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ABSTRACT OF THE DISSERTATION

Developing oxide semiconductors and graphene field-effect transistors for next-generation
electronic and electrochemical sensing

by

Alex Wootae Lee

Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2023

Professor Prabhakar Bandaru, Chair

Since the recent development of Indium-Gallium-Zinc-Oxide (IGZO) thin-film transistor
(TFT), oxide semiconductors have received considerable attention and are widely used as a TFT
backplane for the state-of-art active-matrix flat panel display. However, the device application of
oxide-TFTs is limited to unipolar devices due to the absence of high-performance p-channel oxide
TFTs. This limitation poses a significant challenge in advancing oxide device technology,
particularly in realizing complementary metal-oxide semiconductor (CMOS) inverter circuits.

Tin monoxide (SnO) emerges as a promising oxide semiconductor to develop high-

performance p-channel oxide-TFTs due to relatively good hole mobility and low-temperature

Xviii



processability below 300 °C. But their device performances are still largely behind n-channel
oxide TFTs (e.g., IGZO, ZnO) because of high-density subgap defects (10%° cm™3) originated from
oxygen vacancy (Vo). By incorporating hydrogen annealing after pulse laser deposition (PLD), Vo
induced hole traps in SnO were effectively reduced by forming Sn-H bonds, improving TFT
mobility to ~1.8 cm?/Vs and lon/lof ratio to ~10°. In addition, the subgap defects were further
suppressed by adding back-channel passivation layer, allowing SnO-TFTs to exhibit ambipolar
behavior by alleviating the fermi-level pinning near valence band (VB) defects.

Lead (Pb?*) exposure is a serious health concern that possesses detrimental effects on
public health, causing irreversible damage to minors. Both conventional and home kit detection
methods face limitations such as high cost or poor reliability and limit of detection (LoD). In
addition to studies on oxide semiconductors, | will discuss the label-free graphene field-effect
transistor (GFET) based aptamer sensor (aptasensor) specific to Pb?* sensing. The surface of
chemical vapor deposition (CVD) synthesized graphene is functionalized with Pb?* specific
aptamer (Ap), a single-stranded DNA oligonucleotide, serving as a receptor probe binding to linker
molecules on graphene. The binding of the target Pb?* to the Ap is transduced into the modulation
of the electrical current through graphene FET. The theoretical LoD of GFET aptasensor is
discussed based on thermodynamic prediction of probe — linker — channel surface binding energies.
The surface density of Ap on graphene is optimized by monitoring minimization of capacitance
via electrochemical impedance spectroscopy (EIS) to reach uniform Ap distribution, avoiding
steric hinderance due to Ap clustering. The record sensor sensitivity was demonstrated with LoD

of ~ 7.0 fM, reaching the LoD predicted from the theoretical thermodynamic prediction.
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INTRODUCTION

1. Oxide semiconductor for device applications

Thin-film transistors (TFTs) are the type of field-effect transistor (FET) that utilize a variety
of thin layers of semiconducting film, a dielectric layer, and metal contacts on the insulating
substrate. Apart from the conventional metal-oxide-semiconductor FET (MOSFET) technology
that utilize the bulk silicon for both semiconductor and substrate, TFTs technology have a variety
choose for both semiconductor (e.g. metal oxides!*-%l, and organic semiconductort®l) and substrate
(e.g. glass™ and polymer®-12l) "unleashing the potential of transistor beyond the bulk silicon.
The TFT fabrication technology has a similar duration of history almost match to the
complementary metal oxide semiconductor (CMOS) technology, but it took several decades before
achieving enough maturity to reach the actual production.!®l The commercial application of TFTs
is primarily focused on display applications which utilize channel materials including amorphous
hydrogenated silicon (a-Si:H), low-temperature polysilicon (LTPS), and Indium-gallium-zinc-
oxide (a-1GZ0).14

Oxide semiconductors for TFTs application particularly received much attention since the a-
IGZO-TFT was published in back in 2004.1**] Compared to conventional channel material (e.g. a-
Si:H for TFT-LCD) used for display application, oxide-TFTs can take an advantage in terms of
optical transparency and low-cost of processing, and device stability and reliability.*! In addition,
the superior device performances such as high TFT mobility over 10 cm?V!s?, low voltage
operation, and low off-current characteristics make a-IGZO an ideal material to develop various
high-performance active-matrix flat panel display (AMFPD) such as large-sized liquid crystal
display (AMLCD), and organic light-emitting diode (AMOLED), flexible display, and micro-

LED.['7-1%1 Beyond their usage in display applications, oxide-TFTs are continuously extending



their applications to the broader area, including low-power Internet of Thing (IoT) device, energy
harvesting, and biomedical sensing technology.?%-2l However, the device application of oxide-
TFTs is limited to unipolar devices due to the absence of high-performance p-channel oxide TFT,
the critical drawback of current oxide device technology.?”-*! For display application, CMOS
TFTs could greatly reduce the need for complex circuit compensation and external driving TFTs
as well as significant power reduction for switching between ON and OFF states.*?! Since low-
power enabled complementary metal-oxide-semiconductor (CMOS) technology, which consists
of n- and p-channel transistor, is a critical component in current electronics, developing oxide-TFT
based CMOS inverter circuit is the greatest challenge to move oxide device technology to next
step.®233] The high-performance p-channel oxide semiconductor could also potentially help to
further develop advanced display by offering more cost and process efficiency compared to state-
of-arts low-temperature polysilicon oxide (LTPO) technology, typically formed by n-channel a-

IGZO and p-channel LTPS, currently available to fabricate low power & high-resolution mobile

display.
(b)
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Figure 1. 1 (a) The SnO crystal structure, and (b) the schematic representation of the hybridization
of valence band maximum (VBM) in SnO.B4




Figure 1.1 a) The SnO crystal structure, and b) the schematic representation of the hybridization
of valence band maximum (VBM) in SnO.4

So far, several p-type oxides have been discovered and studied to develop the high-
performance p-channel oxide TFT such as Tin monoxide (SnO) and cuprous oxide (Cu20).2* SnO
is particularly the point of interest due to the high intrinsic mobility ~ 60 cm?/Vsl®®!, which can be
attributed to the low effective mass of holes due to its distinctive orbital arrangement (Figure 1.1).
The valence band maximum (VBM) of SnO is formed by the hybridization of Sn 5s and O 2p
orbital, mitigating the localized oxygen p orbital and creating better hole conduction path.4%!
Also, the co-contribution of Sn 5s orbital to the VBM and Sn 5p orbitals to the conduction band
minimum (CBM) makes SnO conducts both electron and hole, opening up new opportunities for
oxide semiconductors in ambipolar applications.**3"%] However, although many efforts on SnO
based oxide-TFT development have been devoted, their device performance are still largely behind
as compare to other known n-channel oxide-TFTs (e.g. IGZO and ZnO) due to the high-density
subgap defect over 10%° cm.333% Therefore, the reduction of subgap defect is a key for realizing
high-performance p-channel oxide-TFTs.

In our work, we present a hydrogen subgap defect termination for developing p-type and
ambipolar oxide SnO. Hydrogen is strongly believed as an electron donor for most n-type oxides
such as ZnO and a-1GZ0O which causes severe device degradation in n-channel oxide TFTs because
of the generation of excess electron carrier.”*®! However, we found that hydrogen could effectively
terminate the subgap hole traps, which is originated from oxygen vacancy in SnO by forming
Sn—H bonds. By incorporating hydrogen annealing after pulse laser deposition (PLD), V, induced
hole traps in SnO were effectively reduced by forming Sn-H bonds, improving TFT mobility to

~1.8 cm?/Vs and lon/lo ratio to ~10°. The origin of subgap defect and the role of hydrogen in SnO



were discussed based on the computational device and material simulation. In addition, the subgap
defects were further suppressed by adding atomic layer deposition (ALD) back-channel
passivation layer, allowing SnO-TFTs to exhibit ambipolar behavior with p-channel mobility of
1.2 cm?/Vs, and n-channel mobility of 0.03 cm?/Vs by alleviating the fermi-level pinning near

valence band (VB) defects.

2. Graphene field-effect transistor (FET) for sensing applications

Lead exposure is a rising health concern that could possess the detrimental effects to public
health.[**431 The recent outbreaks from city of Flint, Michigan and Newark, New Jersey, USA
revealed that the majority of population in a modern city can be highly vulnerable and easily
affected to lead contamination.[***"] The consequence of direct intake of lead could be particularly
critical to underaged minors. The lead contamination higher than 15 ppb (~72 nM) in drinking
water and blood lead level higher than 100 pg/L (0.48 uM) would leading to damage in brain and
nervous system, slowed growth and development, and hearing and speech problem.[*8491 The
conventional methods such as inductively coupled plasma mass spectrometry (ICP-MS), atomic
emission spectrometry (AES), and atomic absorption spectroscopy (AAS) are proven to be
accurate and widely accepted but involved with labor-intensive sample collection and preparation,
time-consuming process, and costly instrument.[*35°-52 |n comparison, commercially available at-
home Kits detection method can take advantage of low-cost and accessibility, but their reliability,
specificity and detection range are uncertain, typically ~10 mg/L (~48 pM).*tl Hence, the
development of the new biosensor is necessary.

Over the past decade, field-effect transistors (FET) biosensor has considered as a highly
promising candidate for next-generation biosensor due to their high sensitivity, rapid detection and

the ease of integration into the electronic manufacturing process.>% A biosensor based on FET



comprises various functional components, as depicted in Figure 1.2, to generate and detect
analyte-specific signals. Key elements include the recognition element (such as antibodies, single-
stranded DNA, or ion-sensing membranes) and the transducer. The recognition element facilitates
binding with target probes, generating a signal indicative of the analyte's presence and
concentration. In biosensors, the recognition element is typically attached to the transducer's solid
surface layer through immobilization. The transducer, in turn, is responsible for converting
quantitative or semi-quantitative information about the target into a measurable signal, such as
current, potential, or temperature change. Recent developments in FET based sensors have been
mostly focused on low-dimensional materials incorporating two-dimensional (2-D) and 1-D
structures due to their high surface-to-volume ratio and high charge carrier mobility®558l leading

to superior sensitivity as in the instance of single atom sheet constituted Graphene FET (GFET).[*
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Figure 1. 2 The scheme illustrates a chemical and biosensor configuration consisting of a
recognition element (receptor) attached to the transducer to selectively detect the analyte of the
interest.[521 The transducer converts the biorecognition event on its surface into a quantifiable
signal before transmitting it for further processing. This processed signal can then be interpreted
by the end user.



Typically, the surfaces of GFET sensors have attached linker molecules (e.g., 1-
pyrenebutanoic acid N-hydroxysuccinimidyl ester: PBASE) and bioreceptors, such as aptamers
(Ap), antibodies, and enzymes for specific binding to the target analyte.[53%1 With respect to Ap,
single-stranded DNA or RNA oligonucleotides, are particularly attractive due to the enhanced
stability, high selectivity, and ease of further modification (/adaptation) from (/to) various
functional groups.[®-%81 By utilizing PBASE and Ap as a linker and receptor probe, we presented
the graphene FET based Ap sensors (aptasensor) for Pb?* specific detection. Top electrolyte gating
scheme was used for the improved efficiency.[%72 The graphene layer in the GFET was
functionalized with specific Ap receptor probes.l’*7 The binding of the target Pb?* to the Ap is
transduced into modulations of the electrical current through the GFET.

The estimation of the limit of detection (LOD) for our fabricated GFET aptasensor by
analyzing it from a thermodynamic standpoint. This assessment involves considering the Gibbs
binding energy (4G) related to the total binding energies of Ap-linker-channel surfaces, leading to
expected LoD to the level of ~10 fM. Therefore, achieving such a LoD level is feasible through
proper optimization of experimental protocols and procedures. Practical optimization involves
monitoring the sequential adhesion process: (i) PBASE onto graphene, (ii) Ap onto PBASE, and
finally (iii) the analyte, such as Pb?, onto Ap. The effective approach for achieving this
optimization is through charge monitoring, specifically focusing on electrical capacitance. At the
individual FET device level, electrochemical impedance spectroscopy (EIS) can be employed for
this purpose. For instance, differences in electrical double layer capacitance (CepL) can be
anticipated when measured on a pristine graphene surface as compared to a surface modified with

linkers and Ap.



