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Figure 1-1

Figure 1-2

Figure 1-3

LIST OF FIGURES

Comparisons of electrical mobility (a) and strain limit (b)
between various semiconductors. Graphene and TMDs have
comparable or higher mobility to single-crystalline silicon. In
addition, 2D materials have much higher strain limit than bulk
materials and are promising for flexible electronic applications.?
Reprinted by permission from Macmillan Publishers Ltd: Nature
Communications 5, 5678 (2014)

(@) MoS; crystal (collection of The Natural History Museum of
Los Angeles County) (b) A scheme of TMD layered structure.
Each TMD layer is around 6 — 7 A thick.* (c) Polytypes of
TMDs.?” 2H, 3R and 1T lattice of TMD, from left to right,
respectively. (d) The graphical depiction of d-orbitals in
TMDs.>®® 2H TMD gives primarily semiconducting nature
because of the completely filled dz* and empty dy, and di’.
orbitals; the 1T form is metallic because of the partially filled tyq
band (dyy, Ox; dy;). (b) Reprinted with permission from
Radisavljevic et al.,, Single-Layer MoS, Transistors. Nat.
Nanotechnol. 2011, 6, 147-150. Copyright 2011 Nature
Publishing Group. (c) Reprinted with permission from Wang et
al., Electronics and Optoelectronics of Two-Dimensional
Transition Metal Dichalcogenides. Nat. Nanotechnol. 2012, 7,
699-712. Copyright 2012 Nature Publishing Group. (d)
Reprinted with permission from Schmidt, H.; Giustiniano, F.;
Eda, G., Electronic transport properties of transition metal
dichalcogenide field-effect devices: surface and interface effects.
Chem. Soc. Rev. 2015, 44, 7715-7736. Copyright 2015 Royal
Society of Chemistry.

Energy dipersion versus wavevector of MoS,. The E-k diagram
of bulk, 4-layer, bilayer and monolayer MoS, (from left to right).
The dashed line indicates the energy of of the band maximum at
K point. The red and blue lines represent the conduction band
and valence band, respectively. The solid arrows indicate the
lowest energy transition. The direct (vertical) energy transition
between conduction and valence band, i.e. direct bandgap, is
only observed in monolayer MoS,.>* Reprinted with permission
from Splendiani et al., Emerging Photoluminescence in
Monolayer MoS,. Nano Lett. 2010, 10, 1271-1275. Copyright
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Figure 1-4

Figure 1-5

Figure 1-6

Figure 1-7

2010 American Chemical Society.

Lattice phonon properties of TMDs. (a) Two phonon vibrational
modes in MX; layers. (b) The thickness-dependent Raman
spectra of Mo0S,.>° (c) Summary of thickness-dependent
evolution of the peak position and the peak separation of
Mo0S,.%® Reprinted with permission from Lee et al., Anomalous
Lattice Vibrations of Single- and Few-Layer MoS;. ACS Nano
2010, 4, 2695-2700. Copyright 2010 American Chemical
Society.

Mechanically exfoliated single- and multilayer MoS; films on
Si/SiO,. Optical microscope images of single-layer (1L), bilayer
(2L), trilayer (3L), and quadrilayer (4L) MoS; films (A-D).
Panels E-H show the corresponding AFM images of the 1L
(thickness: = 0.8 nm), 2L (thickness: =~1.5 nm), 3L (thickness: =
2.1 nm), and 4L (thickness: ~ 2.9 nm) MoS; films shown in (A—
D).% Reprinted with permission from Li et al., Fabrication of
Single- and Multilayer MoS; Film-Based Field-Effect
Transistors for Sensing NO at Room Temperature. Small 2012,
8, 63-67. Copyright 2012 John Wiley & Sons.

Schematic description of the main liquid exfoliation
mechanisms.”™ (A) lon intercalation. lons (yellow spheres) are
intercalated between the layers in a liquid environment, swelling
the crystal and weakening the interlayer attraction. Then,
agitation (such as shear, ultrasonication, or thermal) can
completely separate the layers, resulting in an exfoliated
dispersion. (B) lon exchange. (C) Sonication-assisted
exfoliation. The layered crystal is sonicated in a solvent,
resulting in exfoliation and nanosheet formation. Reprinted with
permission from Nicolosi et al., Liquid Exfoliation of Layered
Materials. Science 2013, 340. Copyright 2013 The American
Association for the Advancement of Science.

Summary of primary growth techniques for the formation of
monolayers of transition metal dichalcogenides.'® These
methods include chemical vapor deposition, powder
vaporization, metal transformation, chemical vapor transport,
chemical exfoliation, pulsed laser deposition, molecular beam
epitaxy, spray pyrolysis, and electrochemical synthesis.
Reprinted with permission from Das et al., Beyond Graphene:
Progress in Novel Two-Dimensional Materials and van der
Waals Solids. Annual Review of Materials Research 2015, 45, 1-
27. Copyright 2015 Annual Reviews.
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Figure 1-8

Figure 1-9

Figure 1-10

Figure 1-11

Figure 1-12

Figure 1-13

Ternary phase diagram of Mo-O-S system.'® Reprinted with
permission from Feldman et al., High-Rate, Gas-Phase Growth
of MoS, Nested Inorganic Fullerenes and Nanotubes. Science
1995, 267, 222-225. Copyright 1995 The American Association
for the Advancement of Science.

Optical image of MoS;, film showing the coalescence of
individual triangular grains into a continuous film using CVD
growth,

(@ An optical image of a fabricated MoS, FET. (b) A
representative Raman spectrum of trilayer MoS, synthesized by
direct sulfurization of Mo film. (c) The cross-sectional TEM
image of Au/Ti/MoS,/SiO, stacking from MoS, FET device.
The TEM sample was prepared using focused ion-beam (FIB)
(d)-(e) Enlarged TEM images under bright and dark field trilayer
MoS, sample. A trilayer structure is clearly shown.

(@) A photography of as-grown MoS, on SiO,/Si substrates
grown with Mo seed layer of 20, 15, 10, 7, 5, 2, and 0.3 nm,
respectively (from left to right). (b—e) TEM characterizations of
MoS; grown with (b) 10 nm Mo, (c) 4 nm Mo, (d) 1 nm Mo, and
(e) 0.3 nm Mo."® Reprinted with permission from Jung et al.,
Metal Seed Layer Thickness-Induced Transition From Vertical
to Horizontal Growth of MoS;, and WS,. Nano Lett. 2014, 14,
6842-6849. Copyright 2014 American Chemical Society.

PL properties of WSxSep.2g and MoSxSep.ag. % (a) The
evolution of PL peak of MoS,,Se@-2y) from pure MoS; to pure
MoSe;. (b) The evolution of PL peak of WS,,Se-2x) from pure
WS, to pure WSe;,. (c) The optical band gap of MoSj,Se(.2x)
measured from PL peak position. The band gap decreases as S
content decreases. (d) The transition of electrical transport
behaviors from n-type WS, to p-type WSe; transistors. (a) and
(c): Reprinted with permission from Li et al., Growth of Alloy
MoS,.Sezx) Nanosheets with  Fully Tunable Chemical
Compositions and Optical Properties. J. Am. Chem. Soc. 2014,
136, 3756-3759. Copyright 2014 American Chemical Society.
(b) and (d): Reprinted with permission from Duan et al.,
Synthesis of WS,,Se, »x Alloy Nanosheets with Composition-
Tunable Electronic Properties. Nano Lett. 2016, 16, 264-269.
Copyright 2016 American Chemical Society.

The comparative mechanisms of classical substitutional doping
and surface charge transfer doping of semiconductors.’®
Reprinted with permission from Ristein, J., Surface Transfer
Doping of Semiconductors. Science 2006, 313, 1057-1058.

Xi

24

25

27

28

30

33



Figure 1-14

Figure 1-15

Figure 1-16

Figure 1-17

Copyright 2006 The American Association for the Advancement
of Science.

Standard reduction potentials of chemicals used for charge-
transfer doping of TMDs and the energy level of the valence and
conduction band edges of monolayer MoS,.* BV, benzyl
viologen; NADH, nicotinamide adenine dinucleotide; TCNQ,
7,7,8,8-tetracyanoquinodimethane; F,TCNQ, 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane. Reprinted with permission
from Schmidt et al., Electronic transport properties of transition
metal dichalcogenide field-effect devices: surface and interface
effects. Chem. Soc. Rev. 2015, 44, 7715-7736. Copyright 2015
The Royal Society of Chemistry.

Doping mechanisms by which dimeric n-dopants (D) can react
with acceptors (A).}" Reprinted with permission from Zhang et
al., n-Dopants Based on Dimers of Benzimidazoline Radicals:
Structures and Mechanism of Redox Reactions. Chem. Eur. J.
2015, 21, 10878-10885. Copyright 2015 John Wiley & Sons.

Chemical doping of graphene using redox molecules. The carrier
concentration in the material is changed due to the electron
transfer between dopants and graphene. Extra electron filling
above conduction band of graphene after n-doping with electron-
donating molecules, untreated graphene (middle) and decreased
number of electrons in valence band after p-doping with
electron-accepting molecules (right) are shown.'” Schematic
representation of n- and p-doping of graphene by 1, (in
equilibrium with 1, 10 min dip) and 2 (overnight dip), with
associated energy levels. IP, EA and WF (¢) values were
estimated from electrochemical and UPS data. The pristine
graphene ¢ depended on the batch (4.1 eV for the sample before
n-doping and 3.9 eV before p-doping). After treatment, the ¢ is
affected by electron transfer (ET) between dopant and graphene,
shifting the Fermi level (E) relative to the Dirac point (Ep), and
the induced surface dipoles (SD) from the resulting charges,
which change the local vacuum level (VL). Reprinted with
permission from Paniagua et al., Production of heavily n- and p-
doped CVD graphene with solution-processed redox-active
metal-organic species. Mater. Horiz. 2014, 1, 111-115.
Copyright 2014 The Royal Society of Chemistry.

Brillouin zone of MX,. Under symmetrical strain, M’ is reduced
to M and the irreducible path is TKML. TKMLM’L enclosure
represents the asymmetrical strain conditions.
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Figure 1-18

Figure 1-19

Figure 1-20

Figure 1-21

(@) Strain dependence of band gap energies of 1L-MoS,
(a=3.160 A). The representative band structures for the (b)
compressive and (c), (d) tensile stresses are displayed,
respectively. Inset indicates the hexagonal structure consisting of
Mo (red/gray balls) and S (yellow/light gray balls) from the top
views.'*®® Reprinted with permission from Yun et al., Thickness
and strain effects on electronic structures of transition metal
dichalcogenides: 2H-MX, semiconductors (M = Mo, W; X = S,
Se, Te). Phys. Rev. B 2012, 85, 033305. Copyright 2012
American Physical Society.

Band gap of monolayer TMDs with respect to strain, &, which
varies from 0 to 10%. Strain is applied to the optimized
structures (¢ = 0) through various approaches, such as uniaxial
expansion in x-direction (xx), y-direction (yy), homogeneous
expansion in both x- and y-directions (xx+yy), expansion in x-
direction and compression in y-direction (xx-yy), and
compression in x-direction and expansion in y-direction (yy—xx)
with same magnitude of strain. The first three strain profiles
correspond to tensile strain, while the latter two represent pure
shear strain. The top (left, middle, and right) panels of Figure 2
depict the graphs corresponding to MoX, (WX;), while the
bottom panels show the same for MS,, MSe,, and MTe,,
respectively, where M denotes Mo or W. Reprinted with
permission from Johari et al., Tuning the Electronic Properties of
Semiconducting Transition Metal Dichalcogenides by Applying
Mechanical Strains. ACS Nano 2012, 6, 5449-5456. Copyright
2012 American Chemical Society.

Absorbance and PL spectrum for a bilayer MoS, sample under
tensile strain. (a) Absorption (left panel) and PL (right panel)
spectrum of a monolayer MoS, sample under tensile strains up
to 0.52% along the zigzag direction. The dashed blue and red
lines are guide to the eye of the redshift of the peaks. Strain
dependence of the A and B peak energies determined from
absorption and of the A and | peak energies determined from PL
is summarized in (b) and (c), respectively.'*® Reprinted with
permission from He et al., Experimental Demonstration of
Continuous Electronic Structure Tuning via Strain in Atomically
Thin MoS,. Nano Lett. 2013, 13, 2931-2936. Copyright 2013
American Chemical Society.

Photoluminescence property of trilayer MoS, under compressive
strain.'® (a) PL spectra of the MoS, under various strains. (b) PL
peak energy as a function of compressive strain. The inset shows
PL spectra of the sample under 0.0% and 0.2% strain. Reprinted
with permission from Hui et al., Exceptional Tunability of Band
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Figure 1-22

Figure 1-23

Figure 1-24

Figure 1-25

Figure 1-26

Energy in a Compressively Strained Trilayer MoS, Sheet. ACS
Nano 2013, 7, 7126-7131. Copyright 2013 American Chemical
Society.

Strain-induced Raman shifts in M0S,.**® Position of the (a) Ay
and (b) Elgg Raman peaks from monolayer (open circles) and
few-layer (filled squares) MoS,. Dashed lines are linear fits to
the data discussed in the text. Error bars indicate the
spectrometer resolution. Reprinted with permission from Rice et
al., Raman-scattering measurements and first-principles
calculations of strain-induced phonon shifts in monolayer MoS,.
Phys. Rev. B 2013, 87, 081307. Copyright 2013 American
Physical Society.

Strain-induced band gap tuning in mono and few-layer MoS;
flakes and modulation of the device resistance due to mechanical
deformation of the MoS, membrane. (a) Measurements and the
corresponding simulation results for a monolayer MoS,;
indicating a reduction of the band gap OEy/0O¢ with a rate of —73
meV/%. (b) Bilayer MoS, with [0Ey/0¢| = —120 meV/% and (c)
trilayer MoS, with |0Ey/0¢| = —21 meV/%. (d) Extracted rate of
band gap change |0Ey/O¢| and piezoresistive gauge factor for six
monolayers, three bilayers, and three trilayers.”® Reprinted with
permission from Manzeli et al., Piezoresistivity and Strain-
induced Band Gap Tuning in Atomically Thin MoS,. Nano Lett.
2015, 15, 5330-5335. Copyright 2015 American Chemical
Society.

A representative scheme of ISFET. The gate of the MOFET
serves as the active sensing surface of the ISFET sensors and is
immersed in the electrolyte. When the charged species attach to
the sensing surface, the change of the surface potential will
change the gate voltage to the MOSFET, which generates the
sensing signal.

A schematic structure of EGFET. The extended gate (i.e. the
active sensing surface) is separated from a MOSFET (i.e. a
readout transducer) with electrical interconnection and is
immersed in the electrolyte, while the MOSFET is operated in a
dry environment. The change of surface potential due to the
attachment of charged species onto the sensing chip (extended
gap) is transmitted to the MOSFET.

Protonation and deprotonation of surface hydroxyl groups of a
pH sensor. The —OH groups will be protonated to become
—-OH,", and the surface becomes positively charged when
decreasing the pH of the electrolyte. The —OH groups will be
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Figure 1-27

Figure 1-28

Figure 1-29

Figure 1-30

deprotonated to become —O", and the surface becomes negatively
charged when increasing the pH of the electrolyte.

The scheme and the results of MoS, sensor in response to
different chemical vapors. (a) A single monolayer of MoS; is
supported on a SiO,/Si substrate and contacted with Au contact
pads. Transient physisorption of molecules induces temporary
changes in the conductivity of the monolayer channel. (b) An
optical image of the processed devices showing the monolayer
MoS, flakes electrically contacted by multiple Au leads. (c)
Histogram of MoS, and CNT-network sensor responses to
various analytes. A qualitative summary of the response of the
sensors to the analytes tested. The responses are broadly
categorized as high, low, or null. The MoS, sensor exhibits a
much higher selectivity and a complementary response to the
CNT-network sensor. The analytes from left to right are
triethylamine (TEA), tetrahydrofuran (THF), acetone, methanol,
nitrotoluene  (NT), 1,5-dichloropentane (DCP), and 1,4-
dichlorobenzene (DCB). Ball-and-stick models of the analyte
molecules are shown, in which nitrogen atoms are blue, oxygen
atoms are red, carbon atoms are black, chlorine atoms are green,
and hydrogen atoms are light gray.”” Reprinted with permission
from Perkins et al., Chemical Vapor Sensing with Monolayer
MoS;. Nano Lett. 2013, 13, 668-673. Copyright 2013 American
Chemical Society.

MoS,-based FET biochemical sensor for pH and streptavidin
detection. The structure of MoS2 FET sensor is shown in the
middle panel. HfO, top-dielectric was deposited on MoS;
channel as sensing surface. For pH sensing, HfO, is used as
sensing surface (right panel). For biotin-streptavidin sensing, the
N-hydroxysulfosuccinimide (sulfo-NHS)-biotin was
immobilized onto silane-modified HfO, sensing surface.
Reprinted with permission from Sarkar et al., MoS, Field-Effect
Transistor for Next-Generation Label-Free Biosensors. ACS
Nano 2014, 8, 3992-4003.® Copyright 2014 American
Chemical Society.

Schematic illustration of the Fluorimetric DNA Assay using
MoS;. Reprinted with permission from Zhu et al., Single-Layer
MoS,-Based Nanoprobes for Homogeneous Detection of
Biomolecules. J. Am. Chem. Soc. 2013, 135, 5998-6001.%°
Copyright 2013 American Chemical Society.

Graphical representations of various modes of MoS;
functionalization with small molecules. The attachment using S-
atom vacancies filling (left) and metal-sulfur dative bonds
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Figure 1-31

Figure 2-1

Figure 2-2

formation (right). Reprinted with permission from Chen et al.,
Functionalization of Two-Dimensional  Transition-Metal
Dichalcogenides. Adv. Mater. 2016, 28, 5738-5746.%°® Copyright
2016 John Wiley and Sons.

Some organic compounds for the functionalization of TMDs.
Reprinted with permission from Chen et al., Functionalization of
Two-Dimensional Transition-Metal Dichalcogenides. Adv.
Mater. 2016, 28, 5738-5746.?%® Copyright 2016 John Wiley and
Sons.

(@) Schematics of a back-gated trilayer MoS; transistor. The
drain-source voltage Vs is applied to the Ti/Au contacts on top
of MoS,. The back-gate voltage Vig is applied to the highly
doped Si wafer (resistivity: 0.001-0.01 Qcm). (b) Optical image
of the MoS; transistor. (c) Drain current Iy through the MoS,
channel as a function of the applied back-gate voltage Vg
(transfer curve) at constant drain-source voltage Vgs = 1V for two
different channel widths (50 um and 13 pm). The channel length
is 100 um. The maximum currents are limited by extrinsic
resistance associated with the contacts; the intrinsic mobility
after subtracting these contributions is around ~7 cm?Vs™. (d)
Output curves g vs. Vg at different back-gate voltages V. (€)
Molecules used in this study. N1, N2 are n-dopants, P1 is a p-
dopant. The cation 2-Fc-DMBI™ is also shown and is the
expected product of doping with both N1 and N2; in the case of
N2/MoS; doping, the fate of the H atom is unknown. Treatment
with P1 is expected to form neutral tri(4-bromophenyl)amine
and leave ShClg anions on the surface.

(a) Representative transfer characteristics of a MoS, FET before
and after doping with N1. Treating the transistor with N1 shifts
the threshold voltage Vi, to more negative values, indicating n-
doping (arrow). The drain current Iq4 at a given back-gate voltage
Vg is increased by one order of magnitude. (b) In contrast, the
P1 treatment shifts the transfer curves to more positive gate
values and decreases the overall current. (c) Effects of different
n-dopants (N1, N2) and p-dopants (P1) on the threshold voltage
Vin. Several transistors were measured in each case. Threshold
voltage shifts AVy, are shown relative to the pristine sample (i.e.
Vin, prisine = 0 V). Dark bars show the mean AVy, values after a
short dip, whereas light bars represent a 10 min treatment. Error
bars indicate the standard deviation from averaging the results
obtained with different devices. (d) Effect of molecular surface
doping on the band structure of an n-type semiconductor. In the
pristine case (center), Er is closer to the conduction band (CB)
than to the valence band (VB). The work function of the pristine
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Figure 2-3

Figure 2-4

Figure 2-5

Figure 2-6

material ¢ (center), which is the difference between the vacuum
level E,sc and the Fermi level Ef, decreases upon treatment with
an n-dopant (left) and increases for the p-dopant (right). The
total ¢ change consists of two different contributions. Firstly,
filling (emptying) of semiconductor states (A ¢s¢) due to electron
transfer between the n-(p-)dopants and the channel shifts the
Fermi level Er relative to the valence band maximum Eygwm.
Secondly, the negatively (positively) charged semiconductor and
the positively (negatively) charged dopant ions result in a
surface dipole that leads to a shift in the local vacuum level E 4
across the surface (A ¢sp).

UPS and XPS spectra of MoS; before and after treatment with
N1 (a-d) and P1 (e-h). In a-h, the bottom curves (‘“bare”) are the
pristine MoS, spectra, middle curves (“dip”) are for samples
following a short dip in 2.5 mM (N1) or 5 mM (N2 and P1)
dopant solution, and the top curves (“10 min”) are obtained
following a 10 min treatment in the same solution. (a, e)
Secondary electron edge shifts (SEE) of MoS, after various
treatment times. (b, f) Low binding energy region (near the
Fermi energy Er = 0 eV). The onset of ionization of filled states
relative to zero binding energy is used to track the shifts of Er
relative to VBM. (c, g) XPS core level spectra of Mo 3d. (d, h)
XPS core level ionizations characteristic of N1 (Fe 2p) and P1
treatment (Cl 2p), respectively. (i) Summary of total work
function shifts A¢ (black squares) and the contribution to the WF
change from state filling/emptying A¢gsr (red circles) for different
dopants and treatment times, shown relative to the pristine value
(energy = 0 eV, dashed line). The contribution from the surface
dipole is the difference Agsp = Ag — Agsk.

(a) Raman spectra of trilayer MoS, before and after different
treatments with N1. The peak separation is Ajg-Eaq" =~ 23.5 cm™,
confirming that the MoS; film consists of three layers.*® 2°" (b-d)
Ex' and A;y peak position shifts upon doping with different
compounds.

Full width at half maximum (FWHM) of A;; and Ea,' peaks
before and after successive dopants treatment. Ay, peak
broadening is observed after n-doping of MoS;, with N1 causing
a stronger effect than N2. The Ezgl peak width is barely affected.
After P1 treatment, both peaks become slightly narrower.

The redox potentials of dopants used in this study. On reaction
with  WSe,;, P1 is expected to form neutral tris(4-
bromophenyl)amine and leave (SbClg) anions on the surface,
P2 is expected to form the corresponding [Ni(mnt)2]*~ dianion,
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Figure 2-7

Figure 2-8

Figure 2-9

Figure 2-10

Figure 2-11

which may or not be accompanied by (NBus)" cations on the
surface (see discussion in the SI), and N1 is expected to form
monomeric (RhCp*Cp)".

UPS spectra of WSe, before and after treatment with P1, P2 and
N1 (5 x 10° and 2.5 x 10 M p- and n-dopant solutions,
respectively). In (a) the subsequent treatments from top to
bottom are pristine WSe; spectra, dip, 1 min dip, 10 minand 1 h
dipping using P1. The values given in the left and right panels
correspond to the WFs and to the position of the Fermi level
relative to the VBM. (b) Summary of total WF shifts, A¢
(squares), and the contribution to the WF change from state
emptying/ filling Adsg (circles) for different dopants and
treatment times, shown relative to the pristine value (energy = 0
eV, dashed line). The contribution to the WF shift from the
surface dipole is given by Adsp = Ap — Adsk.

(@) XPS core-level W 4f spectra before and after doping with P1
(the pair of peaks at higher binding energy are attributed to the
presence of WOy). XPS core-level peaks indicating the presence
of doping products on WSe,: (b) Cl 2p from the anion of P1
“Magic Blue”, (c) Ni 2p attributed to [Ni(mnt),]" (n = 1 and/or
2) anions from P2 and (d) Rh 3d from N1, attributed primarily to
the (RhCp*Cp)" cation, with the low-BE shoulders likely
attributable to unreacted (RhCp*Cp),.}"***

Raman spectra of trilayer WSe, used in this research. (a)
Deconvolution of the overlapping Ezg" and Aqq peaks in WSe,.
(b)-(d) Summary of Ezgl and Agq peak position shifts upon
doping with P1, P2 and N1 dopants, respectively.

Representative 14-Vy,g characteristics of WSe, transistors treated
with (a) P1 and (b) P2 dopants. After treatment with p-dopants,
the transfer curves shift to the more positive bias side, indicating
p-doping. The doping strength can be controlled by the treatment
time. (c) The evolution of the change of Vi (AVy,) after p-
doping. P1 dopant is more effective than P2 and can shift Vi, up
to 80 V after 10 min treatment. (d) The evolution of I, (i.e. off
state current) of treated WSe, devices.

Summary of WSe, devices treated with N1 n-dopants. Two
types of source and drain contacts were deposited to investigate
the impact of contact metals on the n-doping efficiency: Au (100
nm thick) or Ti/Au stacking (30 nm/70 nm thick).
Representative I4-Vpg characteristics of WSe; transistors treated
with N1 with (a) Au contacts and (b) Ti/Au contacts. (c) The
evolution of the change of Vi, (AVy) after n-doping using N1
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Figure 3-1

Figure 3-2

Figure 3-3

Figure 3-4

Figure 3-5

dopants solution. The Ti/Au devices show a larger response ton-
doping and the shift of the Vy, is up to -200 V after 14 h
treatment. (d) The evolution of I, of treated WSe, devices,
relative to pristine case Imino, Using two types of metal contacts.

Fabrication of flexible MoS; field-effect transistors using a
device transfer technique. (a) MoS; field-effect transistors are
fabricated on a SiO,/Si wafer and coated with a layer of PMMA.
(b) The SiO; layer is chemically etched in a BOE bath to release
the devices from the substrate. (c) Floating devices are held
together by the PMMA layer and are transferred from a DI water
bath onto a new substrate, which, in principle, can be any water-
stable material. A flexible PET substrate with a conductive ITO
back-gate electrode and ALD-grown Al,O3 dielectric is chosen
here (d). (¢) The PMMA layer is then removed in an acetone
bath.

The schematic description of the bending of MoS; devices.

Optical images of as-fabricated and flexible MoS; devices. (a) A
top view optical image of MoS, FETs after fabrication on a
SiO,/Si wafer. (b) A typical transistor with 100 pm MoS;
channel length from the die in (a). (c) The released MoS; FETs
held with the PMMA layer floating on water (the inset shows
higher magnification of the same floating sample). (d) A flexible
transistor on the Al,Os/ITO/PET substrate with probes touching
the source and drain contacts during electrical measurements. (e)
Flexible MoS, FETSs on a transparent and flexible PET substrate
covered with an ITO back-gate electrode and an 80 nm Al,O3
dielectric layer.

Drain current (l4) as a function of applied back-gate voltage (Vi)
of a MoS; FET before and after transfer to a new SiO,/Si
substrate on (a) linear and (b) semi-logarithmic scale at a
constant drain-source voltage of Vg4 = 10 V. (c) Threshold
voltage (Vi left axis) extracted from forward (closed circles) and
backward sweeping (open circles), and Inax/lmin ratio of 7
measured FET devices (right axis, squares).

Transistor behavior of MoS, FETs transferred to flexible
PET/ITO/AI;O3 (80 nm) substrate. (a) Drain current (l4) flowing
through the MoS, channel as a function of the applied back-gate
voltage (Vhg) on a linear (right vertical axis) and semi-
logarithmic scale (left vertical axis) at a constant drain-source
voltage of Vg4 = 10 V. (b) Drain current (lg) as a function of
drain voltage (Vq) at different applied back-gate voltage ranging
between 0 V and 26.25 V. (c) Threshold voltage (Vi) extracted

XiX

113

114

115

117

119



Figure 3-6

Figure 3-7

Figure 3-8

from forward (solid circles) and backward sweeping (open
circles), and Iax/Imin ratio of 7 measured FET devices (squares).
Dashed lines represent the average Vi, and Imax/Imin Values of 7
devices.

The 14-Vgs characteristics of MoS;, FETSs transferred to a (a) new
Si0O,/Si substrate and (b) flexible Al,O3/ITO/PET substrate. The
response of channel conductance increase is observed for both
types of devices.

(a) Drain current (lq) as a function of applied back-gate voltage
(Vpg) Of an as-fabricated MoS, FET (W/L = 13um/100um) on a
Si substrate with 265 nm thick SiO, gate dielectric, plotted on
semi-logarithmic scale (solid) and linear scale (dashed) at a
constant drain-source voltage of Vg = 10 V. All results shown
are from the backward voltage sweeps (from high to low Vyg).
(b) The I4-Vyg curves of an as-fabricated device on a SiO./Si
wafer (squares), and a transferred device on an Al,O3/ITO/PET
substrate (circles) on semi-logarithmic scale (solid symbols) and
linear scale (open symbols). Since the capacitances of both
dielectrics are not the same (265 nm SiO; vs. 80 nm Al,03), the
samples require different gate voltage to achieve the same drain
current. Therefore, the horizontal axis is normalized by their
capacitance ratio: Capos, 80 nm/Csioz, 26s nm ~6.6 for a better
comparison. (c) A representative flexible MoS, FET on the
Al,O3/ITO/PET substrate measured after 20, 60 and 80 bending
cycles in vacuum (~10" Torr). All curves align well on top of
each other. (d) The threshold voltage (Vi) evolution of flexible
MoS; FETs as a function of total bending cycles. The error bars
represent the results obtained with different devices. The
observed device-to-device variations are small. No significant
change of Vy, is seen even after 180 bending cycles. The samples
were bent around surfaces with different curvature (bending
radii r = 7 (square), 2.5 (circle) and 0.9 cm (triangle), which
correspond to strain ¢ = ~0.07, ~0.2 and ~0.54%, respectively).
All devices were measured sequentially in the flat state after a
given number of bending cycles.

(@) A representative transfer curve (Ig-Vpg) of a flexible MoS;
transistor measured in the flat state (solid line) and the stretched
state (dashed line; applied strain ¢ = 0.07%). A shift of the
transfer curve is observed under strain. Several devices were
measured with all showing similar behavior. (b) Output
characteristic (I4-Vys) of the same device at different back gate
voltages Vpg 0n a semi-log scale. (W/L = 13um/100pm)
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Figure 3-9

Figure 3-10

Figure 4-1

Figure 4-2

(@) Optical reflection spectra of trilayer MoS, under different
applied strain. The position of the reflection minimum shifts to
higher wavelength with increasing strain, as indicated by the
arrows. The spectra are shown vertically offset for clarity. (b)
Band gap Eg vs. applied strain Ae, estimated from the minimum
position in (a). The band gap linearly decreases with increasing
strain. The slope is -0.3eV/% strain, in agreement with previous
reports on exfoliated MoS,.

The change of the Fermi level relative to the conduction band
edge (Agn) and the gauge factor (GF) were estimated from
electrical measurements. (a) The plots of strain dependence of
Agn at different back gate voltages. The right vertical axis is
scaled to Ag, per percent strain applied. (b) The relationship
between Ag, and Vyg of a representative device. (c) The plots of
the strain dependence of -(4/)/1 at different back gate voltages.
The slope of the linear fit in (c) is the gauge factor (GF) by
definition. (d) The relationship between GF and Vyg4 of the same
device as shown in (b). Similar back gate dependence is observed
for both (b) and (d), while both (a) and (c) show a linear
relationship with increasing strain. Solid bands in (b) and (d) are
guides to the eye.

(@) A schematic of a gold-coated graphene FET, which acts as
both the sensing surface and the readout transducer. (b) Transfer
curves of a graphene sensor, coated with Al,O; and gold,
measured vs. voltage applied to the reference electrode Vi In
different pH solutions. (c) Sensor response to pH for bare
graphene (black squares), coated with Al,O3; only (blue
triangles); and with Al,O3 plus gold (red circles). The response
of the gold-coated sample is smaller than that of alumina
because much less surface hydroxyl (-OH) groups are available
that can interact with protons. In the case of the bare graphene, a
very small amount of hydroxyl groups exists at defect sites,
leading to a small pH response. The intrinsic response of ideal
graphene is zero since no binding sites are available for protons.

pH sensing with two different extended gate readout
configurations. The sensing surface is the same in both cases, i.e.
100 nm thick gold strips evaporated on a Si/SiO; substrate. (a)
Here, a commercial MOSFET is used to convert potential
changes to current changes. The extended gate gold surface is
connected to the gate terminal of the transistor. (b) The transistor
drain current lg is measured vs. Vi in different pH buffer
solutions. A shift of the transfer curve to the right is observed
with increasing pH. This shift is the pH response of the sensor
and is plotted in (c) for two different measurements. (d) The
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Figure 4-3

Figure 4-4

Figure 4-5

potential changes at the gold surface can also be directly
monitored by a voltmeter. (e) The measured voltage is shown vs.
time for different pH values. (f) The resulting pH response is
very similar to the data presented in (c).

Study of the BSA/anti-BSA interaction using a gold-coated
graphene sensor (a-b) and an extended gate MOSFET sensor (c-
d). The interaction is sketched in the inset of part (a). The
protein BSA is immobilized on the gold surface of both sensors.
The BSA-coated surface is then exposed to different
concentrations of BSA antibody in 10 mM PBS buffer (pH=7.4).
(a, ¢) For both sensors, a shift of the transfer curve to the right is
observed, because anti-BSA is negatively charged at pH=7.4
(the isoelectric point is ~4.8-5.2%%). (b, d) Potential changes
(AV) are shown vs. anti-BSA concentration in PBS buffer
relative to the value measured in buffer without antibodies (i.e.
AV=0 at Cui-ssa=0). Both sensor systems exhibit a similar
response, which can be fitted using Langmuir adsorption model
(dashed lines). The dissociation constant Kp can be estimated
from these fits. The values are in good agreement with the SPR
data (~4.4 0.2 nM, Figure S1). Insets in (b) and (d) show the
data on a semi-log scale (solid symbols), as well as the results
obtained with control samples (open circles). The control
samples did not have BSA immobilized on the gold surface. The
control measurements do not show a clear trend, suggesting that
the non-specific binding to the gold surface is small.

Surface plasmon resonance (SPR) results, showing refractive
index units change (RU) vs. time. (a) Immobilization of BSA via
amine coupling. A 1:1 EDC:NHS mixture was used to activate
the carboxyl groups of the mercaptohexadecanoic acid (MHA)
on gold surface. A 1% BSA solution in 10 mM PBS buffer
(pH=7.4) was injected to immobilize the protein on the active
sample. Plain buffer without the protein was injected on the
control sample. Both chip surfaces were deactivated with
injection of ethanolamine-HCI (pH 8.5). (b) To demonstrate the
binding of anti-BSA, a 100 pg/ml anti-BSA solution was
injected on both samples. A clear difference between active and
control is observed, which is plotted in (c).

Fabrication of EGFET sensor. (@) Schematic of the
potentiometric sensing device, consisting of two parts: a sensor
part for signal generation and a transducer part for signal
amplification and readout. The active sensing surface is a thin
gold film (Au) evaporated on a Si/SiO, substrate. The gold film
is contact with the electrolyte and its surface potential depends
on the amount of charged molecules attached to the surface. The
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Figure 4-6

Figure 4-7

gold surface can be chemically modified to achieve specific
adsorption of certain biomolecules. To read out the potential
changes on the gold surface, a commercial MOSFET is used as
the readout transducer. The gold film acts as the so-called
“extended gate” of the MOSFET, and is electrically connected to
the gate terminal. An Ag/AgCI reference electrode is immersed
in the solution to gate the transistor through the liquid. Different
solutions are delivered to the surface using microfluidics. (b) A
typical transistor transfer curve showing that the drain current Iq
can be modulated by sweeping the voltage at the reference
electrode V. This measurement was recorded in 10 mM PBS
buffer. The same curve is shown on linear scale (left axis) and
semi-log scale (right axis). (c) Image of a disposable sensing
chip used in this study. Four 100 nm thick gold strips were e-
beam evaporated through a shadow mask. Using a liquid cell
shown in (d), two gold strips were functionalized with the
protein gE (active), and the other two were functionalized with
protein Hp (control). To read out the potential changes generated
on the sensor surface, the individual gold strips were connected
using a test clip shown in (d) to the gate of the transducer.

