conditions im-
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Figure 2.10: Effect of varying dielectric thickness on 2D depletion width. (a) A thin
(2D) lateral p-n junction surrounded by a dielectric with a simulated thickness of  tox. A
signi cant out-of-plane electric eld exists in the surrounding dielectric, unlike in a 3D p-

n junction. (b) In-plane energy-band diagram of a 2D lateral p-n junction with symmetric
doping. The signi cant variation of the energy band diagram with  tyx highlights the
impact of the out-of-plane simulation dimensions on the in-plane junction electrostatics.

posed on the edges of the simulation region. Unfortunately, a large simulated tox leads
to a large number of grid points that increase the computational burden and complicate
the grid-meshing process. Conversely, a small simulated tox affects the results due to the
imposed boundary conditions. Though the effect of the simulated dielectric thickness

on simulation results has been previously recognized [63, 64], no clear guidelines exist
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to determine the extent to which tyx affects the simulated junction properties including
the electric eld, potential, and depletion width. In this work, we derive the relationship
between the simulated tyx and depletion width for symmetrically-doped 2D lateral p-n
junctions and provide guidelines for a minimal value of the simulated tyx, above which
the impact of the out-of-plane simulation domain boundaries on the in-plane junction

electrostatics is minimal.

2.2.1 Effect of boundary conditions

To highlight the impact of the out-of-plane simulation dimensions on the electrostat-
ics of 2D lateral p-n junctions, we simulated a symmetrically-doped 2D lateral p-n junc-
tion (shown in Figure 2.10(a)) using nextnano3 a research-focused quantum-mechanical
device simulation tool [65]. The use of quantum models in the semiconductor region
minimally affects the simulation results due to the absence of carriers in the depletion
region, which dominates the electrostatics properties of the junction. We chose to sim-
ulate a generic2D semiconductor (with material properties provided in Table 2.2) since
our focus is the simulation methodology and not a speci ¢ semiconductor material.
Neumann boundary conditions were imposed on the simulation domain boundaries.
Zero-biased ohmic contacts were placed at the left and right edges of the semiconduc-
tor sheet. Figure 2.10(b) illustrates the impact of the simulated dielectric thickness (toyx)
on the in-plane energy-band diagram of the 2D lateral p-n junction. A small simulated
tox leads to signi cant changes in the in-plane junction electrostatics and the erroneous
calculation of various electrostatic parameters, including the electric eld, electrostatic
potential, and depletion width.

Figure 2.11 provides further insight into the simulation results of 2D lateral p-n junc-
tions. Commercial TCAD device simulators, including nextnano3 Sentaurus Device, and
Silvaco Atlas, generally apply Neumann boundary conditions at the boundaries of the

simulation region unless otherwise speci ed. Neumann boundary conditions for the
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Table 2.2: Material parameters of the simulated generic2D semiconductor.

band gap (with quantization), Eg 2eV
electron effective mass, me 0.5mg
hole effective mass, my, 0.5mg
dielectric constant, eg 5eg
sheet charge density, Ns p 10 cm 2
sheet thickness, Tqheet 1nm
Figure 2.11: Undesired re ections caused by Neumann boundary conditions. @ A

simulated 2D lateral p-n junction with Neumann boundary conditions on the out-of-
plane edges of the surrounding dielectric media. The Neumann boundary conditions
mirror the structure such that the simulated structure is equivalent to the structure
shown in (c) as opposed to (b). A small simulated tox yields closely stacked re ections
that signi cantly affect the simulation results. As the simulated tox becomes large, the
re ections becoming increasingly far apart, minimally impacting the simulation results.
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electrostatic potential enforce {V/ i = 0, where fi is the direction normal to the bound-
ary. Neumann boundary conditions at the outer surfaces of the surrounding dielectric
media re ect the problem across the boundary. Just as two mirrors facing each other cre-
ate an in nite number of re ections, Neumann boundary conditions imposed on the top
and bottom surfaces of the structure in Fig. 2.11(a) result in in nite re ections. These
re ections transform the simulated problem from a single-layer structure to a multi-
layer structure depicted in Fig. 2.11(c), though the intent may have been to simulate the
structure shown in Fig. 2.11(b). A small simulated tox signi cantly alters the junction
electrostatics due to the closely-packed re ections. As tox ! 0, the junction electrostatics

become that of a 3D "bulk' junction.