We demonstrate how optimization of sensing protocols yields ultrasensitive lead ion
concentration: [Pb?*], specific detection, at the single femtomolar (fM) level significantly
improving, by orders of magnitude, extant reported values.l”>~""1 Furthermore, the specificity was
substantially enhanced to the fM level. Comparing to earlier GFET related work, it was indicated
that the use of 8—17 nucleotide (NT) DNAzymel™>"8 (with dsDNA) for Pb?* detection enabled
through the cleavage of one strand in the presence of Pb?*, yielded an LoD of ~0.2I" and ~0.02
nMU8 with gold (Au) nanoparticle decorated GFET, with specificity at 0.5 and 0.1 nMI"®l,
respectively. While DNAzymes show strong Pb?* affinity, their large size and related structural
rigidity’® make lower LoD difficult. In other studies,!®"%1 a guanine (G)- enriched Ap placed on
the graphene surface was reported to have an LoD of 2 uM 8 with a SiO; back-gated GFET and
an LoD of ~0.8 nM] of Pb2* on an HfO,-gated GFET, with specificity ~48 nM.["]

In comparison to those of previously reported studies on Pb?* detection, we show that the
LoD and the specificity for [Pb?*] detection may be improved significantly by order of magnitude.
We adapted a G-quadruplex structured Ap-based modality for label-free Pb?* detection, yielding
LoD as low as ~ 7 fM and specific determination of [Pb?*] at 100 fM. The LoD was found to be
critically dependent on the Ap concentration and incubation time, which regulates the amount of
immobilized Ap on the graphene surface. An optimal sensing protocol was determined through
extensive experimentation, e.g. atomic force measurement (AFM). Overall, it was found out that
the sensitivity can be related to 1) the doping-induced carrier density (no) and carrier mobility (u)
of the graphene arising from an Ap—Pb?*—Gquadruplex (APG) formation, and 2) the optimized Ap
distribution on graphene surface to avoid the steric hinderance, e.g. Ap clustering that trigger the

reduction of the binding affinity.



Chapter 2. Hydrogen-Defect Termination in SnO for p-Channel TFTs
2.1 Introduction

Developing high-performance oxide thin-film transistor (TFT) has been a subject of
interest because of ever-increasing demands for next-generation flexible electronic devices.[’%-81]
n-type oxide semiconductors such as amorphous Indium-Zinc-Gallium-Oxide (a-1IGZO) are
intensively studied for channel material for TFT and achieved excellent device performances,
including high TFT mobility (=10 cm? V! s71), low operation voltage (~3 V), and low off-current
characteristics as well as excellent mechanical flexibility and low-cost processability.[?
Therefore, n-channel a-IGZO-TFT is successfully commercialized in the market and widely used
as a TFT backplane in the state-of-art active-matrix flat panel display such as large-sized high-
resolution organic light-emitting diode and low-power consumption active-matrix liquid crystal
display.®3-#1 The next major challenge faced in oxide semiconductor technology is to develop
complementary metal-oxide semiconductor (CMOS) inverter circuits for future ubiquitous device
applications. So far, several CMOS inverters based on oxide-TFTs have been demonstrated with
n-type oxide a-IGZO and p-type oxides such as SnO, Cu-0, and organic semiconductors.[®-88l
However, different fabrication process involved in n- and p-type materials results in complicated
circuit design and integration, leading to the production of the impractical circuit.[*%

The difficulty of developing high-performance p-channel oxide TFTs mainly attributes to
the nature of valence band maximum (VBM) of metal oxide, which consists of the localized
oxygen 2p orbitals with a strong directivity.[® Therefore, the hole carrier transport is easily
degraded by the structural defects and impurities. In order to address this issue, a major
breakthrough is essential at the stage of material development. SnO is a promising oxide

semiconductor to develop p-channel oxide TFTs because of its attractive properties such as



relatively high hole mobility (=2 cm? V! s1) and low temperature processability below 300
°C.30%01 S0 far, several attempts to reduce subgap defects in SnO, such as the film growth
optimization, formation of the passivation layer, and post-thermal annealing, have been proposed
to improve the device performances.”!# Post-thermal annealing is the most simple and prevalent
technique to improve the film quality and is widely used in a-IGZO based oxide-TFT

5] However, the conventional thermal-annealing with uncontrolled atmosphere is

technology.
limited for these p-type materials because the metal cation Sn** in SnO has more stable higher
oxidation states such as Sn*', leading to formation of undesirable high oxidation states.”®! The
formation of these high oxidation state results the severe degradation of the device performances.

Therefore, it is imperative to develop effective defect termination techniques for p-type oxides to

improve the device performance.

In this chapter, the hydrogen defect termination of SnO is introduced for developing high
performance p-channel TFT and high gain CMOS like inverter circuit. Ch. 2.2 will introduce the
experimental methods used to 1) deposit and anneal SnO film, 2) fabricate the TFTs, and 3)
measure the electrical characteristic of the devices. Ch. 2.3 shows the material characterization to
identify the material properties of unannealed and annealed SnO film. Ch. 2.4 demonstrates the
electrical characteristic of the device with extracted device parameters. Ch. 2.5. exhibits the results
of computational devices and material simulations that were used to investigate the origins of

subgap defects and the impact of hydrogen in SnO.



2.2 Experimental Methods

2.2.1 Thin film deposition and device fabrication

Thin Film and Device Fabrication. SnO thin films were deposited at RT by pulse laser
deposition (PLD) with a KrF excimer laser (wavelength 248 nm, pulse frequency 10 Hz). A
polycrystalline SnO-sintered body was used as a target of PLD. The oxygen partial pressure (PO2)
during the deposition was optimized and fixed at 2 x 10 Pa. The laser energy density was set to
~1.5J cm2. Silica glass substrates were used for fundamental material characterization of SnO
films, and n+-Si substrates with SiO with 100 nm were used for TFT fabrication. The SnO films
are subjected to the post-thermal annealing for an hour in pure NH3z gas or forming gas (H
concentrating ~4.9%). Bottom-gate and top-contact, inverse-staggered, TFT structures were
fabricated by standard photolithography with chemical wet etching. The SnO island structure was
patterned by etching with 1 M of HCI. Indium tin oxide (ITO, Sn doping concentration of 10%
with respect to Indium) was used for the source and drain electrodes. The channel width (W) and
length (L) were 300 and 50 um, respectively, with the W/L ratio of 6.
2.2.2 Thin Film and device Characterization

Film structures were examined by glancing angle X-ray diffraction (GIXRD) (Cu a
radiation at an acceleration voltage of 50 kV, emission current of 50 mA, and an incident angle of
0.5°). Film thickness and film density were evaluated by grazing-incidence X-ray reflectivity
(GIXRR) measurements. Optical transmittance and reflectance spectra were measured using a
UV-vis spectrophotometer to extract the net absorption spectra of the films. Carrier concentrations
and Hall mobilities were estimated from Hall measurements with an AC magnetic field modulation
using the van der Pauw configuration. X-ray Photoemission spectroscopy (XPS) measurements
were carried out with Al Ka (hv = 1486.6 eV) at RT. The films were transferred into the XPS

apparatus without an extra surface cleaning, and the binding energy was corrected by the C 1s core
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levels. The surface morphology was observed by atomic force measurement (AFM). TFT
characteristics were measured by a semiconductor parameter analyzer at RT in the air in the dark
and analyzed by a TFT device simulator ATLAS to extract the subgap DOSs of SnO active
channels. The constant mobility model and crystalline subgap DOSs were employed. The first-
principle calculation based on the density functional theory with gradient generalized
approximation Perdew—Burke—Ernzerhof was performed by using the Vienna Ab initio Simulation
Package (VASP) to clarify the origin of hole trap and the effect of hydrogen annealing for SnO
TFTs. A 108-atom supercell (3 x 3 x 3 unit cells) was used for the defect calculations. The
planewave cutoff energy and Monkhorst—Pack special k points were 400 eV, and 2 x 2 x 2,
respectively. The formation energies (Ef) of defects for Sn-rich limits are determined by
Es[defect’] = Ewt[defect] — Ewt[perfect] + X;n;u; + q(ep + EVBM), where Ewt[perfect] and
Ewt[defect?] are the total energy of supercell containing the defects in a charged state g. ni and w;i
are the number removed from or to add to the reservoir, and i is the chemical potential of atoms,

respectively.

2.3 Material Characterization of hydrogen defect terminated SnO

2.3.1 Microstructure of polycrystalline SnO films

Figure 2.1 shows glancing angle X-ray diffraction (GIXRD) patterns of the unannealed
and annealed SnO films at different temperatures. The film thickness is 10.5 nm for the unannealed
films. Only two haloes are observed around ~22 and 29° from the glass substrate and SnO layer,
respectively, for the unannealed film. The lack of a sharp diffraction peak corresponding to the
crystalline phase, i.e., PbO-type SnO, indicates that the film is amorphous. A series of diffraction

peaks arising from SnO crystals is clearly seen from the films annealed over 280 °C, and no
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impurity phases including SnO2 and Sn metal are detected. All the annealed films are poly-
crystalline without preferred crystal orientation. As the annealing temperature raises over 390 °C,
we confirmed that the small peaks attributed to B-Tin started appearing at round 26 ~ 31°. Sharp
diffraction peaks of S -Tin were observed from the film annealed at 450 °C, indicating that SnO

was converted to Tin metal.
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Figure 2. 1 The structure of 10.5 nm SnO films deposited on silica glass substrates. Glancing angle
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X-ray diffraction patterns of unannealed and annealed SnO film at 250 — 510 °C.
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2.3.2 Film parameters (e.g. film density, thickness, and surface roughness) for polycrystalline
SnO films
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Figure 2. 2 Film parameters extracted from Glancing angle X-ray reflectivity patterns of a
unannealed SnO film, and annealed SnO film at 250 °C, 280 °C, 330 °C, 360 °C, and 390 °C. (Top)
The surface roughness, (middle) film thickness, (bottom) film density are illustrated.

Figure 2.2 shows the film parameters extracted from the measured and simulated glancing
angle X-ray reflectivity (GIXRR) spectra for unannealed and annealed SnO films. All the XRR
spectra are well-reproduced by simulations using simple one-layer film/glass model and provided
accurate film thickness, film density and surface roughness. The film density of unannealed
amorphous film is ~ 5.42 g cm=, about ~15.3% lower than that of the reported crystalline-SnO
(~6.39 g cm). The films become denser by thermal annealing, and the film density of crystalline

SnO films annealed over 280 °C reaches the ideal film density of SnO with 6.39 g cm=. The film
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roughness is likely to become rougher due to the poly-crystal grain formation, but the surface still

maintains an atomically flat surface with RRMS ~1nm for the poly-SnO films.

2.3.3 Optical absorption spectra of polycrystalline SnO films
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Figure 2. 3 (a) Optical absorption spectra of unannealed and annealed (250-510 °C) 10.5 nm SnO
films. (b) The variation of direct and indirect bandgap of unannealed and annealed SnO films as a
function of annealing temperatures.

Figure 2.3 shows the corresponding optical absorption spectra of unannealed and annealed
SnO films with a thickness of ~10.5 nm. Intense and broad absorption over 105 cm™ appears in
the optical absorption spectrum of the unannealed film, indicating that the unannealed films
involved very high-density subgap defect (~10%° cm3). Such a high-density subgap defect can
cause no TFT operation because of the Fermi level pinning and the reduction of effective electrical
field induced by a gate bias.l®’l For the films annealed at 280-360 °C, the strong absorption is

visible at >3 eV and weak absorption below the absorption edge, which corresponds to direct and

indirect transition, are observed. Figure 2.3(b) plots the direct and indirect bandgap, which are
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estimated from the plots of (ahv) 2 vs. hv and (ahv) 1/2 vs. hv, for unannealed and annealed SnO
films. Prior to the post-thermal annealing, amorphous unannealed SnO film exhibits direct band
gap of ~ 1.3 eV, half of reported bandgap SnO. After NHs annealing over 280 °C, the ¢-SnO films
exhibit the direct bandgap with 2.7 eV and indirect bandgap of 0.8 eV, respectively, which are in

good agreement to the reported data.?°!