Evaluation of EGFET and SPR performance for anti-BHV-1
antibody detection in serum. Two gold strips were functionalized
differently and used as the active sensor (a-b) and the control (c-
d). Both surfaces were measured in the same dilutions of
antiserum. (a-b) The BHV-1 glycoprotein E (gE) was
immobilized on the active gold strip using amine coupling, and
acts as a capture antigen for anti-gE antibody present in
antiserum (inset in b). (@) The transistor curves measured with
the active gE-coated device shift to the left with increasing
serum dilution in 10 mM HPS-EP buffer. (b) The calibration
curve in different antiserum dilutions. The FET response is
defined as the voltage shift at ;=10 nA (along the arrow in (a)).
The results are in excellent agreement with surface plasmon
resonance (SPR) measurements (SAM chip, right axis). (c,d)
The control sample was coated with the protein Haptoglobin
(Hp) as a control for possible non-specific binding. (c) The Hp-
coated control does not show a clear trend with changing
antiserum dilution. (d) The observed response due to non-
specific binding is small compared to the specific response
shown in (b).

Selectivity control of EGFET and SPR sensors immobilized with
gE. (a) The active gE-coated sensor was measured in different
concentrations of the haptoglobin antibody (anti-Hp) in 10 mM
HBS-EP buffer. At higher concentrations, a small shift to more
positive values is observed, opposite to the response direction to
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Figure 4-8

Figure 4-9

Figure 4-10

Figure 4-11

anti-gk. The FET and SPR responses (CM5 chip) are compared
in (b). The results suggest high selectivity of the gE-coated
sensor toward anti-gE in solution.

Measurements of Hp-coated control sample in different anti-Hp
dilutions. (a) Transfer curves shift significantly to the right. (b)
FET (squares) and SPR (CMb5 chip, circles) response vs. anti-Hp
dilution and concentration. Both sensors show similar behavior,
suggesting that anti-Hp binds strongly to the Hp-coated surface
(inset).

Comparison of EGFET and ELISA for anti-BHV-1 antibody
detection in serum. The response of a gE-coated FET sensor
from Figure 4-6b is plotted together with IDEXX gE blocking
ELISA (1/absorbance) vs. the dilution of anti-BHV-1 antiserum.
Comparable results (sensitivity and assay linearity) were
obtained for both diagnostic platforms.

Assessment of EGFET and SAM SPR performance for anti-
BHV-1 detection in serum from BHV-1 infected animals.
Sample 1 was from a BHV-1 negative animal, whereas samples
2 and 3 originated from BHV-1 positive animals. The
measurements were performed in different dilutions of the same
3 blood samples. (a) The FET response is shown vs. the dilution
of the 3 samples. The sensor response increases in higher
dilutions, because more antibodies can bind to the surface. (b)
SPR results, obtained with the same blood samples, show very
similar behavior validating the FET response. In general, the
response to sample 2 > sample 3 > sample 1, indicating different
levels of antibodies in the serum.

Regeneration of an FET sensor. (a) The blood serum was diluted
1:100 in 10 mM HPS-EP buffer and injected on the sensor
surface. No shift was observed upon addition of sample 1.
Significant response was observed with samples 2 and 3. After
each measurement with a blood sample, the surface was
regenerated using a short injection of glycine (pH 2.0), and
flushed with HPS-EP buffer. The measurements performed in
buffer after the regeneration steps align very well on top of each
other (black lines), indicating that the sensor is reusable. This
regeneration step had been previously tested on SPR. The sensor
response in the 1:100 serum dilution is plotted in (b). The red,
blue and green arrows indicate injections of different blood
samples, while the black arrows represent a regeneration step
with glycine and buffer.
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Figure 5-1

Figure 5-2

Figure 5-3

Figure 5-4

Figure 5-5

Figure 5-6

The scheme and the optical image of the integrated FET/EIS
biosensor system. (a) The experimental setup of the integrated
system. (b) The equivalent circuit model for the impedance
spectroscopy. (c) - (d) The optical images of the biosensor chip
and the enlarged view of the Au micro-strip working electrode.

The responses of FET potentiometric and EIS impedance
biosensors to anti-BSA concentrations. (a) The shift of I4-Vyet
curve measured with FET and (b) the FET signal (surface
potential) in response to anti-BSA concentrations in linear scale
and logarithmic scale (inset). (c) Nyquist plots of impedance
spectra measured with EIS and (d) the R.; change in response to
anti-BSA concentrations in linear scale and logarithmic scale
(inset).

The values of circuit elements from the fitting of measured
impedance spectra versus different anti-BSA concentrations. (a)
The plot of R versus different anti-BSA concentrations. (b) The
plot of Cgyriace Versus different anti-BSA concentrations.

The relationship between the exponentiation of change of
surface potential (exp(agAV/kgT)) and the charge transfer
resistance (Rc), measured with potentiometric and impedemetric
biosensors, respectively. The linear relationship fits well into
Butler-Volmer equation and confirms that both potentiometric
and impedance biosensors are charge sensitive.

The sensing response of HN vs. BPIV3 using integrated
biosensor system (a) The Nyquist plot of impedance spectra after
the sensing surface exposed to different BPIV3 antibody
dilutions. (b) The relationship between exponentiation of AV and
the R¢. A linear relationship is observed and agrees with the
prediction of Butler-Volmer theory.

The comparison between EGFET biosensors using large area Au
sensing surface (black square) and Au micro-strip (red circle).
The BSA/anti-BSA sensitivities using either approach are
comparable.
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LIST OF SYMBOLS AND ABBREVIATIONS

2D Two-dimensional
AFM Atomic force microscopy
ALD Atomic layer deposition
APTES (3-Aminopropyl)triethoxysilane
BHV Bovine herpes virus
BRD Bovine respiratory disease
BSA Bovine serum albumin
CB Conduction band
CBM Conduction band minimum
CE Counter electrode
CMOS Complementary metal-oxide—semiconductor
CNT Carbon nanotube
CPE Constant phase element
CVD Chemical vapor deposition
DCM Dichloromethane
DFT Density functional theory
DIVA Differentiation of infected from vaccinated animals
DNA Deoxyribonucleic acid
EDC N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
EGFET Extended gate field-effect transistor
EIS Electrochemical impedance spectroscopy

ELISA Enzyme-linked immunosorbent assay
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FET Field-effect transistor
FWHM Full width at half maximum
gE Glycoprotein E
GF Gauge factor
GIAXRD Grazing incident angle x-ray diffraction
HN Hemagglutinin neuraminidase
Hp Haptoglobin
ISFET lon-sensitive field-effect transistor
ITO Indium tin oxide
LUMO Lowest unoccupied molecular orbital
MHA 16-Mercaptohexadecanoic acid
MOCVD Metalorganic chemical vapor deposition
MOFET Metal-oxide—semiconductor field-effect transistor
NHS N-Hydroxysuccinimide
NSB Non-specific binding
NW Nanowire
PBS Phosphate buffered saline
PDMS Polydimethylsiloxane
PECVD Plasma-enhanced chemical vapor deposition
PEIE Poly(ethylenimine) ethoxylated
PET Polyethylene terephthalate
PL Photoluminescence
PMMA Poly(methyl methacrylate)
POC Point-of-care

RE Reference electrode
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SAM
SPR
TE
TMD
UPS
uv
VBM
WE

XPS

Self-assembly monolayer

Surface plasmon resonance
Thermionic emission

Transition metal dichalcogenide
Ultraviolet photoelectron spectroscopy
Ultraviolet

Valence band maximum

Working electrode

X-ray photoelectron spectroscopy
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SUMMARY

Sensors are playing an increasingly important role in our lives because they
enable the detection of environmental changes and, therefore, initiate a response
accordingly. Sensors convert detected physical or chemical changes, for example,
motion, radiation, heat, acidity, chemicals, etc., to useful and readable signals. Field-
effect transistors (FETS), a class of semiconductor device in which the electrical current
is controlled through an applied gate voltage, are promising for many sensing
applications. Even though FETs-based sensors have been well-developed, flexible
version of such sensors remains a big challenge and requires new materials and new
sensing designs. Two-dimensional (2D) materials such as graphene and transition metal
dichalcogenides (TMDs) are promising candidates for FET-based sensors due to their
flexibility, transparency and potential for high electrical performance. Because of the
atomically thin nature of 2D materials, their electrical properties are extremely sensitive
to their atomic-scale structure as well as to their surfaces and interfaces with other
materials. Specifically, defects, dopants, attached molecules or change in the band
structure due to strain can shift the Fermi level resulting in a measured change in current.
The goal of this work is to meet the challenges faced by the 2D TMD-based electronics in
sensor applications by developing a fundamental understanding of the impact of materials
processing, structure, interfaces and surfaces on resultant electronic properties.
Furthermore, a simplified strategy for chemical and biological electrical sensors is
developed to bridge the current sensing technology to the use of next generation flexible

2D transducers.
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To improve 2D TMD-based electronics, this work demonstrates a solution-
processed molecular doping technique to control the electronic band structure and the
electrical performances of TMD-based devices. Charge transfer doping due to the
electron transfer between TMD semiconductors and the redox-active molecular dopants
is demonstrated to be a promising tool to control the carrier concentration as well as the

Fermi level of MoS, and WSe,.

Understanding the impact of external strain on the flexible devices is crucial
toward their practical application. This work investigates the electronic properties and
stability of flexible TMD FETs under mechanical strain. The interesting mechano-electric
properties of TMDs provide a new opportunity for transparent and flexible mechanical
strain sensors. Furthermore, the fundamental physics and the controllability of this strain

sensitivity are studied.

FET-based potentiometric sensors provide a promising technique for the detection
of chemical and biological species without the use of secondary bio-labels. This work
first focuses on the comparison between two commonly used potentiometric sensing
platforms — ion-sensitive field-effect transistor (ISFET) based on nano-materials, and a
similar, but simplified, extended-gate FET (EGFET) in which the sensor surface is
separated from the transducer. It is then demonstrated that the sensor sensitivity depends
on the sensing surface instead of sensor platform. As a result, the following
demonstration of biochemical sensing is based on EGFETSs. In addition, EGFETS provide
a more reliable operation and ready compatibility with any commercialized transistors

currently as well as 2D TMD-based transistors in the future. Finally, EGFET is proved a
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promising candidate for practical sensing application by a direct comparison between

EGFET potentiometric biosensors with impedimetric biosensors.

The work presented in this thesis demonstrates initial first steps toward the
sensing applications using 2D TMD semiconductors. Despite the current challenges faced
by 2D TMD-based FETs in biochemical sensing applications, the proposed EGFET
configuration provides a readily available biosensing technique for current technologies

and the future compatibility to 2D TMD-based transducers.
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CHAPTER 1. INTRODUCTION

1.1 Smart systems beyond Silicon

Modern electronics aim to provide new functionalities and to improve user
experiences. Since the initial development of integrated circuits (ICs) technologies in
early 1950s, silicon-based semiconductor devices soon replaced germanium-based
transistors developed by Kilby (2000 Nobel Prize in Physics) and have dominated the
information technology industry.*? Silicon remains the most commonly used
semiconductor material due to several main reasons: (1) Silicon is one of the most
abundant elements in Earth’s surface and therefore available for cheap acquisition. (2)
The advancement in purification of silicon and the doping techniques developed at Bell
Lab in the 1950s provides high quality materials and yield the ease of fabrication.*® (3)
Controllable oxidation of silicon to produce silicon dioxide provides a reliable dielectric
layer with high quality interface to silicon and low concentration of interfacial traps. (4)
The development of silicon technologies over the past several decades enabled highly

complex integrated circuits.

The driving force of ever increasing development of silicon technology is the
demand of the miniaturization of the chip size and the increase of computing power. As
suggested by Gordon Moore in 1965, the co-founder of Intel, based on his observation of
integrated circuit industry, Moore’s Law states that the number of transistors in a dense
integrated circuit doubles every 18 months.®” The pursuit of Moore’s law has propelled
the semiconductor industry ever since. As a result, numerous endeavors have been taken

to scale the devices and to use the space on the chip more efficiently including the



exploration of new materials, reduction of the channel length of transistors, adoption of
new chip designs, etc.*® In addition, the development of low-cost fabrication is also

important.

However, the pursuit of Moore’s law represents only one of the directions on the
semiconductor technology roadmap.'® Despite the fast and high computing power,
conventional silicon devices are rigid and planar, and are fabricated on wafers. Recently,
there has been interest in new applications for smart systems including flexible circuits,
wearable electronics, wearable sensors for health monitoring, flexible display, biomedical
devices, human-machine interfaces and other non-planar devices."**? In 2017, the global
market value for flexible electronics has reached $29.28 billion and is projected to grow
into $73.43 billion in 2027." These applications beyond conventional wafer-based silicon

electronics is a critical new direction of semiconductor technology.

Two-dimensional materials, including graphene, transition metal dichacogenides
(TMDs), etc., are promising for above new applications. These atomically thin materials
provide comparable electrical properties to conventional bulk semiconductors and can
offer extra advantages including flexibility, transparency, controllable electrical and
optical properties through layer thickness and strain engineering. " **° Therefore, this
work focuses on the modification and applications of TMDs toward next-generation

electronics.



1.2 Layout of this thesis

In this work, we first focus on two-dimensional transition metal dichalcogenides
(2D TMDs) semiconductors, which fulfill the requirements for flexible electronics
including transparency, light-weight, flexibility, stretchability, etc." **® Chapter 1
includes some fundamental background for flexible substrates and devices; the properties
and fabrication of 2D TMDs; modification of carriers in TMD semiconductors through
doping; the influence of external strain on TMDs; operation principles of chemical and
biological sensors using ion-sensitive field-effect transistors (ISFET) and extended-gate
FETs (EGFET); and, finally, a brief review of TMDs-based sensors from literature.
Similar to conventional semiconductors, techniques are required to dope 2D TMDs.
Chapter 2 demonstrates that charge transfer doping is a promising tool to tune the Fermi
level of the TMD semiconductors. Taking advantage of the flexible nature of the TMDs,
Chapter 3 explores the strain-induced mechano-electric properties of 2D TMDs. The
strain-induced Fermi level change in flexible TMDs was investigated. Next, Chapter 4
reports potentiometric chemical and biological sensors using different electrical sensing
platforms, including 2D materials-based graphene ISFET and commercial MOSFET-
based EGFET. Although 2D materials provide some additional functionality, it remains
challenging and costly to use 2D materials-based devices for practical sensing
applications in liquid phase chemical and biological detection. For example, a large gate
bias is needed to operate TMDs-based FETSs, which is incompatible with the maximum
allowable voltage to the liquid gate for biosensors. Alternatively, EGFET is a simplified
design for chemical and biological sensors and is compatible with any appropriate

transducers, including commercial MOSFET, nano-electronics and 2D materials-based



FETs in the future. Chapter 4 further presents animal disease diagnosis using EGFET-
based biosensors. To further expand the electrical label-free biosensors, an integrated
system that combines two of the most common sensing techniques, potentiometric FET-
based biosensors and electrochemical impedance spectroscopy (EIS)-based biosensor,
will be discussed in Chapter 5. The fundamental correlation between potentiometric and
impedimetric biosensors was investigated. Finally, Chapter 6 summarizes this work and
provides insight into future studies about 2D TMDs-based electronics and general

electrical biosensor applications.

1.3 Challenges for devices on flexible substrates

Flexible electronics are typically built on non-conventional substrates such as
plastics and papers, and promise more light-weighted, portable and cheaper design and
manufacturing. Unlike the highly-standardized materials and fabrication processes
developed for the silicon industry, the manufacturing of flexible electronics is limited by
the process temperature, which should not exceed the glass transition temperature of the
flexible substrates.* *"*® The maximum allowed process temperatures for several plastic

substrates are summarized in Table 1-1.*

Although polyimide (Kapton™) provides one of the best thermal tolerances in

flexible substrates, the highest available process temperature is limited to around 250°C.
As a result, the choice of alternative active materials and fabrication techniques are
crucial in order to comply with the temperature limit. In addition, the solvents,

photoresists and other chemicals used in standard CMOS fabrication are incompatible



with many flexible plastic and paper substrates, and may damage the substrate.’® In the

past several decades, different classes of semiconductor materials have been utilized in
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flexible electronics, including organic semiconductors, amorphous silicon (a-Si),

22 nano-crystalline silicon (nc-Si), metal oxide semiconductors,”” carbon nanotubes
(CNTs),2 and the emerging 2D materials.?**® Several material challenges including
electrical mobility, strain limit, and stability, are yet to be overcome. Organic
semiconductors, such as pentacene small molecules or polythiophene polymers, suffer
from low mobility and poor ambient stability. Amorphous silicon deposited using
chemical vapor deposition (CVD) generally gives carrier mobility less than 1 cm?v st
Nano-crystalline silicon films deposited by plasma-enhanced CVD (PECVD) with grain
size less than 100 nm can provide a higher mobility up to 50 cm?V"'s™ but requires higher
growth temperature.” Oxides of transition metals, for example, ZnO, have mobility
values typically range from 1 to 70 cm?V™'s™ depending on the gas phase deposition or
solution processes.” Electron mobility in single-walled CNTs has been reported to reach
10° cm?V's™ but has been deemed impractical for commercial applications because of
the difficulties associated with placing an individual CNT along the desired channel
direction and the need for expensive e-beam lithography.?® None of these aforementioned

materials provides comparable electrical properties to the state-of-the-art silicon

semiconductors.



Table 1-1 Maximum process temperatures for different plastic flexible substrates

Material Max Process Temp. (°C)
Polyimide (Kapton) 250
Polyether ether ketone (PEEK) 240
Polyethersulphone (PES) 190
Polyetherimide (PEI) 180
Polyethylene Naphthalate (PEN) 160
Polyethylene terephthalate (PET) 120

Figure 1-1 summarizes the mobility and strain limit for several reported materials
available for flexible electronics.® Two-dimensional (2D) materials including graphene
and transition metal dichalcogenides (TMDs) provides higher or comparable mobility to
single-crystal silicon and superior strain limit making them promising candidates for
flexible electronics. The classifications and properties of 2D materials will be discussed

in detail in the following sections.
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Figure 1-1 Comparisons of electrical mobility (a) and strain limit (b) between various
semiconductors. Graphene and TMDs have comparable or higher mobility to single-
crystalline silicon. In addition, 2D materials have much higher strain limit than bulk
materials and are promising for flexible electronic applications.*® Reprinted by
permission from Macmillan Publishers Ltd: Nature Communications 5, 5678 (2014)

1.4 Properties of 2D TMDs

Two-dimensional (2D) materials cover a full spectrum of functionalities including
insulators (hexagonal boron nitride, h-BN), semiconductors (TMD semiconductors:
MoS,, WSe,, WS,, etc.), semi-metals (graphene, TiSe,) and superconductors (NbSe,).2”
%3 2D materials are covalent layered crystals that are bonded by only weak van der Waal

forces between layers, and are free from out-of-plane covalent bonding.?® Due to the



weak interlayer force, 2D materials can achieve atomic layer thickness. These atomically
thin 2D layers have attracted much attention because they provide numerous unique
properties which are not achievable using bulk materials. In addition, devices using
hetero-structure by stacking different 2D materials, for example, h-BN dielectrics, MoS;
semiconductors and graphene contacts, offer many exciting applications including all-2D

flexible electronics, tunneling transistors and other vertical devices.>*>°

Graphene, one of the most prominent 2D materials, is comprised of carbon atoms
arranged in a sp® hybridized hexagonal lattice.** *” The electronic structure of graphene
can be described as a linear dispersion near the K point in the Brillouin zone with
massless Dirac fermions,®** leading to some attractive properties including ballistic
charge transport and extremely high carrier mobility up to 10,000 cm?V*s™ on Si0,,*°
and 200,000 cm?V"'s™ for suspended film.**** In addition, pristine graphene lacks a band
gap. The Fermi level of graphene can be adjusted into the conduction band or valence
band by gate biasing, which results in the ambipolar field-effect characteristics in
graphene devices.”* However, the lack of a bandgap means that graphene transistors
cannot be effectively switched off and the ratio of on-current to off-current is less than
10, which is not suitable for low-power and digital switch applications. For digital

electronic applications, it is crucial to use other 2D semiconductors beyond graphene.

Transition metal dichalcolgenides (TMDs) is another group of 2D materials. Unlike
graphene, several 2D TMDs are semiconductors with tunable bandgaps from 1 — 2 eV,
which is promising for digital devices.***” TMDs have the chemical formula MXz, where
M is a transition metal element from group IV (Ti, Hf, etc.), group V (Ta, V, etc.) of

group VI (Mo, W, etc.), and X is chalcogen (S, Se or Te). The lattice structure of the



TMDs is generally an X-M-X “sandwich” structure, where metal atoms sit in between top
and bottom hexagonally ordered chalcogen atoms, and the oxidation states of M and X
are +4 and -2, respectively. The lone-pair electrons of the chalcogen atoms self-terminate
the surfaces and eliminate dangling bonds.*® The lattice and electronic structure of TMDs
are shown in Figure 1-2. Figure 1-2(a) shows a picture of MoS; natural crystal. Figure
1-2(b) shows the schematic of TMDs and each TMD layer is around 6 — 7 A thick.*®
There are several stacking polytypes of TMDs including 1T, 2H, and 3R, where the
former digits indicate the number of layers in the stacking sequence and the latter
alphabets represent trigonal, hexagonal and rhombohedral, respectively. Figure 1-2c
depicts the polytypes of TMDs.?” The electronic structure of TMDs highly depends on
the polytypes due to the partially-filled d-orbitals of the transition metals. For example, in
group VI TMDs (M = Mo, W), the 2H form gives primarily semiconducting nature
because of the completely filled dz* and empty dy, and dy’,° orbitals; the 1T form is
metallic because of the partially filled toy band (dyy, dx., dy;) as shown in Figure 1-2(d).”
Furthermore, the band gap of 2D semiconductors is thickness dependent; for example,
monolayer MoS;, has a direct band gap of 1.8 eV while bulk MoS, has an indirect
bandgap of 1.3 eV, as shown in Figure 1-3.> This indirect-to-direct bandgap transition
results from the interaction between p-orbitals of chalcogen atoms.®? Overall, the
bandgap decreases as the number chalcogen atoms increases, i.e. increasing thickness.
This thickness-dependent electronic structure is especially attractive and useful in

electrical and optical applications.
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Figure 1-2 (a) MoS; crystal (collection of The Natural History Museum of Los Angeles
County) (b) A scheme of TMD layered structure. Each TMD layer is around 6 — 7 A
thick.”® (c) Polytypes of TMDs.?” 2H, 3R and 1T lattice of TMD, from left to right,
respectively. (d) The graphical depiction of d-orbitals in TMDs.®® 2H TMD gives
primarily semiconducting nature because of the completely filled d2* and empty dyxy and
d«’° orbitals; the 1T form is metallic because of the partially filled toq band (dyy, dxz, dyz).
(b) Reprinted with permission from Radisavljevic et al., Single-Layer MoS; Transistors.
Nat. Nanotechnol. 2011, 6, 147-150. Copyright 2011 Nature Publishing Group. (c)
Reprinted with permission from Wang et al., Electronics and Optoelectronics of Two-
Dimensional Transition Metal Dichalcogenides. Nat. Nanotechnol. 2012, 7, 699-712.
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Copyright 2012 Nature Publishing Group. (d) Reprinted with permission from Schmidt,
H.; Giustiniano, F.; Eda, G., Electronic transport properties of transition metal
dichalcogenide field-effect devices: surface and interface effects. Chem. Soc. Rev. 2015,
44, 7715-7736. Copyright 2015 Royal Society of Chemistry.
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Figure 1-3 Energy dipersion versus wavevector of MoS,. The E-k diagram of bulk, 4-
layer, bilayer and monolayer MoS; (from left to right). The dashed line indicates the
energy of of the band maximum at K point. The red and blue lines represent the
conduction band and valence band, respectively. The solid arrows indicate the lowest
energy transition. The direct (vertical) energy transition between conduction and valence
band, i.e. direct bandgap, is only observed in monolayer MoS,.>*> Reprinted with
permission from Splendiani et al., Emerging Photoluminescence in Monolayer MoS,.
Nano Lett. 2010, 10, 1271-1275. Copyright 2010 American Chemical Society.

Phonon modes corresponding to the lattice vibration of TMD crystals offer
abundant information about both intra- and inter-layer interactions. Raman spectroscopy
is a powerful tool to probe the phonon modes and investigate the thickness, film quality,

and other phonon related properties of TMD films. Two main Raman peaks correspond to
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the in-plane E*,4 phonon mode and the out-of-plane Ayy mode in MX,.>>* The schemes
of vibrational modes in MX; layers are shown in Figure 1-4(a). For MoS,, the Elzg and
Aaq peaks are located at around 383 and 406 cm™, respectively. When the layer thickness
increases, the Ayq peak stiffens (upward shift toward higher wavenumbers) and the Elzg
peak softens (downward shift toward lower wavenumbers).>>>® The separation between
the peaks has shown to be related to the thickness of the TMD layer in MoS;, WS,
WSe,, etc. The Raman spectra of MoS, with different layer thickness are shown in Figure
1-4(b) and the thickness-dependent evolution of the peak position and the peak separation
is summarized in Figure 1-4(c).> The stiffening of the Aaq peak with increasing thickness
can be explained by the hindrance of the out-of-plane vibration due to the van der Waals
force; the softening of E',y in-plane mode can be attributed to the increase of the
dielectric tensor related to the long-range Coulomb interactions.”’ Similarly, this
thickness-dependent Raman trend is also observed in WSe,, but and peaks move closer to

each other and degenerate in monolayer samples.>®°
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Figure 1-4 Lattice phonon properties of TMDs. (a) Two phonon vibrational modes in
MX, layers. (b) The thickness-dependent Raman spectra of Mo0S,.*° (c) Summary of
thickness-dependent evolution of the peak position and the peak separation of MoS,.*®
Reprinted with permission from Lee et al., Anomalous Lattice Vibrations of Single- and
Few-Layer MoS,. ACS Nano 2010, 4, 2695-2700. Copyright 2010 American Chemical
Society.

The carrier concentration in the TMD semiconductor will also affect the phonon
frequencies due to the carrier-phonon interaction. In n-type MoS, devices, the increase of
electron concentration due to gate modulation or doping will significantly soften the Ay
peak but have little impact on Elgg.60'61 This phenomenon was explained by the electron-
phonon coupling at the K point when the electrons occupy the bottom of the conduction

band.®* A similar Raman peak softening due to hole-phonon coupling was also observed
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in p-type WSe, devices.?? As a result, Raman spectroscopy can be used to quantify the

carrier concentrations in the TMD semiconductors.

Digital electronics requires transistor devices that can achieve true “1” and false
“0”, on and off state, respectively. To achieve a high ratio of the on-to-off current of the
device (lon/lofr) at room temperature, it generally requires a semiconductor material that
has > 1 eV bandgap. Theoretical studies predicted the intrinsic mobility can reach ~400
cm®V's™ at room temperature, which is moderate compared to graphene due to a larger
effective mass of the carriers.**** Among all TMDs, the most prominent examples are
molybdenum- and tungsten-based layered semiconductors, for example, MoS, and WSe;,
respectively. Field-effect transistor (FET) devices using single-layer MoS; have reported
high lon/lof ratios (~10%), moderate mobilities ( ~60 - 70 cm?V*s™) and low subthreshold
swings (74 mV/dec).* Monolayer WSe, flake-based p-type transistors also exhibited
~250 cm?V'st mobility, 10° lo/los ratio and ~60 mV subthreshold swing.®®® In
addition, theoretical simulations of TMD-based transistors predict the alleviation of
short-channel effect due to the atomic thickness.®”®® Experimental studies also suggested
the channel length of MoS,-based transistors can be scaled down to sub-10 nm using

high-k dielectrics.®

However, due to the atomically thin nature and the extremely large surface to
volume ratio of TMD semiconductors, the charge carriers in the 2D TMD channels are
poorly shielded, and are sensitive to the environment and the interfaces on both sides of
the 2D layer. The mobility of carriers is influenced by several main scattering

70-72

mechanisms: (1) phonon scattering due to temperature; (2) Coulomb scattering at

charged species; (3) phonon scattering at surfaces and interfaces; and (4) roughness
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scattering. Phonon scattering affect the carrier mobility due to more active phonon
vibrations with increasing temperature. Coulomb scattering is a result of the existence of
charged impurities in the 2D layer or the fixed charges at the 2D/dielectric interface. As a
result, the local dielectric environment plays an important role in the electronic transport
properties of 2D TMD devices. Mobility is therefore highly dependent on the thickness of
TMD thickness due to the screening of charged impurities and the resulting channel
thickness. Carrier mobility is typically higher in few-layer samples.”® Moreover, the
measurement environment also affects the charge transport if the surface of the TMD
channel is not protected. This phenomenon can be observed from the comparison of
ambient versus vacuum measurement due to the physical absorption of, for example,

water and 0,./*"

Unlike the irreversible performance degradation in organic
semiconductors due to oxidation, the physisorption is reversible and can be removed by

reinserting the samples into vacuum condition or by thermal annealing.

Although the nature of high sensitivity of 2D TMD devices to the surfaces,
interfaces and local environments can bring challenges, this also provides some new
opportunities for surface engineering and sensors. For example, the doping of 2D TMD
can be achieved using surface charge transfer doping.>® TMD-based gas sensing has also
been demonstrated by detecting absorbents on the 2D surface.”®’’ The applications using

surface sensitivity of 2D materials will be discussed in the following sections.

Finally, the design of metal-semiconductor interfaces is important for the operation
of TMD devices. Au is commonly used as source and drain contacts in MoS; devices.
Despite the fact that Au has a high work function of 5.1 eV while n-type MoS; has

electron affinity of ~ 4.0 eV, the Au-MoS; contact is suggested to be ohmic.** ™ " This
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counterintuitive observation can be explained by the very narrow Schottky barrier
between the metal and the atomically TMD film, where the carrier transport is facilitated
by tunneling.” However, it has been shown that metals with low work function, for
example, scandium and titanium, can form a more ohmic (less resistive) contact to MoS;
than those with high work function.” On the other hand, the transport behavior can be
controlled by the choice of contact metals in ambipolar WSe; because the Fermi level in
pristine WSe; is located very close to the mid-gap. High work function Pd/Au or Au
metals are commonly used for p-type transport in WSe, devices,®® while using low work
function In or Ti/Au metals are pervasive to achieve n-type transport.* Furthermore,
semiconducting interfacial layers including, TiO, and MoOy, are used to facilitate n-type

and p-type transports, respectively.*53

1.5 Synthesis of TMDs

Transition metal dichalcogenides and graphite are historically known as
tribological materials and lubricants due to their layered structures. Instead of using these
layered materials in their bulk form, Richard P. Feynman proposed another possibility of
using two-dimensional layers in his famous lecture in 1959, “There’s Plenty of Room at
the Bottom™:® Several early works have attempted to create the atomically thin MoS;
layers using adhesive tape in 1966 and Li intercalation in 1986.5% However, the true
realization of 2D materials for modern electronic and optical applications was first
32, 87

demonstrated by Manchester group using mechanical exfoliated graphene flakes.

Exfoliation of TMDs provides a convenient yet effective way to produce high-quality
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TMD nanoflakes. There are two commonly used exfoliation techniques: mechanical
exfoliation using “Scotch-tape” method and liquid exfoliation. “Scotch-tape” methods
use adhesive tape to transfer TMD layers from the bulk crystal to a desired substrate.* %
Exfoliated flakes can provide good crystallinity and quality depending on the source of
natural crystals. Typical optical and atomic force microscopy images of TMD flakes from
monolayer to 4 layers on SiO, obtained from mechanical exfoliation are shown in Figure
1-5.% However, this method is not practical for scalable manufacturing because the
difficulties to control the size, layer thickness and yield. Typically, the fabrication of
electronics with exfoliated flakes involves electron-beam lithography, which is costly and
not compatible with high throughput and reproducible manufacturing. As a result,
mechanically exfoliated TMD flakes are only suitable for fundamental researches and

proof-of-concept devices.** %% %
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Figure 1-5 Mechanically exfoliated single- and multilayer MoS; films on Si/SiO,. Optical
microscope images of single-layer (1L), bilayer (2L), trilayer (3L), and quadrilayer (4L)
MoS; films (A-D). Panels E-H show the corresponding AFM images of the 1L
(thickness: = 0.8 nm), 2L (thickness: =1.5 nm), 3L (thickness: = 2.1 nm), and 4L
(thickness: ~ 2.9 nm) MoS; films shown in (A-D).%° Reprinted with permission from Li
et al., Fabrication of Single- and Multilayer MoS, Film-Based Field-Effect Transistors
for Sensing NO at Room Temperature. Small 2012, 8, 63-67. Copyright 2012 John Wiley
& Sons.

Liquid-phase exfoliation provides a possible route for producing TMD nanoflakes
in large quantity.®®* A schematic description of main liquid exfoliation mechanisms is
shown in Figure 1-6.%! By agitating the TMD crystals in ultrasonic bath with appropriate
solvents and surfactants, the layered crystal can be exfoliated into crystalline monolayer
or few-layer flakes in the size of a few hundred nanometers and further dispersed in the
solution.®® % In addition, the bubbles produced by sonication can move in between the
layers and cause the separation of monolayers.”®* However, the yields of this method is
typically low (1% or less).** Another liquid phase exfoliation method involves the

intercalation of lithium in between TMD layers was demonstrated in 1970s, and the
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concept was recently readopted.” When lithium containing compounds, for example,
n-butyllithium, intercalate into atomic layers in aqueous environment, the vigorous
reaction between lithium and the water will produce H, and therefore separate the
layers.*”*® Liquid-phase exfoliation may provide a facile way to produce TMD flake
suspension solution, and permit additional applications including composites, catalysis,

inkjet printing, etc. However, it is not suitable for scalable electronic applications due to

the lack of uniformity.
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Figure 1-6 Schematic description of the main liquid exfoliation mechanisms.” (A) lon
intercalation. lons (yellow spheres) are intercalated between the layers in a liquid
environment, swelling the crystal and weakening the interlayer attraction. Then, agitation
(such as shear, ultrasonication, or thermal) can completely separate the layers, resulting
in an exfoliated dispersion. (B) lon exchange. (C) Sonication-assisted exfoliation. The
layered crystal is sonicated in a solvent, resulting in exfoliation and nanosheet formation.
Reprinted with permission from Nicolosi et al., Liquid Exfoliation of Layered Materials.
Science 2013, 340. Copyright 2013 The American Association for the Advancement of

Science.
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In order to achieve large scale manufacturing of TMD-based electronic devices
using state-of-the-art IC technology, it is crucial to obtain large-area TMD films with
good control in uniformity, thickness, crystal quality and scalability. Bottom-up
approaches using vapor phase techniques are promising for the synthesis of TMDs on the
desired substrates in a controllable and scalable fashion.*® To date, chemical vapor
deposition (CVD) and other similar vapor-based methods are the most successful method
to deposit both large-area graphene’® and TMDs. Most of the proposed vapor-based
synthesis processes require the TMD constituent elements (metal and sulfur/selenium) in
vapor phase reaching the substrate surface placed downstream of carrier gases at elevated
temperature. The reaction that forms MX, can occur either on the substrate or in the
vapor phase. It is important to control the flow dynamics and temperature in the synthesis
furnace to achieve scalability, uniformity and thickness control. Vapor phase synthesis of
TMDs can be categorized into two main methods based on the source of the metal
precursors: (1) deposition of MX, produced in vapor-phase reaction of metal (-
containing) gas and chalcogen (-containing) gas onto the substrate, and (b) the conversion
of metal (-containing species) coated substrate by chalcogen gas. A summary of primary

growth techniques of TMD is shown in Figure 1-7.2%
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Figure 1-7 Summary of primary growth techniques for the formation of monolayers of
transition metal dichalcogenides.®® These methods include chemical vapor deposition,
powder vaporization, metal transformation, chemical vapor transport, chemical
exfoliation, pulsed laser deposition, molecular beam epitaxy, spray pyrolysis, and
electrochemical synthesis. Reprinted with permission from Das et al., Beyond Graphene:
Progress in Novel Two-Dimensional Materials and van der Waals Solids. Annual Review
of Materials Research 2015, 45, 1-27. Copyright 2015 Annual Reviews.