2.2.2 Estimating minimum acceptable simulation window

Next, we determine a minimal simulated dielectric thickness ( toxmin) above which
the simulation results are minimally affected. To derive toyxmin, We rst consider a 2D
lateral p-n junction with symmetric doping and an in nite dielectric thickness above and
below the semiconductor layer. The 2D lateral p-n junction is assumed to be suf ciently
thin and wide such that it can be treated as an ideal 2D plane. For such a structure, we
have previously derived analytical expressions for the in-plane electric eld, electrostatic
potential, and depletion width, given in Section 2.1.

Imagine a Gaussian box that encloses the right-half of the structure, as shown in
Figure 2.12. Gauss's law states that the charge enclosed in the box is proportional to the
total electric ux ( Fta) €manating from the box. For the case shown in Figure 2.12, this
gives

Qpjn-side = €oxF total (2.47)

where

Fiotal = Fieft ¥ Frignt + Ftop * Foottom (2.48)
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Figure 2.12: Calculation of minimal out-of-plane dielectric thickness for accurate
electrostatic simulations. A Gaussian box enclosing the right half (n-side) of a
symmetrically-doped 2D lateral p-n junction surrounded by an in nitely thick dielectric.
The minimal dielectric thickness (toxmin) is derived by determining the Gaussian box
thickness (tpox) for which the ux passing through the top and bottom surfaces ( Fiop
and F potiom) 1S some small fraction (a) of the total ux. For a 2D lateral p-n junction
with a fairly long quasi-neutral region (compared to its depletion region), the electric
ux emanating from the right surface is approximately zero ( Fyigny  0).

Qbin-side IS the depletion charge on the n-side of the junction, and ey is the permittivity
of the dielectric. For a structure that is much longer than its depletion width, the electric
eld at the right surface of the box is approximately zero, and, therefore, F gnt 0.
When the top and bottom surfaces of the box are placed at z = + ¥ and ¥, respec-
tively, the electric eld and ux at these surfaces are also zero. As the top and bottom
surfaces of the Gaussian box are brought closer to the semiconductor layer, the electric
ux through these surfaces is no longer exactly zero, as seen in Figure 2.12.

If the top and bottom surfaces of the Gaussian box are imagined to be boundaries for
a simulation structure with a nite dielectric thickness, Neumann boundary conditions
demand that fV/ fn = 0, and, therefore, Fiop = Fpotom = 0. Clearly, these boundary
conditions con ict with the analytical solution for a structure with in nite dielectric
thickness since the electric eld is zero only in nitely far away from the junction. But
as long as the simulated dielectric is thick enough (i.e., tox > toxmin), the electric ux

through the top and bottom surfaces will be negligible compared to the total electric
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ux through the Gaussian box, and the electrostatics will be minimally affected by the
imposed boundary conditions.

The methodology for determining toxmin IS outlined as follows:

1. Neumann boundary conditions for the top and bottom surfaces are nearly satis ed
if
I:top +F bottom 0. (2-49)

2. We quantify Equation (2.49) by demanding that the electric ux passing through
the top and bottom surfaces is less than or equal to a small fraction (a) of the total

electric ux emanating from the Gaussian box shown in Figure 2.12:

I:top + I:bottom a I:total- (2-50)

Using Equation (2.48), we rewrite Equation (2.50) as
I:total F left a l:totah (2-51)

under the assumption that F gy = O for a long device, as shown in Figure 2.12.