2.3.4 Film surface structure of polycrystalline SnO films
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Figure 2. 4 AFM images of (a) unannealed and hydrogen-annealed films at (b) 250 °C, (c) 360 °C,
and (d) 510 °C in pure NH3

Figure. 2.4 shows the atomic force microscopy (AFM) images for unannealed and
hydrogen annealed films at several annealing temperatures. Atomically flat and featureless surface
structure with RRMS ~1.2 nm is observed in the unannealed film (Figure 2.4(a)). The annealed
films (Figure. 2.4 (b) and (c)) show polycrystalline grain structure composed of nano-crystalline
SnO with the grain size of ~10-15 nm. On the other hand, the high-temperature annealed film at
510 °C exhibits a very large grain structure (grain size of ~50-150 nm), which can be attributed

to Sn metal peak observed from XRD result of Figure 2.1.
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2.3.5 XPS analysis of polycrystalline SnO films
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Figure 2.5 (a) Sn 3d 5/2 and 3d 3/2 and (b) O1s core level spectra for unannealed film and annealed
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Figure 2.5 shows a) the Sn 3d (Sn 3d 5/2 and 3d 3/2) and b) the O1s core level spectra for
the unannealed film and annealed films at 250-450 °C in NHas. (Sn 3d core level) For the
unannealed film and the annealed film at 250 °C, two valence states attributed to Sn (0) metal state
at the binding energy (B.E.) of 484.5 and 492.9 eV and Sn(ll) state at B.E. 486.0 and 494.4 eV for
Sn 3d 52 and 31, respectively, indicating that these films are clearly composed of the mixed-phase
of Sn and SnO. The Sn/SnO ratio is also shown in the figure as similar to other reported work.[®®!

On the other hand, the Sn 3d core spectra exhibit only Sn (Il) oxidation state when the films are
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annealed at 280-390 °C, indicating that the films are a single phase of SnO. The Sn metal starts to
appear again by high temperature annealing over 450 °C (O 1s core level) The O 1s core spectra
for all the films show the additional peak assigned to oxygen vacancy (Vo) at the B.E. 532.2 eV
together with O-Sn bonding states at B.E. 530.8 eV.[*®! For the unannealed film and annealed film
at 250 ° C, the O 1s core are differentiated into three chemical states including O-Sn and V, states.
The V, is gradually reduced with the increase of annealing temperatures and saturated with the

O/V, ratio of ~80/20 at 330 °C.

2.3.6 Dependency of annealing temperature to Hole density of SnO films and bulk channel
defect density in SnO-TFTs
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Figure 2. 6 (a) Hole density of SnO films measured by Hall-effect at room temperature. (b) Bulk
SnO channel defect density extracted from the channel thickness dependency of s-values of SnO-
TFTs.

Figure 2.6 (a) and (b) shows the variation of the Hole density of SnO films and the bulk
channel defect density (Nss) of SnO-TFT with different annealing temperature. Hole density of

SnO films determined by Hall-effect measurement at room temperature. SnO bulk channel defect

density was extracted from the channel thickness dependency of s-values of SnO-TFTs. The hole
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density is remained almost unchanged while the Nss is affected by the annealing temperature. The

clear reduction of Nss is observed from annealing temperature over 300 °C.

2.3.7 RBS and HFS analysis for atomic concentration for unannealed and annealed SnO films
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Figure 2. 7 (a) Hole density of SnO films measured by Hall-effect at room temperature. (b) Bulk

SnO channel defect density extracted from the channel thickness dependency of s-values of SnO-
TFTs.

Figure 2.7 shows the chemical composition and hydrogen depth profiles for unannealed,
and hydrogen annealed films measured by Rutherford backscattering spectrometry (RBS) and
Hydrogen forward scattering (HFS). The RBS/HFS analysis reveals a relatively high hydrogen
concentration with ~5x10% ¢cm exists even in the unannealed films. On the other hand, the

hydrogen annealing apparently promotes the hydrogen concentration to ~9x10%° cm, which

corresponds to ~2% in SnO.
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2.4 Electrical characterization of hydrogen defect terminated SnO-TFTs
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Figure 2. 8 (a) Variation of transfer characteristics for SnO TFTs with different channel thicknesses
of 7.5, 10.5, and 13.5 nm after NH3 annealing at 280 °C. TFT parameters are as following: (b) Vn,
(c) s-value and Dit, (d) saturation and linear mobility, and (e) on-to-off current ratio and off current
at Ves =60 V.

Thin films of SnO were deposited on thermally oxidized SiO2/ n+-c-Si substrates, which
are used as a gate oxide/gate in the TFT device, with a deposition rate of ~3 A /s by pulsed laser
deposition (PLD) at room temperature (RT). The deposited films were subsequently annealed at
280 °C in a pure NHz atmosphere. An inverted staggered TFT structure with the channel length
and width (W/L) of 300/50 pum (the W/L ratio is 6) was fabricated with 30 nm thick ITO
source/drain electrodes. Figure 2.8 (a) shows the variation of the transfer characteristics, that is,
source-to-drain (lps) versus gate-to-source (Vgs) curves, of SnO TFTs with the channel thickness
of 7.5, 10.5, and 13.5 nm. The 10.5 nm thick SnO thin films are examined by glancing angle X-
ray diffraction (GIXRD) and found as a polycrystalline with a nanocrystalline [the grain size of

~11-16 nm from atomic force microscopy (AFM) observation (see Figure 2.1 and 2.4)]. The
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drain currents, marked as a source-to-drain voltage (Vps), are increased at a negative Ves, and all
the devices are clearly operated in p-channel mode. The transfer characteristics are strongly
dependent on the SnO channel thickness, and particularly, the off-current is largely altered. The
TFT with a 13.5 nm thick SnO channel exhibits a very high off-current level of ~0.03 mA with an
exceptionally small on-to-off current ratio with ~10. However, when the film thickness lowers
down to 7.5 nm, the off-current is significantly suppressed as low as ~10~" A. Meanwhile, the on-
current is only slightly reduced by decreasing the channel thickness and is not significantly
degraded even in the device with the thinnest channel thickness.

The important TFT parameters (i.e., threshold voltage (Vrn), saturation (usat) and linear
mobility (win), subthreshold voltage slope (s-values), on-to-off ratio, and off-current) are plotted
as a function of the channel thickness in Figure 2.8 (b)—(e). The Vtu, which is determined by
extrapolating a straight line in a (Ips)1/2—Ves plot to the Vs axis, decreased from +40 to +10 V as
the channel thickness reduced from 13.5 to 7.5 nm, showing a strong correlation to the change of
channel thickness (Figure 2.8 (b)). In general, the Vrn is altered by the acceptor density and the
charged defects in the channel region and/or at the channel/interface. However, the observed
monotonic variations of Vi, are mainly because of the reduction of bulk defect originated from the
decreases of the channel thickness because the acceptor density of SnO film is not affected by the
film thickness.®® The suin and usat, Which were extracted from the following relation: Ips =
W ~a1in -Cox/L(Vas — Vr)Vbs — 1/2Vps? and Ips = W usat -Cox/L(1/2(Ves — VtH)?) (Cox is the gate
insulator capacitance per unit area), are 0.7-1.0 cm? V! s7* for TFT with 13.5 nm thick SnO
(Figure 2.8 (c)). The TFT mobilities are slightly degraded in TFTs with a thinner channel but still
maintained 0.5-0.7 cm? V1 s™1. This trend is often observed in polycrystalline semiconductor

films, which can be attributed to the changes in the microstructure of the film.®] The obtained
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TFT mobilities are nearly comparable to our measured hole mobility (un) of 1.2 cm? V! st at the
hole density (Ni) of 6.7 x 10 cm™,

On the other hand, the s-values are improved from 38 to 17 V/decade as the channel
thickness decreases, indicating that the trap state density in channel is reduced in thinner channel
TFTs (Figure 2.8 (d)). Trap state density is estimated from the s-values of the TFTs using the
following relation: S = loge 10-ksT/e-[1 + e(Dit + tNsg)/Cox], Where e is the elementary electric
charge, ks is the Boltzmann constant, and T is the temperature. The Dit and Nsq are the trap density
around the Fermi level (EF) at the channel/gate insulator interface and in the channel bulk region,
respectively. From the linear dependence of s-value on the channel thickness, the Dit and Nsg are
estimated as Dir= 6.2 x 103 cm2 eV ! and Nss = 1.4 x 102 cm™2 eV, indicating that high-density
hole trap defects are still involved in the SnO channel annealed at 280 °C.

Because the hole density of SnO channel is very high and above 10 cm™3, the strong
channel thickness dependency of SnO TFTs can be understood by considering the channel
depletion model in TFT operation, in which holes in the SnO channel are depleted by positive gate
bias for the p-channel. The estimated width of the depletion layer for our SnO TFT device is
~15-20 nm, which corresponds to a maximum channel thickness that can control the carrier
depletion. The estimated maximum channel thickness is well consistent with our observations
where clear field-effect modulation is observed in the channel thickness less than ~20 nm. We
also fabricated the TFT with very thick channel above ~40 nm and confirmed that the device
showed very weak field-effect current modulation. Therefore, the channel thickness is a primary
factor to improve the TFT characteristics in the current status of SnO TFTs because it is very
challenging to control the hole density of SnO layer at the present condition. Although the channel

layer with a thickness of less than 7.5 nm still maintains the continuous film structure, the
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conductivity of film rapidly dropped, and the device exhibited a large degradation (more details
can be seen in Figure 2.10). The understanding of the observed phenomena requires furthermore
investigation, but we speculate that (1) increase of surface depletion effect because of the surface

defects and (2) potential barrier effect induced by grain boundary are the plausible origins.
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Figure 2. 9 (a) Variation of the transfer characteristics for unannealed and annealed SnO TFTs
with a 7.5 nm thick channel. TFT parameters are as following: (b) Vrn, (c) s-value and Di, (d)
saturation and linear mobility, and (e) on-to-off current ratio and off-current at Ves = 60 V.
Figure 2.9 (a) shows the variations of the transfer curves for the SnO TFTs with the 7.5
nm thick channel after thermal annealing at different temperatures. The unannealed device showed
no clear field-effect current modulation, and the annealed temperature of at least 250 °C is required
for the crystallization of SnO and demonstration of clear TFT operation. The film density of
amorphous film is very low (d = 5.42 g cm™3), about ~15.3% lower than the film density of
crystalline SnO (d = 6.39 g cm™3) (See Figures 2.2). Moreover, the X-ray photoemission

spectroscopy (XPS) analysis shows that a large amount of Sn metal state is included in the

unannealed films (Figure 2.5). The optical absorption analysis reveals that the unannealed film
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had very broad and strong absorption over 10° cm™ (Figure 2.3). These suggest that unannealed
film includes a very high-density subgap defect over 102° cm™3, which causes no TFT operation
because of the Fermi level pining and the reduction of effective electrical field induced by a gate
bias. After post annealing treatment over 250 °C, single-phase SnO is formed, and all the devices
show clear TFT action with p-channel mode. We also confirmed that NH3 annealing maintains the
SnO phase up to 390 °C, a higher temperature than the transition temperature of SnO to SnO-
phase (~280— 300 °C) in thermal annealing in oxygen ambient.

The important TFT parameters are also summarized in Figure 2.9 (b)—(e). The TFT
performances are continuously improved up to 360 °C as the annealing temperature increases. The
XPS analysis showed the reduction of V, defect by annealing and confirmed a clear correlation
between the V, defect and TFT performances. Moreover, the V4 variations can be also understood
by the reduction of bulk defect density because the hole density is almost irrespective of the change
in annealing temperatures (Figure 2.6). However, TFT begins to degrade as the annealing

temperature goes beyond 390 °C because of the formation of tin metal (Figure 2.1 and 2.5).
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Figure 2. 10 (a) The variation of transfer characteristics of SnO-TFTs with different channel
thickness of 6, 7.5, 10.5 and 15 nm after NH3 annealing at 360 °C. The listed TFT parameters are
(b) V1H, (c) s-value and Dy, (d) saturation and linear mobility, and €) on-to-off current ratio and
off- current level.