Different metal and chalcogen precursors are used for the vapor phase synthesis
of TMDs. Sulfur powders are the most commonly used sulfur sources for the sulfides.
Sulfur has the melting point of 115 °C and will evaporate into sulfur gas. The sulfur
powder can be placed in a crucible in the furnace and transported to the substrate by
carrier gases, usually inert gases, for example, N, or Ar. The sulfur vapor pressure

102

depends on the temperature™“, the amount of sulfur powder in the crucible and the
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chamber pressure of the furnace. The direct use of sulfur powder in the furnace is simple
but may cause some problems for reproducibility. Alternatively, bubbler or heated
canister filled with sulfur powder can be installed outside the reacting chamber and
provide sulfur vapor through the gas pipe upon heating, the flow of sulfur vapor can be
controlled using valves or mass flow controller. Beside elemental sulfur, colorless
hydrogen sulfide (H,S) gas is another commonly used sulfur source. A more cautious
design should be adopted for using H,S because it is poisonous, corrosive and explosive.
Similarly, Se powder/pellet and H,Se are the most common Se sources for the vapor-

phase synthesis of selenides.

Depending on the synthesis methods, molybdenum can be supplied through the
Mo-containing vapor or Mo or Mo-compound-coated substrates. Mo is a refractory metal
with the melting point of 2623 °C, so it is extremely difficult to vaporize Mo metal in a
crucible directly. Instead, to provide a Mo-containing vapor, Mo compounds including
MoO3, MoCls and Mo(CO)g are commonly used. Similarly, WO3;, WOCI,, WClg are

commonly used W source.

First, TMDs can be synthesized using both M and X gaseous precursors.
Typically, S and Se solids are place in the crucible upstream of the furnace while M-
containing precursors are placed near the substrate. The chalcogen vapor was transported
downstream and react with M precursors, for example, MoO3; and WOg3 at higher
temperature, typically > 650 °C. During the sulfurization, MoO3; and WO3 will firstly be
reduced to suboxides, MoOsx and WO34, by S vapors and then transported to the
substrates.'®?% The suboxides will further react with S and from MoS, or WS,.10"1%

The proposed mechanism for MoS; synthesis is:
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2MoO3z+ S — 2Mo00QO3.4 + SO»
2M00O3. + (7—x)S — 2MoS; + (3—x)SO»

where x = 1 indicates the formation of intermediate phase MoO,. According to Mo-O-S
ternary phase diagram as shown in Figure 1-8, MoOs.« suboxide is a facile intermediate
phase to react with S and form MoS,.'® As a result, a reducing environment, for
example, H,, promotes the formation of suboxides and benefit the synthesis of TMDs.

The proposed reaction involving H, atmosphere is:
MoO3 + H, — 2MoO, + H,0
M002 + 82 — MOSZ + OZ

Note that the real reaction of MoO;., or MoO, formation can be a combined effect from

both S and H..

It is also reported that the presence of suboxides is not only important for

sulfurization but also, especially, selenization due to the lower reactivity of Se than S.*

The proposed mechanism for WSe, synthesis is:

WO; + 2Se +H, - WSe, + H,0O + SeO,
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Figure 1-8 Ternary phase diagram of Mo-O-S system.'% Reprinted with permission from
Feldman et al., High-Rate, Gas-Phase Growth of MoS, Nested Inorganic Fullerenes and
Nanotubes. Science 1995, 267, 222-225. Copyright 1995 The American Association for
the Advancement of Science.

Typically, the aforementioned vapor-vapor synthesis results in relatively small
MX, triangular grains (<100 um) due to the nucleation-initiated growth.***'%® Because
atoms around the edges of triangular grain have higher reactivity than the ones on the
basal plane, the lateral growth of a grain is preferred under controlled condition.®® The
resulting triangular grains will then coalesce into a larger film. Figure 1-9 shows an
optical image of MoS, sample from vapor-vapor CVD synthesis. It is observed that the
film consists of numbers of triangular grains in the size around 10 — 20 pum. Other
precursors, such as MoCls, have been used to improve grain size and thickness
uniformity due to a better control over Mo partial pressure.*** In addition, nucleation
promoters (seeds) were proposed to improve the uniformity by providing the controlled

nucleation sites.***™3 Alternatively, large-scale growth of TMD films using metal-
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organic CVD (MOCVD) were recently demonstrated using gaseous metal-organic
precursors including Mo(CO)s, W(CO)s, (CHs),S,, (CHs),Se and H,S.***® Atomic layer
deposition (ALD) is another promising method to achieve precise thickness control,

uniformity and conformity due to the self-limiting supply of the precursors and purging

steps using appropriate precursors.**"
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Figure 1-9 Optical image of MoS; film showing the coalescence of individual triangular
grains into a continuous film using CVD growth.

Finally, one of the most convenient ways to synthesize large-area TMD films is
the direct sulfurization of selenization of metal (or metal oxide) films predeposited on the
substrates.*?>*?® In principle, this method has the advantage of controlling the thickness

by adjusting the thickness of metal or metal-containing layers and can provide a wafer-
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scale material with high uniformity. Figure 1-10 shows the optical images and STEM
images of trilayer MoS; by direct sulfurization of 1 nm Mo films. Metal films are usually
deposited with e-beam evaporation or sputtering; lower melting point compounds
including MoO3; and WOg3 are also commonly used as a starting layer. Despite the fact
that the conversion process is convenient, high temperature (> 750 °C) is usually required
for complete sulfurization or selenization of the thin films. Prior work has demonstrated
that the quality of the TMD film highly depends on the growth temperature.*** While the
A,q and E' peak separations in Raman spectra of MoS, films remains unchanged under
different growth temperatures, the full width at half maximum (FWHM) decreases with
growth temperature and reaches the bulk crystal value for 1050 °C samples. In addition,
grazing incident angle x-ray diffraction (GIAXRD) analysis confirmed the decrease of
FWHM with increasing growth temperature toward bulk value, indicating improved
crystallinity at higher growth temperature. When a metal is deposited on the substrate,
ambient air will typically result in the formation of a thin native oxide on the surface.
Similar to the vapor-vapor CVD process, the conversion of either this native oxide or
MoOs film into more reactive suboxides is critical in the synthesis. As a result, a reducing
H./Ar or Ha/N, environments are usually use to reduce the metal oxides on the surface
before introducing chalcogen species. The reaction mechanisms are similar to those for

vapor-vapor CVD process discussed previously.
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Figure 1-10 (a) An optical image of a fabricated MoS; FET. (b) A representative Raman
spectrum of trilayer MoS; synthesized by direct sulfurization of Mo film. (c) The cross-
sectional TEM image of Au/Ti/MoS,/SiO, stacking from MoS;, FET device. The TEM
sample was prepared using focused ion-beam (FIB) (d)-(e) Enlarged TEM images under
bright and dark field trilayer MoS, sample. A trilayer structure is clearly shown.

The thickness of TMD films can be easily controlled by the thickness of deposited
layers. However, a transition from horizontally aligned layers to vertically aligned layers
may be observed when the starting metal thickness exceeds the threshold value.t?% 12%-1%
This transition of layer alignment has been experimentally shown in Figure 1-11.° The
mixture of both horizontally and vertically aligned grains was also observed with

intermediate metal thicknesses. In addition, the crystal structure and morphology of

TMDs through direct conversion are limited to the starting layers. Therefore, it is critical
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to control the thickness, uniformity, coverage and morphology of initial metal (or metal

oxide) films to achieve highly uniform TMD films.

(d)

Figure 1-11 (a) A photography of as-grown MoS; on SiO,/Si substrates grown with Mo
seed layer of 20, 15, 10, 7, 5, 2, and 0.3 nm, respectively (from left to right). (b—e) TEM
characterizations of MoS; grown with (b) 10 nm Mo, (¢c) 4 nm Mo, (d) 1 nm Mo, and (e)
0.3 nm Mo."® Reprinted with permission from Jung et al., Metal Seed Layer Thickness-
Induced Transition From Vertical to Horizontal Growth of MoS; and WS,. Nano Lett.
2014, 14, 6842-6849. Copyright 2014 American Chemical Society.

In addition to e-beam deposited or sputtered metal films, a solution-processable
dip-coating of ammonium thiomolybdates (NH;).MoS, has been demonstrated as initial

layer for MoS;, conversion. Using a similar conversion process, the Mo-salt is first
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converted to MoS; at first low temperature step (500 °C) and then again to crystalline

MoS; at 1000 °C in S vapor environment. The proposed reaction mechanism is:
(NH,4),M0S, — 2NHj3 + H,S+ MoS;
2Mo0S3; — 2MoS; + S;
H, can promote the desulfurization of MoS; to MoS; by forming H,S:
(NH4),Mo0S, + H2 — 2NHj + 2H,S+ MoS;
MoS; + H, — MoS; + H,S

Alloying of TMD films by controlling the metal of chalcogen species is possible
during the CVD synthesis. The final composition of the 2D TMD depends on the
composition of the precursors. For example, the synthesis of WS,Se,.x by co-evaporation
of WS, powder and WSe; powder in a CVD furnace.*® The bandgap of resulting ternary
alloy depends on the S to Se ratio and follow the linear relationship Eq(WSxSes.ox) =
XEg(WS;) + (1-X)Eg(WSey). Using similar approach, MoS,,Sep.ox) can also be
synthesized by using MoO3; and S/Se mixture precursors under an 800 ‘C growth
process."***** Tunable bandgap of MoSySep2y is linearly dependent on the S/Se
composition ranging from 1.85 eV (for pure MoS;) to 1.55 eV (pure MoSe;). The
evolution of PL peaks of WSy Se(-2x) and MoSxSe2-2x) With S/Se composition is shown
in Figure 1-12(a) and (b), respectively.™" A linear relationship between bandgap of
MoS,,Sep-2x and S/Se ratio calculated from PL peak positions is shown in Figure
1-12(c).** In addition, the transition of electrical transport behaviors from n-type WS, to

p-type WSe, transistors is shown in Figure 1-12(d).**
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Figure 1-12 PL properties of WS;,Se@-2x and MoSxSep-20. > (a) The evolution of PL
peak of M0SSe(.ox) from pure MoS; to pure MoSe,. (b) The evolution of PL peak of
WS,,Se-2x) from pure WS, to pure WSe,. (c) The optical band gap of MoSxSe-2x)
measured from PL peak position. The band gap decreases as S content decreases. (d) The
transition of electrical transport behaviors from n-type WS, to p-type WSe, transistors.
(@) and (c): Reprinted with permission from Li et al., Growth of Alloy MoSxSez )
Nanosheets with Fully Tunable Chemical Compositions and Optical Properties. J. Am.
Chem. Soc. 2014, 136, 3756-3759. Copyright 2014 American Chemical Society. (b) and
(d): Reprinted with permission from Duan et al., Synthesis of WS,Se, o« Alloy
Nanosheets with Composition-Tunable Electronic Properties. Nano Lett. 2016, 16, 264-
269. Copyright 2016 American Chemical Society.

Similar to the substitution of chalcogen atoms, transition metal atoms substitution
in TMDs can also be achieved. Group V elements, for example, Nb, can serve as an
acceptor in group VI TMDs system due to one less electron in its d-orbital. Nb-doped p-
type MoS, can be synthesized by sulfurization of Mo-Nb-Mo stacked structure.™** In

contrast, Re from group VII has one more d-electron than group VI metals and can create

30



donor levels and n-doping the group VI TMDs. In addition, Re-doping can induce the

phase change from 2H semiconductor phase to 1T metallic phase in M0S,.**

In summary, various techniques have been demonstrated for bottom-up synthesis
of transition metal dichalcogenides. Large-area, scalable, high-quality, uniform and
homogeneous film is especially important for the practical application of TMDs. Some
challenges including defects, grain size, synthesis temperature and cost of TMDs

fabrication remain to be overcome.

1.6 Doping of TMD semiconductors

Doping is a powerful tool to control the electrical and optical properties of both
bulk™® and 2D semiconductors.®® **"**® Traditionally, doping can be achieved in bulk
semiconductors by introducing substitutional impurities into the lattice of host materials.
These impurities with different valencies from the host materials will produce extra
carriers, and create donor or acceptor levels. Among all, thermal diffusion and ion
implantation are two of the most efficient yet controllable way to dope bulk

semiconductors.

It have been reported that even low-energy ion-implantation process could cause
structural defects and degrade the graphene,'*® and other atomically thin 2D materials.
Therefore, several alternate processes for doping of 2D materials have been proposed.
Plasma treatment with SFg, CF4, CHF3, O, and phosphorus can be used to p-dope MoS;

by introducing atoms with larger electron affinity into the films.****** The n-doping
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effect can also be achieved in WSe, by inducing Se vacancies using H, or He plasma.'*?
However, it is difficult to avoid surface etching and lattice damage under plasma.
Extremely careful control of the RF power of the plasma source and the treatment time is

required.

Controlled doping of 2D semiconductors using surface charge transfer doping
provides a promising method to modify their electrical properties and improve device
performance for both bulk and low-dimension materials.****** The charge transfer doping
requires electron exchange between dopants and the semiconductors when matching
disposition of empty and occupied electronic levels for involved species are present.
Depending on the electron affinity of the dopants, i.e., the ability to accept or donate
electrons, the carriers can be induced in the semiconductor channel.**** The
comparative mechanisms of classical substitutional doping and surface charge transfer
doping of semiconductors are illustrated in Figure 1-13.* p-Doping is used as an
example here. In classical doping, as discussed previously, the dopant (or impurity)
atoms typically have lower valency than the host atoms, and tend to “steal” electrons and
create acceptor levels as shown in the left panel of Figure 1-13. Similarly, such electron
exchange can also be achieved when the lowest unoccupied molecular orbital (LUMO) of
the molecular dopants is close to the valence band maximum (VBM) of the
semiconductors. As a result, holes will be induced in the semiconductors while electrons
will be localized on the surface acceptors. The resulting electrostatic force due to the
charge separation will confine the holes in the perpendicular direction to the surface but
leave them free to move parallel to the surface. The existence of surface and interfacial

states that will accept the electrons/holes will undermine the effects of surface charge
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transfer doping especially in conventional bulk semiconductors.*** In addition, the
localized carriers close to the surface can make little contribution to the bulk properties of

conventional semiconductors.
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Figure 1-13 The comparative mechanisms of classical substitutional doping and surface
charge transfer doping of semiconductors.* Reprinted with permission from Ristein, J.,
Surface Transfer Doping of Semiconductors. Science 2006, 313, 1057-1058. Copyright
2006 The American Association for the Advancement of Science.

Instead, charge transfer doping is an effective doping tool for low-dimension
materials, especially 2D materials, due to large surface-to-volume ratio in these materials.
The advancement of controllable charge transfer doping on 2D materials, especially
TMDs, will be discussed in the following paragraphs. The strategies of stable charge

transfer doping methods for long-term device operation will be also discussed.
1.6.1 Volatile doping

The electrical properties of TMDs are sensitive to the outer environments. As a
result, it has been demonstrated that the adsorbed gas molecules will affect the

concentration as well as distribution of carriers in the host materials, theoretically™*’*®
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and experimentally.”” 8 18150 1t \was observed that the PL intensity of MoS; increases
upon the continuous exposure to air, H,O and O, gases, while no change in inert
atmospheres.**® The exposure to air, H,O and O, gases also caused p-doping in the MoS,
transistors due to the electron transfer from MoS; to the gaseous acceptors. However, the
doping is reversible and volatile because these physisorbed gas molecules can be
removed by inserting the MoS; samples back into vacuum."*® This partial charge transfer
relies on the existence of gas dopants on the surface. Once the supply of the gas is
terminated in the environment, the surface molecules are desorbed and MX; instantly go
back to undoped states.”® **" For MoS, and WSe,, NOy, H,O and O, are demonstrated to

be volatile p-dopants due to their high redox potential;®> 148 10

ethanol and NHj3 are n-
dopants.*****® Further treatment may convert the physisoprtion to chemisorption. For
example, WSe, can react with physisorbed NO, after annealing at 150 °C and form WSe,.
x-yOxNy species.® After chemisorption, a degenerate doping effect was observed and the
WSe, channel becomes metallic. However, the disruption of lattice structure of WSe, is
irreversible. In addition, the chemisorption and p-doping can be also achieved by the

interaction between PH3; gas molecules and the chalcogen vacancies in MX; induced by

laser-assisted doping.**?
1.6.2 Non-volatile doping

Non-volatile doping using solid-state substances including alkali metals, noble
metals and inorganic/organic compounds provides a refined technique for charge transfer
doping, and solve the issues of aforementioned volatile doping methods relying on gas
adsorption. Recently, potassium ions were used to n-dope the MoS, and WSe,,™ and an

increase in channel current was observed in the expense of reduced on/off ratio.
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However, K is not CMOS-compatible due to its high diffusivity and the resulting stability
issues for semiconductor devices. Also, the high reactivity of K with ambient
environment further hinders this method for practical applications. Alternatively, other
alkali metal salt including CsCO3 and LiF are also n-dopants.”®***> The nanoparticles
(NPs) of noble metals, including Au, Ag, Pd and Pt NPs, can be used for charge transfer
doping of TMDs.%% *® These noble NPs can induce p-doping effect on MoS,-flake based
FETSs due to the electron transfer from MoS, to metal particles with higher work function.
The doping strength increases with the metal work function as well as the amount of
noble NPs on the TMD surface.*®® Similarly, p-doping effects were also observed by
immersion of TMD films in AuCls solution and the resulting Au cluster formation on the

TMD surface.*>" 18

Inorganic compounds have been demonstrated for doping of TMDs. The doping
mechanism and the charge transfer were explained by the re-alignment of Fermi level of
TMDs upon the contact with low/high-work-function materials.™>**®° Oxides with high
work function are demonstrated to be p-dopants, for example, WO,,™*® Mo0O,,'***®* etc.
In contrast, oxides with low work function including ZnO,*! and TiO,'%% *%41% are n-
dopants. Apart from charge transfer, the metal oxides can be used as interlayer materials
at metal/semiconductor interface. The alignment of fermi levels and the relative position
to valence band maximum (VBM) or conduction band minimum (CBM) can facilitate or
hinder the carrier transport.®* *** The doping effect using metal oxide overlayers depends
on the concentration of oxygen vacancies because of its influence on the work function of
metal oxides. Similar stoichiometry related work function difference of MoOy and their

doping effect on TMDs was also observed.'® Using metal oxide dopants, the doping

35



effect can be controlled by deposition parameters, thickness, stoichiometry and phase of

the oxides using PVD, CVD or solution process.

Organic compounds are by far the most commonly used dopants for 2D TMDs
due to a versatile choice of dopants, convenient solution process and controllable doping
effects. The doping is achieved by charge transfer between semiconductors and organics
which are mostly physisorbed on the surface in solution. Generally, dopants with low
redox potential or negative-pole (&) functional groups tend to induce n-doping effect and
vice versa. Redox potentials of commonly used dopants for TMDs are summarized in
Figure 1-14.>° Organics containing —NH, with a lone pair of electron and can draw holes

from the host materials. Commonly used —NH; containing n-dopants including

166 168

polyethylenimine (PEI),'®® (3-aminopropyl)triethoxysilane (APTES),*’ hydrazine,™® etc.

are explored. In contrast, organics containing —CHg; positive poles, for example,

197 1% wiill draw electrons from the host materials and

octadecyltrichlorosilane (OTS),
induced p-doping effects. By adjusting dopants type, solution concentration and
immersion time, the doping strength can be controlled. In addition, oxidizing agents
including 7,7,8,8-tetracyanoquinodimethane (TCNQ) and 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4,TCNQ), and reducing agents such as nicotinamide adenine
dinucleotide (NADH) were used as p- and n- dopants, respectively.!”® Air-stable benzyl
viologen (BV) was demonstrated to induce non-degenerate and degenerate n-doping of
MoS, by controlling the solution concentration.'”* Recently, electron-rich octahedral
superatom CogSeg(PEts)s was used as an effective n-dopant.!”> WSe, FETs based on

exfoliated flakes can be converted from p-channel to n-channel after the n-doping using

this superatom treatment. Although the aforementioned dopants provide a wide range of
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choices for charge transfer doping of TMDs, they are physically adsorbed on the surface
and can be desorbed by the dissolution back to the solvent. For example, the doping
effect using BV is reversible by reinserting the sample into toluene.'”* In addition,
electron-rich or electron-deficient organics can induce n-doping or p-doping only via
partial charge transfer, i.e. the displacement of electron distribution at the dopant/TMD

interface, and can be undoped easily.
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Figure 1-14 Standard reduction potentials of chemicals used for charge-transfer doping of
TMDs and the energy level of the valence and conduction band edges of monolayer
MoS,.>° BV, benzyl viologen; NADH, nicotinamide adenine dinucleotide; TCNQ,
7,7,8,8-tetracyanoquinodimethane; F,TCNQ, 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane. Reprinted with permission from Schmidt et al., Electronic
transport properties of transition metal dichalcogenide field-effect devices: surface and
interface effects. Chem. Soc. Rev. 2015, 44, 7715-7736. Copyright 2015 The Royal
Society of Chemistry.
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In order to achieve stable charge transfer doping, a surface charge transfer process
coupled with a chemical reaction provides a promising approach due to the formation of
ions. As a result, doping with metal-organic redox-active molecules that form large,
stable ions after charge transfer can be potentially advantageous.'”*™ After charge
transfer, the doping products stay on the surface of host materials due to the stable
electrostatic force. The doping mechanisms for n-doping using metal-organic redox-

173
5.

active dimers are described in Figure 1-1 Such electron-donating and electron-

accepting molecular species are widely used to modify organic semiconductors,'”>*"

177178 and graphene’* and offer a simple, yet scalable, doping process

carbon nanotubes
by changing the dopant concentration and treatment time. However, there has been
limited research to date on the doping of TMDs using molecular reductants and oxidants.
As one example, Figure 1-16 shows a schematic of the n- and p- doping of graphene

using different metal-organic redox-active molecules.*™
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Figure 1-15 Doping mechanisms by which dimeric n-dopants (D,) can react with
acceptors (A).}” Reprinted with permission from Zhang et al., n-Dopants Based on
Dimers of Benzimidazoline Radicals: Structures and Mechanism of Redox Reactions.
Chem. Eur. J. 2015, 21, 10878-10885. Copyright 2015 John Wiley & Sons.
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Figure 1-16 Chemical doping of graphene using redox molecules. The carrier
concentration in the material is changed due to the electron transfer between dopants and
graphene. Extra electron filling above conduction band of graphene after n-doping with
electron-donating molecules, untreated graphene (middle) and decreased number of
electrons in valence band after p-doping with electron-accepting molecules (right) are
shown.!™ Schematic representation of n- and p-doping of graphene by 15 (in equilibrium
with 1, 10 min dip) and 2 (overnight dip), with associated energy levels. IP, EA and WF
() values were estimated from electrochemical and UPS data. The pristine graphene ¢
depended on the batch (4.1 eV for the sample before n-doping and 3.9 eV before p-
doping). After treatment, the ¢ is affected by electron transfer (ET) between dopant and
graphene, shifting the Fermi level (Ef) relative to the Dirac point (Ep), and the induced
surface dipoles (SD) from the resulting charges, which change the local vacuum level
(VL). Reprinted with permission from Paniagua et al., Production of heavily n- and p-
doped CVD graphene with solution-processed redox-active metal-organic species. Mater.
Horiz. 2014, 1, 111-115. Copyright 2014 The Royal Society of Chemistry.

Beyond charge transfer doping, solution-processed chemical treatment can also
passivate and repair the defects in TMDs. For example, the surface S vacancies in MoS;
can be filled and repaired via the attachment of thiol by immersing the sample in
solution.*”*8 Recently, solution-processed superacid treatment was used in both S-based
and Se-based TMDs.’®*8 |t was demonstrated that bis(trifluoromethane)sulfonimide
(TFSI) superacid can passivate/repair the S-based TMDs and significant improvement of

photoluminescence quantum yield to near unity was observed. However, the Se-based
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TMDs are insensitive to superacid treatment. The underlying mechanism of superacid

treatment remains unknown and should be investigated.

1.7 Strain-band structure relationship of TMDs

Tunable electronic band structure via strain engineering is another interesting
property that 2D TMDs can offer. Similar to graphene, TMD layers exhibit very high
tensile strength and maintain linear stress-strain behavior before rupture, enabling the
elastic strain engineering of ultra-strength materials.’®*%* As discussed in Chapter 1-1,
the atomically thin nature of 2D materials has the potential for a large strain before
failure and is promising for flexible electronics applications.’®™®® Comparison of
Young’s moduli, tensile strength and elongation before fracture for several engineering
materials are summarized in Table 1-2.3* 18187 Eqpecially the elongation before fracture,
2D materials, including graphene and TMDs, provide a significant elastic strain limit
without yielding. The experimental elongation of suspended monolayer MoS; can reach
up to 10 % before fracture in agreement with its theoretical Mo-S chemical bond
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Table 1-2 Mechanical properties of strong engineering materials, including 2D

materials'®* 186187
Young’s Tensile _
material modulus strength El?pg;tlﬁg gz‘;re
Evoung (GPa) Omax . (Gpa)
Stainless steel
205 0.9 0.4
ASTM-A514
Steel alloy 4340 207 1.76 12
Polyimide 2.5 0.23 9
Tungsten 400 0.76 2
Kevlar 49 112 3 2.6
Carbon fiber 200 - 750 4.65-7.1 1.8
Bulk MoS, 238 - -
Carbon nanotube 1000 11-63 1.1-6.3
Graphene 1000 130 13
Monolayer MoS; 270 - 330 16 - 30 6-11

Mechanical strain has a large impact on the band structure of 2D materials.
Tensile strains applied to 2D TMDs will induce a spatial extension of mainly an increase
of the X-M-X bond angles but only a slight increase in M-X bond lengths.’®#% As a
result, the increased distance between metal atoms leads to the reduction in the d-orbital
hybridization and d-band width that govern the electronic structure of TMDs.**% One
of the strongest electro-mechanical effects is the reduction of the band gap upon applied

tensile strain shown both theoretically and experimentally. The unit cell of TMD lattice

41



and the corresponding Brillouin zone are depicted in Figure 1-17. The valence band
maximum (VBM) and conduction band minimum (CBM) of TMD are mainly described
by the orbital hybridization dyy-dx2.y2 and d2, respectively.’ In the case of monolayer
MX; with direct band gap, the I" to K indirect band gap became smaller than the K to K
direct band gap under tensile strain of ~ 1%, leading to a direct to an indirect
transition.’* 1**1% For multilayer MX,, the I to K indirect band gap continues to shrink
with increasing tensile strain.'* % With the tensile strain increase to ~ 10%, the energy
of the VBM at I point and that of CBM at K point overlap with each other, and both
monolayer and multilayer MX, become metallic.®” In contrary, the compressive strain
will increase the I to K indirect band gap.’®® '* 8 The calculated band structure and
band gap values of MoS; under both compressive and tensile strain using first-principle
density functional theory (DFT) method are shown in Figure 1-18.'% The equilibrium of
lattice constant a is 3.16 A. Compressive and tensile strain will decrease (a < 3.16 A) and

increase (a > 3.16 A) the lattice constant, respectively.

MI

Figure 1-17 Brillouin zone of MX;. Under symmetrical strain, M’ is reduced to M and
the irreducible path is TKML. TKMLM’L enclosure represents the asymmetrical strain
conditions.
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Figure 1-18 (a) Strain dependence of band gap energies of 1L-MoS; (a=3.160 A). The
representative band structures for the (b) compressive and (c), (d) tensile stresses are
displayed, respectively. Inset indicates the hexagonal structure consisting of Mo (red/gray
balls) and S (yellow/light gray balls) from the top views.'® Reprinted with permission
from Yun et al., Thickness and strain effects on electronic structures of transition metal
dichalcogenides: 2H-MX; semiconductors (M = Mo, W; X = S, Se, Te). Phys. Rev. B
2012, 85, 033305. Copyright 2012 American Physical Society.
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The evolution of band structure in graphene and TMDs depends on the direction
of applied strain. For example, due to a symmetrical lattice structure, the band structure
of graphene is insensitive to uniaxial and symmetrical biaxial tensile strain, and only

199201 |n the case of

responds to shear or a combination of shear and uniaxial strain.
TMDs, strain of any direction will cause the distortion of the lattice and orbital
hybridization. However, the direction of the strain affects the magnitude of the band gap
change.’® %2 Comparison of band gap change from a theoretical study using DFT of
several MX, under different directions of strain is shown in Figure 1-19.'% It was also

observed that the strain-induced change of band gap decreases with the increasing size of

chalcogen atoms, for example, MoS; is more sensitive to strain compared to MoTex.

44



=
= >
% ' i)
< JKRLLKE =
O
2 E
3 d
= @@ xx xik] R
L |aavy X dos
XX+yy
vy XX-VY
[ s yy-xx
0.0 ] L 1 1 1 1 ] 1 1 L1 1 0.0

L5

Band Gap (eV)
=
Band Gap (eV)

e
in

W XX+yy 8 Xx+yy 3 - XX+yy
Wiaii ; | f|wwxew { | |wwxewy
y Vy-XX Yy-XX

0.0 1 1 1 1 1 1 1 1 1 1 1

=g
=)

Figure 1-19 Band gap of monolayer TMDs with respect to strain, &, which varies from 0
to 10%. Strain is applied to the optimized structures (¢ = 0) through various approaches,
such as uniaxial expansion in x-direction (xx), y-direction (yy), homogeneous expansion
in both x- and y-directions (xx+yy), expansion in x-direction and compression in y-
direction (xx—yy), and compression in x-direction and expansion in y-direction (yy—xx)
with same magnitude of strain. The first three strain profiles correspond to tensile strain,
while the latter two represent pure shear strain. The top (left, middle, and right) panels of
Figure 2 depict the graphs corresponding to MoX;, (WXy), while the bottom panels show
the same for MS,, MSe,, and MTe,, respectively, where M denotes Mo or W.'%?
Reprinted with permission from Johari et al.,, Tuning the Electronic Properties of
Semiconducting Transition Metal Dichalcogenides by Applying Mechanical Strains. ACS
Nano 2012, 6, 5449-5456. Copyright 2012 American Chemical Society.

The photoluminescence (PL) spectrum and absorbance spectrum are direct ways
to monitor the strain-induced band structure change. 8" 189 194,196,198, 203207 gyrai jinduced
optical absorption spectra simulated by DFT calculation under different bi-axial strains

have suggested that tensile strain will cause a red-shift, i.e. lower excitation energy and

lower band gap.?®* Experimental PL spectra also suggest a similar phenomenon. Figure
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1-20(a)*® shows the absorbance spectrum (left panel) and photoluminescence (PL)
spectrum (right panel) of bilayer MoS, under applied tensile strain. A decrease of the
optical band gap shift upon increasing tensile strain was observed.'® 2% 28 Figyre
1-20(b) and (c) summarize the peak position of absorbance and PL spectrum,
respectively. Both absorbance and PL spectra experimentally suggest the tensile strain-
induced band gap shrinkage. On the contrary, a blue-shift, i.e. higher energy, is observed
in PL spectrum when a trilayer MoS; sample is under compressive strain, indicating an

increase of the optical band gap, as shown in Figure 1-21.1%

In addition, the band gap change also depends on the number of MoS; layers, due
to thickness-dependent differences in band structure. For monolayer MoS,, the
theoretically calculated band gap change lies between -0.05 and -0.085 eV per percent

tensile strain, %" 2%

while experimental results show a similar trend with the value around
-0.05 eV per percent strain.’®® ?® The band gap change due to strain becomes more
prominent in bilayer samples with theoretical values ranging from -0.1 to -0.2 eV per

197, 208

percent strain and experimental values around -0.12 eV.'3 203 208 The predicted

theoretical value for bulk MoS; reaches -0.3 eV per percent strain.?®?
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Figure 1-20 Absorbance and PL spectrum for a bilayer MoS, sample under tensile strain.
(a) Absorption (left panel) and PL (right panel) spectrum of a monolayer MoS, sample
under tensile strains up to 0.52% along the zigzag direction. The dashed blue and red
lines are guide to the eye of the redshift of the peaks. Strain dependence of the A and B
peak energies determined from absorption and of the A and | peak energies determined
from PL is summarized in (b) and (c), respectively.’® Reprinted with permission from He
et al., Experimental Demonstration of Continuous Electronic Structure Tuning via Strain
in Atomically Thin MoS,. Nano Lett. 2013, 13, 2931-2936. Copyright 2013 American

Chemical Society.
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Figure 1-21 Photoluminescence property of trilayer MoS, under compressive strain.'*® (a)
PL spectra of the MoS, under various strains. (b) PL peak energy as a function of
compressive strain. The inset shows PL spectra of the sample under 0.0% and 0.2%
strain. Reprinted with permission from Hui et al., Exceptional Tunability of Band Energy
in a Compressively Strained Trilayer MoS, Sheet. ACS Nano 2013, 7, 7126-7131.
Copyright 2013 American Chemical Society.

Beyond electronic structure, strain can also affect the phonon vibration of the
TMD lattice and can be monitored by strain-induced shifts in Raman spectra.?%® Under
tensile strain, a significant red-shift to lower wavenumbers (phonon softening) of Elzg in-
plane mode of MX, was observed but the effect is small for A4 out-of-plane vibration
mode.?®* 227 A strong response of in-plane E'y; mode can be attributed to that the
tensile strain has more effect on the lattice vibration mode parallel to the surface plane. In

contrast, in-plane strain plays a negligible role in out-of-plane vibration, i.e. Ajqg mode. It
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is also observed in high-resolution Raman spectra, the degenerate Elzg peak will split into
two subpeaks due to the break of crystallographic symmetry by the strain.?®® The tensile
strain dependence of Raman spectra of MoS; is shown in Figure 1-22.2%° For compressive

strain, a blue-shift is observed.'®®
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Figure 1-22 Strain-induced Raman shifts in MoS,.”® Position of the (a) Ay and (b) E'y
Raman peaks from monolayer (open circles) and few-layer (filled squares) MoS,. Dashed
lines are linear fits to the data discussed in the text. Error bars indicate the spectrometer
resolution. Reprinted with permission from Rice et al., Raman-scattering measurements
and first-principles calculations of strain-induced phonon shifts in monolayer MoS,.
Phys. Rev. B 2013, 87, 081307. Copyright 2013 American Physical Society.