Using Equation (2.47), this expression can be written as

Fet (1 a) —QDj“'Side. (2.52)

€ox

3. The electric ux emanating through the left surface of a Gaussian box with a height

of tpox above and below the semiconductor is de ned as

thox

F left Ex(2) dz, (2.53)

tbox

where Ex(z) is the x-directed electric eld as a function of vertical position at the
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Figure 2.13: Variation in simulated 2D depletion width with out-of-plane dielectric
thickness. Impact of the out-of-plane dielectric thickness ( tpx) on the simulated deple-
tion width of a symmetrically-doped p-n junction, shown in the inset. The simulated
depletion width varies signi cantly with  tox, approaching the theoretical bulk (3D) junc-
tion depletion width as tox ! 0 and the theoretical 2D depletion width as tox ! ¥.
The simulated 2D depletion width is nearly equal to the theoretical 2D depletion for
tox > toxmin as indicated by the shaded region of the plot.
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left surface (which coincides with the plane containing junction interface) for a
structure with in nite dielectric thickness (see Figure 2.12). This allows Equa-

tion (2.52) to be rewritten as

thox 1 .
" E(ndz (1 a)Sploside (2.54)
thox €ox
where
. XD |
QbJn-side = dNs2p D2,|nf_ (2.55)

Here, Ngop is the sheet charge density, and X i is the theoretical depletion width
for a symmetrically-doped 2D lateral p-n junction with an in nite dielectric thick-

ness above and below the semiconductor layer, derived in the previous section as

2
P “€oxf pi

inf = = 2.56
where f ; is the built-in potential, and G is Catalan's constant (G 0.916).
An analytical expression for Ex(z), derived in the Appendix 1, yields

N

Ex(z) = —52 |y coth P2 (2.57)
P€ox XD, inf

4. Finally, toxmin is numerically calculated (in terms of Xp js) by nding the value of

tpox for which the left and right sides of Eq. (2.54) are equal:
Z thox 1 pz

XD, inf
—In coth dz=(1 a — 2.58
thox P 2XD,inf ( ) 2 ( )

Values for toxmin and the normalized simulation time for different a are provided

in Table 2.3.

To validate our approach of calculating toxmin, We extract the simulated depletion
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Table 2.3: Minimal out-of-plane dielectric thickness ( toxmin) and normalized simulation
time as a function of a, the fraction of the total electric ux that emanates through the
top and bottom surfaces of the Gaussian box shown in Fig. 2.12.

a tox min Normalized simulation time
0.1 | 0.67%p inf 1.0 (reference case)
0.05 | 0.8Kp jns 1.5
0.01 | 1.4Xp jnf 2.5

0.001 | 2.1Xp jpnf 4.5
0.0001| 2.86Xp jnt 7.0

width associated with different simulated tox for the 2D lateral p-n junction simulated in
Figure 2.10(a). The presence of long depletion tails in 2D lateral p-n junctions makes it
dif cult to extract sharp depletion region edges from the space-charge plots [66]. Hence,
we extracted the 2D depletion width as the distance over which 90% or more of the
majority carriers are depleted from their nominal value. Figure 2.13 clearly illustrates
the signi cant modulation of the simulated depletion width as  tpyx is varied. The sim-
ulated depletion width approaches the theoretical 3D depletion width as tox ! 0 and
the theoretical 2D depletion width as tox ! ¥ . For tox < toxmin, the depletion width is
strongly affected by the dielectric thickness due to the signi cant modulation of the out-
of-plane electric eld by the Neumann boundary conditions imposed by the simulator.
But for tox > toxmin (Shaded in gray), the depletion width is nearly equal to the theoret-
ical 2D depletion width for a structure with in nite dielectric thickness, validating our

approach.

2.2.3 Summary

In conclusion, We showed that Neumann boundary conditions imposed at the edges
of the out-of-plane simulation region signi cantly affect the simulated out-of-plane elec-
tric eld, electrostatic potential, and depletion width of atomically thin 2D lateral junc-
tions. The Neumann boundary conditions re ect the problem across the boundary,

thereby changing a single-layer device simulation to a multi-layer one. As the sim-
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ulated dielectric thickness becomes smaller (tox toxmin). the junction electrostatics
become signi cantly affected due to the closely-packed re ections. We developed an
analytical method to calculate a minimal dielectric thickness ( toxmin) for simulating a
symmetrically-doped 2D lateral p-n junction, above which the out-of-plane boundary
conditions minimally affect the simulated junction electrostatics. Overall, the results
presented in this work provide guidelines for the accurate simulation of 2D devices built

with atomically thin junctions.
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Chapter 3: Modeling of Current Flow in Back-Gated Field-Effect