The best TFT performances of ~1.4-1.8 cm? V! 571, on-to-off ratio with 10°, and s-value
of ~10 V dec* were obtained from 360 °C-annealed SnO TFTs. From the dependency of s-value
on the channel thickness of the 360 °C-annealed TFTs (Figure 2.10), the Dit and Nss are found as
4.3 x 10" and 8.50x10'° cm™ eV, respectively, which are the best of our knowledge in the

reported SnO TFTs but still two or three orders of magnitude higher than those of n-type a-IGZO

channels (Dit = 0.82 x 10" cm2 eVt and Ng = 3.2 x 106 cm 2 eV 1).[00
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2.5 The device and material computation for identifying the origin of subgap defects
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Figure 2. 11 Measured (symbols) and simulated (lines) transfer curves at Vps = —20 V for (a) the
vacuum-annealed, (b) oxygen-annealed, and (c) hydrogen-annealed TFTs. (d) Corresponding
subgap DOSs were extracted from the device simulations for the vacuum-annealed (blue), oxygen
annealed (yellow), and hydrogen-annealed TFTs (red). Quasi-Fermi level (Qer) lies at EF — Ev =
0.1eV.

To investigate the origin of the TFT improvement in the hydrogenated SnO channel, the
subgap trap state is extracted by TFT device simulation. Figure 2.11 (a)—(c) displays the measured
and simulated transfer curves for the annealed SnO TFTs with the W/L ratio of 0.2. For
comparison, the devices produced by vacuum annealing and oxygen atmosphere at 260 °C are also
shown. TFT performances are strongly dependent on the annealing atmospheres. The vacuum-
annealed TFT exhibits ambipolar characteristics while the n-channel mode is well suppressed in
the oxygen-annealed device. We found that all the measured curves were reproduced by only
optimizing the donor-type defect with Gaussian distribution-type, gc(E) = Nep-exp{-[(E —
Ev)/Web]?} (where Ey is the valence band edge energy, Eo is the central energy of gG(E), Wap is

the characteristic decay energies, and Nep is the state densities at Eo), which mainly works as a
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hole trap for the p-channel device. The extracted corresponding subgap density of states (DOSS)
are illustrated in Figure 2.11 (d). (See Table 2.1 for comparison of the measured and simulated
TFT parameters).

Table 2. 1 Comparison of the measured and simulated TFT parameters of SnO-TFTs. Hole density

was obtained by the Hall-effect measurement of thin film samples. Acceptor density is a setting
value for T-CAD simulation.

Vacuum-annealed Oxygen-annealed = Hydrogen-annealed
(Meas.) (Sim.) (Meas.) (Sim.) (Meas.) (Sim.).

Vrr (V) 6.0 5.8 4.0 4.6 45 4.3
s-value (V/dec.) 14.3 13.5 12.5 11.7 5.2 5.0
Saturation mobility 0.9 0.83 0.6 0.72 1.6 1.7
(cm?Vs)
On/off current ratio >6x10? >2x104 >5x104
Acceptor density (cm) 1.2x10%8 5.0x10%7 9.5 x10Y7
Hole density (cm) ~1.5x10%8 3.5x10%7 9.5 x10Y7

In order to reproduce the ambipolar transfer characteristics for the vacuum-annealed TFTs,
two donor-like Gaussian DOS are required with high-density DOS of >10'° cm™. The high-density
defect is distributed in the whole subgap region and exists even near the CBM (Ec - 0.2 V). The
near-CBM donor-like defect is likely to work as an electron donor, and consequently, the Fermi
level (Ef) is shifted to the CB. Therefore, the vacuum-annealed TFT exhibits ambipolar
characteristics comprising hole and electron transports in the present applied gate bias. Thermal
annealing in oxygen ambient eliminates the subgap donor-like defect, and ambipolar behavior
disappears in the oxygen-annealed devices. From these observations, oxygen vacancy seems to
play an important role in the variation of TFT operation mode because it is reasonable that oxygen
vacancy defect is easily generated by vacuum annealing and compensated by oxygen-containing
annealing. Hydrogen-containing annealing clearly offers the better reduction of subgap trap state

in the SnO channel with near VB-DOS of ~10'8 to 10 cm™3.
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Figure 2. 12 (a) Oxygen vacancy (Vo), (b) tin vacancy (Vsn), () interstitial site for oxygen (O;) and
hydrogen (Hi), and (d) oxygen vacancy— hydrogen complex (Ho) in SnO. (e) Formation energies
of these native defects as a function of Fermi level under Sn-rich limit condition.

We also investigated the origin of donor-like subgap defect and the role of hydrogen via
native point defect analysis using DFT material calculation. A 108-atom supercell (3 x 3 x 3 unit
cells) was used for the defect calculation for native defects such as oxygen vacancy (Vo), oxygen
interstitial (Oi), and tin vacancy (Vsn) in SnO (see the defect model in Figure 2.12 (a)—(c). We
also examined the formation energies of hydrogen impurity including hydrogen interstitials (Hi)
and complex defects with Vo (Ho), in which the H atom sits at the center of the vacancy (Figure
2.12 (d)).

Figure 2.12 (e) shows the formation energies of native defects as a function of the Er under
the Sn-rich limit, which corresponds NH3 annealing with the reduction conditions. The VBM sets
to Er = 0 eV. These defects are energetically favorable native defects. O; has no defect transition

level in the band gap region and thereby is electrically inactive. Vs, forms shallow double acceptor
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states with the defect transition levels for ¢ (—/2—) of ~0.05 eV just above the VBM. The transition
level is very close to the acceptor level estimated from the temperature dependence of electrical
measurement (~45 meV), and thereby Vs is a source of p-type conduction in SnO. On the other
hand, V, exhibits the defect transition levels of ~0.2 eV for ¢ (0/2+) above the VBM and forms a
deep double donor state from VB. These results are well agreed with the previous report.[*% The
energy level of donor state is deep enough to work as an electron donor because it corresponds Ec
- 0.6 eV, and it is not likely to work as an electron donor. This would mainly work as a hole trap
state for p-channel oxide TFTs. The observation is well agreed with the above TFT simulation
analysis. Therefore, we conclude that the origin of a hole trap is Vo, and the eliminating of V, is a
key to improve TFT characteristics of SnO TFTs. We also confirmed that hydrogen impurity is
energetically stable in SnO. The formation energy of H—V, complex defect is low enough,
suggesting that hydrogen can terminate oxygen vacancy by forming the Sn—H bond in Sn-rich
condition. Therefore, the hydrogen-containing thermal annealing reduces a hole trap by
terminating V, defects. Rutherford back-scattering spectrometry (RBS) and hydrogen forward-
scattering analyses suggest that hydrogen can easily diffuse into the SnO film by hydrogen
annealing and can produce the hydrogenated SnO channel with a high H concentration of ~10%

cm ™ (see Figure 2.7).
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Figure 2. 13 (a) Transfer characteristics of a p-channel-SnO TFT (red line) with Vps = 10 V and
n-channel a-IGZO TFT (blue line) at VDS = 20 V. The dashed lines show (Ips)?—Vas plots. (b)
VTCs of the complementary inverter. The input voltage (Vin) was scanned from —6 to +6 V with
supply voltages (Vad) of 1-10 V. The red lines show the voltage gain characteristics.

Finally, we demonstrated a complementary inverter operation using hydrogenated p-
channel SnO and n-channel IGZO-TFTs with a bottom gate structure. Because SnO TFTs have a
low mobility and large s-values as compared to that of a- IGZO TFTs, the large channel W/L ratio
with 6 and thin SiO. gate oxide layer with 50 nm were employed for SnO TFT to balance their
TFT characteristics (the W/L with 0.5 was used for the a-IGZO TFTs). Typical transfer
characteristics for n-a-IGZO and p-SnO TFTs are displayed in Figure 2.13. The psat and the Vi
were ~1.2cm? Vs tand —3.5V for SnO TFTsand 12.9 cm? V-t st and +2 V for a-1GZO TFTs,
respectively, which are comparable to their reported high-performance oxide TFTs.

Figure 2.13 (b) shows the voltage transfer characteristic (VTC) consists of the p-SnO/n-a-
IGZO-TFTs inverter. The supply voltage (Vad) was varied from 1 to 10 V. Clear inverter action
with the full swing close to the supply voltage was observed. The voltage gain is defined as dVour

/ dVn of ~50 at maximum with Vgq = 10V. The inverter characteristic is highly symmetric with
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respect to the switching threshold voltage (Vin), and the Viny values were ~ -0.4 V at Vgg = 2V,
~0.3VatVge =4V, ~0.9V at Vgg =6V, ~1.3V at Vga =8V, and ~1.7V at Vgq = 10V. The ideal Vin
is theoretically demeaned by Vi = (61 / fo)Y? Vinn + (Vaa—Vinp) I [1+(5 | B)Y?], where S are
transconductances of n- and p-type TFTs, respectively, which provides ~3.8 V at Vgd = 2V, ~4.9
V atVaa =4V, ~5.9V at Vga =6V, ~6.9V at Vas = 8V, and ~7.9 V at Vg = 10V. The large deviation
is observed in the Vinv. The reason is not clear yet, but it would be related to the change of the £/

[ ratio by varying Vaq due to the Vi shift of p-channel SnO-TFTs.

2.6 Conclusion

In conclusion, we developed the hydrogen defect termination of p-type SnO for p-channel
oxide TFTs. Thermal annealing in hydrogen ambient offers significant improvement of SnO
channel and provides the improved TFT performance with the mobility of 1.4-1.8 cm?V1s?tand
the on-to-off ratio of 10°. Computational device and material analysis concluded the near-VB
donor-like defect controlled the TFT operation and is mainly originated from oxygen vacancy.
Hydrogen can effectively terminate oxygen vacancy by forming Sn-H bonds. Although the device
performance is still not satisfied and relatively behind the device performance of a-IGZO based n-
channel TFT, good inverter operations with the voltage gain of ~50V were obtained by designing
a proper TFT dimensions. Although we employed NH3 gas as hydrogen source in thermal
annealing in this study, several other processes such as the passivation formation process by ALD
and CVD, in which hydrogen is involved, can also be adapted for hydrogen defect termination.
There are still technological challenges need to be addressed on p-channel oxide technology such
as TFT stability and reliability, but the present achievement provides a significant step towards the

development of high-performance all-oxide based CMOS inverter technology.
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Chapter 3. Switching Mechanism behind the Device Operation Mode in
SnO-TFT

3.1 Introduction

Tin monoxide (SnO) is a promising oxide semiconductor to develop p-channel oxide TFTs
because of its attractive properties such as relatively good high hole mobility (~2 cm?/Vs) and low-
temperature processability below 300 °C.E%0 Very recently, we developed the hydrogen defect
termination for SnO channel and improved device characteristics of p-channel SnO-TFT.[1%Z
Although the defect density of SnO channel is reduced by the hydrogen termination, the absence
of ambipolarity, which means both electrons and holes concurrently contributing to the field-effect
conductions®®l, in SnO-TFTs is still remained as a question. SnO is known as the only material
in oxide semiconductors to operate in ambipolar TFT, owing to its narrow indirect bandgap of 0.7-
0.9 eV.B8 So far, two types of operation modes, p-channel and ambipolar modes, are identified
from SnO-TFTs.['%! However, most of the studies are focused on p-channel mode in SnO, while
only a few studies are available for the ambipolar mode because of insufficient understanding of
controlling device operation mode in SnO-TFT. Ambipolar TFT is particularly appealing for
fabricating high-density CMOS circuits since using the same material for n- and p-channel TFTs
will solve an issue with incompatibility in processing different active channel layer materials.
Moreover, ambipolar-TFT based CMOS inverters can easily switch polarity by changing the input
voltage (Vin) and supply voltage (Vop) of the inverter, which makes ambipolar oxides to fit in
developing novel logic circuits.[*%1 Therefore, it is essential to clarify the origin behind the
different operation modes in SnO-TFT to control its device operation modes and further improve

the device performances for a broader application.
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Here, we investigated the operation modes in SnO-TFTs and revealed that there is a
significant correlation between back-channel surface defects and transistor operation modes. We
fabricated inverter-staggered SnO-TFTs and controlled the back-channel surface defects by
chemical wet-etching, thermal annealing, and passivation layer formation. It was found that
excessive back-channel defects introduced by surface-etching removed the ambipolarity in SnO
and made the device to only operate in p-channel mode, while the elimination of these defects
recovered the ambipolarity in the device. The TFT device analysis and photoconductance decay
measurement were used for the back-channel surface defect evaluation. We also fabricated CMOS-

like inverters using two identical ambipolar SnO-TFTs and analyzed the inverter characteristics.