Finally, piezoresistivity is a direct result of the change of band gap in
semiconductors due to the relative position of Fermi level to the CBM and the resulting
change of the conductance of the materials.?'® There have been a few reports of strain-
induced piezoresistive applications for TMD devices.’® 2% Recently, Manzeli et al.

demonstrated piezoresistivity by applying a strain to suspended MoS, flake with an AFM
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probe.?®® The strain-dependent resistance for mono-, bi- and tri-layer MoS, exfoliated
flakes are shown in Figure 1-23(a), (b) and (c), respectively. The gauge factors of MoS,
piezoresistivity is summarized in Figure 1-23(d). As expected, the resistivity of the MoS,
decreases as the tensile strain increases. However, the microscopic scale of the strain
application and the use of exfoliated flake impede its practical application. Beyond
piezoresistive behavior, MoS, is also a piezoelectric material because of the non-

centrosymmetric lattice structure from the absence of inversion center.?2!
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Figure 1-23 Strain-induced band gap tuning in mono and few-layer MoS; flakes and
modulation of the device resistance due to mechanical deformation of the MoS;
membrane. (a) Measurements and the corresponding simulation results for a monolayer
MoS; indicating a reduction of the band gap OEy/0e with a rate of —73 meV/%. (b)
Bilayer MoS; with |0Ey/0¢| = =120 meV/% and (c) trilayer MoS, with |0Ey/0g| = —21
meV/%. (d) Extracted rate of band gap change |0Ey/0¢| and piezoresistive gauge factor for
six monolayers, three bilayers, and three trilayers.”® Reprinted with permission from
Manzeli et al., Piezoresistivity and Strain-induced Band Gap Tuning in Atomically Thin
MoS,. Nano Lett. 2015, 15, 5330-5335. Copyright 2015 American Chemical Society.
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1.8 Chemical and biological sensing using ISFETs and EGFETs
1.8.1 Working principles of ISFET and EGFET

Detecting chemical and biological species is essential for medical care, disease
screening and diagnosis, food safety and environmental monitoring. Among all the
available tools, potentiometric sensors measure the change of potential on the sensing
surface upon the binding events of analytes to the sensing surfaces. Since Bergveld et al.
introduced the idea in 1970, ijon-sensitive FETs (ISFETS) are proven to be a rapid,
label-free yet highly sensitive tool for chemical and biological sensing by detecting the
potentiometric difference across the sensing surface upon the absorption of charged
species.?®?® A schematic of an ISFET is shown in Figure 1-24. A single device of
ISFET serves both functions: sensors and transducer. The current of the ISFET channel is
affected by the potential change on the sensing surface, i.e. the physical gate of the
MOSFET. When the first layer of surface charges are built up on the surface immersed in
a liquid environment, oppositely charged species will absorbed to it due to Coulomb
attraction and an electrical double layer is formed. Therefore, the gate of the FET can be
considered as a series of RC circuits consisting of liquid and solid-state gates. The
sensing signal can be obtained by analyzing the transfer characteristics of the sensors.
When the charged analytes attached to the sensing surface, the charges will change the
potential across the surface, and therefore the effective gate bias of FETs. The drain

current (lg) of ISFET with MOSFET transducer can be expressed as:*3¢ %8
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Under linear regime,

w 1
Iy = Tﬂcdielectric [(V;] — Vengsrer )Vas — EVdsz] 1)
Under saturation regime,
w 1
Iy = T.ucdielectric 2 (V;] - Vth,ISFET)Z] (2)

where W and L is the channel width and length, respectively; p is the mobility of the
channel material; Cgielectric IS the dielectric constant of the gate dielectric; Vy is the applied
gate bias to the reference electrode in the liquid; Vi, is the threshold voltage of the ISFET;
Vs Is the drain to source voltage. When the device is exposed to the solution, a surface
potential (yo) develop at the sensing surface, i.e. the interface of sensing surface and
electrolyte. This surface potential depends on the surface attachment of analyte species
and the choice of the electrolyte. Under FET operation, the only variable that changes
with the solution is V. The Vy, of an ISFET can be expressed as a function of surface and

solution characteristics by substituting the metal gate to liquid gate:*8%'°

Qoxide + Qit + Qdepletion

Coxide

Vth(ISFET) = ¢liq.gate - ¢Semiconductor -

(3)
+ 2¢;

¢liq.gate = Lyef — Yo + XSOLIHP + AXioss (4)
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where Eye is the applied potential to the reference electrode, "

is the surface dipole
due to the solvation of the solvent at Helmholtz plane (HP), Ayoss IS the potential loss to
the electrolyte, ¢iiggae IS the work function of the liquid gate, dsemiconductor 1S the work
function of the semiconductor channel, Qqxige is the charges in the oxide dielectric, Qj; is
the interface trap charges at semiconductor-dielectric interface, Qgepletion IS the depletion
charges in the semiconductor, Coxige IS the capacitance of the oxide dielectric and ¢ is the
Fermi potential. As a result, in a certain solution system, the only variable term in the

equation is yo, Which is the origin of the sensing signal detected by potentiometric

Sensors.

Various nano-materials systems have been used in potentiometric ISFETS

220-223 224-225 226

including silicon nanowires (Si NWs), graphene, carbon nanotubes (CNTS),
and Mo0S,.22"%% |n addition, it has been reported that graphene transducers have the
advantage of faster response time and better signal-to-noise ratio because of the low

intrinsic noise and high mobility of graphene.?*°
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Figure 1-24 A representative scheme of ISFET. The gate of the MOFET serves as the
active sensing surface of the ISFET sensors and is immersed in the electrolyte. When the
charged species attach to the sensing surface, the change of the surface potential will
change the gate voltage to the MOSFET, which generates the sensing signal.

Due to the configuration of the ISFET, all the electrical components including
metal gate, gate dielectric, semiconductors and metal contacts can be exposed to the
liquid environment, which may undermine the reliability and stability of the materials
and devices. Possible reliability issues include the degradation or corrosion of materials
in the liquid environment and penetration of ions into the dielectrics.?*® Additionally, the
production of ISFETSs is costly and time consuming and if either the sensing surface or
the readout component fails, the entire ISFET sensor becomes unusable. Therefore, a
simpler design for potentiometric liquid phase sensing is desired. VVan der Spiegel et al.
previously proposed an extended gate field effect transistor (EGFET) as a chemical
sensor in early 1980s by separating the sensing chip (an extended gate) from the readout
transducer (a FET).?*! The schematic structure of an EGFET is shown in Figure 1-25. In
EGFET configuration, an extended gate (sensing chip) is electrically connected to the

gate terminal of a transistor (transducer). The active sensing surface of the separated
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sensing chip can be oxides, metals, or chemically functionalized materials depending on
the application. For example, a SnO; sensing surface was demonstrated for pH sensing
and Nernstian response was achieved.”****® EGFET-based sensors for biomolecules
detection have also been also reported.?****> EGFET sensors provide several advantages
over the traditional ISFET ones such as improved reliability by operating the transducer
in dry environment, cheap and easy fabrication of the sensing chip, reusability of readout
transducer, disposability of the sensing chip, and high compatibility with state-of-art

semiconductor technologies.

Gate

Iiéid
© o
> @

e ®
CICNE®)

Source Drain

——
Tl

Body6

Figure 1-25 A schematic structure of EGFET. The extended gate (i.e. the active sensing
surface) is separated from a MOSFET (i.e. a readout transducer) with electrical
interconnection and is immersed in the electrolyte, while the MOSFET is operated in a
dry environment. The change of surface potential due to the attachment of charged
species onto the sensing chip (extended gap) is transmitted to the MOSFET.

However, the size of the extended gate of an EGFET may impact the sensor

sensitivity. According to the numerical simulation, Dak et al. suggested that the
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sensitivity of the EGFET is maintained if the size of the extended gate sensing surface is
larger than the physical gate of the MOSFET transducer.?*° Although, nano-scale sensing
surfaces provide faster response by reducing the diffusion layer thickness,?* the issue of
miniaturization needs to be considered for using the nano-scale surfaces in EGFET

configuration.
1.8.2 Binding events at the sensing surface

Numerous approaches have been made to describe the binding events at the
sensing surface. However, the fundamental of the binding event is the adsorption of the
adsorbates to the adsorbents on the surface. A classical model of adsorption was first
described by Langmuir in 1918 by treating the adsorbates as ideal gases.?*” This model is
known as “Langmuir Isotherm Theory” and describes that the adsorbate gas molecules
bind to the empty sites on the surface. The Langmuir adsorption model can be expressed

as:

ka S
Agqs(adsorbate gas) + S(empty sites) 2% AS(absorbed complex) ©)

Agas +S I<(—AS (6)

des

where reaction equation (1) describes the adsorption and (2) the desorption process,
respectively. The equilibrium constant kags and kges are used to define the adsorption and

desorption, respectively. As a result, the binding fraction 0 can be expressed as:

attached sites [AS] 0
= (7)

unattached sites [S] 1-86
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Inserting the equation (3) into the definition of equilibrium constant Kags, Kags Can

be therefore expressed by the concentration of the adsorbate gas [Agas):

S L 0 @
ads [Agas] [S] (1 - 9) [Agas]

For a general form of adsorption, defining the concentration of the adsorbate is

[C]. The binding can be expressed as:

_ kaglCl _l€l (€]
1+ kads[C] 1/k + [C] kdes + [C] (9)

ads

0

A similar but more general Hill equation describes the binding between receptors

(R) to surface ligands (L) with multiple sites under steady state is:?**%*
k orwar
R+ nL S RL, (10)
R +nL «<———RL, (11)

kpackward

The dissociation constant Kp can be defined as the ratio of the equilibrium
constant of backward reaction over forward reaction, kp/ks, indicating the binding affinity
of ligands to receptors. The binding fraction 0 can be expressed using Kp and the

concentration of the receptors [C]:

(12)
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where n is Hill coefficient that indicates the number of binding sites involved. For

example, 1 hemoglobin can take 4 oxygen molecules, and n = 4.

A combination of the Hill equation and Michaelis-Menten kinetics provides a

relationship between sensing signal and the concentration of the analyte for a

biosensor:240-24

s Ic]
Smax B KD + [C]

(13)

where S is the measured sensing signal, Smax IS the maximum measured sensing signal,
[C] is the concentration of the analyte, Kp is dissociation constant and a simple 1:1
binding is assumed. For practical sensing, Kp can be determined experimentally by

measure the dynamic range of sensing response to different analyte concentration.

Finally, a site-binding model has previously been used to explain the change of
surface potential yo when charged species attached to the surface sites in potentiometric
sensors. Yates et al. proposed the site-binding model for the pH sensor.?** The change of
the surface potential of the pH sensor in different pH solutions results from the
protonation and deprotonation of hydroxyl groups on the sensing surface. The graphical
description of the protonation and deprotonation process of an oxide-based pH sensor is
shown in Figure 1-26. The —OH groups will be protonated to become —OH,", and the
surface becomes positively charged when decreasing the pH of the electrolyte. The —OH
groups will be deprotonated to become —O, and the surface becomes negatively charged

when increasing the pH of the electrolyte.
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Figure 1-26 Protonation and deprotonation of surface hydroxyl groups of a pH sensor.
The —OH groups will be protonated to become —OH,’, and the surface becomes
positively charged when decreasing the pH of the electrolyte. The —OH groups will be
deprotonated to become —O°, and the surface becomes negatively charged when
increasing the pH of the electrolyte.

Later, Bousse et al. derived the change of surface potential w0 for a pH sensor
based on the site-binding model.* The surface reaction of protonation and deprotonation

can be described as:

k
A— OH; <—+>A — OH + H;-urface (14)
k_
A—OH——A—-0"+ H fce (49)
where
_ [AOH] [H:urface] (16)
+ = +
[AOH7 ]
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_ [AO_][H:urface]
k= [AOH] a7)

The concentration of protons at the surface [H"surace] is related to the bulk [H'] via
Boltzmann distribution. The total available sites on the surface Ns = [AOH] + [AO7] +
[AOH,'] and the surface charge per unit area oo is q([AOH,'] - [AO7]), where q is
elementary charge. To maintain the electrical neutrality of the surface, i.e. the point of
zero charge (PZC), the hydrogen ion concentration at the surface is [H+] = (k/k:)*2. As a

result, the notation of relative change v on the sensing surface is:

1/2

k_
v=In[H*] - In (k—) = 2.303(pHp,c — PH) (18)
+
qo oy — Op Op
vV=——+sinh !————In(1 — 19
kT ZqNS'\’k+k— ( qNS) ( )

where k is Boltzmann constant, T is the temperature, oo = yo-Ceq and Ceq iS the
capacitance of electrical double layer under equilibrium. Equation (19) can be further

simplified into for a small value inside inverse hyper sine function:

— Q¢0 Q¢o CeqkT

+ 20
kT kT 2q1vs,/k+k_) 20)
Let B = % VI':T*k“ and combining equation (18) and (20):
+1
b q]{_l/;"O<BT) = 2.303(pH,,c — pH) = 2.303(ApH) (21)
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Therefore, the change of the surface potential yo due to the change of the pH can

be expressed as:

kT B
Yo = 23037(@)(&91{) (22)

where B is a dimensionless sensitivity parameter. For every one pH value change, the
highest achievable surface potential change is 59.2 mV at 298K, which is also known as
Nernstian limit for a pH sensor. Detailed derivation and assumptions can be found in the
original work of Bousse et al.?!° Similar to the protonation/deprotonation process, site-
binding model can also be used in the modeling the signal of biosensors due to the

attachment of charge biomolecules to the sensing surface.>**?*

1.9 TMD-based Sensors

Two-dimensional materials are advantageous for sensing applications due to their
large surface-to-volume ratio, mechano-electric properties and the compatibility for
flexible devices.?® For chemical and biological sensing, the all-surface 2D materials
provide a large sensing surface area and enable immobilization of large amount of
sensing molecules that can achieve fast response and low detection limit.?*® It has been
demonstrated that graphene-based field effect transistors can be used as electric sensing
transducers for chemical and biomolecules detection.?”***> Beyond graphene, TMD-
based semiconductor devices are expected to provide a better platform for electrical

sensors because the high on/off ratio and tunable electronic properties.?*”?*® For
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mechanical sensing, the high strain limit and mechanical force-sensitive properties of 2D
TMDs, especially, make them promising for strain gauges. TMD-based sensors can be
further categorized into: (1) optical sensors using the PL response and fluorescence
quenching effect of TMDs; (2) electrical sensors using TMD-based transistors coupled
with non-TMD sensing surface; (3) electrical sensors using TMD-based transistors with
TMD as the sensing surface; (4) mechanical sensors using mechno-electric properties of
TMDs. The current status, applications and challenges of TMD-based sensors will be

discussed in this section.
1.9.1 Gas sensors

Among all, gas sensing is the most widely investigated application using TMD-
based sensors due to its relative simplicity.”> " 2**%! Similar to the charge transfer
doping discussed previously, the principle of the gas sensing involves the physical
adsorption of the gas molecules to the TMD sensing surface, for example, MoS,. The gas
molecules act as electron donors or electron acceptors, for example, NH; or NO;,
respectively as theoretically and experimentally confirmed by Zhou et al. and Late et
al.®*%* The partial charge transfer between gas molecules and TMD will affect the
channel conductance. Physisorption of NH; or NO; results in the increase or decrease of
the channel current of an n-channel MoS; FET, respectively. Due to the superficial
interaction between sensing materials and the absorbents, it has been reported that the
sensitivity can be enhanced by increasing the surface-to-volume ratio. As a result, 2D
materials are especially promising for gas sensors because of the ultra-high surface-to-
volume ratio of the atomically thin materials. Li et al. reported a proof-of-concept gas

sensing for toxic NO using TMD FETSs based on exfoliated monolayer and several-layer
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MoS,, with a detection limit of 0.8 ppm.2® The channel current of MoS, FETs decrease
when exposed to NO gas, which agrees with the fact that NO acts as an electron acceptor.
It was also suggested that multilayer MoS, devices provide a higher and more stable
sensitivity than monolayer ones. Later, Perkins et al. used exfoliated monolayer MoS;
FETs to detect different chemical vapors, including trimethylamine and acetone.”’
Compared to CNT-network sensor, monolayer MoS, sensors provided a comparable but
selective sensitivity to certain gases, while CNT-network sensors showed no selectivity
and responded to all kinds of gases of choice. The scheme and the results of MoS; sensor
in response to different chemical vapors are shown in Figure 1-27.”" In addition, extra
surface functionalization using high work function noble metal nanoparticles was used
for H, detection.™® Sarkar et al. demonstrated p-doping of MoS, using high work
function Pd NPs. Upon the absorption of H,, the work function of Pd NPs decreases as
well as the p-doping effect. As a result, H, sensing was achieved by monitoring the de-
doping effect. A flexible version of MoS;-based gas sensor for NO, was also reported.’
Despite the reported high sensitivity of gas sensing based on 2D TMDs, the physisorption
of the gas molecules on the sensing surface provides little selectivity for different
species.?* As a result, the selectivity remains the biggest challenge for these TMD-based

gas sensors in a complicated analyte system.
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Figure 1-27 The scheme and the results of MoS; sensor in response to different chemical
vapors. (a) A single monolayer of MoS; is supported on a SiO,/Si substrate and contacted
with Au contact pads. Transient physisorption of molecules induces temporary changes in
the conductivity of the monolayer channel. (b) An optical image of the processed devices
showing the monolayer MoS, flakes electrically contacted by multiple Au leads. (c)
Histogram of MoS;, and CNT-network sensor responses to various analytes. A qualitative
summary of the response of the sensors to the analytes tested. The responses are broadly
categorized as high, low, or null. The MoS; sensor exhibits a much higher selectivity and
a complementary response to the CNT-network sensor. The analytes from left to right are
triethylamine (TEA), tetrahydrofuran (THF), acetone, methanol, nitrotoluene (NT), 1,5-
dichloropentane (DCP), and 1,4-dichlorobenzene (DCB). Ball-and-stick models of the
analyte molecules are shown, in which nitrogen atoms are blue, oxygen atoms are red,
carbon atoms are black, chlorine atoms are green, and hydrogen atoms are light gray.”’
Reprinted with permission from Perkins et al., Chemical Vapor Sensing with Monolayer
MoS,. Nano Lett. 2013, 13, 668-673. Copyright 2013 American Chemical Society.

1.9.2 Chemical sensors

Even though the gas sensing using 2D materials is extensively studied, detection
of chemical species in liquid environment remains relatively unexplored. Unlike gas
sensing, liquid phase detection involves the operation of electric transducers in liquid
environment. Similar to the charge transfer reaction for gas sensing, Jiang et al.

demonstrated the detection of Hg®* using MoS, FETs by monitoring the p-doping effects
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when the MoS, sensing surface exposed to Hg** containing solution.”®* A possible
sensing mechanism is explained by a high binding affinity between superficial S* on
MoS; surface and Hg®* and the resulting partial charge transfer from MoS, to Hg*".
Although detection of chemical species based on partial electron transfer has been
demonstrated, selectivity and specificity toward target species remains a major challenge

without designated binding chemistry.

Monitoring of pH values of the solution is another application of TMD-based
chemical sensors. As discussed previously, the attachment of charged analytes to the
binding sites on the sensing surface will cause the drop of the surface potential across the
sensing surface and therefore change the effective gate bias of ISFETs in the liquid
environment. The sensing signal can be obtained by analyzing the transfer characteristics
of the sensors. The pH sensing relies on the reaction between hydroxyl (-OH) functional
group on the sensing surface and the protons (H") in the solution. First introduced by Ang
et al. in 2008, graphene based pH sensing is a result of a pH-dependent surface potential
change when H" ions attach to the defect sites on graphene surface.” If the graphene
surface is perfect without defects and dangling bonds, it is insensitive to the H*
concentration, i.e. pH values.?®® Sarkar et al. demonstrated the MoS, FETs based pH

sensor with HfO, sensing surface.””® In this case, MoS; FET only serves as a transducer.

The reported pH sensitivity reached the Nernstian response of 59 mV/pH.
1.9.3 Biological sensors

Similar to pH sensing, detection of other biological species, for example, proteins,

relies on the potential change on the sensing surface as well. The only difference is that
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the sensing surface needed to be decorated for the specific attachment of target analytes.
In 2014, Lee et al. showed a preliminary result of MoS, biosensor without surface
treatment for protein immobilization.?®” The MoS; serves as channel material as well as
sensing material. The attachment of protein onto the MoS, sensing surface relies on the
hydrophobicity of the MoS,. However, the selectivity of physisoprtion is a significant
concern. To improve the selectivity and specificity of the biosensing, a more complicated
yet well-known strategy is covalent immobilization of biomolecular probes onto the
chemically functionalized sensing surface, for example, silane decorated oxide surface or
thiol decorated gold surface. Wang et al. demonstrated a MoS, FET based biosensor for
prostate specific antigen (PSA) detection by decorating the HfO, with silane on top of
MoS; channel.?® 3-aminopropyl(triethoxy)silane (APTES) is one of the most commonly
used self-assembly monolayer (SAM) on oxide surfaces. A similar approach was
demonstrated by Sarkar et al. by immobilizing biotin on silane-modified HfO, sensing
surface of MoS, FET-based biosensor for streptavidin detection.?® When the HfO,
sensing surface was exposed to streptavidin containing solution with a pH value larger
than the isoelectric point pH (pl) of the streptavidin, an increase of Vi, was observed,
indicating the streptavidin was negatively charged. On the contrary, if pH < pl, a decrease
of Vi, was observed, indicating the streptavidin carried positive charges. Figure 1-28
shows the biosensor (left panel) and pH sensor (right panel) of MoS, FET-based

biochemical sensors with HfO, sensing surface.?*®
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Figure 1-28 MoS,-based FET biochemical sensor for pH and streptavidin detection. The
structure of MoS2 FET sensor is shown in the middle panel. HfO, top-dielectric was
deposited on MoS, channel as sensing surface. For pH sensing, HfO, is used as sensing
surface (right panel). For biotin-streptavidin sensing, the N-hydroxysulfosuccinimide
(sulfo-NHS)-biotin was immobilized onto silane-modified HfO, sensing surface.
Reprinted with permission from Sarkar et al., MoS; Field-Effect Transistor for Next-
Generation Label-Free Biosensors. ACS Nano 2014, 8, 3992-4003.°2 Copyright 2014
American Chemical Society.

Finally, biosensing using TMD induced fluorescence quenching effects have been
demonstrated for detection of proteins and DNAs. For example, dye-labeled single-
stranded DNA tend to attach to the basal plane of MoS; and WS, through van der Waal
reaction, and the fluorescence of the dye is then be quenched. However, when the single-
stranded DNA is hybridized to double-stranded DNA by its complementary target DNA,
the quenching effect is inhibited as shown in Figure 1-29.2°°%' Similarly, MoS, can
qguench the fluorescence of dye-labeled aptamer, but the luminescence will not be

affected after the capture of PSA protein.?*?
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Figure 1-29 Schematic illustration of the Fluorimetric DNA Assay using MoS,. Reprinted
with permission from Zhu et al., Single-Layer MoS,-Based Nanoprobes for
Homogeneous Detection of Biomolecules. J. Am. Chem. Soc. 2013, 135, 5998-6001.2>°
Copyright 2013 American Chemical Society.

1.9.3.1 Functionalization of 2D TMDs for biochemical sensors

Selective biochemical sensing using thiol or silane chemistry on Au or oxide
capping layer on top of TMD, respectively, provides a feasible way to covalently link the
probe biochemical species to the sensing surface. However, the deposition of such
capping layer complicates the fabrication process and may influence the surface charge
coupling upon the attachment of analyte molecules. Alternatively, in order to exploit
TMDs for biochemical sensing applications with high selectivity, direct functionalization
of the TMD surface with surface linkers is important.?®® By a proper design of the end
functional groups of the linkers, the probe species can be further attached to the linkers
covalently. For graphene, it has been reported that proteins can bind onto graphene
surface via 7-n bonding between carbon structures.?®* For TMDs, due to their X-M-X

sandwich structure, chalcogen atoms and vacancies are exposed to the environment. As a
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result, surface functionalization using chalcogen related chemistry is the most common
approach. Among all, functionalization of S-based TMDs has been extensively studied.
Take MoS; for example, metal-acetate salts (M(OACc),; where M = Cu, Ni, Zn) can
coordinate with the surface S atoms on MoS; and form metal-sulfur dative bonds.”®®
Alternatively, linkers can also be grafted onto the MoS; surface by filling the S-vacancies
using S-containing chemicals, including thiophene, thiols, etc.!”® 2628 possible
coordination mechanisms including filling S-vacancies (left) and metal-S coordination
(right) are shown in Figure 1-30.%®® Some available linkers for the functionalization of S-
based TMDs are shown in Figure 1-31.%® Unlike classical thiol chemistry on Au that
form Au-S bonds, thiol molecules serve as S-atom donors and will fill the S-atom
vacancies in S-based TMDs. In other words, surface S vacancies can be repaired by
external S sources. Organic thiols including thiophenol, alkane thiols, etc. were reported
for the purposes.”®® The evidence of the S-atom vacancy filling is usually observed
through the distinct S 2p peaks in XPS spectrum. Furthermore, it is interesting that Kim
et al. reported a surface functionalization of MoS; using mercaptoundecanoic acid for gas

210 \which is similar to the thiol SAM used in

sensing of volatile organic compounds,
amine coupling of biomolecules on Au. The functionalization of MoS, surface with
carboxylated thiol SAM suggests a possible covalent immobilization of biomolecules to
the TMD surfaces. Although several surface functionalization techniques have been
demonstrated for TMD surfaces, challenges including controlling the density and

arrangement of S-atom vacancies and the resulting thiol SAM formation still need to be

solved.
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Figure 1-30 Graphical representations of various modes of MoS; functionalization with
small molecules. The attachment using S-atom vacancies filling (left) and metal-sulfur
dative bonds formation (right). Reprinted with permission from Chen et al.,
Functionalization of Two-Dimensional Transition-Metal Dichalcogenides. Adv. Mater.
2016, 28, 5738-5746.°% Copyright 2016 John Wiley and Sons.
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1.9.4 Mechanical sensors

Strain-induced piezoresistive and piezoelectric effects have been observed in
TMDs. 2% #1213 sing either piezoresistive or piezoelectric properties, TMDs can be use
as strain gauges. Wu et al. have experimentally demonstrated MoS, piezoelectric strain
gauges based on MoS, Schottky diode devices.?* It was observed that the output
piezoelectric potential due to the strain-induced polarization increases with external
strain. Theoretical works by Yu et al. later reported mechano-electric piezoelectric strain
sensors based on TMD homo- and hetero-junction devices®’*, and the maximum voltage
output at 8% strain can reach as high as 0.356 V for WS, pn junction devices.
Alternatively, MoS, piezoresistive strain sensors measuring the strain-induced resistivity
has also been demonstrated.”®> However, aforementioned proof-of-concept TMD-based
strain sensors were fabricated on exfoliated TMD flakes, which limit their practical
applications. Therefore, development of TMD-based strain gauges based on large-area
TMD films in compatible with state-of-the-art photolithography fabrication process is

important for the future applications of TMD mechanical sensors.

1.10 Summary of background

2D TMDs is promising for next generation electronics with controllable electrical
and optical properties as well as improved mechanical properties. Different synthesis
techniques for the fabrication of two-dimensional TMD thin films have been reviewed.
Due to the atomically thin nature of TMDs, their electrical and optical properties are

sensitive to the internal, for example, thickness, and external environments. The
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properties of TMDs related to the electrons and phonons have been discussed. Using this
sensitivity to the external environment, the electrical properties of TMDs can be modified
through surface doping. Selected doping techniques available for TMDs have been
compared. External mechanical strain can influence the electronic structure of TMDs.
The strain-induced properties and strain engineering of TMDs has been reviewed.
Furthermore, the sensitivity of TMDs to the environment renders them good candidates
for sensing applications, including gas sensor, chemical sensor, biological sensor,
mechanical sensor, etc. Although TMD is a promising alternative to bulk semiconductors,

the thin film quality needs to be optimized to fully exploit these atomically thin materials.

The fundamental of chemical and biological potentiometric sensors have been
discussed. Two FET-based potentiometric sensing configurations, ion-sensitive FETs and
extended-gate FETS, have been reviewed. The understanding of the sensing mechanism
and sensing techniques can leads to a universal sensing strategy that is suitable for

various FET-based transducers, including TMD-based devices.
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CHAPTER 2. CHARGE TRANSFER DOPING OF 2D TMD

SEMICONDUCTORS

This chapter describes the charge transfer doping of two TMD materials, n-type
MoS;, and p-type WSe,, using redox-active metal-organic molecules. This work was
performed in close collaboration with Dr. Siyuan Zhang and Dr. Alexey Tarasov. The
molecular dopants were acquired from Dr. Seth Marder’s group. My role in this work
involved performing doping treatments to TMD devices, electrical characterization and
physical characterization. Section 2.1 gives a brief introduction to the charge transfer
doping. Section 2.2 describes the experimental methods for the doping treatment and the
physical characterizations. Section 2.3 includes n- and p-doping of trilayer MoS;
samples. Detailed physical characterization including XPS, UPS and Raman
spectroscopy and electrical characterization of FETs after doping treatment were used to
verify the doping effect. Section 2.4 includes n- and p-doping of trilayer WSe, samples.

Systematic physical and electrical characterizations were presented.

2.1 Introduction

Two-dimensional (2D) transition-metal dichalcogenides (TMDs), particularly

MoX; or WX, (X = S, Se), have been widely explored recently as a class of

123-124, 272 35, 273 272, 274

semiconducting materials in transistors, tunneling devices, Sensors,
flexible electronics,”® and optoelectronics?”>2"® due to the ability to tune their band

structure through thickness control and strain engineering. MoS,, which, as synthesized,
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IS an n-type semiconductor, has received particular attention. However, for integrated
circuits applications consisting of CMQOS, p-n diodes, and other logic components, both
n-type and p-type semiconductors are required. WSe, is a promising p-type candidate for
numerous electrical and optical applications due to its controllable band structure; its
bandgap can range from ~1.2 eV (indirect) for the bulk form to ~1.64 eV (direct) for
monolayers.”® To date, most reports on 2D TMD-based devices involve the use of
exfoliated flakes or CVD-grown discontinuous grains, which are usually several
micrometers in size. This hinders their practical application using state-of-art
semiconductor fabrication techniques. As a result, the ability to synthesize high-quality
2D materials over large areas and that are compatible with conventional CMOS
technologies is essential. Our recent work demonstrated a wafer-scale synthesis of TMDs
with thickness and electrical uniformity through the direct sulfurization or selenization of

123-124

metal thin films, providing an important step toward practical device applications.

Doping is an effective tool to further control the electrical and optical properties
of semiconductors as required for device applications, both through modulation of the
carrier concentration and of the work function. Several approaches to dope TMDs using
various modifiers have been reported. Firstly, diffusion or implantation of metals, such as
potassium for n-doping,?’” and gold for p-doping® has been used; however, diffusion of
metal atoms and/or ions is not easily controllable, and can cause unexpected leakage
pathways and even failure during operation, while metal inclusion in 2D layers and the
implantation process can cause damage to TMD crystal structures. Secondly, physi-
and/or chemisorption of gases, such as NO,,%® has been used; gas molecules physisorbed

through weak van der Waals interactions can easily desorb, with attendant de-doping of
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the TMDs, while chemisorption can potentially perturb the original band structure.
Thirdly, organic modifiers, such as ethoxylated poly(ethyleneimine) (PEIE) or
octyldecyltrichlorosilane (OTS)'*® **° have been used; the mechanism of doping using
these modifiers varies depending on the modifier in question, but can involve partial
charge transfer, or build-up of a surface dipole. These previous studies have mostly been

conducted using the exfoliated TMD flakes.

2.2 Experimental methods
2.2.1 Device fabrication

Both MoS; and WSe; was synthesized on 300 nm of thermally grown SiO, on
low-resistivity (0.1 — 0.5 Q cm, boron-doped) silicon wafers. Prior to deposition of 1 nm
of molybdenum or tungsten via e-beam evaporation (0.3 A/s) onto the substrate, the
substrate was cleaned using acetone, methanol and isopropanol. In the case of MoS,
vaporized S from a heated canister was used as S source for the sulfurization of Mo thin
film. For WSe,, the W thin film was selenized in a furnace using Se pellets in a crucible
as Se source. The furnace chamber was pumped down to approximately 10 Torr to
eliminate atmospheric contaminants. A 1 h Hy/Ar annealing was used to remove the
native oxide on Mo thin film prior to S vapor incubation at 1050 °C to convert Mo to
MoS,. Similarly, a 1 h Hy/Ar annealing along with Se vapor at 800 °C was used to
remove the native oxide on W thin film and supply the Se source for WSe; synthesis.
Finally, a 30 min purge under Ar flow (200 sccm) at 800 °C was used to remove excess

selenium from the WSe, surface. The furnace was then allowed to cool down to room
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temperature before unloading the sample. The synthesized MoS; is expected to be three
layers based on the initial thickness of 1 nm Mo as confirmed by the Raman spectrum.
The synthesized WSe, is expected to be three layers based on the initial thickness of 1 nm
W and a final thickness of 2.5 nm WSe,. The detailed procedure for MoS, and WSe,

synthesis can be found in our previous published protocols.*****

The FETs were fabricated on the as-synthesized MoS, or WSe, sample using
standard photolithography. The Au (100 nm) or Ti/Au (30 nm/ 70 nm) source and drain
contacts were deposited using e-beam evaporation followed by lift-off process. The
active channel was patterned by plasma etching using mixture gas of SFg (45 sccm) and
O, (5 sccm) at 30 W RF power for 5 min. The electrical characterization of fabricated
WSe; was taken using a Keithley 4200-SCS semiconductor parameter analyzer and a
Lakeshore probe station at room temperature under vacuum (~10® Torr) to minimize the
effect of surface absorption from the ambient. A bottom gate configuration was used
with a 300 nm SiO; dielectric. Even though the doping treatments were conducted in a
N-filled glove box, the samples experience a short exposure (< 5min) to air before being

transferred into the vacuum measurement chamber.
2.2.2 Doping treatment

For MoS; doping, n-Dopants, (2-Fc-DMBI), (N1) and 2-Fc-DMBI-H (N2) were
dissolved in anhydrous deoxygenated toluene to make a 2.5 mM (N1) and a 5 mM (N2)
solution, respectively (the differences being chosen to reflect that the two dopants can
contribute two and one electrons, respectively). The p-dopant tris(4-

bromophenyl)ammoniumyl hexachloroantimonate (“Magic Blue”, P1) was dissolved in
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CH,Cl, to make a 5 mM solution. Samples were then exposed to dopant solutions for
various times, followed by rinsing in fresh solvent 3 times with shaking to remove

physisorbed materials, and dried out with N, from a rubber bulb.

For WSe; doping, dichloromethane (DCM) and toluene were purchased from
Sigma-Aldrich (anhydrous grade solvent packed under argon) and used as received.
Tris(4-bromophenyl)ammoniumyl hexachloroantimonate (“Magic Blue”, P1) was
purchased from Sigma-Aldrich and used as received. (BusN)'[Ni(mnt),]  (P2) and
(RhCp*Cp), (N1) were synthesized according to literature reported methods.!"> 2’5272 Al
operations were carried out under an atmosphere of nitrogen or argon, unless stated
otherwise. The doping treatments were conducted inside a Unilab MBraun glovebox with
both water and oxygen level <0.5 ppm. P1 and P2 were dissolved in anhydrous DCM to
make a 5 mM solution, while N1 was dissolved in anhydrous toluene to make a 2.5 mM
solution. WSe;, samples were immersed into the dopant solutions for various treatment

time, and were then rinsed with fresh solvent several times to remove physisorbed

dopants.

2.2.3 Electrical characterization

All measurements were performed using a LakeShore Cryotronics probe station
and a Keithley 4200-SCS parameter analyzer at room temperature. First, as-fabricated
transistors were tested in high vacuum (~ 10 Torr) to minimize the effect of surface
absorption from the ambient. The devices were then dip-coated in dopant solutions inside

a glove box and measured again in vacuum. Even though the doping treatments were
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conducted in a N»-filled glove box, the samples experience a short exposure (< 5min) to

air before being transferred into the vacuum measurement chamber.
2.2.4 Physical characterization

X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS) were acquired
with Kratos Axis UltraDLD XPS/UPS system, using the monochromatic Al Ka line and
He-1 lamp radiation (21.2 eV), respectively. The base pressure of the analysis chamber is
10°® Torr. MoS, and WSe; films were transferred onto gold substrates for the XPS/UPS
measurements before doping treatments because their intrinsic conductivity is too low for
the UPS measurement. The Fermi level was calibrated using atomically clean silver. Peak
fits of high resolution scans were done with Vision Processing Software 2.2.8 using
mixed Gaussian/Lorentzian distributions to minimize chi squared. The work function was
calculated based on the binding energy corresponding to the secondary electron edge
(SEE) (¢ = 21.22 eV — SEE) for each film, and the position of the valence band
maximum was determined from the onset of photoemission relative to zero binding

energy (Fermi level).