Transistors

1Two-dimensional semiconducting materials such as transition metal dichalcogenides
(including MoS », and WSe;,) have shown great promise as post-silicon channel materials
for low-power transistor and optoelectronic applications due to their atomically-thin
dimensions and lack of surface dangling bonds, yielding excellent gate electronics even
for sub-10 nm channel length [13, 14]. To highlight the use of 2D semiconductors as
channel material, long-channel back-gated eld-effect transistors (BGFETSs) are widely
used due to the relative ease in fabrication and device analysis [15, 60]. The presence of
long channel helps to avoid short-channel effects and thus long-channel BGFETs could
be modeled aswell-temperedievices. More importantly, long-channel BGFETs also enable
easy estimation of several device parameters such as eld-effect mobility ( m:g), carrier
density (nyp), Schottky barrier height (f gn), and contact resistance R¢) [67, 68, 60, 69,
70, 71, 72].

Figure 3.1(a) shows the schematic of an n-type, monolayer (1L) TMDC-based long-
channel BGFET consisting of top-contacted metallic source-drain junctions and global
back-gate (covering both channel and contact regions). Large band gap in 2D semicon-
ductors and Fermi level pinning at metal-semiconductor junctions leads to substantial
electron (f gn)/hole ( f gp) Schottky barriers (SBs) at the source-drain junctions as shown
in Figure 3.1(b) [71, 29]. Unlike bulk semiconductors, these source-drain SBs result in
the formation of Schottky contacts at the two junctions due to absence of ef cient dop-

ing techniques leading to large contact resistance (Rc). These Schottky contacts often

1This chapter is based on [73] and reproduced with the permission of IOP Publishing.
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compete with the channel region to determine the overall device current. Moreover,
the presence of a global back-gate results in simultaneous gating of the channel and

source-drain regions that further complicates analysis of experimental BGFETSs [74].

3.1 Where is the current bottleneck in 2D transistors?

To examine their transport characteristics, BGFETs are often modeled as Schottky
barrier-MOSFETs (SB-MOSFETS) where the device is treated as a xed SB device at the
source with simultaneous gating of the source and channel regions. The model is often
used in experimental studies to extract important device parameters: (1) nkg from the
ON state (beyond threshold) by modeling the device as a conventional long-channel
MOSFET, and (2) SBH from the OFF state (below threshold) where the device is treated
as a ballistic SBFET.This demands an assumption that the current ow is limited by the source
SB in OFF state whereas the channel is assumed to dominate the current ow in ON state
[75, 76]. In this chapter, we verify these assumptions for TMDC-based BGFET with
metallic top/edge-contacts using transmission theory based analytical current models,
load-line analysis of lumped-circuit model depicted in Figure 3.1(c), and self-consistent

drift-diffusion simulations.

3.1.1 Analytical formalism for source and channel current in long-channel BGFET

The lumped-circuit model allows independent analysis of current ow in the source,
channel, and drain regions [77]. Here, the source and drain junctions are modeled as bal-
listic SBFETs with source (drain) being the reverse-biased (RB) (forward-biased (FB)) and
the channel region is modelled as a MOSFET. Our approach of calculating the current
bottleneck in a long-channel BGFET is based on calculating the allowed device current
(Ip) and applied potential drop across the source SB contact (Vsg) using analytical cur-
rent models for the source SBFET and channel MOSFET. We then use the calculated cur-

rents to perform load-line (current continuity) analysis on the simpli ed lumped-circuit
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Figure 3.1: Modeling of long-channel BGFETs. (a) A typical long-channel n-type mono-
layer BGFET with global back gating of both channel and contact regions. (b) Energy
band diagram along the channel (Lcy) highlighting the electron SB (f g) at the source-
drain contacts. The source SB is reverse-biased while the drain SB is forward-biased
by the applied Vps. (c) Lumped-circuit model for a long-channel BGFET with the
source/drain contacts modeled as ballistic SBFETs and channel region modeled as a
conventional MOSFET. Conventionally, the source SBFET is assumed to dominate in the
OFF state and channel MOSFET is assumed to dominate in the ON state.
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