In this chapter, the switching mechanism behind the device operation mode in SnO is
introduced for developing high performance p-channel and ambipolar TFT and high gain CMOS
like inverter circuit based on ambipolar SnO-TFTs. Ch. 3.2 will introduce the experimental
methods used to 1) deposit and anneal SnO film, and back-channel deposition process for Al2O3
layer 2) characterize SnO thin film. Ch. 3.3 shows the detailed material characterization used to
identify the SnO thin film properties. Ch. 3.4 demonstrate the electrical characteristic of the back-
channel engineered SnO-TFT devices with extracted device parameters. Ch. 3.5. discusses the
subgap defect density of state (DOS) of back-channel engineered SnO-TFT. Ch 3.6. shows the

CMOS-like inverter performance of the ambipolar SnO-TFTs.
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3.2 Experimental Methods

3.2.1 Thin-film and device fabrication

Inverter-staggered TFT structure with ~7.5 nm of SnO channel was fabricated on thermally
oxidized SiO> (thickness is ~150nm) / n*-Si substrate. SnO thin films were deposited by pulse laser
deposition (PLD) with KrF excimer laser at room temperature (RT). The oxygen partial pressure
during the deposition was fixed at 2 x 10* Pa. Hydrogenated SnO was fabricated by thermal
annealing at 260 °C for 30 minutes with N2 + Hz (5% hydrogen). Indium tin oxide (ITO) film was
used for source and drain contact. The channel width (W) and length (L) were 300 um and 50 pm,
respectively. Extra defects were intentionally introduced by chemical wet-etching with
Tetramethylammonium hydroxide (TMAH, weight percent < 3% in water) for 30 seconds at RT.
For the removal of the back-channel surface defects, 5 nm of aluminum oxide (Al.Oz) passivation
layer was deposited on pristine SnO by atomic layer deposition (ALD) with Trimethylaluminum
and H2O precursor at the deposition temperature of 80, 200, 250 and 300 °C. CMOS-like inverters
were fabricated by using two identical ambipolar SnO-TFTs with 5 nm of back-channel

passivation layer deposited at ALD temperature of 300 °C.

3.2.2 Thin-film and device characterization method

Film structures were examined by grazing incidence X-ray diffraction (GIXRD) with an
incident angle of 0.5° and confirmed all condition of thin films were polycrystalline SnO with no
preferred crystal orientations. (Figure 3.1) UV-vis spectrophotometer was used to measure the
optical transmittance, reflectance spectra and extract net absorption of the film. The indirect
bandgap is estimated as ~0.8 eV for all films. (Figure 3.2) Hall-effect mobility and carrier

concentration were determined from Hall-effect measurement using the van der Pauw
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configurations. The photoconductance decay curve was measured by microwave
photoconductance decay (u-PCD) with yttrium lithium fluoride (YLF) pulsed laser (A = 349 nm)

at RT. TFT characteristics were measured by a semiconductor parameter analyzer at RT in air.

3.3 Material Characterization of back-channel engineered SnO film

3.3.1 The film structure of the pristine and surface modified SnO-films

The thin film structure of the pristine and surface modified SnO was analyzed by grazing
incidence X-ray diffraction (GIXRD) with an incident angle of 0.5°. The film thickness is ~10.5
nm. Figure 3.1 shows the GIXRD patterns for the pristine and back-channel surface modified SnO
films. The back-channel surface is modified by 1) surface wet-etching and 2) ALD-AI>O3
passivation. A series of diffraction peaks appeared at 29.8°, 51.6°, 57.3°, and 62.0¢ are assigned to
(101), (201), (211), and (202) planes, indicating non-preferred oriented polycrystalline nature of
SnO films. The peak intensity is highest for ALD-AI>Oz passivated SnO film, suggesting that the

crystallinity is improved by ALD process.
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Figure 3. 1 The GIXRD of SnO films before and after surface wet-etching and ALD-AI>O3
passivation at 300 °C. The powder diffraction data (PDF #04-005-4540) was used to identify the
measured pattern. A halo peak around ~24° is due to the glass substrate.

3.3.2 The optical absorption spectra of the pristine and surface modified SnO-film

Figure 3.2 (a) shows the optical absorption spectra of SnO films shown in Figure 3.1. No
significant difference is observed from all measured films. The direct and indirect bandgap were
determined from the (ahv)? vs. hv and (ahv)Y? vs. hv plots (Figure 3.2 (b)-(d)). The direct
bandgap of ~2.6 eV and indirect bandgap of ~0.8 eV is obtained, which are in good agreement

with the reported data.[2%]
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Figure 3. 2 (a) The optical absorption spectra of SnO film before and after surface wet-etching and

ALD-AI,O;3 passivation at 300 °C. The (ahv)? vs. hv and (ahv)*2 vs. hv plots for (b) pristine, (c)
surface-etched, and (d) ALD-AI>O3 passivated SnO films.
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3.4 TFT Characterization of back-channel engineered SnO-TFT
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Figure 3. 3 (a) The variation of transfer characteristics for SnO-TFTs before and after back-channel
surface defect modification. Output characteristics for (b) pristine, (c) back-channel surface
etched, and (d) ALD-AIl>O3z passivated TFT. The deposition temperature for ALD-Al203
passivation layer is at 300°C.
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Figure 3.3 (a) shows a typical variation of the transfer characteristics, i.e. drain current (Ips) versus
gate bias (Vgs), of SnO-TFTs before and after the back-channel surface defect modification by a
surface wet-etching and ALD-AI>Oz layer passivation. The corresponding output characteristics,
i.e. drain current (Ips) versus drain bias (Vps), are also shown in Figure 3.3 (b)-(d). The pristine
SnO-TFTs exhibit an asymmetrical ambipolar behavior with strong p-channel and very weak n-
channel modes, exhibiting the large on-to-off current ratio of ~3 x 10* for p-channel mode as
compared to ~10* for n-channel mode. The weak n-channel mode is also confirmed from the output
characteristics shown in Figure 3.3 (b). The important TFT parameters (threshold voltage (VH),
turn-on voltage (Von), subthreshold swing value (s-value), and saturation mobility (Usa)) are
summarized in Table 3.1. The V4 is determined from a straight line in a (Ins)*? - Ves plot to the
Vs axis, while sat is calculated using los = W lsat Cox/L {1/2- (Vas — VTH)?), Where Cox is a gate
insulator capacitance per unit area. The pristine device turns at Von of ~ 15.6V * 1.0 and operates
in depletion mode with a high hole density (Nn ~2.4 x 10 cm3, determined by Hall-effect
measurement). The estimated Usat is ~1.7 £ 0.2 for p-channel mode, which is reasonably high, and

<10 cm?/Vs for n-channel mode, respectively.
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Table 3. 1 The TFT parameters of pristine and back-channel surface modified SnO-TFTs for p-
channel mode shown in Figure 3.3.

Vi (V) -12.9+ 32 8+46 -18.3+25
Von (V) 156+ 1.0 55+ 9.6 -05+22
s-value (V/decade) 72+15 143+ 34 55+0.8
Usat (CM?/Vs) 1.7+0.2 1.0+0.3 1.2+0.3
Hall mobility ([p, cm?/Vs) ~1.5 ~1.4 ~0.4
Hole density (Nh, cm™) ~2.4 x 10'8 ~1.9 x 10'® ~2.3 x 10Y/

After the excessive back-channel defects are introduced to SnO by wet-etching with diluted
Tetramethylammonium hydroxide (TMAH, weight percent < 3% in water), the n-channel mode is
completely disappeared, and TFT is operated only in p-channel mode. The p-channel TFT
performance is also slightly degraded with the on-to-off current of ~10* and psa of 1.0 + 0.3
cm?/Vs, but the observed TFT characteristics are nearly comparable to the most of reported p-
channel SnO-TFTs.[102106.107] Sjnce the hole mobility and hole density are almost unchanged after
the weak etching (See Table 3.1), the dramatic variation of TFT characteristics can be mainly
attributed to the change of back-channel defects. Therefore, the absence of ambipolarity in the
most reported p-channel SnO-TFTs is due to the high-density back-channel defects. Trap density
(Dit) around the Fermi level (EF) is estimated from the s-value with the following relation: S =
l0ge10-ksT/e -[1+eDit/Cox], Where kg is a Boltzmann constant, T is the temperature, and e is an
elementary charge. The Di is increased by more than two times from ~1.7 x 10 cm eV to >

3.5 x 103 cm2 eV after the back-channel surface-etching.
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In contrast, the ALD-AI>O3 back-channel passivated SnO-TFTs show the improved n-
channel behavior and exhibit a clear symmetric ambipolar operation mode with the Von very close
to ~0 V. The psat is still high for p-channel mode (~1.2 + 0.3 cm?Vs), while it significantly is
improved by more than one order of magnitude (=3 x 102 cm?/Vs) for n-channel mode. It is
notable that the s-value for p-channel mode is also improved to ~5.5V/decade, reflecting the
reduction of Ditto ~1.3 x 103 cm eV, We also deposited ALD-Al,O3 passivation layer to the
back-channel surface etched devices to further verify the effect of the passivation on the
appearance of ambipolarity. The recovery of ambipolarity after the passivation is clearly observed
even in the back-channel etched devices. (Figure. 3.4 and Table 3.2). These observations confirm

the TFT operation modes are controlled by the back-channel defect states.
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Figure 3. 4 The (a) transfer and (b-c) output characteristics of back-channel (BC) etched SnO:H
TFTs after ALD-AI>Oz BC layer formation at 80 °C and 300 °C.
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Table 3. 2 The device parameter extracted from ALD passivated back-channel etched device
shown in Figure 3.4.

s-value
Condition Operation mode Von (V) Vi (V) (Videcade)  Msat (Cm?/Vs)

ALD 80°C P-channel -3.2 10.5 0.8
after BC 46.0
etched N-channel - - -
ALD 300 °C P-channel -21.0 5.6 0.1
after BC 1.0
etched N-channel 9.3 15.4 ~10*

However, the small reduction of D;: after the passivation makes it difficult to fully understand the
improvement of ambipolarity. To verify the reduction of defect state, we analyzed the intrinsic
back-channel surface and interface defect density at the Al>Os/SnO based on induced gap state
(IGS) theory.'®l The intrinsic surface state density (Dss) can be estimated by Dss = C;/q -
(1/Sg — 1), where S is an interface parameter [1 + 0.1 (e,5r — 1)2]7%, C; is the capacitance
density of the surface dipole C; = 4,5/, in which e,z IS @ semiconductor optical relative
dielectric constant, e, IS a corresponding dielectric constant, § is the microscopic dipole
thickness. The interface state density (Dis) is expressed by D;s = C;/q - (1/S;s — 1), where S;5 =
{14 0.1[(ecorr = 1)? (€awsr — D?/[(€orr — 1)? Cit /(Cis + Cis) + (€cosr — 1)*Cis/(Cyy +

Cis)]]}_l, C; is the capacitance density of the interface dipole C; = C;;Cis/(Ci; + Cis) , Cij =
€1/ 0, Cis = €x5/ds, IN Which g4,z and e, are insulator and semiconductor optical relative
dielectric constant, respectively; ., and .5 are insulator and semiconductor dielectric constant,

respectively. The Dss was estimated as ~7.6x 102 cm2eV! for the pristine SnO surface, indicating

the existence of high-density back-channel surface defects. Dis was found to be only ~1.3x 10%
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cm2 eV, nearly comparable to the observed Di for ALD-Al;O3 passivated SnO-TFT at 300 °C.