Raman spectroscopy was acquired in a Renishaw InVia microscope spectrometer
with laser excitation at 488 nm. For all of the Raman measurements, the samples were
transferred from the glovebox using a sealed microscope stage (Linkam TS 1500) to
avoid air exposure during transfer and measurements steps. A quartz window was used to
allow optical access to the sample during the measurements. All Raman peaks were fitted
with Gauss-Lorentzian line shapes to determine the peak position, the linewidth and the

intensity.
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2.3 Doping of MoS,*

Previous studies have demonstrated the feasibility of molecular doping using
exfoliated TMDC flakes, there have been few multi-technique studies comparing
different dopants on large-area TMDCs. Since powerful molecular n-dopants that operate
by simple electron transfer are inevitably sensitive to air and moisture, several
approaches to more easily handle molecular n-dopants have been developed recently in
which the reduction chemistry is coupled to chemical reactions. These include species
formally related to stable cations by a hydride reduction, such as dihydrobenzimidaolze
derivatives®® (2-R-DMBI-H, shown in Figure 1 for R = Fc), and dimers of highly
reducing odd-electron species, including those of various 19-electron sandwich
compounds®®® and benzimidazoline radicals (see (Fc-DMBI),, Figure 2-1).%®" Although
developed as dopants for organic semiconductors, both classes of air-stable dopants have

also been applied to the surface n-doping of the 2D material graphene.?®22%

Here, we use examples of these two classes of stable n-dopants, (2-Fc-DMBI),
(N1) and 2-Fc-DMBI-H (N2) (Figure 2-1), to dope large-area (>10 cm?) highly uniform
trilayer MoS; films. We use electrical measurements, ultraviolet and x-ray photoelectron
spectroscopy (UPS and XPS respectively), and Raman spectroscopy, to compare the n-
doped films to pristine MoS, and to MoS; treated with a p-dopant tris(4-
bromophenyl)ammoniumyl hexachloroantimonate®®* (“Magic Blue”, P1, which is stable

in dry air and dry CH,Cl,).

& Adapted with permission from Tarasov, A.; Zhang, S.; Tsai, M.-Y.; Campbell, P. M.;
Graham, S.; Barlow, S.; Marder, S. R.; Vogel, E. M., Controlled Doping of Large-Area
Trilayer MoS, with Molecular Reductants and Oxidants. Adv. Mater. 2015, 27, 1175-
1181. Copyright 2015 WILEY-VCH.
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Electrical measurements were performed on back-gated field-effect transistors
made from wafer-scale trilayer MoS; grown on a highly doped Si wafer with 260 nm
thermal SiO,. A detailed description of this growth process and of the physical and
electrical characterization of MoS; grown this way has been reported elsewhere. For this
study, a sample containing several hundred transistors was diced into three dies to

124 the devices have an intrinsic

compare different dopants. As we have previously shown,
field-effect mobility of ~7 cm?V's™ and exhibit highly reproducible characteristics
across the whole sample area (> 10 cm?), which enables an accurate comparison of

different dopants. The device schematic and transistor characteristics prior to doping are

presented in Figure 2-1, as well as the chemical structures of the compounds.
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Figure 2-1 (a) Schematics of a back-gated trilayer MoS, transistor. The drain-source
voltage Vs is applied to the Ti/Au contacts on top of MoS,. The back-gate voltage Vg is
applied to the highly doped Si wafer (resistivity: 0.001-0.01 Qcm). (b) Optical image of
the MoS; transistor. (c) Drain current lg through the MoS, channel as a function of the
applied back-gate voltage Vi (transfer curve) at constant drain-source voltage Vgs = 1V
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for two different channel widths (50 pm and 13 pm). The channel length is 100 um. The
maximum currents are limited by extrinsic resistance associated with the contacts; the
intrinsic mobility after subtracting these contributions is around ~7 cm?V™'s™. (d) Output
curves lg vs. Vg at different back-gate voltages Vyg. (€) Molecules used in this study. N1,
N2 are n-dopants, P1 is a p-dopant. The cation 2-Fc-DMBI" is also shown and is the
expected product of doping with both N1 and N2; in the case of N2/MoS, doping, the
fate of the H atom is unknown. Treatment with P1 is expected to form neutral tri(4-
bromophenyl)amine and leave SbClg™ anions on the surface.

To investigate the doping effects, we first perform electrical characterization on
three different samples that were dip-coated in 2.5-5 mM solutions of the dopants
presented above for up to 10 min. Each sample contained several tens of transistors.
Doping treatments were performed inside a glove box, and all electrical measurements
were performed in high vacuum (ca. 10® mbar) after a short exposure to air during the
transfer step (ca. 1 min). The electrical measurements are summarized in Figure 2-2 a-c.
Figure 2-2a shows a representative transfer characteristic of a MoS; FET before and after
doping with N1 (on a semi-logarithmic scale). Even a short immersion (dip) in a N1
solution significantly shifts the threshold voltage of the transistor Vi, (defined as the
voltage necessary to achieve a current of 10"°A) to more negative values, indicated by
the arrow. After this measurement, the sample was treated in the same solution for 10
min and measured again. An even more pronounced Vi, shift and a further current

increase are observed. These results are consistent with n-doping of the channel.
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Figure 2-2 (a) Representative transfer characteristics of a MoS, FET before and after
doping with N1. Treating the transistor with N1 shifts the threshold voltage Vi, to more
negative values, indicating n-doping (arrow). The drain current Iy at a given back-gate
voltage Vyyq is increased by one order of magnitude. (b) In contrast, the P1 treatment shifts
the transfer curves to more positive gate values and decreases the overall current. (c)
Effects of different n-dopants (N1, N2) and p-dopants (P1) on the threshold voltage Vi.
Several transistors were measured in each case. Threshold voltage shifts AVy, are shown
relative to the pristine sample (i.e. Vin, pristine = 0 V). Dark bars show the mean AV, values
after a short dip, whereas light bars represent a 10 min treatment. Error bars indicate the
standard deviation from averaging the results obtained with different devices. (d) Effect
of molecular surface doping on the band structure of an n-type semiconductor. In the
pristine case (center), Er is closer to the conduction band (CB) than to the valence band
(VB). The work function of the pristine material ¢ (center), which is the difference
between the vacuum level Ey,c and the Fermi level E, decreases upon treatment with an
n-dopant (left) and increases for the p-dopant (right). The total ¢ change consists of two
different contributions. Firstly, filling (emptying) of semiconductor states (A ¢s¢) due to
electron transfer between the n-(p-)dopants and the channel shifts the Fermi level Ef
relative to the valence band maximum Eygm. Secondly, the negatively (positively)
charged semiconductor and the positively (negatively) charged dopant ions result in a
surface dipole that leads to a shift in the local vacuum level E,, across the surface (A

$sp)-

In contrast, the P1 treatment shifts the transfer curves to more positive gate values
and decreases the overall electron current (Figure 2-2b). However, we do not observe a

significant p-type or hole transport at negative gate voltages, consistent with UPS data
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(see below), which indicate that the Fermi level is still located far from the valence band.
Therefore, the p-dopant is better regarded as neutralizing electrons present in
adventitiously n-doped pristine films than as introducing holes into the valence band. We
will discuss the band structure changes induced by different treatments further below.
Extracted threshold voltage shifts, AVy,, are plotted relative to the pristine sample (i.e. Vi,
pristine = OV) in Figure 2-2c for all dopants (N1, N2, P1). Dark bars show the mean AV
values after a short dip, whereas light bars represent a 10 min treatment. Error bars
indicate the standard deviation from averaging the results obtained with different devices.
We observe that both n dopants induce a significant negative AVy, shift, with a larger
effect for N1 than N2. This is consistent with our previous observation that (DMBI);
dimers are stronger dopants for a naphthalene diimide-based polymer than DMBI-H
derivatives.?®! These differences in dopant strength may be due to both thermodynamics
and kinetics and can be attributed to the different chemical reactions that are coupled to
the electron-transfer reactions required to form stable DMBI™ cations and n-doped
semiconductor. In the case of the dimers a C—C bond is broken, whereas in DMBI-H
derivatives a C—H bond is broken, leading to the formation of additional side products,
the identity of which is unclear in the case of MoS;, doping. On the other hand, the p-
dopant P1 gave a significant positive value of AVy,. Based on these shifts, we can

estimate the charge density n in MoS; after doping using the following expression:

_ CoghVi
e

n (23)
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where e = 1.6x10™ C is the electron charge, and Cpg~ 1.33x10°° Fcm is the estimated
back-gate capacitance Cyy = eog/d, with g = 8.85x10™ Fm™ being the vacuum
permittivity, & =3.9 the relative permittivity of SiO,, and d = 260 nm the oxide thickness.
With AVy, values from Figure 2-2d (after 10 min), we estimate the following densities of
electrons introduced by the n dopants: nn1 = 6.3x10™ cm™, ny, = 5.2x10% cm™; and the
density of carriers removed by the p dopant: np; =~ 8.0x10™ cm™. Other charge densities
can be achieved by changing the treatment time or the solution concentration, providing
effective control over the doping level. Our values are slightly lower than the n-doping
densities recently reported for doping few-layer exfoliated flakes of MoS, with potassium
(~1x10" cm™®)* and benzyl viologen (~1.2x10" cm).2%> This discrepancy could be due
to different charged state densities at the SiO,/MoS; interface, different material quality
of the grown and exfoliated MoS,, or due to a brief exposure to air after the doping
treatment in the present study. It should be noted that the extremely high electron
densities induced by doping in these previous reports resulted in a dramatic loss of the

current on/off ratio in a back-gated device geometry,153' 285

yet our back-gated devices
retain their on/off ratio after doping while still providing a large change of the work
function (see below) and the threshold voltage. The effect of molecular surface doping
can be understood in terms of changes to the band structure of a semiconductor, in this
case n-type MoS, with a band gap of ~1.8 eV (derived from absorption measurements).
This value is higher than previously reported for exfoliated trilayer MoS, (~1.5 eV?%®),
and slightly higher than predicted (~1.7 eV?®"), which may be due to increased interlayer

distance as a result of twist between the individual MoS, layers.?®8% In Figure 2-2d, the

band structure of an n-type semiconductor is sketched for 3 different cases: untreated or
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pristine (center), treated with an n-dopant (left), and treated with a p-dopant (right). The
key physical quantities here are the work function, ¢, and the position of the Fermi level,
Er, relative to the valence band maximum (VBM) or the conduction band minimum
(CBM). The work function, ¢, is the difference between the vacuum level outside the
surface of interest, Eysc, and Er. As shown in the left part of Figure 2-2d (n dopant), Er
shifts closer to the CBM because of filling of states close to the CB edge by electron
transfer (denoted by ¢s¢), while the E,qc is lowered across the interface due to the
formation of a surface dipole between the resultant negatively charged semiconductor
and positively charged dopant ions (denoted by ¢sp). Both of these effects are expected to
contribute to lowering of ¢ upon treatment with an n-type dopant, i.e. A ¢ =A ¢sg +A Psp.
Conversely, Er and E,4 are shifted to the opposite direction when the material is treated

with a p-type dopant, thereby increasing the work function ¢ (right part).

To experimentally determine the work function ¢ and the position of Eygwm
relative to Er (i.e. ¢sr, see Figure 2-2d), we used ultraviolet photoelectron spectroscopy
(UPS). Figure 2-3a shows the high binding energy cutoff regions (i.e., secondary edge) of
the UPS spectra for a representative sample doped with N1. The secondary electron edge
(SEE) shifts to increasingly higher binding energy with increasing dopant treatment time.
The work function is given by the difference between the energy of the UV photons
(21.21 eV for the He I radiation used here) and the binding energy of the SEE. The work

2% and decreases

function of pristine MoS; is ¢ = 4.63 eV, similar to previous reports,
significantly by around ~1 eV after 10 min N1 treatment. Figure 2-3b shows the
corresponding low binding energy part of the UPS spectra close to the Fermi energy (Er =

0 eV). Prior to doping, the Fermi level of pristine MoS; is located ~1.32 eV above the
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VBM in the upper half of the band gap (the band gap is ~ 1.8 eV), consistent with the n-

291-294

type nature of MoS;, which could be intrinsic due to sulfur vacancies or extrinsic

due to defects at the substrate/MoS, interface.?®

With increasing doping time, we
observe an increasing shift of Eygm to higher binding energy. As a result, the Fermi level
is now very close to the conduction band minimum (~1.76 eV). On the other hand, after
successive treatments of MoS, with the p-dopant P1 (Figure 2-3e), an increase in the
work function is observed, i.e., the SEE shifts to lower binding energies with increasing
treatment times, and the VBM shifts to lower binding energy relative to Er (Figure 2-3f).
However, the Fermi level is still far away (~1.06 eV) from the valence band maximum,
because the band gap is relatively large, and the Fermi level of pristine (n-type) MoS; lies
in the upper half of the band gap (cf. Figure 2-2d). Hence, even though the treatment with
the p-dopant removes electrons from MoS; and shifts the Fermi level downward, the
changes are not sufficient to convert n-type MoS; into a truly p-type material. To the best

of our knowledge, this is the first observation of work function and Fermi level shifts in

MoS, upon treatment with a p-type dopant.
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Figure 2-3 UPS and XPS spectra of MoS, before and after treatment with N1 (a-d) and
P1 (e-h). In a-h, the bottom curves (“bare”) are the pristine MoS, spectra, middle curves
(“dip”) are for samples following a short dip in 2.5 mM (N1) or 5 mM (N2 and P1)
dopant solution, and the top curves (“10 min”) are obtained following a 10 min treatment
in the same solution. (a, e) Secondary electron edge shifts (SEE) of MoS, after various
treatment times. (b, f) Low binding energy region (near the Fermi energy Er= 0 eV). The
onset of ionization of filled states relative to zero binding energy is used to track the
shifts of Ef relative to VBM. (c, g) XPS core level spectra of Mo 3d. (d, h) XPS core
level ionizations characteristic of N1 (Fe 2p) and P1 treatment (ClI 2p), respectively. (i)
Summary of total work function shifts A¢ (black squares) and the contribution to the WF
change from state filling/emptying Agsr (red circles) for different dopants and treatment
times, shown relative to the pristine value (energy = 0 eV, dashed line). The contribution
from the surface dipole is the difference Agsp = Ag — Adsr.
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As mentioned above (cf. Figure 2-2d), the total ¢ change consists of two different
contributions: one from the shift of the Fermi level Ef relative to the VBM and
attributable to (de)population of semiconductor states on doping (¢sg), and another from
the change of the vacuum level, E,4, arising from surface dipole formation (¢sp). Figure
2-3i shows the total change in work function A¢ and the portion of the change that is
attributed to state (de)population Ag¢sr, With the difference being induced by the surface
dipole (Agsp = Ag — Adsr). In all cases, both effects make significant contribution, with
the relative importance of the dipole contribution generally increasing with the treatment
time. For a given treatment time, both contributions from N1 doping are larger than those
using N2, consistent with the electrical measurements discussed above.

X-ray photoelectron spectroscopy (XPS) was also used to investigate the doping
effects. As seen in Figure 2-3c, the binding energy (BE) of the main Mo 3d peak of n-
doped MoS; shifts to a higher value (cf. Figure 2-3b). This upshift of peaks is attributed
to the population of semiconductor states upon n-doping, and the Fermi level shift toward
the conduction band edge. This upshift is also consistent with previous studies on doped
MoS; flakes.™® On the other hand, depopulation of filled states through P1 treatment
shifts the MoS,; Mo 3d peak to lower binding energies since the Fermi level is being

lowered relative to the VBM (Figure 2-3 g).

Moreover, XPS also reveals increasing surface concentrations of N1 (based on the
Fe 2p spectrum), and P1 (based on Cl 2p) as the treatment time increases (Figure 2-3d,
h). Assuming that all the dopants fully reacted (only cations and anions present on the
surface for n- and p-dopants respectively), we can estimate the surface concentrations of

N1 and N2 dopants from the Fe/Mo ratios. The coverage is calculated based on the
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dopant to MoS; ratio relative to the theoretical value, which is estimated from how many
dopant monomers can fit in a close packed arrangement on the surface of trilayer MoS..
Similarly, the P1 concentration can also be estimated based on the Cl/Mo ratio. For N1,
we obtain coverage of 23% and 82% of a molecular monolayer for a quick dip and a 10
min immersion in a dilute toluene solution, respectively. N2 gives lower coverage than
N1 (up to 56%), consistent with other evidence — see above — that it dopes MoS; to a
lesser extent than N1. Calculation details and the close-packed monolayer model are
described in our published report.”® Assuming a 100% doping efficiency, i.e. one
electron is transferred for each monomer cation, the change of electron sheet density
induced by n-doping with N1 can be estimated as 7.9 x 10" c¢m™, which is about 10
times higher than electron sheet densities calculated based on AV, (N1 = 6.3x10% cm™).
There are several possible reasons for this discrepancy. Firstly, both dopant ions and
unreacted dopants may be present on the surface (although in the case of the p-dopant,
XPS is consistent with only SbClg anions resulting from complete reaction being
present). Previous results on graphene doping showed that the doping efficiency for a
similar dimeric dopant can be as low as 50%.%%? Secondly, some of the electrons
transferred from the dopant may be trapped, for example by strong electrostatic
interactions with dopant ions, and, therefore, may not contribute to the drain current.
Thirdly, the short exposure to air before the electrical measurements may quench some of

the electrons in the n-doped devices.

We have also performed Raman spectroscopy to further understand the doping
effects. Figure 2-4a displays the characteristic MoS, double peak before and after the

doping treatments with N1. The Ezgl phonon mode represents the in-plane vibrations of
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Mo and S atoms, whereas the A4 peak is the out-of-plane vibration of S atoms.” The
peak positions of both vibrational modes are plotted in Figure 2-4b for the N1 case. We
observe a significant downshift of the Ay peak position by ~ 1 cm™ (“softening” or red
shift), while the Ezgl peak position shows almost no change (< 0.2 cm™). For doping with
N2, the Ay downshift is smaller than for N1 (< 0.3 cm’, Figure 2-4c), in agreement with
the electrical and UPS measurements. All peak shifts are also accompanied by peak
broadening (see Figure 2-5) and intensity decrease after the treatment. An opposite trend
is observed upon treatment with P1 (Figure 2-4d), with both peak positions shifting

slightly (by ~ 0.5 cm™) to higher values (“stiffening” or blue shift) and narrowing of the

peaks (see Figure 2-5).
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Figure 2-4 (a) Raman spectra of trilayer MoS, before and after different treatments with
N1. The peak separation is A; -Eggl ~ 23.5 em™, confirming that the MoS, film consists

of three layers.®® %" (b-d) Ez;" and Ayq peak position shifts upon doping with different
compounds.
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Figure 2-5 Full width at half maximum (FWHM) of A4 and Ezgl peaks before and after
successive dopants treatment. Ay peak broadenlng is observed after n-doping of MoSs,
with N1 causing a stronger effect than N2. The Ezg peak width is barely affected. After
P1 treatment, both peaks become slightly narrower.

The n-doping results are consistent with previous work on electrostatic*® and
chemical doping® of monolayer MoS; flakes. The higher electron concentration in the n-
doped MoS; increases the electron-phonon scattering, which affects the frequency and
the full width at half maximum (FWHM) of phonons via renormalization of their self-
energy.”® In our experiment, this leads to Raman mode softening (i.e., shift to lower
frequency) and peak broadening after n-doping with N1 and N2. The difference between
the A4q and Eggl shifts was previously explained by stronger electron-phonon coupling of
the A1 mode based on symmetry arguments.”®® As a result, the Aaq peak is affected more
strongly by n-doping than the Eggl mode. On the other hand, the treatment with P1
depopulates filled states in MoS,. Therefore, the electron-phonon scattering is reduced
and we observe stiffening (i.e., shift to higher frequency) of both Raman-active modes.

Unlike in the case of n-doping, the shifts are similar for both Ay and Ezgl phonons,
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suggesting a similar electron-phonon coupling. However, future experimental and

theoretical studies are needed to fully understand this effect.

In conclusion, we have studied surface doping of wafer-scale trilayer MoS, using
solutions of redox-active molecular dopants. Carrier densities of up to 8x10'? cm™ and
work function changes of up to = 1 eV can be achieved; however, both these parameters
can be controlled through the choice of dopant, treatment time, and the solution
concentration. The change in work function arises from a combination of electron
transfer from the adsorbed dopants to the MoS; channel, as well as the resultant surface
dipoles. Both the recently reported neutral dimer of a benzimidazoline radical (2-Fc-
DMBI), and the related compound 2-Fc-DMBI-H have been shown to be effective
solution-processable n-type dopants for MoS,. Electrical measurements, UPS, XPS and
Raman results indicate that the dimer (N1) exhibits a stronger n-doping effect than the
monomer (N2), consistent with previous studies of their strength as dopants for organic
semiconductors.?®* On the other hand, the treatment with a p-type dopant (P1) neutralized
electrons in adventitiously n-doped pristine films, and resulted in less strongly n-type

MoS; than pristine, rather than truly p-type MoS..

The solution-based surface doping described here provides a simple and readily
scalable process for tailoring electrical and optical properties of two-dimensional
semiconductors. Future work will investigate the influence of the SiO,/MoS; interface
charges, device encapsulation with a top-gate dielectric, contact engineering and p-

channel transport behavior of doped MoS;.
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2.4 Doping of WSe,"

In this section, we expand the application of solution-processed molecular electron-
transfer doping to another 2D layered semiconductor, WSe,, which is a p-type
semiconductor due to intrinsic defects.*® As in our previous work with few-layer
MoS,,%*! we used tris(4-bromophenyl)ammoniumyl hexachloroantimonate, “Magic Blue”
(P1), as a strong p-dopant (the [N(CsHa-p-Br)s]* cation is reduced at +0.70 V vs.
(FeCp,)"°).28* The tetra-n-butylammonium salt of the nickel bis(1,2-dicyanoethane-1,2-
dithiolene) anion, (BusN)'[Ni(mnt),]” (P2), was also used as a considerably milder p-
dopant (the [Ni(mnt),]” anion is reduced at -0.26 V vs. (FeCp,)”*).3?
Pentamethylrhodocene dimer (RhCp*Cp). (N1), which is used here as an n-dopant for
WSe,, is moderately air-stable in the solid state, has been applied to the surface n-doping
of the 2D material graphene,?®* carbon nanotubes,”® and various metal and metal-oxide

303

electrode materials,*®® as well as to the bulk doping of organic semiconductors;™

moreover, (RhCp*Cp), reacts an analogous fashion to the dimeric benzimidazoline-based

173 that we have previously used as an n-dopant for few-layer MoS,,%* with bond

dimer
cleavage accompanying electron transfer leading to the formation of two monomeric
cations (here (RhCp*Cp)") and has a similar effective redox potential
(E((RhCp*Cp)*/0.5(RhCp*Cp),) estimated to be ca. —2.0 V vs. (FeCp,)™).3%3% The
redox potentials of dopants used in this study is shown in Figure 2-6. Physical

characterization using ultraviolet and X-ray photoelectron spectroscopy (UPS and XPS)

as well as Raman spectroscopy are used to confirm the doping effects and to understand

b Adapted with permission from Tsai, M.-Y.; Zhang, S.; Campbell, P. M.; Dasari, R. R,;
Ba, X.; Tarasov, A.; Graham, S.; Barlow, S.; Marder, S. R.; Vogel, E. M., Solution-
Processed Doping of Trilayer WSe, with Redox-Active Molecules. Chemistry of
Materials 2017. Copyright 2017 ACS. DOI: 10.1021/acs.chemmater.7b01998
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the underlying doping mechanisms. In addition, the I-V characteristics of WSe, field-

effect transistors (FET) modified with both p- and n-dopants are characterized, and

highly reproducible electrical performance is achieved.
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Figure 2-6 The redox potentials of dopants used in this study. On reaction with WSe,, P1
is expected to form neutral tris(4-bromophenyl)amine and leave (SbClg) anions on the
surface, P2 is expected to form the corresponding [Ni(mnt),]*> dianion, which may or not
be accompanied by (NBuy)" cations on the surface (see discussion in the SI), and N1 is
expected to form monomeric (RhCp*Cp)”.

Similar to the discussion in section 2-3,%* large-area trilayer WSe, was exposed

to molecular oxidants and reductants by dipping in solutions (in dichloromethane for P1

and P2 and in toluene for N1) for various times in an inert atmosphere glove-box. The
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effects of n- and p-doping on the band structure of the semiconductor were directly
characterized using the ultraviolet photoelectron spectroscopy (UPS) in high vacuum (ca.
10" Torr) without exposure to air; UPS was used to determine the work function, WF, ¢
(¢ = 21.22 eV — Esgg, where SEE denotes the secondary electron edge, Figure 2-7a) and
the position of the valence band maximum (Evgwm) relative to the Fermi level Er. As
WSe; is p-doped, the Fermi level (Ef) is expected to shift closer to the valance band
maximum (VBM) as filled states are emptied by electron transfer to the p-dopants, while
the concomitant formation of a surface dipole resulting from the positive charge carriers
formed in the doped film and the negatively charged doping products on the surface is
expected to increase the vacuum level E.c, both effects contributing to an increased WF.
Conversely, in the n-doping case, Er will shift closer to the conduction band minimum
(CBM) and E4 Will be reduced by a surface dipole of opposite sign from that obtained
on p-doping. The UPS results are summarized in Figure 2-7b. The pristine sample of
WSe; used for doping exhibited a WF of 4.10 + 0.08 eV, and the low-binding-energy
valence-band section of the spectrum showed that the VBM lies 0.78 eV below the Fermi
level. In the case of P1 doping, the SEE successively shifted to lower binding energy
with increased exposure time, corresponding to an increase of the WF up to 5.00 eV after
1 hour treatment, which, to the best of our knowledge, is the largest increase in WF
reported for WSe,. Over the same exposure time, the Fermi level shifted to within 0.44
eV of the VBM, indicating that 0.34 eV of the total WF increase of 0.9 eV is attributable
to the downward shift of the Fermi level, with the remaining 0.56 eV being, therefore,
attributable to the raising of E,sc by the surface dipole built up on the WSe, film.

Consistent with the p-dopant redox potentials shown in Figure 2-6, P1 acts as a stronger
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p-dopant than P2 under a given set of conditions, inducing larger shifts in WF and in E, 4
vs. Evem. As expected, increasing exposure of WSe; to the n-dopant N1 (Figure 2-7b)
results in successive decreases in the WF and shifts of the Fermi level away from the

VBM.
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Figure 2-7 UPS spectra of WSe, before and after treatment with P1, P2 and N1 (5 x 107
and 2.5 x 10 M p- and n-dopant solutions, respectively). In (a) the subsequent
treatments from top to bottom are pristine WSe; spectra, dip, 1 min dip, 10 min and 1 h
dipping using P1. The values given in the left and right panels correspond to the WFs and
to the position of the Fermi level relative to the VBM. (b) Summary of total WF shifts,
A¢ (squares), and the contribution to the WF change from state emptying/ filling Adse
(circles) for different dopants and treatment times, shown relative to the pristine value
(energy = 0 eV, dashed line). The contribution to the WF shift from the surface dipole is
given by A¢sp = Ap — Adsk.

The doped surface was then characterized by XPS to investigate the density and
nature of dopant species present. Figure 2-8a shows the binding energy (BE) of the main
W 4f peak from the P1-doped films. Removal of electrons from the valance band through

p-doping is expected to shift the main W 4f peak (W 4f7;,) to lower binding energies
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since the Fermi level is being lowered relative to the VBM. Indeed, a 0.32 eV shift of the
main W 4f peak was observed, which is consistent with the Ef shifts relative to the Eygm
characterized by the UPS shown previously in Figure 2-7; a similar trend was observed
for P2-doped surface. On the contrary, n-doping leads to the upshift (i.e. toward higher
binding energy) of the W 4f peak since the Fermi level is being shifted away from the
VBM (shown in Figure S2). Figure 2-8b to d shows the increased concentration of the
dopants on the surface based on the Cl 2p (P1 dopants), Ni 2p (P2) and Rh 3d (N1)
peaks, respectively, as the treatment time increases. This is consistent with expectations
that the neutral  tris(4-bromophenyl)amine,  formed  after the  tris(4-
bromophenyl)ammoniumyl radical cation accepts an electron from the WSe,, will largely
remain in solution and/or to be washed away in the following rinsing step, leaving on the
surface mostly hexachloroantimonate counter ions, which serve to balance the charges
introduced to the film. A coverage of 38% of a molecular monolayer was obtained for a
10 min immersion in the dilute solution of Magic Blue; thus the change of hole sheet

density induced by p-doping with P1 can be estimated as 6.3 x 10™* cm™.
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Figure 2-8 (a) XPS core-level W 4f spectra before and after doping with P1 (the pair of
peaks at higher binding energy are attributed to the presence of WOy). XPS core-level
peaks indicating the presence of doping products on WSe;: (b) Cl 2p from the anion of
P1 “Magic Blue”, (c) Ni 2p attributed to [Ni(mnt),]"" (n = 1 and/or 2) anions from P2 and
(d) Rh 3d from N1, attributed primarily to the (RhCp*Cp)* cation, with the low-BE
shoulders likely attributable to unreacted (RhCp*Cp),.}"* **

Next, we examine the changes in Raman spectra induced by doping. Figure 2-9
shows the Raman spectra of the trilayer WSe; used in this study. As shown in Figure 4a,
the Ezgl phonon mode, which corresponds to the in-plane vibrations of W and Se atoms,
and the A4 peak, the out-of-plane vibration of Se atoms, are overlapped, consistent with
the reported literature for trilayer WSe; films.*®” The Raman spectra were fitted using
Gaussian functions to extract the peak positions for both vibrational modes. For Magic
Blue (P1) doping, significant red shifts of both A;q and E,4' peaks are observed (Figure
2-9b); this is caused by the change of the hole-phonon scattering in the doped film. A
similar but weaker trend is observed after P2 treatment as shown in Figure 2-9c. This
observation is also consistent with previous work on p-doping of WSe; films.®? On the n-
doping side, blue shifts are observed for A4 and Eggl peaks, and are presumably caused

by the lower charge-carrier concentration in the film, in Figure 2-9d. This is the first
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demonstration of an n-doping effect using electron transfer from redox-active molecules

on WSe,; future experimental and theoretical studies are needed to fully understand this.
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Figure 2-9 Raman spectra of trilayer WSe; used in this research. (a) Deconvolution of the
overlapping Ezgl and A;g peaks in WSe,. (b)-(d) Summary of Ezgl and A4 peak position
shifts upon doping with P1, P2 and N1 dopants, respectively.

To investigate the electrical effects of doping on the WSe,, FETs were fabricated
using trilayer film by CMOS-compatible photolithography processes with a bottom-gate
configuration and treated with three different dopants (P1, P2 and N1) using the dip-
coating method in 5 mM (for P1 and P2) or 2.5 mM (for N1) solutions. The trilayer
WSe; film used in this study through direct selenization can reach the maximum field-
effect mobility of 10 cm? V* s after the subtraction of contact resistance.**® This
mobility value is comparable to previous work on CVD-grown few-layer WSe,.>*® Figure
2-10a and Figure 2-10b show representative transfer characteristics (drain current (lg) -
gate voltage (Vyg) curves) of the WSe, FETSs after doping with P1 and P2, respectively.

Using Au as contact material, WSe, FETs show p-type behavior because the work
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function of Au aligns well with the valence band of WSe,, resulting in efficient hole
injection. After an initial short dip into the P1 solution, a significant shift of the 13-Vig
curve to the positive bias side was observed as shown in Figure 2-10a, which indicates
the WSe, was p-doped, consistent with the UPS data. As the duration of doping treatment
increases, the 14-Vyg curves shifts further toward a higher positive voltage, i.e. a stronger
p-doping effect. The P2-treated devices show a similar trend but the changes are less
dramatic than those obtained with P1 treatment (Figure 2-10b). The shift of the 14-Vyqg
curve can be summarized using the threshold voltage shift (AVy), which is defined here
as the difference between the applied Vyq value corresponding to a lq value for the doped
device equal to 5 x 10® A and that for the untreated sample (denoted as pristine; i.e. AV,
pristine = 0) as shown in Figure 2-10c. A trend of positive AVy, (a shift of 14-Vyg curve
toward positive voltage) is clearly observed for both P1 and P2 treated devices and a
significant AVy, up to 80 V is achieved after 10 minutes of P1 treatment. Using simple Ap
= CpgAV/q expression, where back-gate capacitance Cyg is estimated using parallel-plate
capacitor model, Cyg = go&/d with g = 3.9 for SiO, and the thickness of the gate dielectric
d = 300 nm, the change of hole sheet density can be estimated as 5.8 x 10** cm™, which
is much smaller compared with the XPS results (6.3 x 10" cm™). As explained earlier,
and consistent with the comparison of UPS measured and FET-estimated Fermi-level
shifts, many of the charge carriers introduced from the dopant may be trapped and,
therefore, may not contribute to the current. From short dip to 1 minute P1 treatment, the
AVy, is doubled from 33 to 60 V, consistent with a fast and efficient electron-transfer

reaction between the P1 dopants and the WSe,. After a short dip in P2 solution, the 31 V
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shift of Vi, is comparable to the 33 V shift obtained using P1, but the P2 doping effect

saturates faster with time due to its less oxidizing redox potential.

The doping of the WSe, also impacts the off state current (lyn). Figure 2-10d
shows the relative change of Imin (Almin/lmin,o) With respect to the pristine (untreated)
sample at Vg = 70 V for the P1 and P2 treatments. The conductance of the WSe; can be
tuned by more than 3 orders of magnitude using P1 doping for less than 10 minutes,
which offers a facile mechanism to tailor the conducting properties of the WSe,. A less
pronounced impact on the off-state current is seen for P2 than for the stronger oxidant
P1. We emphasize that under such gate bias conditions, the WSe, FET devices are in
their ‘off” state and the number of carriers induced by the gate bias is negligible.
Therefore, the change of the Ini, is mainly attributed to the change of carrier

concentration due to the electron transfer between the WSe; and the dopants.
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Figure 2-10 Representative I4-Vpg characteristics of WSe, transistors treated with (a) P1
and (b) P2 dopants. After treatment with p-dopants, the transfer curves shift to the more
positive bias side, indicating p-doping. The doping strength can be controlled by the
treatment time. (c) The evolution of the change of Vi, (AVy,) after p-doping. P1 dopant is
more effective than P2 and can shift Vg, up to 80 V after 10 min treatment. (d) The
evolution of I, (i.e. off state current) of treated WSe, devices.

As discussed above, the change of the Fermi level in WSe, semiconductors after
doping can be measured using UPS. Alternatively, the 1-V characteristic of FET devices
can also be used to estimate the Fermi level shift. The dopants are expected to impact
both the channel current in the on-state, as well as the off-state current of the device due

to changes in the Schottky barrier height at the metal-semiconductor interface. Therefore,
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two techniques were used to estimate the Fermi level shift relative to VBM (1) the I4-Vgs
equation in the on-state and (2) a thermionic emission model (TE) in the off-state.>” The

I4-Vgs relationship of a transistor is expressed in Equation (25).

w
Al = ughAp (T) Vs (24)
Ap = (gvmf,) In [ex (—quop) + 1] (25)
P=\Tn2 P\k,T

where Al is the change of the Ig, 1 is the minimum mobility (1 cm? V' s? is a measured

value under the small gate bias being considered here)*?®

, q is the electron charge, W is
the width of the channel, L is the length of the channel, drain to source voltage Vgs is 10
V and Ap is the change of carrier concentration. The change of carrier concentration in
the semiconductor channel can be estimated using the change in lgs through Equation 1.
The change of carrier concentration (Agp) will determine the relative position of Fermi
level to the VBM in the semiconductor channel, which can be estimated using Equation
2, where the effective mass of holes m,* is 4.19 x 10! kg,3*° g, = 2 is the degeneracy of
valence band, 7% is the reduced Plank’s constant and kg is Boltzmann’s constant. The
resulting Fermi level shift after doping can be estimated by monitoring the change of
channel current 1y. For the off-state current, a thermionic emission model is used to
estimate the relationship between Iy and the Schottky barrier height (®g) at the metal-

semiconductor interface:** 3!