The analysis confirmed that ALD-AI>O3 passivation significantly reduced the back-channel

surface defects.
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Figure 3. 5 (a) The transfer characteristics of SnO-TFTs with ALD-Al;Oz passivated layer
deposited at different temperatures. The output characteristics of SnO-TFTs with ALD-AI203
temperature at (b) 80°C (c) 200 °C (d) 250 °C, and (e) 300 °C.

Figure 3.5 shows the variation of transfer and output characteristics of SnO-TFTs with ALD-
Al>O3 passivation layer deposited at different temperatures. For the comparison, the pristine device
without the passivation layer is also shown. No noticeable change in the TFT characteristics was
observed when the passivation layer was deposited at 80 °C. It is generally well-known that oxide-
TFT characteristics are very sensitive to the environmental oxygen and moisture due to the surface

bending effect by adsorption/desorption on the back-channel.'%°! The observation indicates that
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the improved ambipolarity is not solely coming from the shielding effect of ALD-AI,Os3 layer to

environmental exposures.

Table 3. 3 P- and n-channel device parameters corresponding to transfer and output characteristics
shown in Figure 3.5

p-channel \(/\T/'; X/) (Vslt;/:;;ge) (cr#;;{/s)
Pristine SNO TET 129432  156+10  72+15 17402
ALD 80 °C 124+27 15212 6.7+ 1.7 1.8+ 0.2
200 °C 91431 48+45 44+13 26+0.4
250 °C 190+28 30431 47+14 1.0+0.3
300 °C 183+22 05425 55+ 0.8 12403
n-channel \(/\T/'; (\Zdvféﬁﬁe) (cmvs)
Pristine SnO TFT 13.1+3.6 248+ 4.1 <1073
ALD 80 °C 11.2+ 3.4 222439 ~10°
200 °C 40+42 16.1+3.7 ~10°
250 °C 83+3.2 13.242.5 ~10°
300 °C 17.9+ 3.0 9.9+13 -3 x 102

As listed in Table 3.3, the TFT characteristics including s-value and Von are gradually
improved by raising the passivation temperatures. However, there is no noticeable improvement
in ambipolarity until the Al>Os deposition temperature reaches 300 °C. Moreover, the apparent
improvement in s-value with respect to the increase in the deposition temperature clearly suggests
that the channel defect density is reduced by ALD process. SnO is thermodynamically unstable
due to the disproportionation reaction and easily converts to n-type SnO. with high temperature

thermal annealing.!1MY We investigated the impact of the formation of SnO; t0 the TFT

characteristics by using different annealing atmospheres. (Figure 3.6)
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Figure 3. 6 (a)-(c) shows the variation of transfer characteristics of annealed SnO-TFTs in
ammonia (NHzs), forming gas (H2), and air-annealing conditions. The corresponding device
parameters are listed in Table 3.4. The annealed devices showed the degradation of TFT
characteristics at temperatures over ~390, ~300, and ~280 °C for NHs, H, and air-annealing,
respectively.
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Table 3. 4 The TFT parameters extracted from the devices shown in Figure 3.6

VIHY)  eeade  Msat(GmiVs)  Onloff ratio

NHs annealing at

330°C -4.3 10.6 1.6 ~1.0x10*

360 °C -8.1 13.4 1.4 ~1.4x10*

390°C 13.2 11.8 1.8 ~2.0x10*
Hz annealing at

220°C -7.5 14.1 1.6 ~6.1x10°

260 °C -8.6 9.2 1.4 ~1.0x10*

300°C -9.3 11.9 1.7 ~6.5%10°
Air-annealing at

250 °C 6.2 9.8 0.6 ~3.3x10°

280 °C -10.5 23.8 0.01 ~1.5%10°

The high-temperature annealing apparently causes the severe degradation of TFT
characteristics for all annealing conditions. Therefore, the observed improvement of n-channel
mode is not induced by the formation of SnO>. We also performed the post-annealing for the
device deposited with ALD-AI>Oz layer at 80 °C to activate the passivation effect (Figure 3.7).
After air-annealing at 200 and 250 °C for an hour, Von is shifted to near 0V, and the on-to-off
current is improved to ~102 and ~103, respectively. The p-channel s-values are 6.1 and 5.3 v/decade
for 200 and 250 °C air-annealed devices, respectively. Weak enhancement n-channel mode
continued to 250 °C, following a similar trend we observed from ALD devices from Figure 3.5.
Hsat for p-channel and n-channel is 0.9 and ~107 for air-annealed device at 250 °C, respectively.
At air-annealing temperature at 300 °C, the device turns into SnOy, exhibit n-channel mode
operation. Overall, we found a similar improvement on ambipolar characteristics as shown from

device with ALD-AI>03 passivated at 300 °C was observed after post-annealing in air at 250 °C.
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From these observations, we speculate the improvement in ambipolarity is related to

termination of the defects by oxygen/hydrogen diffusion.
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Figure 3. 7 The (a) transfer and (b-c) output characteristics of air-annealed SnO:H TFTs with
different annealing temperature after ALD-Al>Oz BC layer formation at 80 °C.

3.5 Understanding subgap defect density of states (DOS) for back-channel engineered SnO

We next examined the DOS for the presented SnO-TFTs. The effective subgap DOS for the p-

channel and ambipolar SnO-TFTs were extracted from field-effect conductance (FEC) method by

using the following equation:*!113
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where Er is a Fermi level, 1 ; is a surface potential, w“ Is a surface potential gradient, & is a

semiconductor permittivity, and i is a sequence beginning from flat-band to accumulation mode.
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Figure 3. 8 (a) Effective subgap DOSs extracted from the field-effect conductance analysis for p-
channel pristine, back-channel surface etched, and ambipolar SnO-TFTs with ALD-Al>O3
passivation layer deposited at 250 and 300 °C. Eqr denotes a quasi-static Fermi level. (b)
Schematic energy diagrams to explain the variation of TFT operation modes: p-channel (left) and

ambipolar modes(right). The black dashed line denotes the Fermi level at V=0V, while the orange
and bule dashed line indicate the Fermi level swept by V4=60V and V¢=-60V, respectively.

Figure 3.8 (a) shows the extracted subgap defect DOSs before and after the ALD-AIl>O3
passivation. It is found that deep donor-type defects (near-valence band (VB) defects) and deep
acceptor-type defects (near-conduction band (CB) defects) are involved in SnO channel. The
surface defect structure can be comprehended from IGS perspective because the peculiar collective
behavior of surface/interface states, which always seen as acceptor-like (donor-like) when the
defect state located above (or below) the charge neutrality level. The pristine devices that operate
in very weak ambipolar mode have somewhat high-density near-VB defects, which is estimated

as > 2x10%* cm2eV1. Since the SnO channel is poly-crystalline, the observed near VB-defect DOS
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is not exponential band-tail state and subgap state. This analysis is in a good agreement with the
previous report of the near-VB-DOS by TFT simulations. 12 The existence of high-density near-
VB defects limits the operation of n-channel mode due to the Fermi level pinning since near-VB
defects are comparable or greater than a charge density induced by a gate bias in the presented
TFT structure (~10* cm™). (See the left in Figure 3.8 (b)) The near-VB defect is significantly
reduced by the passivation and lower down to below ~3x10' cm=eV-L. In this case, Fermi level
can smoothly swept toward the conduction band with the applied gate bias because the subgap
DOS is more than one orders of magnitude smaller than the gate induced charge. (the right side in
Figure 3.8 (b)). Therefore, the ALD-AI>O3 passivated device can exhibit a clear ambipolarity. The
near-CB defects are also determined in the same manner and confirmed the reduction by increasing
the ALD-AI,Os passivation temperature. However, the near-CB defects are as high as ~2x10° cm-
3 eVl about two-order of magnitude higher than the near-VB defects, even in our best device.
Such high-density near-CB defects hinder the Fermi level from sweeping into the extended states
in the conduction band. Therefore, the performance for n-channel mode is inferior to that of p-

channel mode, causing the unbalanced electrical property in presented devices.
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Figure 3. 9 (a) Normalized photoconductance decay spectra for the pristine SnO film (black), back-
channel surface etched SnO film (blue), and ALD-AI>O3z passivated (red) SnO films at 300 °C. The
inset shows the u-PCD reflectivity signal spectra. (b) The illustration of proposed hole
trapping/emitting process at shallow state for the slow decay.

We also examined the photoconductance decay by pu-PCD technique to verify the reduction of the
surface defect state after ALD-Al,Oz passivation. Figure 3.9 shows the normalized
photoconductance decay curves before and after the surface-etching, and ALD-AIl>Oz deposition
at 300°C. The inset shows the observed u-PCD reflectivity signal spectra. All of the measured

films exhibit a typical photo-response behavior of semiconductor, which consist of strong distinct

peaks of reflectivity signals generated just after the carrier photoexcitation and exponential decay.

-n\B -
The exponential decay is expressed by n,,(t) = n, exp (—t) + n, exp (—t) where n,,, is the
number of the photo-generated carrier, T, and 7, are the time constant for fast and slow decay,
respectively, and B is the stretching exponent part.*'4 (See Figure 3.10 and Table 3.5 for the

fitting)
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Figure 3. 10 The observed and calculated photoconductance decay curves for (a) pristine, (b)

surface-etched, and (c) ALD-AI>O3 passivated SnO films at 300°C. The photoconductance decay
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curves were fitted with following equation:n,, (t) = n; exp (T—t) + n, exp (T—t) where n,, is
1 2

the number of the photo-generated carrier, and S is the stretching exponent part. All calculated

curves are precisely replicated the observed curves. The photoconductance decay parameters were

summarized in Table 3.5.

Table 3. 5 The photoconductance decay parameters extracted from Figure 3.10

Pristine SnO Surface-etched ALD-AIl,O3 passivated
n1(cm) ~1.7 x 10% ~1.6 x 10%° ~1.9 x 10%
T4 (nsec) 9.1 10.2 9.6
nz2 (cm) ~2.2x 102 ~3.0x 102 -
T (psec) 4.2 5.3 -

The fast decay, which is attributed to Shockley-Read-Hall (SRH) process, shows no
significant difference in all films and the t, is determined as ~9-10 nsec. In contrast, slow decay,
which is often observed in oxides 1?5116 s found to be strongly depended on the film surface

quality. The slow decay process is almost completely removed from the ALD-AIl>O3 passivated
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SnO film as compared to the pristine film. Although the origin of slow decay is not clarified yet,
we consider the near-VB defect (i.e., hole traps) could play an important role because the Er locates
around the near-VB defect. Therefore, the observed slow decay process can be explained by hole
trapping/emission mechanism. Photogenerated carriers are generated via direct valence-
conduction band, and defect-band transitions by the light irradiation. Most photogenerated carriers
are recombined within ~9-10 nsec by SRH process, but some carriers captured in hole traps are re-
emitted into the valence band by thermal effect. This process repeatedly occurs and slows down
the conductance decay.!*"]

DFT calculation predicts the origin of near-VB defect in SnO is associated with the oxygen
vacancy defects, which can be terminated with hydrogen by forming Sn-H bonds.[%%%1 This
suggests that oxygen vacancy defect, especially near surface region, is effectively compensated by
ALD-AI>O3 passivation. Although Al>Oz is one of the most extensively researched passivation
materials 11°129 it is currently difficult to judge Al.Os is the best passivation material for SnO-
TFT. During the ALD growth process, the considerable amount of hydrogen is generated from
metalorganic precursors and reactants.[!*%211221 Considering our previous observation on role of
hydrogen in termination of subgap defects, the massive hydrogen involved in ALD growth process
can effectively reduce the subgap defects. Therefore, we believe any oxide materials can be used
for passivation material (e.g. HfO.['?®l) as long as the growth process favors the reduction of
subgap defects in SnO film. On the other hand, the origin of electron trap needs more investigation,

but the ionized oxygen vacancy is considered as a one of the plausible sources.*?4]
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3.6 Ambipolar SnO-TFT based CMOS-like inverter
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Figure 3. 11 (a) Voltage transfer characteristic (VTC) of ambipolar SnO-TFT based CMOS-like
inverters at the first (positive Vpp and positive Vin) (right) and third quadrant (negative Vpp and
negative Vn) (left). The insets indicate the schematic of CMOS-like inverter circuits. (b) The
schematic illustration of carrier flow before and after the inversion for the first (right) and third
quadrants (left). (c) The variation of inverter voltage gains at different Vpp.