74
las = A3,ST 2 exp |~ kZ—T (5 --2)] (26)
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_ q(8mkp’m,”) (27)

where A*,p is the Richardson constant for 2D materials as expressed in Equation 28, n

1 Vas

= 1 is the ideality factor, T is the temperature and s = — (s —
1000kg

T)' The
calculated and measured values of Fermi level shift are summarized in Table 2-1. The
calculated values of Fermi-level shift in the WSe, channel (denoted as 14-Vgs) are slightly
larger than that under the metal contacts (denoted as TE) but very similar to each other,
verifying the existence of extra carriers in the WSe, channels as well as under the
contacts. However, values Fermi level shift calculated in either way are smaller than the
measured values from UPS. For example, after 1 min P1 treatment, the calculated values
are 70.0 meV (from 14-Vys) and 69.4 meV (from TE), while the UPS measured value is
190 meV; after 10 min treatment, the calculated values are 93.5 meV (from 14-Vys) and
92.6 meV (from TE) compared to 290 meV from UPS. A similar phenomenon is
observed after P2 treatment. The discrepancy between the values from physical
characterization and I-V characteristics may be attributed to the high defect density in
WSe,. It is possible that some extra carriers are trapped in the defect states and become
immobile, contributing little to the current of FETs. However, the relationship between
the defect levels and the doping effect in WSe, should be further investigated. It will also

be crucial to optimize the fabrication process of WSe; films in order to improve the

materials quality as well as reduce the defect density.
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Table 2-1 Summary of the Fermi level shift after p-doping using P1 and P2 relative to the
pristine sample. The values of the Fermi level shift were obtained from three different
approaches: (1) estimated value using 14-Vgs relationship from the change of Iy upon
doping, denoted as l4-Vgs; (2) estimated value using room-temperature thermionic
emission model by monitoring the change of Schottky barrier height induced by the
Fermi level shift, denoted as TE; and (3) measured values from UPS analysis, denoted as
UPS. The calculated values are smaller than the UPS-measured values.

Treatment Fermi level shift (meV)
Dopant P1 P2
Method l4-Vs TE UPS l4-Vs TE UPS
Short dip 58.1 57.6 90.0 28.4 28.2 65.0
1 min 70.0 69.4 190 56.3 55.9 90
10 min 93.5 92.6 290 -- -- 140

Finally, Figure 2-1la and Figure 2-11b show representative transfer
characteristics of the WSe, FETs with Au or Ti/Au stacking source and drain (S/D)
contacts after doping with N1, respectively. Figure 2-11c and Figure 2-11d show the
evolution of AVy, and Inin of WSe, FETs with Au or Ti/Au stacking source and drain
(S/D) contacts after N1 n-doping treatments, respectively. After n-doping, the 14-Vyyg
curve shift to a more negative bias side and a negative AVy, is observed. In Au-contact
devices, the n-doping effect is limited even after a long (14 hours) immersion in the N1

solution. According to the UPS analysis, the Fermi level of WSe, is expected to shift
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upward and approach the CBM after n-doping, and the source and drain contacts using
lower work function metals are desired. Indeed, in contrast to Au-contact devices, WSe,
FET devices using Ti/Au contacts show a much more significant shift of Vi, to negative
bias value, which is highly controllable through variation of treatment time and affords
the largest achievable AVy, of -200 V after 14 hours treatment, much larger than the AVy,
values obtained in Au-contact devices. Thus, the limited n-doping effects in Au-contact
devices can be attributed to the mismatch of the work function of contacts to the
semiconductors after doping. Similarly, the decrease of Iy, is also scalable with
treatment time in Ti/Au devices. While a significant decrease of Vi, was achieved after
prolonged n-doping, no strong evidence of inversion from p-channel to n-channel
behavior was observed in WSe; devices. This can be attributed to the high defect density
in WSe,. Amani et al. also reported that donor impurities on the surface of 2D metal

selenides make them less responsive to n-doping than their sulfur analogues.*®*
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Figure 2-11 Summary of WSe, devices treated with N1 n-dopants. Two types of source
and drain contacts were deposited to investigate the impact of contact metals on the n-
doping efficiency: Au (100 nm thick) or Ti/Au stacking (30 nm/70 nm thick).
Representative 14-Vpg characteristics of WSe; transistors treated with N1 with (a) Au
contacts and (b) Ti/Au contacts. (c) The evolution of the change of Vi (AVy) after n-
doping using N1 dopants solution. The Ti/Au devices show a larger response ton-doping
and the shift of the Vy, is up to -200 V after 14 h treatment. (d) The evolution of Iy, of
treated WSe, devices, relative to pristine case Inino, Using two types of metal contacts.

In conclusion, the electron-transfer p- and n-doping of wafer-scale trilayer WSe;
using solutions of redox-active metal-organic oxidants and reductants has been

demonstrated. Bidirectional doping and work function changes of up to +1 eV can be
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achieved. The doping strength as well as the direction of doping is highly controllable
through the choice of dopants, treatment time and the concentration of doping solution.
The p-doping process introduces extra carriers into the WSe, by electron transfer to the
dopant species from the semiconductor, and leaves charged dopant ions on the surface.
As a result, the change of work function after doping is a combined effect of Fermi level
shift relative to VBM and of surface dipole formation. After P1 and P2 treatment, strong
p-doping effects including the changes of band structure, were indicated by UPS, XPS
and Raman spectroscopy. In addition, electrical characterization of WSe, FETs after
doping showed the increase of Vi, and the increase of the channel current which again
supported the observation of strong p-doping effects. However, many of the extra carriers
generated from the doping process might be trapped in the defect states and become
immobile; this is suggested by the discrepancy between the Fermi level shift estimated by
I-V characteristics and that measured by UPS. On the contrary, even though the N1
dopant is able to decrease the work function of p-type WSe; significantly, a truly n-type

WSe, could not be achieved.

2.5 Conclusion

The solution-based electron-transfer doping approach provides a simple yet
effective route to tailor the band structure of the 2D materials, and control the resulting
electrical and optical properties. Using the metal-organic redox-active molecules, the
doping strength can be controlled by the choice of dopants, the concentration of dopant

solution and treatment time. Unlike commonly reported organic dopants used in surface
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doping of TMDs, the redox-active molecules used here provide a stable charge transfer
between the dopants and semiconductors with coupled chemical reaction, i.e. salt
formation on the surface. Both n- and p-doping of large-area MoS, and WSe, has been
demonstrated. The doping effects have been verified by the change of work function, the
position of Fermi level, the phonon-electron interaction and electrical characterization.
Overall, this solution-based charge transfer doping technique provides a non-destructive
yet scalable method to control the electrical properties of atomically thin 2D TMDs.
Future studies on the optimization of the quality of TMD films, defects and contact
engineering will be important in further assessing the potential of the utility of this

approach.
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CHAPTER 3. FLEXIBLE MOS, FET-BASED PIEZORESISTIVE

MECHANICAL STRAIN SENSOR®

This chapter describes MoS,-based flexible FET devices and their application for
mechanical sensing applications. Section 3.1 highlights the strain-induced properties in
TMD semiconductors. Section 3.2 presents a device transfer technique for the fabrication
of flexible TMD-based devices and other experimental details. Section 3.3 discusses (1)
the influence of transfer process and the substrate; (2) bending stability of flexible

devices and (3) the performance of flexible MoS; piezoresistive strain sensors.

3.1 Introduction

Molybdenum disulfide (MoS;) provides superior mechanical and electrical
properties, and better long-term stability compared to organic semiconductors. As a
result, MoS;, is an ideal candidate for high-performance flexible and transparent
electronics.*#3' Such flexible MoS,-based devices can offer new functionality, such as
the recently observed piezoelectricity for energy conversion.?!* In addition, a wide range
of devices can be realized using the piezoresistive effect typically occurring in
semiconductors, including strain gauges and pressure or acceleration sensors. Even

though recent spectroscopic studies and theoretical works showed that the band gap of

¢ Adapted with permission from Tsai, M.-Y.; Tarasov, A.; Hesabi, Z. R.; Taghinejad, H.;
Campbell, P. M.; Joiner, C. A.; Adibi, A.; Vogel, E. M., Flexible MoS, Field-Effect
Transistors for Gate-Tunable Piezoresistive Strain Sensors. ACS Appl. Mater. Interfaces
2015, 7, 12850-12855. Copyright 2015 American Chemical Society.

110



189, 197, 202-203, 207-208 the jmplications of these strain-

MoS; can be changed under strain,
induced band gap changes on electrical devices have not been carefully explored. The
work by Lee et al. has studied MoS; FETs under strain but, surprisingly, the authors did

not observe any strain-induced changes in the electrical signal.**® These results are in

contradiction to previous optical studies and theoretical predictions.

In this chapter, the properties of flexible MoS, FETs under applied strain are
investigated. It is shown that the devices are highly sensitive to strain, which is in
agreement with theoretical studies and optical measurements. The origin of this effect is
shown to be the strain-induced band gap change, which is confirmed by optical reflection
spectroscopy. In addition, the strain sensitivity can be significantly tuned by adjusting the

MoS, Fermi level by applying a gate bias.

3.2 Experimental methods
3.2.1 Fabrication of flexible MoS, FETs

First, a 300 nm thick SiO, layer was grown via thermal oxidation on heavily
phosphorus-doped Si wafer (<100>, 0.01-0.05 Ohm-cm). MoS; was synthesized by
sulfurizing an electron-beam evaporated 1 nm thick Mo film on a SiO,/Si wafer at
1050°C. A more detailed description of the MoS, synthesis and characterization is
presented elsewhere.®*” The MoS, FETs were fabricated using a two-step standard
photolithography process. As a first step, 60 nm thick gold source and drain contacts

were deposited by e-beam evaporation in a lift-off process using a positive photoresist
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(Shipley Microposit S1813). Second, the transistor channels were defined by the
photoresist, and the pattern was transferred to MoS, by reactive ion etching in a gas

mixture of SFg and O,.

The fabrication of flexible devices using a device transfer technique is
schematically shown in Figure 3-1. The as-fabricated MoS, FETs were first coated with a
thin layer of poly(methyl methacrylate) (PMMA) followed by drying at room
temperature (Figure 1a). The PMMA-coated sample was then immersed in buffer oxide
etch (BOE, 40% NH4F : 49% HF = 6 : 1 v/v in water) for one day to remove the
underlying SiO,. The released FETs from the substrate were held together by the PMMA
supporting layer and floated on the acid bath (Figure 3-1b). The floating devices were
then transferred to a deionized water bath and transferred (fished) (Figure 3-1c) onto a
flexible Al,O3 (80nm)/ITO/PET substrate (Figure 3-1d) (17 Q/square ITO on 100 um
thick PET substrate, Solaronix). The 80 nm thick Al,O3; gate dielectric was deposited
with atomic layer deposition (ALD) at 100°C. Subsequently, the sample was heated on a
hot plate at 150°C for 5 minutes and the PMMA layer was removed by soaking the

sample in an acetone bath for 3 hours (Figure 3-1e).
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Figure 3-1 Fabrication of flexible MoS; field-effect transistors using a device transfer
technique. (a) MoS; field-effect transistors are fabricated on a SiO,/Si wafer and coated
with a layer of PMMA. (b) The SiO; layer is chemically etched in a BOE bath to release
the devices from the substrate. (c) Floating devices are held together by the PMMA layer
and are transferred from a DI water bath onto a new substrate, which, in principle, can be
any water-stable material. A flexible PET substrate with a conductive ITO back-gate
electrode and ALD-grown Al,O; dielectric is chosen here (d). (¢) The PMMA layer is
then removed in an acetone bath.

3.2.2 Electrical characterization of MoS, under bending condition

The electrical measurements were performed using a Keithley 4200-SCS
parameter analyzer at room temperature. The drain current at a constant drain-source
voltage of Vg = 10 V was measured versus the applied back-gate voltage sweeping bi-
directionally from 0 to 200 V for devices on SiO,/Si, and from 0 to 35 V for devices on
the Al,O3/ITO/PET substrate. The threshold voltage is defined as the applied back-gate
voltage Vg where the drain current |4 equals 107° A, i.e. the intersection between the
transfer curve and the horizontal dashed line in Figure 3-7. The current on/off ratio is
defined as the ratio of the maximum and the minimum current in the measured gate
voltage range. The bending tests were performed sequentially by bending the samples
along the longitudinal direction of the MoS, channels using substrates with defined radii
(R=7, 2.5 and 0.9 cm). The schematic description of the bending of MoS; devices is

shown in Figure 3-2. After bending, the devices were measured in the flat state in a high
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vacuum (~107° Torr) chamber to avoid environmental contamination. To test the device
performance under strain, the sample was taped on curved (cylindrical) surfaces with
different well-defined radii. Each curvature corresponds to a different strain value. The

transfer curves of both unstrained and strained devices were recorded.

Figure 3-2 The schematic description of the bending of MoS; devices.

3.2.3 Optical band gap measurement

A halogen lamp was used as the broad band light source. The light was focused on the
MoS; sample using a 50X objective lens, resulting in a spot size of 5-6 um. Reflected
light from the sample was collected using another 50X lens in a backscattering
configuration and was sent to a single-pass spectrometer. Two polarizers were inserted
before and after the sample to maximize the intensity at the spectrometer. In order to
cancel out the effects of the optical elements and the substrate on the reflection spectra, a
reference spectrum (on the substrate away from the MoS; film) was measured and then
subtracted from the MoS; spectra. The signal was detected with a typical integration time

of 3 seconds.
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3.3 Gate-tunable flexible MoS; piezoresistive strain sensors

Figure 3-3 shows the optical images of the as-fabricated MoS, devices before
transfer (a, b), the floating device released from the growth substrate (c), and transferred

MoS; devices on a flexible substrate (d, e).

Figure 3-3 Optical images of as-fabricated and flexible MoS, devices. (a) A top view
optical image of MoS, FETSs after fabrication on a SiO,/Si wafer. (b) A typical transistor
with 100 um MoS; channel length from the die in (a). (c) The released MoS, FETSs held
with the PMMA layer floating on water (the inset shows higher magnification of the
same floating sample). (d) A flexible transistor on the Al,O3/ITO/PET substrate with
probes touching the source and drain contacts during electrical measurements. (e)
Flexible MoS, FETs on a transparent and flexible PET substrate covered with an ITO
back-gate electrode and an 80 nm Al,O3 dielectric layer.

To investigate the feasibility and reliability of the direct device transfer process, we

transferred the as-fabricated devices onto a new Si/SiO, substrate. The electrical
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properties of 7 randomly chosen MoS; devices before and after transfer are compared in
Figure 3-4. In Figure 3-4a and b, the measured drain current Iy from a representative
device before and after transfer is plotted versus the applied back-gate voltage Vi, at a
fixed source-drain voltage Vy4s = 10V (transfer curve) on a linear and semi-logarithmic
scale, respectively. After transfer, the drain current is increased by nearly two orders of
magnitude at a fixed Vy,g and the threshold voltage (Vi) is lowered by as much as 100 V
(Figure 3-4b). It is surprising that such significant improvement is observed after
transferring the MoS; transistors to a new and clean SiO,/Si substrate. This improvement
can be attributed to the removal of combination of intrinsic tensile strain during the MoS;
growth process and interfacial contamination in as-grown substrate as suggested by
Amani et al.**® The threshold voltage Vi, is extracted as the Vig value at 14 = 10™° A, i.e.
the intersection between the transfer curve and the dashed line in Figure 3-4b. Figure
3-4c summarizes the threshold voltages Vi, (left axis) and the on/off ratios Imax/Imin (right
axis), extracted from 7 different devices. The current on/off ratio larger than 10* is
observed for all measured transistors with small device-to-device variation of the Vi,

indicating a good reproducibility of the device transfer technique.
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Figure 3-4 Drain current (lg) as a function of applied back-gate voltage (Vyy) of a MoS;
FET before and after transfer to a new SiO,/Si substrate on (a) linear and (b) semi-
logarithmic scale at a constant drain-source voltage of Vg4 = 10 V. (c) Threshold voltage
(Vin, left axis) extracted from forward (closed circles) and backward sweeping (open
circles), and Iax/Imin ratio of 7 measured FET devices (right axis, squares).

Next, we transfer a different die of as-fabricated devices onto a flexible
poly(ethylene terephthalate) (PET) substrate. To measure the transferred devices in a
back-gated geometry, we used a PET substrate coated with a conductive indium tin oxide
(ITO) layer that is used as a back-gate contact. Prior to device transfer, an 80 nm Al,O;
back gate dielectric is deposited using atomic layer deposition (ALD). Like the device
transfer performed on SiO,/Si substrate, the sample was released from the original
Si0,/Si substrate and the floating sample was fished out onto the flexible Al,O3/ITO/PET

substrate. Again, total 7 randomly chosen transistors were measured before and after
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transfer onto the flexible substrate. Figure 3-5a shows the drain current l4 as a function of
the applied back-gate voltage Vg (transfer curve) of a representative transferred device
on a flexible PET substrate at fixed Vg = 10V on a linear (right axis) and a semi-
logarithmic scale (left axis). Figure 3-5b summarizes the threshold voltages Vi, (left axis)
and the on/off ratios Ima/Imin (right axis), extracted from 7 different devices. Again, all
devices exhibit very similar threshold voltages, low hysteresis, and an average on/off
ratio of ~104. However, a larger fluctuation of on/off ratio in flexible devices than that of
devices on rigid substrate was observed. Figure 3-5¢ shows the values of Imax and Imin
for all seven devices. The Imax is governed by the channel current and the Imin is
dominated by the leakage current through gate dielectrics. For flexible MoS2 devices, the
Imax is stable across all devices while fluctuation is observed in Imin, which means the
fluctuation of on/off ratio mainly results from the instability of gate dielectrics. This
observation implies the quality of Al203 on ITO/PET substrate is not good enough
possibly due to the roughness of PET substrate or the quality of ALD AI203 and,
therefore, additionally efforts should be taken to further optimize the quality of gate

dielectrics for flexible electronics.
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Figure 3-5 Transistor behavior of MoS;, FETSs transferred to flexible PET/ITO/Al,O3 (80
nm) substrate. (a) Drain current (lg) flowing through the MoS, channel as a function of
the applied back-gate voltage (Vig) On a linear (right vertical axis) and semi-logarithmic
scale (left vertical axis) at a constant drain-source voltage of Vg4 = 10 V. (b) Drain current
(lg) as a function of drain voltage (Vg4) at different applied back-gate voltage ranging
between 0 V and 26.25 V. (c) Threshold voltage (Vi) extracted from forward (solid
circles) and backward sweeping (open circles), and Imax/Imin ratio of 7 measured FET
devices (squares). Dashed lines represent the average Vi, and Imax/Imin Values of 7 devices.

Output curves lg vs Vgs of a representative transferred device onto a new SiO,/Si
substrate and a flexible PET substrate are plotted in Figure 5a and 5b, respectively. Both
families of Iy vs Vgs curves in Figure 5a and Figure 5b show corresponding output
behaviors that 1y increases, i.e. channel conductance increases, when Vpg increases.
However, only linear region presents in transferred devices on SiO,/Si while both linear
and saturation regions are observed in devices on PET. It is because that the saturation
region of 1y can be only achieved under two conditions: Vyq is larger than Vi, and applied
Vs is larger than Vgs(saturation). The relationship between Vgs(saturation) and Vpg is

described as: Vgs(saturation) = Vpg - Vin.

In the case of transferred device on SiO,/Si, the Iy cannot reach the saturation
region until Vgys reaches around 200V at V,q =210V, which is beyond the Vg =10V

applied here. On the other hand, the I4 can reach the saturation region when Vs reaches as
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low as ~6V at Vg =26.25V. The insufficient Vgs applied here explains why the saturation

of lq4 is not observed in transferred devices on SiO,/Si but in transferred devices on PET.
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Figure 3-6 The 14-Vys characteristics of MoS, FETs transferred to a (a) new SiO,/Si
substrate and (b) flexible Al,O3/ITO/PET substrate. The response of channel conductance
increase is observed for both types of devices.

Figure 3-7a shows the transfer curve of a representative MoS, FET in which drain
current (lg) versus back-gate voltage (Vyg) is measured and shown on both linear (dashed
line) and a semi-logarithmic scale (solid line). The as-fabricated MoS, transistors on the

SiO,/Si substrate reveal a large on-off current ratio (Imax/Imin) of ~10%.
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Figure 3-7 (a) Drain current (I4) as a function of applied back-gate voltage (Vyg) of an as-
fabricated MoS; FET (W/L = 13um/100um) on a Si substrate with 265 nm thick SiO,
gate dielectric, plotted on semi-logarithmic scale (solid) and linear scale (dashed) at a
constant drain-source voltage of Vg4 = 10 V. All results shown are from the backward
voltage sweeps (from high to low V). (b) The I4-Vyg curves of an as-fabricated device on
a SiO,/Si wafer (squares), and a transferred device on an Al,O3/ITO/PET substrate
(circles) on semi-logarithmic scale (solid symbols) and linear scale (open symbols). Since
the capacitances of both dielectrics are not the same (265 nm SiO; vs. 80 nm Al,O3), the
samples require different gate voltage to achieve the same drain current. Therefore, the
horizontal axis is normalized by their capacitance ratio: Caj203, 80 nm/Csioz, 265 nm ~6.6 for a
better comparison. (c) A representative flexible MoS, FET on the Al,O3/ITO/PET
substrate measured after 20, 60 and 80 bending cycles in vacuum (~10~ Torr). All curves
align well on top of each other. (d) The threshold voltage (Vi) evolution of flexible
MoS, FETs as a function of total bending cycles. The error bars represent the results
obtained with different devices. The observed device-to-device variations are small. No
significant change of Vy, is seen even after 180 bending cycles. The samples were bent
around surfaces with different curvature (bending radii r = 7 (square), 2.5 (circle) and 0.9
cm (triangle), which correspond to strain ¢ = ~0.07, ~0.2 and ~0.54%, respectively). All
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devices were measured sequentially in the flat state after a given number of bending
cycles.

Figure 3-7b compares the electrical performance of the as-fabricated and flexible
devices after transfer. Note that the applied back gate voltages for the flexible devices are
lower than those for the as-fabricated devices because the capacitance of the new gate
dielectric is approximately 6.6 times larger (here we use 80 nm thick Al,O3 with a
relative permittivity ¢, = 7.8 instead of 265 nm thick SiO, & = 3.9) using the relationship

as follows:

& Eq;
CAIZOB/CSiOZ = dAIZOB/ ez (28)

Al203 dSiOZ

In order to make a fair comparison between FETs on the SiO,/Si substrate and the
Al,O3/ITO/PET substrate (without any strain applied), the horizontal axis in Figure 3b
was normalized by Vi, thickness and the relative permittivity of the dielectric layer. Both
curves show similar behavior and overlap after this normalization with minor deviations
that can be attributed to differences in interface quality and surface roughness of the
Si0,/Si and the Al,O3/ITO/PET substrates. The results suggest that the transfer process
does not significantly alter the device performance, and therefore, provides a reliable

method to fabricate flexible devices.

A series of bending tests was then performed on the flexible MoS; transistors to
investigate the influence of the number of bending cycles and the bending radius on the
stability of device performance. Uniaxial strain (¢) along the longitudinal direction of the
MoS, channel was applied by placing the sample on a rigid cylindrical surface with a

well-defined curvature and the strain was estimated using the following equation®”: ¢ =
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(t/r)/2, where t is the substrate thickness (100 um for the PET substrates used here) and r
is the bending radius, which is the radius of the curved surface (a cylinder). After a
specific number of bending cycles, the devices were then measured again in the flat state
without strain. The /4-V4, characteristic of a representative device is plotted in Figure 3¢
on a linear (dashed lines) and semi-logarithmic scale (solid lines) as a function of the
number of bending cycles (20, 60 and 80 cycles). The effect of bending on the device
performance is observed to be negligible. To evaluate the influence of bending in more
detail, we define the threshold voltage, Vi, as the applied V4, value needed to achieve a
drain current of I; = 107'° A, ie. the intersection between the transfer curve and the
horizontal dashed line in Figure 3c. The evolution of Vy, versus the total number of
bending cycles is shown in Figure 3d, for at least 5 devices (error bars) and various
bending radii (» = 7, 2.5 and 0.9 cm, which correspond to applied strain ¢ = ~0.07, ~0.2
and ~0.54%, respectively). Again, the observed variation in Vy, is small, suggesting good
mechanical stability and good device-to-device reproducibility even after more than 180
bending cycles, measured over several days.

Next, the device performance under different strain conditions is compared in
Figure 3-8. Figure 3-8a shows a representative transfer curve of a flexible MoS; transistor
measured first without strain in the flat state (solid line), and afterwards in a stretched
state (dashed line), with an applied uniaxial strain of ¢ = 0.07% along the transistor
channel direction. Under strain, a shift of the entire transistor curve towards lower back-
gate voltages and an electron current increase is observed, as indicated by the arrow. In
addition, the output curves of the same device at different back gate voltages V. are

plotted on a semi-log scale (Figure 3-8b). It is clear from Figure 3-8 a-b that the MoS,
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transistor is highly strain sensitive. The resistivity change as well as the current change of
a semiconducting material in response to applied strain is known as the piezoresistive
effect. To our knowledge, this is the first observation of the piezoresistive effect in field-

effect transistors based on large-area MoS,.
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Figure 3-8 (a) A representative transfer curve (l4-Vyg) of a flexible MoS; transistor
measured in the flat state (solid line) and the stretched state (dashed line; applied strain ¢
= 0.07%). A shift of the transfer curve is observed under strain. Several devices were
measured with all showing similar behavior. (b) Output characteristic (Ig-Vgs) of the same
device at different back gate voltages Vig 0n a semi-log scale. (W/L = 13um/100um)

Although other effects such as strain-induced capacitance change of the gate dielectric
may also cause a shift of the 14-Vy,g curve, this capacitance-related shift is approximately 3
orders of magnitude smaller than the changes observed here,*'® and is therefore neglected
in the following. To confirm that the observed effect results from a band gap change,

reflection spectroscopy was performed as discussed below.
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Strain-induced band gap changes have been previously investigated in monolayer
and bilayer MoS;, using optical spectroscopy and simulations.'®® 197 202203, 207-208
However, the effect of strain on trilayer material remains unexplored. Figure 3-9a shows
optical reflection spectra of trilayer MoS, for different applied strain values. The band
gap (Eg) is estimated from the wavelength (A) of the valley position in the reflection
spectrum through Eq = 1240/, where Eg4 has the units of eV and A is the wavelength in
nm. A clear red-shift of the reflection minimum upon increasing strain is observed,
indicating the decrease of Egy. Figure 3-9b shows that the extracted band gap decreases
linearly with increasing strain with a slope of ~ -0.3 eV per percent strain applied, which
is similar to that reported in literature, 8% 197 202203, 207208 {5\vever, the band gap change
also depends on the number of MoS; layers, due to thickness-dependent differences in
band structure. For monolayer MoS,, the theoretically calculated band gap change lies

between -0.05 and -0.085 eV per percent strain,**" 2%

while experimental results show a
similar trend with the value around -0.05 eV per percent strain.’®* % The band gap
change due to strain becomes more prominent in bilayer samples with theoretical values

ranging from -0.1 to -0.2 eV per percent strain*®" 2®

and experimental values around -
0.12 eV.'® 203208 The predicted theoretical value for bulk MoS; reaches -0.3 eV per
percent strain,”®? which is very similar to the band gap change observed in the present

study using trilayer MoS,.
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Figure 3-9 (a) Optical reflection spectra of trilayer MoS, under different applied strain.
The position of the reflection minimum shifts to higher wavelength with increasing
strain, as indicated by the arrows. The spectra are shown vertically offset for clarity. (b)
Band gap Eq vs. applied strain Ae, estimated from the minimum position in (a). The band
gap linearly decreases with increasing strain. The slope is -0.3eV/% strain, in agreement
with previous reports on exfoliated MoS,.

In addition to the strain-induced band gap change, the applied strain can affect the
position of the Fermi level (¢,) relative to the conduction band edge.”” In a field-effect
transistor, the Fermi level can also be moved with respect to the band edges of the
semiconductor by chemical doping™® or electrostatically by applying a gate bias. In order
to estimate the Fermi level change, the strain-induced current change A/ is converted to

electron concentration change, i.e. An, using:

Al = qun(V—I\_/)vds (29)

where u is the field-effect mobility, ¢ is the elementary charge, W is the channel width, L
is the channel length and Vs is the drain-source voltage. According to previous studies,

the field-effect mobility of MoS, has a negligible dependence on the applied strain over a

126



wide range (down to a bending radius = 2.2 mm).*">*"

Here, moderate strain values (> 9
mm) are applied and, therefore, a constant mobility at a given V. can be assumed
independent of the applied strain. The change in the electron concentration (An) is then
estimated from A/ and related to the Fermi level changes (Ag,) using the following

. 2
G)Xpl'CSSlOIlZ3 0

An = (%} In{exp (%ﬁ_%j + 1} (30)

where g. = 2 is the degeneracy factor,”*! m.* = 3.44x10>" kg is the effective electron
mass,”” % is the reduced Planck’s constant, k is the Boltzmann constant and 7 is the
temperature (300 K). The estimated Fermi level change (Ag,) vs. strain (A¢) at different
applied Vg is plotted in Figure 3-10a. Similar to the optical reflection measurements, a
linear relationship is observed between the Fermi level change relative to the conduction
band edge and the applied strain. However, the slope of the linear fit depends on the gate
voltage. At Vs = 35 V, Agp, decreases by ~ -0.19 eV per percent strain applied, while at
Vve = 15.5 V, the slope becomes ~ -0.24 €V/% strain. A negative slope means that the
Fermi level moves closer to the conduction band edge. To study this effect in more detail,
Figure 3-10b shows the back gate voltage dependence of the Fermi level change (Ag,)
estimated from the electrical measurements of a device under ¢ = 0.07%. The right
vertical axis shows Ag, per percent strain applied. A non-monotonic dependence of Ag,
on Vy, 1s observed with a maximum in the subthreshold region. Because of the
exponential change of /g with V, in the subthreshold region, the relative current change
(Al) between the stretched and the flat transistors is large and so is the change in carrier

concentration. As a result, with increasing Vs, the movement of the Fermi level toward
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the conduction band edge in this region is abrupt and a local maximum of Ag, is formed
near Vy,. However, above Vi, the Fermi level change with gate bias is weaker causing

less sensitivity to applied strain.
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Figure 3-10 The change of the Fermi level relative to the conduction band edge (A¢y,) and
the gauge factor (GF) were estimated from electrical measurements. (a) The plots of
strain dependence of Ag, at different back gate voltages. The right vertical axis is scaled to
Ag, per percent strain applied. (b) The relationship between Ag, and Vyy of a
representative device. (c) The plots of the strain dependence of -(47)/1 at different back
gate voltages. The slope of the linear fit in (c) is the gauge factor (GF) by definition. (d)
The relationship between GF and Vy,4 of the same device as shown in (b). Similar back
gate dependence is observed for both (b) and (d), while both (a) and (c) show a linear
relationship with increasing strain. Solid bands in (b) and (d) are guides to the eye.
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To compare the sensitivity of the presented MoS; strain sensors with conventional
silicon-based devices, a commonly used figure of merit of a piezoresistive strain sensor,
the so-called gauge factor (GF), can be estimated.?* The GF is defined as the normalized
resistance change per unit strain: GF=(4R)/Re, where AR is the change in resistance
compared to the unstrained device, R is the resistance of the unstrained device, and ¢ is
the applied strain. Because the FET is operated in the ON state, the GF can also be
defined as: GF=-(41)/Ie, where A1 is the current change due to strain and 1 is the current
of the unstrained device. The GF is negative for n-type materials (like the MoS, used
here), because the resistance decreases with increasing strain, leading to 4R <0 (47
>0).%%® Figure 3-10c shows the -(41)/1 vs. Ae relationship (GF) at selected Vpy values. The
GF vs. Vg relationship is plotted in Figure 6d. Consistent with the back gate dependence
of Agn, this definition leads to a gate-dependent gauge factor in transistor-based devices,

with the highest values in the subthreshold regime,*%®

where an exponential
dependence of Iy on Vg occurs, and the changes Al and An are large. A similar non-
monotonic behavior has also been reported in carbon nanotube-based devices.*?® Since
the GF is derived from lq, the aforementioned mechanism that relates to the gate voltage
dependence of Ag; is also applicable to GF. Indeed, if we estimate the magnitude of the
gauge factor (Figure 3-10d), it has the same pronounced gate dependence. The GF is
close to zero if the transistor is switched off (V,,<10 V) and reaches a maximum of
approximately -40 in the subthreshold regime (around V,3=20 V), before decreasing again
in the transition region to the linear regime (Vpg>20V). This observed non-monotonic

shape can be explained by the combined effect of the band gap change under strain and

the Fermi level evolution with changing Vyg. This magnitude of GF compares well with
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polycrystalline n-type silicon (-30),3%

while it is lower than that of single crystal silicon
(-125).3%® Note that the MoS, material used here is polycrystalline; larger GF may occur
in single-crystal MoS,. Further work is needed to investigate the influence of MoS,
crystallinity and crystallographic orientation on the gauge factor as well as the electrical

response of the device.

Wu et al. previously observed piezoelectricity in two-terminal un-gated MoS,
devices with an odd number of MoS; layers.”** However, piezoelectricity can only occur
when large Schottky barriers are formed between the source-drain metal contacts and the
MoS; due to an asymmetric modulation of the two Schottky barriers by strain-induced
charges. In our experiments, three-terminal field-effect transistors are used, and the
Schottky barriers are lowered significantly by the applied gate bias, because the MoS;
under the contacts is also modulated by the gate biasing.”” 3" 3¥" Therefore, the

piezoresistive band gap change dominates the piezoelectric effects.

3.4 Conclusion

In conclusion, we have demonstrated piezoresistive strain sensors based on
flexible MoS; field-effect transistors made from a highly uniform large-area trilayer film.
The flexible MoS; transistors were fabricated using a direct device transfer technique.
These flexible transistors show stable performances after bending and remain operational
after more than 200 bending cycles. The origin of the piezoresistive effect in MoS; is
explained to be a strain-induced band gap change, as confirmed by optical spectroscopy.