Finally, CMOS-like inverters are fabricated by connecting two identical ambipolar SnO-TFTs with
ALD-AI>O3 passivation layer deposited at 300 °C. Figure 3.11 (a) illustrates the voltage transfer
characteristic (VTC) of CMOS-like inverters in first (i.e. positive Vpp and positive Vn) and third
quadrants (i.e. negative Vpp and negative Vin). Inverter actions are clearly observed in both first
and third quadrant regions, indicating each SnO-TFTs are switching by transiting p- and n-channel
modes. This is a unique characteristic of inverter consist of ambipolar transistors.[*?! Moreover,
the output voltage (Vour) is not fully swing and altered by the Vin. For the VTC in first quadrant
(the right in Figure 3.11 (a)), for example, the Vour does not completely pull-up but instead
gradually going up by increasing the applied Vin before the inversion (i.e., 0 < Vin < inverter
switching threshold voltage (Vinv)). (the top right in Figure 3.11 (b)) The incomplete pull-up
characteristics is originated from the fact that the minority hole flows through the n-channel mode
TFT even at Vin > 0V. Meanwhile, the Vour also shows the incomplete pull-down at Vin >Vinv

due to the current induced by minority electron in the p-channel mode TFT (the bottom right in
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Figure 3.11 (b)). (See Figure 3.12 for detailed quantitative analysis for incomplete pull-up/down)

Same ambipolar-inverter characteristics are seen in the VTC for third quadrant.

Ideal VlNV:VOUT = VlN
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Figure 3. 12 The voltage transfer characteristics (VTC) of the ambipolar SnO-TFT based CMOS-
like inverters in the first quadrant. Blue solid line: ideal Vinv condition. Red solid line: n-channel
operation Vinv (Vout=ViN—VThH,n). The Viny are switching threshold voltage corresponding to Vbp
from 30V to 50V (step +5V), respectively. Red and blue dashed lines: calculated Vour for the on
and off states.

Figure 3.12 shows the inverter voltage transfer characteristics (VTC) for the ambipolar SnO-TFT-
based CMOS-like inverters in the first quadrant. The blue solid line indicates the ideal switching
threshold voltage (Vinv), which can be defined as a point where Vout=Vin. The red solid line
indicates the calculated Vinv (Vout=Vin—VTHn), considering the unbalanced electrical
characteristics of p-and n-channel mode, i.e., poor performances of n-channel mode. The

calculated Vinv are ~36.9 V at Vpp = 30V, ~39.5 V at Vpp =35V, ~42.2 V at Vpp = 40V, ~44.6 V
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at Vpp = 40V, and ~46.6 V at Vpp = 50V, respectively, which are in good agreement with the
observed Vinv.
Here, the Vout for ambipolar transistor-based inverter is expressed by the followings:[*?°]

For 0 < Vin < Viny,

2 p
M
Hp+ih

Vour = (VIN —Veun + |VTH,PD + \/(VDD - (VIN —Vrgn + |VTH,p|))

where Vthn, and Vrhp are the threshold voltage of n- and p-channel modes, respectively, Voo is

the supply voltage, and Hfa) and b are the hole mobility in p- and n-channel modes, respectively.

P
Since identical ambipolar SnO-TFTs are used for inverter, % ~ 1.

For Vin > Viny,

2 Un
Vour = (VIN - VTH,n) - \/(Vuv - VTH,n) : m
where uy, py are electron mobility in p-channel and n-channel modes, respectively. Since

n
identical ambipolar SnO-TFTs are used for inverter, Z—" ~ 1. The calculated Vour, as shown in

n
P

the red and blue dashed lines, closely replicated the measured VTC.

The Vinv are determined as ~36.2 V at Vpp = 30V, ~38.9 V at Vop = 35V, ~41.8 V at Vpp
=40V, ~44.3 V at Vpp = 45V, and ~46.4 V at Vpp = 50V, respectively. The ideal Vinv is defined
as the point where Vourt equals to Vin but it cannot be applied to the presented device due to the
unbalanced electrical characteristics of n- and p-channel mode in ambipolar SnO-TFT. Since the
performance of n-channel mode is largely behind from that for p-channel mode, the inversion

occurs when Vout=Vin—VTH,n, Where VT is threshold voltage of n-channel mode, is satisfied.[!?°]
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The calculated Vinv are ~36.9 V at Vpp = 30V, ~39.5 V at Vpp = 35V, ~42.2 V at Vpp = 40V,
~44.6 V at Vpp = 45V, and ~46.6 V at Vpp = 50V, respectively, which are in a good agreement
with the observed Vinv. For third quadrant, we also confirmed the observed Vinv is consistent with
the calculated Vinv, The observed Viny are ~-3.6 V at Vpp = -30V, ~-5.9 V at Vpp =-35V, ~-7.9
V at Vpp =-40V, ~-9.8 V at Vpp =-45V, and ~-11.5 V at Vpp = -50V, respectively. (The calculated

Vinv are -3.3, -5.8, -8.0, -9.8, and -11.6V for Vpp = -30, -35, -40, -45, and -50V, respectively.)

The voltage gain, defined as dVout/dV\n, is shown in Fig. 3.11 (c) with the peak gain over 50 for
both first and third quadrants at Vpp = £50V. The maximum peak gain reaches to ~82, and the
average gain from 10 devices are 64.1+12.0 and 48.8+6.8 for the first and third quadrants,
respectively (See Figure 3.13). The obtained voltage gain is higher than non-doped CNT-based
CMOS-like inverter (gain ~5)*?71 but slightly lower than voltage gain reported in other ambipolar
transistor-based inverters such as SnO (~100)® 4Cl-Azapen (~180)[*?%] and CuzN (~100) 121,
These observations can be attribute to the unbalanced performances of p- and n-channel modes,

where n-channel mode has a lower mobility and poor s-value in comparison to p-channel mode.
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Figure 3. 13 The voltage gains for ambipolar SnO-TFT-based inverters for first and third quadrants
(10 devices). The average voltage gains are 64.1+12.0 and 48.8+6.8 for the first and third
quadrants, respectively.

3.6 Conclusion

We investigated the origin of switching mechanism behind the different operation modes, p-
channel and ambipolar mode, in SnO-TFT by performing back-channel defect engineering and
clarified the back-channel defect controlled the operation modes. The pristine SnO channel has
high-density back-channel defects (near VB defect) over 10'® cm=, leading to strong p-channel
and asymmetrical ambipolar operation modes. By introducing the back-channel surface defects
through chemical wet-etching, the ambipolar mode was almost completely disappeared because of
the Fermi-level pinning at near-VB defect. ALD-AIl>O3 passivation can effectively reduce the
back-channel defects and produces a good ambipolarity in SnO-TFTs. Ambipolar SnO-TFT based
CMOS-like inverters demonstrated a reasonable high voltage gain > 60, but the unbalanced
ambipolarity originated from the poor performances of n-channel mode limits the inverter

performance. The future investigation needs to focus on the understanding of the origin of the
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electron trap and advanced defect termination method to improve the performance of ambipolarity

SnO-TFT and the CMOS-like inverter circuits.
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Chapter 4. Towards the ultimate limit of analyte detection in graphene based
field-effect transistors

4.1 Introduction

Field-Effect Transistor (FETs) based sensors are attractive platforms for biochemical
diagnostics in point-of-care applications due to their high sensitivity, rapid detection and relative
ease of large-scale manufacture through harnessing available semiconductor fabrication
infrastructure.l®*%1 Recent developments in FET based sensors have received an exciting boost
through the utilization of one- or two-dimensional materials with intrinsically high surface area to
volume ratio as well as high charge carrier mobility®®-€l facilitating superior sensitivity as
exemplified through the single atom sheet constituted graphene FET (GFET).[5%61 For specificity
of analyte detection, the related surfaces typically have attached linker molecules, e.g., 1-
pyrenebutanoic acid N-hydroxysuccinimidyl ester (PBASE), followed by bioreceptors, such as
aptamers (Ap), antibodies, and enzymes for specific binding to the target analyte.l3¢° The
utilization of Ap, i.e., single-stranded DNA or RNA oligonucleotides, is particularly attractive due
to their enhanced stability, high selectivity, and ease of further modification (/adaptation) from (/to)
various biologic as well as chemical functional groups.[6-¢l

Indeed, many studies and approaches on improved sensitivity and selectivity of Ap-based
biosensors have been conducted and reviewed in extant literature.[*3%231 For instance, one
approach includes the modification of the nucleobase of an Ap to improve the specificity of
receptor probe.[*3? These Ap are then connected to the sensing material surface through a linkert*38],
such as the PBASE. However, it has not yet been elucidated as to how the Ap — linker — material
interaction affects the sensor performance. It was previously suggested, e.g., through

electrochemical and surface plasmon resonance studies, that the analyte binding affinity would be
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inversely proportional to Ap surface coverage.['3%4%1 However, these studies are not directly
applicable to two-dimensional material surfaces, relevant to FET sensing, given the substantial Ap
modification, e.g., use of redox tags such as methylene blue, electrode-free surfaces, etc. It would
then be crucial to develop evaluation techniques that are both label-free and compatible with
electronic devices. In this context, we have previously demonstrated how the limit of detection
(LoD) of 2D material based sensors may be optimized through electrically monitoring the
influence of the Ap incubation time on a graphene based FET, say for Pb?* detection.[**] However,
a clear rationale for the existence of such an optimal incubation time was not well understood, and
it is one of the aims here to clearly elucidate the involved physical modalities for improved
performance. Further, we aim to investigate the question of the ultimate limit of detection using
the FET based principle. Would it be feasible to expect specificity and sensitivity at the single
molecule or ion level, using Ap based methods?

In this chapter, Towards the ultimate limit of analyte detection in graphene based filed-
effect transistor is introduced for developing highly sensitive and specific Pb?* detecting senser
and discussing the theoretical basis for reaching the single molecule detection in perspective of
thermodynamics. Ch. 4.2 will introduce the thermodynamic approach we considered in developing
GFET aptasensor. Ch 4.3 discusses the graphene characterization and device preparation process.
Ch 4.4 shows the analysis of Ap distribution on graphene through Electrochemical Impedance
Spectroscopy (EIS) and Atomic Force Microscopy (AFM). Ch 4.5 illustrates the LoD dependency
of GFET aptasensor with varying Ap incubation condition that is determined from the results from

Ch4.4.
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4.2 Thermodynamics approach in GFET aptasensor

For instance, in the case of lead ion (Pb?*) detection, a Guanine (G)-rich sequence in the
Ap was posited for specifically enhancing the binding affinity of such a designed Ap to Pb?*. Here,
the strong Pb?* affinity to N7[(C6)O] sites of the guanine in comparison to N3/(C2)O, N3/(C2)O,
and N7/(N1) sites of cytosine, adenine, and thyminel4214 js of particular relevance. Based on
such a principle, much effort has been consequently expended on the development of guanine-rich
sequence constituted Ap, e.g., AGRO100 (GGT GGT GGT GGT TGT GGT GGT GGT GG),
PS2.M (GTG GGT AGG GCG GGT TGG), TBAA (GGA AGG TGT GGA AGG), TBA (GGT
TGG TGT GGT TGG), and T30695 (GGGT GGGT GGGT GGGT) based biosensors. We chose
the Ap designed T30695 Ap (5’-GGGTGGGTGGGTGGGT/—NH2-3") in comparison to the other
indicated Ap alternatives, on the basis that the estimated binding free energy (AGuoind, Ap) — from
molecular mechanics based Poisson-Boltzmann surface area methods (MM-PBSA), due to
T30695 toward Pb?" (at ~1320 kJ/mol) is the highest, significantly more than the other
alternatives™™*4l, implying the largest Pb?* binding specificity. Figure 4.1 (a) indicates the variation
in the AGuing, Ap for the studied Ap, as a function of the estimated limit of detection (LoD).
Essentially, a LoD of Pb?* of ~ 0.42 nM would be expected per such a calculation, where both the

Ap and the analyte ions are free in solution.
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Figure 4. 1 (a) The binding free energy of Guanine-rich Ap (4Ging, Ap), labeled (1), (2), (3), (4) and
(5) — see text, may be correlated to the limit of detection (LoD), as indicated through the dashed
line. We have obtained, through experiment, the limit indicated by the white cross, using the
T30695 Ap optimally linked to the PBASE bound to the graphene surface. A AGpind (~ -2740
kJ/mol) is required to reach an LoD of 1 ion/molecule, corresponding to the indicated zeptomolar
(zM) concentration. (b) Schematic of the setup of the electrochemical impedance spectroscopy
(EIS) measurement — top, for monitoring capacitance modulations related to the substrate
preparation and analyte detection, configured with reference, counter, and working electrodes (RE,
CE, and WE, respectively). A sample Nyquist plot as a function of the sensing graphene surface
preparation, PBASE linker addition, and Ap functionalization is shown at the bottom as well as
corresponding EIS circuit model. (c) The measurement of the electrical current (1) — voltage (V)
characteristics for Pb?* detection in a FET, with drain (D), source (S), and gate (G) electrodes -
top. The shift in the Dirac voltage (4Vp) could be used to sensitively detect the APG (Ap-Pb%*-G-
quadruplex) formed upon binding with Pb?*.