The results are in good agreement with recently reported simulations and spectroscopic
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studies on strained exfoliated MoS,. In addition, the strain sensitivity can be tuned by
over one order of magnitude by modulating the MoS, Fermi level with an applied gate
bias. The gate-tunable gauge factors can be as high as -40, comparable to polycrystalline
silicon, but for a much thinner active layer (~2 nm).*?* For practical sensing applications,
the gate-tunable piezoresistivity is a useful property of transistor-based devices, because

the relative sensitivity to strain can be adjusted by changing the gate bias.**
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CHAPTER 4. FET-BASED POTENTIOMETRIC SENSORS FOR

THE DETECTION OF BIOCHEMICAL SPECIES

This chapter describes the chemical and biological sensing using FET-based
potentiometric sensors. Section 4.1 provides a brief background about the biochemical
sensor technologies and current challenges. Section 4.2 focuses on the fabrication of
graphene ISFET, Au extended-gate sensing chip and the functionalization of the sensing
surface. Section 4.3 starts with the demonstration of biochemical sensing using traditional
ISFET and move on to a simplified design using EGFET. Highly comparable sensing
performance suggests that the EGFET is advantageous for practical potentiometric
biochemical sensing applications. This work was performed in close collaboration with
Dr. Alexey Tarasov. Section 4.4 presents the application of EGFET-based biosensors for
animal disease diagnosis and compares different sensing techniques, including
potentiometric sensors, surface plasmon resonance (SPR) biosensors and commercial
enzyme-linked immunosorbent assay (ELISA). The work described in Section 4.4 was
performed in close collaboration with Dr. Alexey Tarasov, Dr. Darren Gray, Niall
Shields, Dr. Mark Mooney (Queen’s University Belfast (QUB), Northern Ireland, UK),
Dr. Armelle Montrose, Niamh Creedon, Dr. Pierre Lovera and Dr. Alan O’Riordan
(Tyndall National Insitute, Ireland) with the support from NSF US-Ireland “AgriSense
project”. My involvement mainly focused on the biosensing using EGFET-based

potentiometric biosensors.
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4.1 Introduction
4.1.1 Nanoelectronic ISFET and Simplified EGFET

The detection of chemical and biological species is critical for applications in
healthcare, environmental monitoring, food safety and drug screening. Among the

currently available devices, ion-sensitive field-effect transistors (ISFETs)*®® are

329-330 that can be

promising as rapid, highly sensitive, and label-free diagnostic tools
fabricated using mainstream CMOS technology.®**' Although different nanoscale
materials have been used in ISFETSs, all these FET-based devices rely on the same
sensing principle: the adsorption of charged species on the sensor surface changes the
surface potential of the material and, hence, the channel current inside the FET. They also
share the same device geometry, i.e. the active sensing surface is also the gate of the FET,
which converts the surface potential changes into channel current changes. However, this
geometry can cause reliability issues since the readout transducer is exposed to the
electrolyte solution during the experiment.®** Additional encapsulation steps are required
to ensure stable FET performance in the liquid environment, increasing the device

complexity.**®

A possible solution to this stability problem is to separate the sensing
surface from the readout transducer, forming a so called extended gate sensor.*** This
approach can result in a simple disposable sensing chip, consisting, for example, of a thin
gold film evaporated on an insulating substrate, and a reusable readout transducer, for
instance a commercial MOSFET. During the sensing experiment, only the gold surface of
the sensor chip is exposed to the electrolyte, while the readout transistor is not in contact

with the solution. At the same time, the gate terminal of the transistor is electrically

connected to the gold-coated sensor surface to read out the potential changes on this
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“extended” gate. Even though there has been a lot of research on extended gate

biochemical sensors,33°34?

a direct experimental comparison of sensing capabilities of
these structures with nanoelectronic ISFETs has not been performed yet. However,
numerical simulations suggest that extended gate sensors should have the same charge

sensitivity as ISFETs.>*®

4.1.2 On-site detection of animal diseases

The global population is predicted to increase to 9.3 billion by 2050 and food
production will need to double to meet demand. With most suitable land already in use,
this increase will need to come from greater efficiency facilitated by improved
technology. At least 20% of animal-based food production is lost by infectious diseases
and there is an overriding need to prevent and control animal disease. Due to advantages
of high throughput and relatively low cost relative to other techniques such as PCR or
IHC, serological testing by ELISA is routinely employed for disease surveillance
purposes, but is performed in dedicated laboratories leading to long sample turnaround
times and delays in result reporting. The development of low-cost point-of-care (POC)
diagnostic devices would provide significant benefits in reducing the impacts of animal
disease by enabling rapid identification, isolation and treatment of infected animals.
Bovine Respiratory Disease (BRD) is currently the leading cause of economic loss ($2

44,
S3

billion annually in the U ) to the cattle and dairy industry through concomitant

clinical disease, therapeutic treatment, reduced animal performance and mortality 3%,
The BRD complex is therefore an exciting and realistic prospect for the application of

POC sensor devices capable of multiplexing detection and facilitating on-site assessment

of animal disease prevalence.
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To date no commercial POC devices currently exist for the serological assessment
of pathogen related responses that can yield rapid quantifiable results with performance
comparable to ELISA. Amongst available sensor technologies, potentiometric biosensors
based on EGFET are most promising due to their high sensitivity, rapid electronic
readout, and compatibility with mainstream CMOS technology. Potentiometric sensors
have not been thoroughly explored as possible diagnostic tools for monitoring
immunological responses to infections. Moreover, none of these studies attempted
systematic comparison to established assay technologies such as SPR or ELISA to
evaluate FET performance against current ‘gold-standards’ and assess true potential for

real-world application.

347

Bovine Herpes Virus 1 (BHV-1) is a BRD viral pathogen that induces

respiratory tract damage and suppression of innate and adaptive immune responses

% infections. BHV-1 virus is

leading to opportunistic bacterial 3** and mycoplasma **
prevalent worldwide, however a number of countries have gained BHV-1 free status
through the application of “test and cull” disease eradication programs **° in combination
with the use of efficacious marker vaccines based on a glycoprotein E (gE) negative
BHV-1 strain.*** Differentiation of infected from vaccinated animals (DIVA) is achieved
through the detection (using commercial companion anti-gE blocking ELISAs) of BHV-1
gE antibodies which are only present in animals exposed to wild-type virus.**? Currently,
disease surveillance schemes rely on centralized testing laboratories for the serological
screening of bovine samples, with a minimum sample turnaround time of 72 h (including

19 h for gE blocking ELISA performance). BHV-1 exposed animals can also become

latent carriers, with virus reactivation and shedding occurring during periods of stress e.g.
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animal mixing and transportation.®*® Therefore, rapid on-site identification of animals
undergoing BHV-1 reactivation using quantitative POC devices (with DIVA capacity)
would significantly reduce the risks of disease spread to BHV-1-free herds. The use of
unpurified recombinant gE as a capture antigen in indirect ELISAs for serological
diagnosis of BHV-1 has been shown to increase assay sensitivity enabling use of higher
test sample dilutions.** Furthermore, purified recombinant viral capture antigen can
improve test sensitivity by increasing the proportion of relevant antigenic material
immobilized on test surfaces.**> The development of a POC FET-based test for BHV-1
diagnosis using purified recombinant gE antigen would therefore allow for increased
sample dilution overcoming Debye length limitations whilst maintaining assay sensitivity

and facilitating rapid test result reporting.

4.2 Fabrication of potentiometric biochemical sensors
4.2.1 Fabrication of graphene ISFET and electrical measurement

A highly doped silicon wafer with 260 nm oxide was used as a substrate for
device fabrication, and as a back gate. First, source and drain contacts were deposited
using UV lithography in a lift-off process (10 nm Cr, 40 nm Au). Graphene was grown
by CVD on copper foil and then transferred onto the wafer with prefabricated source and
drain contacts using the PMMA method described elsewhere.®*° After that, the graphene
sheet was patterned using UV lithography and O, plasma etching to define the transistor
channels. These back-gated transistors were routinely characterized in air to test their

performance. Then, the source and drain contacts were sealed with a photoresist for the
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operation in liquid environment. The bare graphene surface was exposed to electrolyte
solutions with different pH to measure its pH response. Subsequently, a thin Ti film (~1
nm) was evaporated on the sample. After oxidizing in air, the resulting TiO4 film was
used as a seeding layer for alumina growth by atomic layer deposition (30 nm, 100°C).
The devices were measured again in pH buffer solutions after this step. As a last
fabrication step, a thin (30 nm) gold film was evaporated on the alumina-coated graphene
FETs. These devices were used for pH and biosensing experiments. A home-made
polydimethylsiloxane (PDMS) liquid cell with Teflon inlet and outlet tubing was pressed
on the samples to deliver the different solutions. An Ag/AgCl flow-through micro-
reference electrode (Microelectrodes, Inc.) was placed in the tubing next to the cell and
used to control the liquid potential. All electrical measurements were performed with a
Keithley 4200-SCS parameter analyzer and a Cascade Microtech Summit 12000 probe

station.

4.2.2 Fabrication of EGFET and electrical measurement

A silicon wafer with 260 nm oxide was used as a substrate for the sensing chip.
Note that any other insulating substrate can be used, in principle, including plastic or
paper. A thin gold film (100 nm) was deposited by e-beam evaporation through a shadow
mask to form 4 individual gold strips. A home-made PDMS microfluidics cell was
pressed on the chip for the functionalization and for the measurements. The area of the
strips in contact with the liquid was 2 mmx3 mm, defined by the liquid cell dimensions.
Two of 4 strips were coated with gE, and the remaining 2 were coated with Hp, closely
following the immobilization protocol developed on Biacore. Each individual gold strip

was electrically connected to the gate terminal of a commercial MOSFET. Any type of
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transistor can be used for the readout, including nanomaterial-based FETs. An Ag/AgCl
flow-through reference electrode (Microelectrodes Inc.) was placed in the tubing close to
the sensor to gate the transistor through the liquid during the measurements. The
electrical measurements were performed using a semiconductor parameter analyzer

(Keithley 4200-SCS and HP 4145A).

4.2.3 Functionalization of sensing surface

All chemicals were purchased from Sigma-Aldrich: 16-mercaptohexadecanoic
acid (MHA) (Product Number: 448303); Ethanol (459844); N-Hydroxysuccinimide
(NHS; 130672); N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC;
E7750); Bovine serum albumin (BSA; A7906); Anti-bovine albumin, antibody produced
in rabbit (anti-BSA; B7276); Ethanolamine hydrochloride (E6133); Phosphate buffer
saline (PBS; 10 mM in deionized water, pH 7.4; P4417); Human haptoglobin (Hp;
H3536) and anti-Haptoglobin 1gG produced in rabbit (anti-Hp; H8636). gE protein was

synthesized in Mooney group at Queen’s University Belfast.

The gold surface of the sensors was cleaned by a cleaned by gentle oxygen
plasma treatment (time = 1 min, power = 15 W, flow = 100 sccm). The samples were
then immersed in a solution of 16-mercaptohexadecanoic acid (MHA, Sigma Aldrich, 5
mM in ethanol) and left overnight (approx. 18 hours) to create a self-assembled
monolayer (SAM) with functional carboxyl (COOH) groups. The samples were rinsed
with ethanol and DI water. Then, the microfluidic chip was placed on the sample
equipped with 4 different channels to selectively functionalize the active and the control

samples. The sample was flushed with HBS-EP buffer before each functionalization step.
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A fresh NHS/EDC mixture (115 mg NHS in 10 ml DI water and 750 mg EDC in 10 ml
DI water) was prepared, and injected into the microfluidic cell and left inside to activate
the surface for approx. 30 min. For BSA sensing, the BSA solution (1 wt. % BSA in PBS
buffer pH 7.4) was injected and left for 30 minutes to immobilize the protein on the
activated surface. For gE active channels, BHV-1 gE protein solution (50 pg/ml, prepared
in 10 mM sodium acetate buffer, pH 4.0) was delivered to the activated chip and left for
30 minutes for the protein immobilization. Haptoglobin (Hp) was used as control protein
for gE sensing. In Hp control channels, a solution of the control protein Hp (50 pg/ml, 10
mM sodium acetate, pH 4.0) was injected and left for 30 minutes for the protein
immobilization. The chip surface was deactivated by injection of ethanolamine-HCI pH
8.5 for 30 min. Measurements were performed in different dilutions of anti-BSA, anti-
BHV-1 antiserum or anti-Hp (as a control), sequentially from highest (1:10000) to lowest
dilution (1:10). The reaction time with anti-BSA, antiserum or anti-Hp was 20 min, the
volume was approx. 300 pl for each dilution. All dilutions were prepared in 10 mM PBS
buffer pH 7.4 (anti-BSA) or 10 mM HBS-EP buffer pH 7.4 (antiserum and anti-Hp). The

samples were regenerated with 300ul of 20mM glycine pH 2 with 1 min contact time.
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4.3 Comparison between graphene ISFET and EGFET potentiometric sensors for

chemical and biological sensing®

NanoISFETs were fabricated using large-area high-quality graphene grown by
chemical vapor deposition (CVD) as described in Section 4.2.1. The nanolSFETSs with 3
different active surfaces were tested as pH sensors to validate their performance: (i) bare
graphene, (ii) Al,O3-coated graphene and (iii) gold-coated graphene (Figure 4-1). The
schematic of the final device with a thin gold film and the measurement setup is shown in
Figure 4-1a. A microfluidic cell is pressed on the chip to deliver the buffer solution. A
Ag/AgCI reference electrode is used to control the potential in the liquid and to gate the
graphene FET. The measured transfer curves in different pH buffer solutions are plotted
in Figure 4-1b. A shift of the transfer curves to more positive voltages is observed with
increasing pH. The pH response strongly depends on the active surface, as seen in Figure
4-1c. If bare graphene is directly exposed to the electrolyte solution, its pH response is
very small, because only few active binding sites are available at defects. The intrinsic
pH response of ideal graphene is zero, as has been discussed previously.”® **” After these
initial measurements, the devices were coated with a thin alumina layer using atomic
layer deposition (ALD). To improve the growth of the high-k dielectric on graphene, a
very thin (~1 nm) TiOy seeding layer was evaporated prior to the ALD process. The
devices were measured again after this step, and showed a nearly ideal Nernstian

response to pH (~58 mV/pH). To our knowledge, this is the first demonstration of a

d Adapted with permission from Tarasov, A.; Tsai, M.-Y.; Flynn, E. M.; Joiner, C. A,;
Taylor, R. C.; Vogel, E. M., Gold-coated graphene field-effect transistors for quantitative
analysis of protein—antibody interactions. 2D Mater. 2015, 2, 044008. Copyright 2015
IOP Publishing.
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close-to-ideal pH response with alumina-coated graphene. These results are attributed to
the improved dielectric growth on the seeding layer and an oxygen plasma cleaning step
prior to the measurements in liquid, which activates the surface hydroxyl groups.®*®
Subsequently, a thin gold film was evaporated on top of the alumina dielectric and
another pH sensing experiment was carried out. The pH response is significantly reduced,
because of a much lower density of pH-sensitive hydroxyl groups on the gold surface.**®
The observed pH response (~34 mV/pH) is very similar to the recent results obtained
with gold-coated Si NWSs.*® This is the first time that an electrolyte-gated gold-coated
graphene FET is demonstrated. Because of the well-established protocols for the self-
assembly of monolayers of functional molecules, the gold surface is an ideal candidate
for the specific detection of species other than protons, as will be discussed further below.

Also, the moderate pH response of the gold surface can now directly be compared with

other potentiometric sensors.
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Figure 4-1 (a) A schematic of a gold-coated graphene FET, which acts as both the
sensing surface and the readout transducer. (b) Transfer curves of a graphene sensor,
coated with Al,O3 and gold, measured vs. voltage applied to the reference electrode Vit
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in different pH solutions. (c) Sensor response to pH for bare graphene (black squares),
coated with Al,O3 only (blue triangles); and with Al,O3; plus gold (red circles). The
response of the gold-coated sample is smaller than that of alumina because much less
surface hydroxyl (-OH) groups are available that can interact with protons. In the case of
the bare graphene, a very small amount of hydroxyl groups exists at defect sites, leading
to a small pH response. The intrinsic response of ideal graphene is zero since no binding
sites are available for protons.

A simple potentiometric extended gate sensor with 2 different readout schemes is
used for comparison (Figure 4-2). As mentioned in the introduction, the sensing surface
is physically separated from the readout part in this configuration, dramatically
simplifying the device fabrication. As shown in Figure 4-2a, the sensing part consists of a
thin gold film evaporated on an insulating substrate through a shadow mask to define
several distinct gold strips. This process requires a single fabrication step. Using
microfluidic channels, the individual gold strips can be independently functionalized to
enable selective differential measurements, as will be discussed later. For now only one
gold strip is used and electrically connected to the gate terminal of a commercial
MOSFET. The MOSFET is simply a readout transducer, converting the potential changes
at the gold surface to drain current changes. The same microfluidic cell with a reference
electrode is pressed on the sensing chip. If the voltage Vi is swept at the reference
electrode, the MOSFET is gated and a transfer curve can be recorded (Figure 4-2b).
Similar to the nanolSFET, the curves shift to the right with increasing pH (Figure 4-2c).
The pH response is consistent with gold-coated graphene results (Figure 4-1c) and with
gold-coated SiNWs,*® suggesting that both the standard (nano)ISFET geometry as well
as the extended gate configuration yield equivalent results, as long as the active sensing

surface is the same, i.e. gold in this case. To further emphasize the potentiometric nature
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of these sensors, a simple experiment was performed as illustrated in Figure 4-2d. Here,
instead of a commercial transducer or a nanolSFET, a voltmeter is used to measure the
potential difference between the active gold surface and ground. In Figure 4-2e, the
relative potential difference AV is plotted vs. time in different pH buffer solutions, at a
constant Vier. The AV as a function of pH (Figure 4-2f) shows very similar response to
both nanolSFETs and the extended gate FETs. Again, this further supports our
conclusion that the pH response is only determined by the surface potential which
depends on the properties of the surface itself and of the surrounding electrolyte but not

on the type of readout used.
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Figure 4-2 pH sensing with two different extended gate readout configurations. The
sensing surface is the same in both cases, i.e. 100 nm thick gold strips evaporated on a
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Si/SiO; substrate. (a) Here, a commercial MOSFET is used to convert potential changes
to current changes. The extended gate gold surface is connected to the gate terminal of
the transistor. (b) The transistor drain current 4 is measured vs. Ve in different pH buffer
solutions. A shift of the transfer curve to the right is observed with increasing pH. This
shift is the pH response of the sensor and is plotted in (c) for two different measurements.
(d) The potential changes at the gold surface can also be directly monitored by a
voltmeter. () The measured voltage is shown vs. time for different pH values. (f) The
resulting pH response is very similar to the data presented in (c).

Next, the biosensing capabilites of a gold-coated graphene nanoISFET are
compared with an extended-gate MOSFET. As mentioned above, the gold surface is an
ideal choice for the biosensing experiments because of the well-established surface
functionalization techniques based on the thiol-gold chemistry, and because of its
moderate pH response which reduces the effect of interfering reactions.***** In addition,
the results can directly be compared with surface plasmon resonance (SPR) studies that
also use a gold-coated chip as a sensing surface. Here, the specific protein-antibody
interaction of bovine serum albumin (BSA) and its antibody (anti-BSA) is studied. The
sensing results are summarized in Figure 4-3(a,b) for gold-coated graphene and in Figure
4-3(c,d) for a MOSFET with an extended gold gate. The gold surfaces of both sensors
were functionalized with BSA, following a protocol described in the Experimental
Section. The sensors were then tested in different solutions of anti-BSA in PBS buffer
(10 mM, pH 7.4). The interaction is schematically shown in the inset of Figure 4-3a. As
seen in part (a) and (c), both sensors respond to increasing anti-BSA concentration by a
shift of the transfer curve to the right (toward more positive values). This suggests that
anti-BSA is negatively charged at this pH value (7.4), which is consistent with the

2360

reported isoelectric points for anti-BSA (4.8-5.2°"). In Figure 4-3b and d, the sensor
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response is plotted vs. anti-BSA concentration in nM on a linear scale (main graph) and
semi-log scale (inset). Both active sensors exhibit similar behavior and a significant
response which can be quantitatively described by Langmuir adsorption, as discussed in
the next section. To assess the effect of non-specific binding, control measurements were
performed on gold surfaces without the BSA immaobilization step. These control samples
were measured in the same anti-BSA concentrations as the active BSA-coated samples.
The results are plotted in the inset Figure 4-3b and d for graphene and the extended-gate
sensor, respectively. The response of the control samples is small and does not show a
clear trend, indicating that the effect of non-specific binding is small, and the interaction

between BSA and anti-BSA is highly specific.

145



(a) . : 1 ] (b) — —
Anti-BSA graphene: K ~3.80.6 nIVI.
A TR -
7t A Al /®
BsA@® @ @ 0.04F ———r——— -
¥ 1 ¢ 006 . .-
. go . X active o«
< > ' 0.04] =3
2 /ml o’
= CaBSA(Eg mi) > 0.02+ I' 2 E
1 graphene ' 0.02f
6F——10 B [ control
1 P
o 0.00f o %00 LT T
100 1 10 100 1000
-0.1 0.0 0.1 0 200 400 600 800
V (V) Anti-BSA concentration (nM)
(C) 12 T (d) T T T T
0.03 extended gate: K ,~4.2+0.4 nM
' - 1
Caas,\(légfm') ',’ 0.04
——0.001 0.02r . w-n 7
< 10 —:8_(111 ; 4 ~ ¥ oo2! ac I\f,s’/
= Y extended g | .
— —10 gate <o0.01+ * 0.00F o .
——100 ] | control
| -0.02/ g e |
0.00F n ‘ : : ]
| ‘,‘ 001 1 100
0.70 0.75 0.80 0 200 400 600 800
V_ (V) Anti-BSA concentration (nM)

Figure 4-3 Study of the BSA/anti-BSA interaction using a gold-coated graphene sensor
(a-b) and an extended gate MOSFET sensor (c-d). The interaction is sketched in the inset
of part (a). The protein BSA is immobilized on the gold surface of both sensors. The
BSA-coated surface is then exposed to different concentrations of BSA antibody in 10
mM PBS buffer (pH=7.4). (a, c) For both sensors, a shift of the transfer curve to the right
is observed, because anti-BSA is negatively charged at pH=7.4 (the isoelectric point is
~4.8-5.2°%). (b, d) Potential changes (AV) are shown vs. anti-BSA concentration in PBS
buffer relative to the value measured in buffer without antibodies (i.e. AV=0 at Cans-
ssa=0). Both sensor systems exhibit a similar response, which can be fitted using
Langmuir adsorption model (dashed lines). The dissociation constant Kp can be estimated
from these fits. The values are in good agreement with the SPR data (~4.4 £0.2 nM,
Figure S1). Insets in (b) and (d) show the data on a semi-log scale (solid symbols), as
well as the results obtained with control samples (open circles). The control samples did
not have BSA immobilized on the gold surface. The control measurements do not show a
clear trend, suggesting that the non-specific binding to the gold surface is small.
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The strength of a specific biological interaction is typically characterized by its
dissociation constant (Kp). As a final step in our analysis, Kp is estimated using our
sensing results and compared with independent SPR measurements. The data in the main

graphs of Figure 4-3b and d is fitted with a Langmuir adsorption isotherm?¢X-%%

AVmaX [C]

AV = —max]
Kp + [C]

(31)

where AV is the sensor response, AVmax IS the maximum (or saturation) response, [C] is
the antibody concentration in solution, and Kp is the dissociation constant, treated as a
fitting parameter. From these fits, represented by the dashed lines in the main graph of
Figure 4-3b and d, the corresponding fitting parameters can be derived with Kp ~ 3.8 +
0.6 nM for graphene and Kp ~ 4.2 + 0.4 nM for the extended gate sensor. The
dissociation constant obtained from this additional data set is Kp~4.0 £ 0.6 nM, in good
agreement with the first device. Furthermore, these estimates agree well with previous
SPR studies,*®® and our own SPR measurements (Kp ~ 4.4+0.2 nM, see Figure 4-4) using
the same surface modification protocol as for the potentiometric sensors. To our
knowledge, this is the first quantitative study of a protein-antibody interaction with gold-

coated graphene field-effect transistors.
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Figure 4-4 Surface plasmon resonance (SPR) results, showing refractive index units
change (RU) vs. time. (a) Immobilization of BSA via amine coupling. A 1:1 EDC:NHS
mixture was used to activate the carboxyl groups of the mercaptohexadecanoic acid
(MHA) on gold surface. A 1% BSA solution in 10 mM PBS buffer (pH=7.4) was
injected to immobilize the protein on the active sample. Plain buffer without the protein
was injected on the control sample. Both chip surfaces were deactivated with injection of
ethanolamine-HCI (pH 8.5). (b) To demonstrate the binding of anti-BSA, a 100 pg/ml
anti-BSA solution was injected on both samples. A clear difference between active and
control is observed, which is plotted in (c).

The exact amount of the available BSA binding sites is determined by the sensor
surface and the details of the immobilization protocol. The observed surface potential
changes are mainly caused by specific adsorption of charged anti-BSA molecules and
depend on the anti-BSA concentration in solution. In general, the relationship between
the surface potential and the concentration of an analyte in solution can be quantitatively
described by the site-binding model.***3*" The strength and the exact shape of this
function are determined by the parameters associated with: (i) the interface, i.e., the type

and the number of available binding sites;*

(ii) the specific interaction described by the
dissociation constant Kp mentioned above; (iii) and the properties of the surrounding
electrolyte, i.e., the Debye screening length and the pH value.**® Importantly, none of

these parameters is related to the type of transducer used. This is the reason why both
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potentiometric sensors studied here show similar response. The transducer merely
converts or amplifies the surface potential change Ay into a current, potential, or another
signal change AS as follows
AS = AAY

where A is the transfer function determined by the transducer properties. In principle, any
type of (nanoscale) transducer can be used for this purpose. Again, the surface potential
changes remain the same as long as the above mentioned critical parameters are the same,
independent of the transfer function A. Criteria for choosing a transducer can be
important, such as its long-term stability, the ability to reuse the readout chip, and a

simple fabrication process.

To conclude, the pH and biosensing capabilities of a gold-coated graphene nano-
ISFET with an extended gate FET in two different readout configurations are compared.
Because all these sensors are based on the same potentiometric principle, their response is
solely determined by the changes in surface potential, which depends on the active
interface in contact with the electrolyte. Regardless of the type of readout used, all
potentiometric sensing devices exhibit consistent response to pH, as long as their active
surfaces are the same. Moreover, potentiometric devices can be used as effective
detectors to quantitatively study protein-antibody interactions. The extended gate sensors
have the same sensing capabilities as any ISFET while being dramatically easier to
fabricate. By separating the device in a disposable sensor chip and a reusable readout
part, these sensors can be manufactured in an extremely cost-effective way. In contrast to
nanolSFETS, the readout part is not exposed to the electrolyte solution, eliminating

possible stability and reliability issues. These results are important for practical
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application of potentiometric devices as rapid and label-free biodetectors for diagnostics

of diseases, food safety or environmental monitoring.

4.4  Animal disease diagnosis using potentiometric EGFET biosensors®

The purpose of this study was to develop a tool for diagnostic disease surveillance
using serological tests for low-cost and rapid POC disease detection using recombinant
BHV-1 gE on extended-gate FET sensor platforms. A surface immobilization and
regeneration protocol was developed for gE based on an SPR system by our collaborators
at QUB, and selective binding of anti-gE to immobilized viral protein demonstrated.
Haptoglobin (Hp) protein was used to assess potential non-specific binding issues due to

a similar glycosylation pattern and molecular weight to that of recombinant gE.

Figure 4-5 shows a schematic of the device consisting of two parts: a sensor for
signal generation (right) and a transducer for signal amplification and readout (left). The
active sensing surface is a thin gold film (100 nm) evaporated on a Si/SiO, substrate. The
gold film is in contact with the electrolyte and its surface potential depends on the
amount of charged molecules attached to the surface. The gold surface can be chemically
modified to achieve specific adsorption of certain biomolecules. There are several
reasons for choosing a gold film: first, access to well-established thiol-based surface

chemistry for self-assembly of linker molecules; second, the possibility of a direct

¢ Adapted with permission from Tarasov, A.; Gray, D. W.; Tsai, M.-Y.; Shields, N.;
Montrose, A.; Creedon, N.; Lovera, P.; O'Riordan, A.; Mooney, M. H.; Vogel, E. M., A
potentiometric biosensor for rapid on-site disease diagnostics. Biosens. Bioelectron.
2016, 79, 669-678. Copyright 2016 Elsevier.
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comparison to commercial tools based on SPR, which also typically use a gold surface;
and, third, excellent chemical stability even in harsh environments. To read out the
potential changes on the gold surface, a commercial MOSFET was used as the readout
transducer. The gold film acts as the so-called “extended gate” of the MOSFET, and is
electrically connected to the gate terminal. An Ag/AgCl reference electrode was
immersed in the solution to gate the transistor through the liquid. Different solutions were
delivered to the surface using microfluidics. In Figure 4-5b, a typical transfer curve of the
liquid-gated extended-gate FET (EGFET) in buffer is shown. The drain current l4 can be
modulated by sweeping the voltage at the reference electrode V. To enable different
functionalization on one chip, a disposable sensing chip with 4 gold strips was used
(Figure 4-5c) - each gold strip can be independently functionalized using a liquid cell

(shown in Figure 4-5d).

Glycoprotein gE was covalently immobilized on the gold surface of the EGFET
via amine coupling to the carboxyl groups of a self-assembled monolayer (SAM) of thiol
linker molecules. To ensure the best possible comparison between the FET sensors and
SPR, the SPR chip surface was functionalized with carboxylated thiol SAMs using the

same protocol for EGFET sensors.
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Figure 4-5 Fabrication of EGFET sensor. (a) Schematic of the potentiometric sensing
device, consisting of two parts: a sensor part for signal generation and a transducer part
for signal amplification and readout. The active sensing surface is a thin gold film (Au)
evaporated on a Si/SiO, substrate. The gold film is contact with the electrolyte and its
surface potential depends on the amount of charged molecules attached to the surface.
The gold surface can be chemically modified to achieve specific adsorption of certain
biomolecules. To read out the potential changes on the gold surface, a commercial
MOSFET is used as the readout transducer. The gold film acts as the so-called “extended
gate” of the MOSFET, and is electrically connected to the gate terminal. An Ag/AgCl
reference electrode is immersed in the solution to gate the transistor through the liquid.
Different solutions are delivered to the surface using microfluidics. (b) A typical
transistor transfer curve showing that the drain current Iy can be modulated by sweeping
the voltage at the reference electrode V. This measurement was recorded in 10 mM PBS
buffer. The same curve is shown on linear scale (left axis) and semi-log scale (right axis).
(c) Image of a disposable sensing chip used in this study. Four 100 nm thick gold strips
were e-beam evaporated through a shadow mask. Using a liquid cell shown in (d), two
gold strips were functionalized with the protein gE (active), and the other two were
functionalized with protein Hp (control). To read out the potential changes generated on
the sensor surface, the individual gold strips were connected using a test clip shown in (d)
to the gate of the transducer.
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To evaluate EGFET sensor performance for the detection of BHV-1, the gE-
coated gold strip was measured in different dilutions of anti-BHV-1 antiserum and Figure
4-6a illustrates the transfer curves shifting to the left with increasing antibody
concentration. As a control for non-specific binding, a second gold strip was coated with
human Hp, and measured in the same antiserum dilutions. The response of the active
EGFET, defined as the gate voltage required to achieve a drain current of 10 nA, is
plotted versus antiserum dilution in Figure 4-6b (squares), together with SPR responses
(circles). Both sensors exhibit significant and very similar response even at antiserum
dilutions as low as 1:1000. In contrast to the active sensor, the Hp-coated control does not
show a clear trend with changing antiserum concentration (Figure 4-6¢). On FET and
SPR sensors the observed response due to non-specific binding is small (Figure 4-6d)
compared to the specific response shown in Figure 4-6b. To test the selectivity of the
sensor, the active gE-coated gold strip was measured in different dilutions of Hp antibody
(anti-Hp) (illustrated in Figure 4-7). The EGFET only weakly responds to changes in
anti-Hp concentration with minimal shift to the right (squares in Figure 4-7b) - a similar
weak response was observed with SPR (circles). These calibration results suggest that the
expressed gE protein is functional on the sensor surface, and the EGFET sensor is highly
sensitive and selective to anti-gE within the antiserum with very similar performance to
SPR. As an additional control, the Hp-coated chip was also measured in different anti-Hp
dilutions (Figure 4-8). As expected, a strong response was observed, providing more

evidence for the high specificity of the interactions studied here.
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Figure 4-6 Evaluation of EGFET and SPR performance for anti-BHV-1 antibody
detection in serum. Two gold strips were functionalized differently and used as the active
sensor (a-b) and the control (c-d). Both surfaces were measured in the same dilutions of
antiserum. (a-b) The BHV-1 glycoprotein E (gE) was immobilized on the active gold
strip using amine coupling, and acts as a capture antigen for anti-gE antibody present in
antiserum (inset in b). (a) The transistor curves measured with the active gE-coated
device shift to the left with increasing serum dilution in 10 mM HPS-EP buffer. (b) The
calibration curve in different antiserum dilutions. The FET response is defined as the
voltage shift at 1;=10 nA (along the arrow in (a)). The results are in excellent agreement
with surface plasmon resonance (SPR) measurements (SAM chip, right axis). (c,d) The
control sample was coated with the protein Haptoglobin (Hp) as a control for possible
non-specific binding. (c) The Hp-coated control does not show a clear trend with
changing antiserum dilution. (d) The observed response due to non-specific binding is
small compared to the specific response shown in (b).
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Figure 4-7 Selectivity control of EGFET and SPR sensors immobilized with gE. (a) The
active gE-coated sensor was measured in different concentrations of the haptoglobin
antibody (anti-Hp) in 10 mM HBS-EP buffer. At higher concentrations, a small shift to
more positive values is observed, opposite to the response direction to anti-gE. The FET
and SPR responses (CM5 chip) are compared in (b). The results suggest high selectivity
of the gE-coated sensor toward anti-gE in solution.
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Figure 4-8 Measurements of Hp-coated control sample in different anti-Hp dilutions. (a)
Transfer curves shift significantly to the right. (b) FET (squares) and SPR (CM5 chip,
circles) response vs. anti-Hp dilution and concentration. Both sensors show similar
behavior, suggesting that anti-Hp binds strongly to the Hp-coated surface (inset).
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The EGFET results were further verified using commercial g ELISA Kkits
(IDEXX). In Figure 4-9, data from the gE-coated FET sensor (from Figure 4-6b) is
compared with ELISA absorption measurements, performed in the same dilutions of anti-
BHV-1 antiserum. All test platforms (FET, SPR, ELISA) have a similar dynamic range
and approach the limit of detection for sera dilutions < 10°. These results indicate that
EGFET sensors can have a performance comparable to well established and optimized
ELISA assays. In addition, the EGFET sensors provide results much faster than ELISA

(<10 min vs 19 hr), making them very promising for rapid diagnostic applications.
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Figure 4-9 Comparison of EGFET and ELISA for anti-BHV-1 antibody detection in
serum. The response of a gE-coated FET sensor from Figure 4-6b is plotted together with
IDEXX gE blocking ELISA (1/absorbance) vs. the dilution of anti-BHV-1 antiserum.
Comparable results (sensitivity and assay linearity) were obtained for both diagnostic
platforms.

The respective sensors were also tested in several dilutions of bovine serum

samples. The results are presented in Figure 4-10a for the EGFET sensor, and Figure
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4-10b for the SPR, with both sensors showing similar response. Serum sample 1 is from a
BHV-1 negative animal whilst sera samples 2 and 3 originate from BHV-1 positive
animals. As expected, FET and SPR responses were higher for BHV-1 positive animals
compared to negative animals, with increasing response (maintaining the same trend)
with sera concentration (1:50, 1:20, 1:10). Furthermore, the sensor can be regenerated by
removing bound antibodies with glycine pH 2.0 solution without damaging the
immobilized gE proteins (Figure 4-11). Whilst the sensor part can also be designed as a
single-use disposable, this feature can be a significant cost advantage enabling a single
sensor to test multiple samples. Whilst these initial results are extremely promising,
further work will be required to fully establish the FET sensors for disease monitoring

purposes within populations.
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Figure 4-10 Assessment of EGFET and SAM SPR performance for anti-BHV-1 detection
in serum from BHV-1 infected animals. Sample 1 was from a BHV-1 negative animal,
whereas samples 2 and 3 originated from BHV-1 positive animals. The measurements
were performed in different dilutions of the same 3 blood samples. (a) The FET response
is shown vs. the dilution of the 3 samples. The sensor response increases in higher
dilutions, because more antibodies can bind to the surface. (b) SPR results, obtained with
the same blood samples, show very similar behavior validating the FET response. In
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general, the response to sample 2 > sample 3 > sample 1, indicating different levels of
antibodies in the serum.
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Figure 4-11 Regeneration of an FET sensor. (a) The blood serum was diluted 1:100 in 10
mM HPS-EP buffer and injected on the sensor surface. No shift was observed upon
addition of sample 1. Significant response was observed with samples 2 and 3. After each
measurement with a blood sample, the surface was regenerated using a short injection of
glycine (pH 2.0), and flushed with HPS-EP buffer. The measurements performed in
buffer after the regeneration steps align very well on top of each other (black lines),
indicating that the sensor is reusable. This regeneration step had been previously tested
on SPR. The sensor response in the 1:100 serum dilution is plotted in (b). The red, blue
and green arrows indicate injections of different blood samples, while the black arrows
represent a regeneration step with glycine and buffer.

Currently there is no commercial low-cost point-of-care device for the serological
diagnosis of pathogen related responses in blood that can yield rapid quantifiable results
approaching the sensitivity of ELISA. FET based biosensors are particularly promising
for user-friendly, rapid diagnosis required for effective on-site disease control. This is
the first demonstration of a potentiometric sensor for diagnosis of animal diseases using

blood. The endemic BRD virus BHV-1 was selected as a model pathogen for
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investigating FET sensor performance due to the high level of screening required for
current and planned disease eradication programs. BHV-1 gE glycoprotein was
engineered to allow for high level secretion and simple purification with minimal sample
preprocessing via the removal of the intracellular and transmembrane regions as achieved

with similar viral membrane proteins %%

. Produced gE was found to be suitable for
diagnostic test development with antigenicity confirmed through positive reaction with
anti-BHV-1 antiserum. By using identical sensing surface (gold) and protein
immobilization protocols, SPR and FET sensor systems were evaluated and found to
yield equivalent results for antibody binding to gE (in serum) and Hp. Reduced Debye
length and non-specific binding have traditionally been limiting factors for direct FET
sensing in serum, requiring complicated sample pre-treatment and reducing their
potential for rapid POC testing. Compared to complicated desalting approaches®’*, this
study applied simple dilution in a fixed ionic strength buffer to increase Debye length and
whilst signal response was low, a sigmoidal response was achieved for anti-BHV-1
binding to immobilized gE with comparable sensitivity and dynamic range to SPR and
commercial ELISA. The application of a reference electrode with immobilized Hp
glycoprotein allowed for the elimination of non-specific binding effects observed in SPR
and FET sensors at higher serum dilutions (1:10 — 1:20). Particularly interesting is the
observation that in actual serum samples from BHV-1 positive or negative animals, the
FET sensors gave results comparative to that achieved by SPR. These results are

extremely promising and highlight that the application of FET sensors to serological

disease diagnosis is transferable to a multitude of pathogenic microorganisms.
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Unlike SPR, FET sensors do not require any optical components, are low-cost and
portable. The use of extended-gate geometry rather than a conventional ISFET further
simplifies device fabrication and reduces the cost of the sensor. Separating the readout
transducer from the gold sensing surface has the following main advantages: 1. reliability
issues can be avoided because the transducer is not in contact with the biological
solution; 2. the transducer is reusable and can be developed independent of the sensor
surface to optimize the signal-to-noise ratio **" 343" 3. the sensing chip can be designed
as an inexpensive disposable in a very simple fashion (chemically modified thin gold
strips on an arbitrary low-cost substrate). Having several gold strips can potentially
enable multiplexed detection of several analytes. The presented sensors can be easily
manufactured at a large scale, resulting in very low cost per test. Compared to ELISA, the
FET sensor is several orders of magnitude faster (<10 min POC vs. >72 hours for
laboratory based testing), which is critical for the diagnosis of highly contagious diseases.
Future work will focus on increasing the density of attachment sites and optimizing
incubation times and other relevant assay parameters to further improve FET

performance.

45 Conclusion

It has been demonstrated that extended-gate FETs is a promising platform for
potentiometric chemical and biological sensors. By comparing extended-gate and
graphene-based ion-sensitive FETs, EGFET can perform a comparable sensing

performance but in a simpler configuration. In addition, possible stability issues of the
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sensors in liquid environment can be avoided using EGFET due to the separation of
sensing chip from the transducer. We conclude that the sensitivity of the chemical and
biological sensors only depends on the sensing surface instead of the transducer.
Furthermore, EGFET configuration is readily compatible with state-of-the-art FET-based

transducers as well as next-generation nanoelectronics including TMD-based transistors.

The field application of EGFET biosensors have been demonstrated for the
animal disease diagnosis. The EGFET electrical sensors are advantageous for point-of-
care portable devices due to the easy miniaturization. In addition, EGFET potentiometric
biosensors provide an easier operation and faster response over commercialized ELISA
and SPR sensors. EGFET biosensors are expected to help early on-site screening and

diagnosis of diseases.

Overall, extended-gate FETs is promising for environmental monitoring, chemical
detection and disease diagnosis. Due to the separation of extended-gate sensing chip and
the transducer, the stability can be improved by avoiding the exposure of the electrical
component to the liquid environment. In addition, versatile choices of transducers are
available, for example, silicon-based devices and nanoelectronics, including TMD-based
transistors. Future works that focuse on the design of the sensing surface, reliability of
sensors, optimization of surface chemistry, are crucial to further improve the EGFET

potentiometric sensors and commercialize in the future.
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CHAPTER 5. INTEGRATED POTENTIOMETRIC AND

IMPEDIMETRIC BIOSENSING SYSTEM'

Among the currently available sensor technologies, electrical biosensors using
potentiometric biosensors based on field-effect transistors (FETs) and impedimetric
biosenosrs based on EIS are very promising due to their high sensitivity, rapid electronic
readout, and simple integration into portable and easy-to-use devices. Despite significant
research, the integration of potentiometric and impedimetric biosensors remains
unexplored, and there is little study on the correlation between these two electrical

biosensing techniques.

In this chapter, we demonstrated the integrated FET/EIS biosensor system for the
first time.>”* This novel configuration enables the sequential measurement of the same
immunological binding event on the same sensing surface, and helps understand the
origin of the sensing signals produced by FET and EIS biosensors. Here, we use both
bovine serum albumin (BSA) versus antibody BSA prototype system and hemagglutinin-
neuraminidase (HN) versus bovine parainfluenza virus type 3 (BPIV3) animal blood
system as test vehicles for integrated sensors. We further demonstrated that
potentiometric and impedimetric sensors are linked through the surface potential, and the
correlation can be explained using electrochemical kinetics and the Butler-Volmer

equation. In addition, we proposed that potentiometric sensor is inherently sufficient for

" Adapted with permission from Tsai, M.-Y.; Creedon, N.; Brightbill, E.; Pavlidis, S.;
Brown, B.; Gray, D. W.; Shields, N.; Sayers, R.; Mooney, M. H.; O'Riordan, A.; Vogel,
E. M., Direct correlation between potentiometric and impedance biosensing of antibody-
antigen interactions using an integrated system. Appl. Phys. Lett. 2017, 111, 073701.
Copyright 2017 AIP Publishing LLC.
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practical biosensing applications, while providing added benefits of rapid response and

low-cost scalability.

Section 5.1 gives a brief introduction to the electrical biosensors and the working
principle of FET/EIS integrated system. Section 5.2 describes the fabrication of the
integrated system and the experimental setup. Section 5.3 presents a direct comparison
between potentiometric and impedimetric biosensors via the sequential measurement of
the same immunological binding event on the same sensing surface. This direct
comparison sheds light on the fundamental origins of sensing signals produced by FET
and EIS biosensors, as well as the correlation between the two. The sensor chips used in
this work were fabricated and provided by Niamh Creedon and Dr. Alan O’Riordan at

Tyndall National Institute, Ireland.

5.1 Introduction

The ability to detect biochemical species rapidly without complicated sample
preparations in a centralized laboratory is essential for medical care, disease diagnosis,
food safety and environmental monitoring. Optical biosensors require markers to label
target biomolecules (e.g., fluorescence spectroscopy), or rely on expensive equipment
that cannot be readily miniaturized, as in the case of surface plasmon resonance
(SPR).*>3"® |n contrast, label-free electrical biosensors are particularly promising as
point-of-care sensor devices since they can be miniaturized through cost-effective
microfabrication. Relying directly on the immunological affinity between immobilized

surface probes (e.g., antigens) and targets in an analyte solution (e.g., antibodies), the
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resulting change of the surface properties is amplified and converted to an electrical
output signal by a transducer. Potentiometric and impedance biosensors are two of the
most common transducers for label-free biosensing. Potentiometric biosensors detect the
change of surface potential under DC operation due to the attachment of charged target
biomolecules to the probes on the sensing surface, and are most commonly implemented
in the form of ion-sensitive FETs (ISFETSs) or extended gate FETs (EGFETs).?> 274 377
8 Alternatively, impedance biosensors use electrochemical impedance spectroscopy
(EIS) to measure the change of electrical current and, in turn, the electrical impedance of
a biological interface under DC bias and AC oscillation.”®3*? Cost-effective
potentiometric and impedance sensors are capable of label-free operation that both
simplifies the sample preparation steps and enable on-site detection with shorter

turnaround time.

Although various nanomaterial-based ISFETs have been used for potentiometric

® we have

biosensors including silicon nanowires,®*? graphene,®** carbon nanotubes,?
reported that the sensitivity of a potentiometric biosensor is independent of the choice of
the transducer, and instead relies only on the sensing surface.””* Moreover, ISFETs
require a sophisticated encapsulation scheme to protect the semiconductor device from
exposure to the liquid environment that can hamper reliability and stability.?*°
Consequently, if either the sensing surface or the readout component fails, the entire
ISFET sensor becomes unusable. EGFET biosensors, by contrast, provide a simpler and a
more robust design for liquid phase sensing by separating the sensing chip (an extended

gate) from the readout transducer (FET), and the sensitivity is comparable to the

conventional ISFET.?”* Moreover, the EGFET is a promising tool for disease diagnosis
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with a comparable performance to ELISA and SPR.*” Finally, since the transducer is
separated from the sensing surface, the EGFET configuration readily enables the

integration of potentiometric sensors with other sensor platforms.

EIS-based impedimetric biosensors measure change of impedance when species
attach to the sensing surface. Under faradaic operation involving redox couples, the
measured impedance spectrum can be further analyzed using an equivalent circuit model.
Two of the most important parameters, charge transfer resistance (R.) and surface
capacitance (Csurace) Can be resolved in this way. The change of surface potential and the
formation of the biomolecular layer will prevent the redox species from approaching the
working electrode due to electrostatic repulsion and steric hindrance, respectively.®*® The
phenomenon is often reflected in an increase of the Ry which dominates the overall

measured impedance.

In this chapter, we demonstrate a fully integrated system that combines both two-
terminal EGFET-based potentiometric and three-terminal EIS-based impedance
biosensing on a shared active sensing surface. This system enables the sequential
measurement of the same binding event on the same sensing surface using two different
sensing techniques. Consequently, we are able to perform a fundamental investigation
into the origins of the sensing signal produced by FET and EIS biosensors. A bovine
serum albumin (BSA) versus antibody-BSA (anti-BSA) prototype system was used as the
test vehicle for the integrated biosensors. In addition, detection of bovine parainfluenza
antibodies in a complex blood system with hemagglutinin-neuraminidase (HN) has also
been demonstrated. Comparison of the EGFET and EIS sensor responses reveals similar

dynamic ranges, and motivates our study of the relationship between surface potential
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and impedance, which is explained by electrochemical kinetics and the Butler-Volmer

equation.

5.2 Fabrication of integrated biosensors and electrical characterization

All the chemicals and proteins were purchased from Sigma-Aldrich and used as
received. The sensor chip was fabricated on a borofloat wafer. The metallic structures
including Au micro-strip working electrode (WE), Au (Ti/Au 10/90 nm) counter
electrode (CE) and Pt (Ti/Pt 10/90 nm) on-chip pseudo-reference electrode (RE) were
deposited and patterned using e-beam evaporation and photolithography, respectively. A
commercial n-MOSFET (VNO0104, Supertex) was used as the transducer for EGFET
biosensors and the I-V characterization was measured using a Keithley 4200-SCS
semiconductor analyzer. The V4 was 0.2 V and a positive Ve sweep was applied to the
liquid through a commercial dip-in Ag/AgCI reference electrode (Princeton Applied
Research / Ametek #K0260). EIS biosensors were characterized using a Gamry Interface
1000 potentiostat. The DC bias was -0.4 V and the RMS AC oscillation was 5 mV. The
WE was coated with 0-aminobenzoic acid (0-ABA, 50 mM in H,SO,4) carboxylated film
through 10 cyclic voltammetry scans (0 to 0.8 V, 50 mV/s). The BSA proteins (1% in
PBS) were immobilized onto the sensing surface through amine coupling using
NHS/EDC. 1M ethanolamine-HCL solution was used to deactivate and block the sensing
surface. This sensing surface was exposed to anti-BSA dilutions in PBS with 20 min
contact time. Similar to the above-mentioned BSA immobilization, HN proteins (50

ug/ml in acetate buffer pH 4.0) were immobilized to the sensing surface through amine
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coupling. Blood samples taken from calves in Northern Ireland were processed to plasma
and screened for the presence of anti-BPI3V antibodies using the Svanovir PI3V-Ab
ELISA. The sensing surface was blocked using 1M ethanolamine followed by diluted
bovine plasma (50X dilution in HBS-EP buffer, pH 7.4) after the immobilization of HN
proteins. The HN-immobilized sensing surface was then exposed to dilutions of positive
blood plasma in HBS-EP buffer for 30 min contact time. The surface was rinsed with
HBS-EP buffer to remove the weakly bound antibodies and possible non-specific
binding. The electrical measurement was performed in buffer with 10 mM
hexaammineruthenium (Il1) chloride in PBS (for BSA/aBSA) or HBS-EP (for
HN/BPIV3) as the redox couple. In the EGFET sensor, the Au active sensing surface
serves as the WE, i.e. extended gate of a MOSFET. A DC voltage sweep is applied to the
liquid through a commercial Ag/AgCl RE. For EIS sensor, the aforementioned Au WE is
the active sensing surface. On-chip Pt pseudo-RE and Au CE are used. The signal, i.e.
surface potential, of potentiometric sensors was extracted from the 14-Vier curve as the Vit
value when Iy = 1 pA. The EIS spectra were modeled using ZView (Scribner Associates

Inc.) by minimizing the chi square value.

5.3 Direct correlation between potentiometric and impedance biosensors of

antibody-antigen interactions using an integrated system

Comparing EGFET and EIS sensors, the Au working electrode plays a common
role: an active sensing surface and WE. As a result, a fully integrated sensing system

combining EGFET potentiometric and EIS impedance biosensors can be achieved by
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sharing a common Au WE as schematically shown in Figure 5-1a. Using this integrated
system, the steps of chemical functionalization and biomolecular attachment can be
achieved for both sensors concurrently. Furthermore, this design offers a direct
comparison between potentiometric and impedance sensors because the same binding

events will be measured on a shared sensing surface.

The optical image of the sensor chip is shown in Figure 5-1c and the enlarged
view of Au micro-strip WE in Figure 5-1d. The dimension of the Au micro-strip is 50 um
long and 0.8 pm wide (4x107 cm?). The use of a microscale electrode provides the
benefit of minimizing the mass transfer limited behaviors in EIS at low frequency, due to
the decreased diffusion length around the miniaturized working electrode.®**3* The
conventional Randle circuit model comprises of series resistance (Rs), surface capacitance
(Csurface Usually modeled using constant phase elements, CPE), Warburg resistance (W)
and charge transfer resistance (R.). When the nominal size of the working electrode
decreases, the diffusion layer thickness decreases, and the current is no longer dominated
by the diffusion of reacting species toward the WE.*® As a result, the mass transfer
dominated W becomes negligible and the Randle circuit can be simplified to a simple RC
circuit as shown in Figure 5-1b.%%3%" The measured impedance spectra will be modeled
using the simplified circuit model to extract the circuit elements, including Rc:. Using an
n-channel MOSFET as the transducer, a positive voltage is applied to the solution for
FET biosensor measurement and, therefore, a redox probe that has negative redox
potential is desired. As a result, hexaammineruthenium (111) chloride, which has both

negative reduction and oxidation potentials, qualifies for the application in this study.
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Figure 5-1 The scheme and the optical image of the integrated FET/EIS biosensor
system. (a) The experimental setup of the integrated system. (b) The equivalent circuit
model for the impedance spectroscopy. (c) - (d) The optical images of the biosensor chip
and the enlarged view of the Au micro-strip working electrode.

The FET/EIS integrated sensor’s responses to the BSA versus anti-BSA system
are shown in Figure 5-2. The I4-Vis curve of the transistor will shift horizontally
depending on the magnitude and the polarity of the change of surface potential on the Au
sensing surface. Figure 5-2a depicts the shift of 13-Vt curves of the potentiometric sensor
in the positive direction in response to the increasing concentration of anti-BSA in the
PBS, indicating that the anti-BSA (isoelectric point 4.8 — 5.2) is negatively charged in the
PBS buffer (pH 7.4).%*® Figure 5-2b shows the change of surface potential measured by
FET potentiometric sensor versus anti-BSA concentration in linear scale and logarithmic
scale (inset of Figure 5-2b). The change of surface potential due to the attachment of

charged antibodies to the WE, i.e. extended gate, was obtained using the change of the
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FET’s threshold voltage (Vi). A typical Langmuir adsorption response with a gradual
saturation toward high antibody concentration was observed.?’* Measuring the same
binding event at the working electrode, the change of EIS spectra with respect to anti-
BSA concentration is presented in a Nyquist plot (Figure 5-2c). Taking advantage of the
miniaturized working electrode, no obvious mass transfer limited characteristics were
observed in the recorded impedance spectra. As a result, the change of surface properties
on the sensing surface is mainly reflected through the change of R. As the anti-BSA
concentration increases, the overall size of the semicircle increases, indicating an increase
of R and total impedance. By fitting the impedance spectra with the equivalent circuit
model (Figure 5-1b), biomolecular binding-related circuit elements, Rt and Cgyrface, Could
be extracted. Figure 5-2d shows the relationship between R and anti-BSA concentration.
A similar Langmuir adsorption behavior with saturation at high anti-BSA concentration
was again observed. The result proves the successful operation of the integrated FET/EIS
biosensor system. However, the surface capacitance shows a much smaller response to
various anti-BSA concentrations after a large drop of capacitance value upon the
introduction of 10 ng/ml anti-BSA solution (Figure 5-3b). The insensitivity of Cgyface tO
the attachment of antibodies can be attributed to the poorly dielectric poperties of the
semipermeable biolayer. Furthermore, the similar response obtained from both sensing
platforms suggests a possible correlation between surface potential and the impedance,

which is explored in the following.
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Figure 5-2 The responses of FET potentiometric and EIS impedance biosensors to anti-
BSA concentrations. (a) The shift of 13-V curve measured with FET and (b) the FET
signal (surface potential) in response to anti-BSA concentrations in linear scale and
logarithmic scale (inset). (c) Nyquist plots of impedance spectra measured with EIS and
(d) the R¢; change in response to anti-BSA concentrations in linear scale and logarithmic
scale (inset).
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Figure 5-3 The values of circuit elements from the fitting of measured impedance spectra
versus different anti-BSA concentrations. (a) The plot of R versus different anti-BSA
concentrations. (b) The plot of Cgyface Versus different anti-BSA concentrations.

According to classical electrochemical kinetics, the electrical current that flows
through the electrode is governed by the effective potential on the electrode surface.*®
This relationship is expressed by the Butler-VVolmer equation. Under bias conditions that

deviate from equilibrium, i.e. Tafel behavior, the Butler-Volmer equation that links the

charge transfer resistance and the surface potential can be simplified to:3%3#°
AV
Re =Ry EXp[Of_T j (32)
B

where Ry = Eapp/FAKOC, F is Faraday constant, A is the area of the working electrode, K°
is the standard rate constant, C is the concentration of the redox couple species at the
electrolyte-electrode interface, transfer coefficient a is commonly assumed to be 0.5 for a
symmetrical energy barrier, Eap, is the bias applied to the system, AV is the change of

surface potential on the working electrode, q is the elementary charge of an electron, kg is
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Boltzmann’s constant and T is the temperature. It is reported that k° exhibits a wide range
from 10° to several hundred cm/s depending on the choice of the redox couple, the
surface morphology of the WE, the formation of the biolayer, different charge transfer
mechanisms, buffer concentration, etc.%®® %% |n effect, the Butler-Volmer equation
predicts that R is exponentially related to the change of surface potential (AV). Figure 3
shows the relationship between R, measured with EIS, and the exponentiation of AV, i.e.
exp(agAV/kgT), obtained from the FET. A high linearity is observed which agrees well
with the prediction of Butler-Volmer theory. The fitted Ry is 1.43 x 10° Q and is
comparable to the calculated value of 1.04 x 10° Q, where A = 4 x10”" cm?, K is 1 cm/s
for a simple electron transfer,*! and C is 10 mol/cm®. In the case of affinity sensors, the
AV results from the binding of charged biomolecules to the surface, i.e. WE. EGFET
sensors directly measure this surface potential change, which concurrently influences the
electrical current and the resulting impedance measured by EIS sensors by increasing the
hindrance for redox species from reaching the WE. This finding confirms that the origin
of the sensing signals for both potentiometric biosensors and impedance biosensors is the
change of surface potential. Also, the signal output from potentiometric biosensors can be

linked to that of impedance biosensors using the Butler-Volmer equation.
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Figure 5-4 The relationship between the exponentiation of change of surface potential
(exp(agAV/kgT)) and the charge transfer resistance (Rc;), measured with potentiometric
and impedemetric biosensors, respectively. The linear relationship fits well into Butler-
Volmer equation and confirms that both potentiometric and impedance biosensors are
charge sensitive.

Beyond the BSA/anti-BSA system, a complex serological system of bovine
hemagglutinin-neuraminidase (HN) versus bovine parainfluenza virus protein type-3
(BP1V3) in blood samples was also tested.*** The change of EIS spectra with respect to
BPIV3 blood dilution is presented in a Nyquist plot (Figure 5-5a). Again, the relationship
between signals from potentiometric and impedance sensors, AV and R, respectively,
agrees well with Butler-Volmer theory as shown in Figure 5-5b. The results further
confirm the correlation between potentiometric and impedance sensors and suggest that

the electrical sensor is a promising tool for the disease diagnostic applications.
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Figure 5-5 The sensing response of HN vs. BPIV3 using integrated biosensor system (a)
The Nyquist plot of impedance spectra after the sensing surface exposed to different
BPIV3 antibody dilutions. (b) The relationship between exponentiation of AV and the Rq;.
A linear relationship is observed and agrees with the prediction of Butler-Volmer theory.

Impedance spectroscopy is a powerful tool to analyze the interfacial properties for
corrosion, coatings, batteries, solar cells, etc. through complex analysis of the frequency
responses.®**%%" However, for biosensor applications, the frequency response of surface
capacitance is insensitive to the formation of the biomolecular layer on the sensing
surface because: (1) the biolayer is semipermeable and is not a good capacitor; and, (2)
the double layer capacitance dominates.®”** %7 As a result, it is difficult to resolve the
mass-related properties of biomolecules alongside their charge information using
impedance biosensors. The surface potential related R remains the dominating
contribution for the sensing signal. In this way, simple FET-based potentiometric

biosensors provide sufficient information for practical biosensing applications.

To further illustrate their suitability for cost-effective and rapid point-of-care

detection, large area Au extended gate sensor chips (0.1 cm?) were also prepared without
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the use of photolithography steps, instead using e-beam metal evaporation and patterning
with shadow masks. The DC operation of the EGFET at steady state is not limited by the
diffusion and, therefore, alleviates the constraints of using microscale electrodes. The
BSA proteins were immobilized onto widely used thiol SAM through amine coupling.
The sensor response of the large area Au chips is compared to the micro-strip sensors in
Figure 5-6. In both cases, the BSA/anti-BSA sensitivities are around 17 - 18 mV/decade
change of anti-BSA concentration. The results indicate no sensitivity advantage to the

micro-strip design in EGFET biosensor at steady state.
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Figure 5-6 The comparison between EGFET biosensors using large area Au sensing
surface (black square) and Au micro-strip (red circle). The BSA/anti-BSA sensitivities
using either approach are comparable.
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5.4 Conclusion

In conclusion, biosensing using an integrated two-sensor system that combines
EGFET-based potentiometric biosensors and EIS-based impedimetric biosensors has
been successfully demonstrated. The correlation between sensor signals — that is, surface
potential and R¢; from FET and EIS, respectively — was linked using the Butler-Volmer
equation. The results suggest that both FET and EIS biosensors are sensitive to the
change of surface potential due to the attachment of charged biomolecules to the sensing
surface, whereas the mass-dependent value of Cgygace does not vary significantly.
Therefore, EGFET biosensors are inherently sufficient as electrical transducers for label-
free biomolecule detection, while providing the added benefits of rapid response and low-
cost scalability. For scenarios where detailed information about both charge and mass
properties of biomolecular targets is required, the FET/EIS integrated sensing system that
we have proposed may be deployed to great effect. Future studies involving complex
biofluids and advanced modeling will help to identify how the mass-related properties

extracted from EIS can be leveraged.
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CHAPTER 6. SUMMARY AND FUTURE WORK

Two-dimensional transition metal dichalcogenides are promising candidates for
next generation flexible electronics toward wearable sensing applications. The ability to
control the electronic structure of TMD semiconductors is the cornerstone for the
practical applications of these flexible semiconductor and electronics. Using solution-
based charge transfer doping, the carrier concentration and the electronic band structure
of the TMD semiconductors can be controlled through the electron transfer between
semiconductors and the redox-active molecular dopants, and the device performance can
be tailored and improved. In addition, this doping technique is versatile and controllable
by the choice of molecular dopants, concentration of the dopant solution, and the doping
treatment time. The redox-active molecular dopants used in this work provide stable
doping effects due to the coupled chemical reactions and ion formations after the charge
transfer. The doping effects were confirmed using both physical and electrical
characterization. XPS results verified the shift of peaks to a higher binding energy side
due to the decrease of Fermi level after n-doping. An opposite trend to lower binding
energy was observed after p-doping, indicating the increase of Fermi level. UPS directly
confirmed the increase of work function and decrease of the distance between Fermi level
and the valence band maximum after p-doping. On the contrary, the observations of the
decrease of work function and Fermi level moving away from valence band maximum
provided a strong evidence of n-doping. The change of carrier concentration in the
semiconductor channel can be monitored using the phonon-carrier interaction through the

Raman spectroscopy as well. The doping effect can also be evaluated by the evolution of
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threshold voltage from the transfer characteristics of the FET devices. An increase of
threshold toward a more positive gate bias indicates p-doping, while decrease of
threshold voltage toward negative gate bias side indicates n-doping. This doping method
provides a simple, scalable yet effective tool to modify the electronic and optical
properties of both n- and p-type TMDs. Furthermore, the work function of the TMD
semiconductors can be tuned up/down to 1 eV after p- and n-doping, respectively, which

is useful for the contact engineering for the TMD systems.

It is crucial to understanding the impact of external strain to 2D TMD-based
flexible electronics. Using MoS; as a model system, flexible FETs based on large-area
trilayer MoS, were fabricated using the direct device transfer technique by transferring
the devices fabricated on the rigid substrate (e.g. SiO,/Si wafer) to desired flexible
substrate (e.g. PET). First, it was confirmed that the device transfer method did not
degrade the device performance by comparing devices fabricated on growth SiO,/Si
wafer against the same set of devices transferred to a new SiO,/Si wafer. Next, flexible
MoS, FETs were characterized after bending and remained operational and stable after >
200 bending cycles. Furthermore, the band structure of the TMDs is sensitive to the
external mechanical strain due to the lattice distortion. Using the strain-induced
properties change in TMDs, the flexible MoS, FETs can be used as mechanical strain
sensors. It was demonstrated that the transfer characteristics of the MoS; FETSs is
sensitive to the applied mechanical strain, where the threshold voltage decreases with
increase of tensile strain. The origin of the strain sensitivity was explained by the
decrease of the band gap with increase of strain, and was confirmed by the optical

absorption spectroscopy. In addition, the strain sensitivity, and gauge factor, can be

179



controlled by the gate-biasing by adjusting the relative Fermi level position through gate
modulation. This work provides initial steps for TMDs in flexible, transparent

mechanical strain sensing applications.

Detection of chemical and biological species in the liquid using potentiometric
sensors is important for numerous applications, for example, disease diagnosis, health
screening, environmental monitoring, etc. However, it is still challenging to use large-
area TMD-based FETs for the liquid phase sensing because of the weak top-gate
coupling and large back-gate voltage needed to operate the devices. Alternatively,
graphene ISFET was demonstrated as an example for 2D materials-based biochemical
sensors. Using pH sensing as a test vehicle, we concluded that the pH sensitivity of
graphene ISFET is dependent on the sensing surface. A bare graphene sensing surface
provided limited pH sensitivity due to the lack of active hydroxyl groups, but an Al,O3
coated surface yielded a close-to-ideal Nernstian response (~59 mV/pH). Furthermore,
the ISFET was compared to a simplified Au-coated EGFET. EGFET is highly similar to
the ISFET and is able to detect the change of the surface potential on the sensing surface.
However, the design of EGFET is simplified by separating the sensing surface from the
transducer, which helps alleviate the reliability issues due to the exposure of electronic
componenets to the liquid environment. In addition, EGFET provides an accessible
integration to commercial FETs and any next generation electronics, including 2D TMD-
based FETs. By comparing the ISFET and EGFET for both pH sensing and affinity
biosensing, highly similar sensing results were observed using both sensing platforms.
This finding suggested that the sensor sensitivity depends only on the sensing surfaces

instead of transducers. It was also demonstrated that EGFET-based potentiometric
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sensors is a promising tool for animal disease diagnosis. Using the immunological
interaction between viral proteins on the sensing surface and their antibodies in the blood
sample, the detection of bovine respiratory disease (BRD) was demonstrated using label-
free EGFET biosensors. The dynamic range of the BRD sensing using EGFET is similar
to that of SPR and commercial ELISA. However, the EGFET potentiometric biosensors
are advantageous because of the much shorter response time, which is suitable for on-site
point-of-care applications. This work concludes that the sensor sensitivity is dominated
by the construction of sensing surfaces, and provides a simple yet efficient sensor

technique using EGFET for chemical and biological sensing.

The advantage of EGFET is further supported by the direct comparison between
EGFET-based potentiometric biosensors to electrochemical impedance spectroscopy
(EIS)-based impedimetric biosensors. In order to directly compare two electrical sensing
techniques, an integrated sensor system that combines EGFET and EIS was
demonstrated. This integrated system enables the sequential sensing of the same
biological layer on the shared sensing electrode and allows the direct comparison of
sensing responses from both sensing techniques. Using both BSA/anti-BSA and
HN/BPIV3 antibody-antigen systems as examples, similar responses and dynamic ranges
of sensing were observed, suggesting a correlation between two electrical sensing
techniques. EIS-based impedimetric sensor detects the change of impedance at the
sensing surface while EGFET-based potentiometric sensor detects the change of surface
potential at the same sensing surface. The surface impedance measured by EIS is
dominated by the charge-transfer resistance, a result of the motion of ions reaching the

sensing electrode, which is sensitive to the surface potential. Therefore, the two sensing
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signals can be linked using electrochemical kinetics and Butler-Volmer equation. In other
words, both EIS-based and EGFET-based sensors detect the same charge properties of
biomolecules. This work suggests that EGFET-based potentiometric can resolve the

charge information of biomolecules and is sufficient for practical biosensing applications.

6.1 Future work

This thesis provides the ground work for (1) using large-area 2D TMDs in
electronics as well as flexible sensor applications; (2) design of chemical and biological
potentiometric sensors for practical applications. However, more works are crucial in
order to improve the materials quality of the 2D TMDs and the resulting device
performance. In addition, the challenges of specificity, selectivity and reliability for
biochemical sensors need to be improved to meet the requirements for

commercialization.

6.1.1 Optimization of the growth of TMDs

The ability to synthesize large-area TMDs with good materials quality is one of
the most important tasks for their practical applications. The challenges include
increasing the grain size, decreasing the defect density, lowering the growth temperature,
etc. The existence of the defects in the TMDs undermines the doping effects due to a
possible entrapment of extra carriers in the defect states. For CMOS and rectification
applications, it is desired to be able to convert n-type TMD to p-type, and vice versa,

through chemical doping, which is difficult to achieve using highly defective materials
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currently used in this work. In addition, high temperature used in sulfurization or
selenization synthesis of TMDs hinders the flexible applications that usually involve heat
sensitive plastic substrates. Direct fabrication of large-area high-quality TMDs on
flexible substrates at low temperature is a crucial step to achieve the practical flexible
TMD applications. Possible approaches to achieve large-area and low-temperature
growth of TMDs include plasma-assisted synthesis, for example, plasma-enhanced
chemical vapor deposition (PECVD), atomic layer deposition (ALD), etc. These methods

can provide better control of the deposition rate, and improve the thin film formation.

6.1.2 Strain-engineering of large-area TMDs

Piezoresistive mechanical strain sensors have been demonstrated with large-area
MoS,-based transistors. However, the relationship between the strain response and the
crystallinity and defects of the large-area TMD film should be further studied. While
most of current studies focused on the application of tensile strain, the response of the
TMDs to the compressive strain is equally important. In addition, the ability to control
the two-dimensional crystal orientation of the TMD grains can improve the strain
sensitivity. Furthermore, understanding the piezoelectric properties of large-area TMDs
are also important for the self-powered electronics and power generation. Beyond
piezoresistivity and piezoelectricity, external strain can be actively used to control the
electrical and optical properties of the TMDs. Strain-engineering of TMDs can serve as a

complementary method to the doping and improve the device performance.
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6.1.3 Interface engineering of TMD-based devices

It has been demonstrated that MoS, can be doped from the top surface using
redox-active molecular dopants. The advantage of replacing the growth substrate that
might be damaged after a high temperature growth process was also demonstrated.
Therefore, interface engineering between TMD active layer and the back-gate/top-gate
dielectric layer is important to optimize the TMD-based devices. For bottom-gate
configuration, self-assembly monolayers, for example, phosphonic acid, can be used to
decorate the surface of gate dielectric layer. By providing polarized end functional groups
pointing out of the surface, doping of TMD semiconductors due to the charge transfer
between these functional groups and TMD films atop is expected. By a proper design of
these end functional groups, they can also be used to fill the atom vacancies on TMD
surfaces. By combining above-mentioned surface doping techniques, a “sandwich-like”
doping can be achieved and the synergistic improvement is expected. For top-gate
configuration, the interface between TMD semiconductors and the top dielectric plays an
important role in FET modulation. Especially for potentiometric biosensing applications
that require liquid gate operation, the efficiency of top-gate coupling is a determinant
factor for the TMD-based biosensor. Further optimization of the top-gate operation
through the reduction of interfacial defects, the deposition methods for dielectrics on top
of TMDs and post-deposition treatments, can lower the operation gate bias and make it

compatible with liquid gate operation.
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6.1.4 Reliability and stability of potentiometric biosensors

Reliable and stable biosensing is the most important criteria toward the practical
applications. Although reliability and stability of the biosensing is a result of multiple
factors, the signal instability can be related to (1) the surface functionalization on the
sensing surface and (2) the reference electrode. While covalent binding of biomolecules
to the self-assembly monolayer (SAM) provides a strong immobilization, the stability of
SAM is important and should be carefully investigated. The controllable formation, high
packing density, orderliness, stability in the electrolyte, and formulated composition of
the SAM on the sensing surface should be developed. SPR and detailed physical
characterization including XPS, FTIR and STM may provide useful information on the
SAM. Alternatively, different surface chemistry, for example, replacing thiol by carbene
on Au sensing surface, can be used to improve the SAM stability. In addition, a stable
SAM formation on the sensing surfaces that yield predictable initial surface potential
across samples should be developed for the potentiometric sensors. It is also important to
have a stable reference electrode with negligible drift, which can supply a stable voltage
to the liquid gate. Strategies to reduce the drift, including surface coating and

optimization of electrolyte junctions, should be developed.

6.1.5 Surface blocking in practical biosensors

Non-specific binding (NSB) remains one of the biggest challenges in practical
biosensing, especially when complex blood samples are involved. NSB increases the
background signals and undermine the sensor accuracy. NSB is a result mainly from (1)

poor design of immunological pairs and (2) sensing surface imperfection. For example,
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proteins tend to attach to the hydrophobic surfaces due to the maximization of the contact
area to the hydrophobic polypeptide chains and the minimization of the free energy. From
the aspect of sensor system design, a general strategy to reduce non-specific binding is to
minimize the interaction between the sensing surface and the unwanted biomolecular
species in the analyte solution. Surface blocking is a promising method to deactivate
some of the surface sites and to reduce NSB. Surface blocking techniques include (1)
chemical deactivation of the covalent binding sites; (2) saturation of NSB sites with inert
proteins, for example, gelatin, collagen and serum proteins; (3) reduction of the number
of reactive sites by mixed SAM, for example, mixture of hydroxylated SAM and
polyethylene glycol terminated SAM. Further exploration of surface blocking is

necessary in order to minimize the NSB yet maintain the sensor response.

Alternatively, differential sensing can provide a passive method to eliminate the
NSB-related background signal by creating a reference channel with comparable
biomolecular properties to the active channel. The design of the control channel should

be optimized to accurately represent the NSB in the biosensing system.
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