However, in the GFET sensing modality the Ap would be connected to the sensing surface,

i.e., the graphene, through the PBASE linker. Consequently, the Ap — linker — channel surface
binding energies must be considered in toto, i.e.,

AGnet = AGpind, Ap + AGap-PeASE + AGPBASE-graphene Q)

Here, the AGap - pease and AGpease-graphene are the related binding energy values between

Ap and PBASE - as manifested through the amide bond, and between PBASE and graphene —

reckoned through m orbital stacking interactions.[**>1l |n the former case, the amide bond is

formed when the N-hydroxy succinimide (NHS) ester group of PBASE interacts with the primary
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amine group (-NH.) of the Ap, with an estimated bond energy of ~ 400 kJ/mol, as obtained through
ab initio density functional theory (DFT).}4"] For the AGpgase-graphene, the binding energy of the
non-covalent highly ordered n-r stacking interaction of pyrene aromatic ligands with graphene*#é]
must be considered; associated ab initio DFT indicated an estimate of ~ 105 kJ/mol.[°1 From Eqn.
(1), the AGnet would be ~ 1825 kJ/mol with projected LoD in the sub-femtomolar (fM) level. The
corresponding additions to the AGuying, Ap from the AGap- pease followed by the 4Gpease-graphene are
inserted into Figure 4.1 (a) and imply an improved LoD to the level of 10 fM. Hence, it should be
possible to achieve such an LoD with properly optimized experimental protocols and procedure.
Such optimization can be achieved in practice by monitoring the successive adhesion of (i)
PBASE to the graphene, followed by (ii) Ap to the PBASE, and finally the (iii) analyte, say the
Pb?* to the Ap. We adopted an implementation related to the monitoring of the related change in
the charge states due to the adhesion, e.qg., through the perspective of electrical capacitance, as may
be obtained through electrochemical impedance spectroscopy (EIS): Figure 4.1(b). For instance,
it may be expected that the electrical double layer capacitance (Cepr) would differ when measured
on a pristine graphene surface as opposed to a surface modified with linkers and Ap.[t50-1521 |t js
noted that the formation of an EDL would be predicated on the charge difference between the
graphene and added moieties and the surrounding environment, and incorporates capacitance
contributions from the bare graphene (Cgraph), PBASE (Cpgase), and the Ap (Cap) : Figure 4.1(b).
Given that capacitance changes could, in principle, be monitored at the single electron level[*531541
it may be possible to achieve unprecedented level of sensitivity through monitoring the change in
the CepL. The modulation of the CepL may then be used to interpret the characteristics of the Ap —
linker — sensing channel. It was determined for instance, as indicated later, that the Cep. was indeed

correlated to the surface coverage of attached PBASE and Ap and could be used for monitoring
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the charge distribution on the surface leading towards enhanced sensor performance. A measure

of the sensitivity could be related to the ratio of the relative change in the capacitance, i.e., in terms
of ACEDL/ Cepy’ implying that if the sensor synthesis processes were optimized to yield the lowest

Cep. following a given protocol, then record sensitivity could indeed be obtained.

Based on the above principles of free energy minimization from a theoretical point of view
and monitoring capacitance minimization — from an experimental point of view, we demonstrate
a new record and the lowest possible LoD of Pb?* detection. The obtained LoD of ~ 7 fM is an
order of magnitude better in comparison to a previous report!*4! and corresponds to the detection
of ~ 40,000 Pb?* ions. Our work lays a basis towards more sensitive as well as specific detection

of species and paves a way towards the ultimate detection of a single analyte species.

4.3 Graphene characterization and device preparation
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Figure 4. 2 (a) Optical microscopy image of the GFET (scale bar: 100 um) and the graphene
channel on SiO2 substrate (inset). (b) The Raman spectroscopy of graphene/SiO2, the Raman peak
intensity is normalized to that of the 2D peak intensity

As indicated previously, the use of the T30695 Ap tethered to the PBASE interacting with

the graphene provides the most sensitive receptor for detecting Pb?*. In accord with previous
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procedures from our groupt*t, the steps for the preparation of the graphene surface will be
outlined briefly. Single-layer graphene (SLG) was synthesized through low pressure (300 mTorr)
chemical vapor deposition (LPCVD) on Cu foil (25 um thickness, MTI Corp), through using a
mixture of hydrogen (H2, 15 sccm) and methane (CHa, 2 sccm) for 2 h. The foil was pre-cleaned
by trichloroethylene followed by acetone and isopropyl alcohol (IPA) rinsing and N2 blow dry.
The pre-cleaned Cu foil was folded to ensure stable precursor flow[**®!, resulting in high-quality
large area SLG growth. The Cu foil was annealed for 1 h at 1000 °C, under 85 mTorr, to reduce
residual contamination. The LPCVD-grown SLG on Cu was spin-coated (at 3000 rpm for 45 s) by
120 K MW poly (methyl methacrylate) (PMMA) for subsequent wet transfer%®l onto an electrode-
patterned SiO2/Si substrate. Oxygen (O2) plasma etching was used to remove the SLG on the
backside of the Cu foil. Ammonium persulfate (0.1 M) solution was used to etch Cu foil and
subsequently rinsed with DI water. The PMMA was dissolved using acetone for 1 h followed by
IPA rinse and N2 blow dry. The single layer graphene (SLG) on SiO2/Si substrate was further
characterized by optical microscopy and Raman spectroscopy at 532 nm by the Renishaw

spectrometer, where lp/lc>2 (Figure 4.2).
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(a) (b) (©)
Graphene

Figure 4. 3 The graphene field effect transistor (GFET) fabrication processesl, include (a)
electrode patterning and definition, by photolithography, (b) oxide (SiO2) deposition, (c) Transfer
of graphene onto the oxide, (d) definition of the graphene channel through photoresist (PMGI) S-
3 masking layers and use of oxygen (02) plasma to remove graphene outside the channel, (e) FET
definition, followed by (f) PDMS mold around the channel to hold the liquid analyte.

The graphene field effect transistor (GFET) was fabricated through photolithographic
processes on graphene transferred onto thermal oxide SiO2(300nm)/Si wafers, as schematically
shown in Figure 4.3. A typical device was configured with a 500 um x 200 pm channel and
contacted through source/drain pads constituted from Au (90 nm)/Cr (10 nm) deposited by
sputtering deposition: (a). Subsequently, a 100 nm SiO2 layer was deposited around the channel
area to isolate the source/drain pads from the electrolyte, i.e., only 20 pum x 200 um of the
source/drain electrodes were exposed to the analyte solution: (b). The graphene was transferred
using PMMA: (c). To define the graphene channel, photolithography using PMGI photoresist
was applied to protect the graphene channel, with extraneous graphene removed by Oxygen
plasma dry etching: (d). The GFET was further annealed at 200 °C for 2 h under a H2/N2 ambient:

(e). An analyte reservoir was made using Polydimethylsiloxane (PDMS) to hold the sample liquid
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on the graphene channel: (f). The graphene was prepared for Ap attachment through first placing
10 uL of PBASE (prepared by mixing 1-Pyrenebutanoic acid: from Anaspec, Inc. with
dimethylformamide in the range of 10 nM to 100 mM for 30 minutes at room temperature)
anchoring molecule/s onto the surface. Subsequently, 10 uL of the T30695 Ap (from IDT
Technologies, Inc., and prepared in a range of concentration from 10 nM to 100 uM, in deionized
water) was incubated onto the PBASE grafted graphene surface. Here, the Ap was heated to 90 °C
for 5 minutes and slowly cooled down to room temperature to induce the biomolecules into an
extended conformation.*>8 A range of incubation times, i.e., from 8 minutes — 2 hours, at room
temperature, was used for experimentation. The amine group of the Ap is linked to the ester group
of PBASE, through the amide bond. After placing the Ap on the GFET surface, ethanolamine (EA)
was used to passivate the unlinked left over PBASE. Subsequently, the Pb?* analyte was added to
the GFET through use of Pb(NO3)2 dissolved in DI water, at various concentration levels. Imaging
of the graphene surface at all stages was done through atomic force microscopy (AFM, Park
Systems, Inc.) in the contact mode.

The schematic of the setup for EIS as well as the sensing FET are indicated in Figure 4.1
(b) and (c), respectively. The estimation of the Cepi, related to monitoring the charge state
at/around the graphene surface, was done through the VersaSTAT 3 (AMETEK, Inc.). Here, the
reference/counter electrodes (RE/CE) were connected together and placed in the analyte
electrolyte, with the working electrode (WE) placed on one of the adjacent Au electrodes. The EIS
measurements were performed with 150 mV bias AC, for non-faradaic probing, over a frequency
range of 0.4 Hz to 100 kHz. With respect to the FET in Figure 4.1(c), the modulation of the current
between the source and drain (lgs) driven under a small bias voltage (Vgs) of 0.2 V, was monitored

as a function of the gate voltage (Vg) — voltages from the Keithley 2400 source meter/s. The gate
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electrode was placed in the Pb?" incorporated analyte solution, and the gate leakage (Igs) was
typically less than ~ 10 nA. A minimum value of lqs was observed during the positive and negative

sweep of the Vgs (at a typical rate of ~ 30 mV/s) at a particular Vgs designated as the Dirac voltage

(Vp). The shift in the Vp, i.e., the AVp (= Vb — Vp'"'ti@) was used as a metric for the charge state

of the surface, as may arise from the functionalization of the graphene surface through PBASE
and subsequent Ap addition. The Ap upon binding Pb?* has been posited to form an APG: Figure
4.1 (c), the charge modulations from which would be manifested through the Igs changes. Both EIS
and I-V measurements were carried out at least three times to verify reproducibility of obtained

results and for noting the systematic and random errors.

4.4 Analyzing Ap distribution on graphene surface via EIS and AFM
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Figure 4. 4 (a) The physical interpretation of the non-faradic EIS circuit model. electrode resistance
(Re), electrolyte resistance (Rs), cable capacitance (Cc), Warburg diffusion impedance (W),
interfacial resistance (Rint) and electrical double layer capacitance (CepL) may be obtained, from
the plot, as represented in the inset equivalent baseline circuit model. (b) The measurements on
the GFET aptasensor in NaCl solutions with concentration of 10 pM, 100 uM, 1 mM, 10 mM, and
100 mM. (c) The change of Rs as a function of different NaCl concentration. The inset represents
the corresponding EIS circuit model at different NaCl concentrations.
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The EIS spectra with (i) graphene, and subsequent (ii) added PBASE, followed by (iii) Ap
were recorded and the corresponding circuit model, in terms of the constituent electrical
capacitances (C) and resistances (R), is outlined in Figure 4.4 (a). It is feasible in practice, to
assign several types of R-C models, and we suggest a comprehensive schema. Here, the
background electrode and solution resistance (Re and Rs, respectively), capacitance from the
electrical wires and connections (Cc), and the CepL along with the interfacial resistance (Rint) are
indicated. Further, ion diffusion in the electrolyte could contribute to a variable charge storage and
a consequent capacitance-like term, denoted as a Warburg element (W).[*%! An internal resistance
(Rint) was also introduced to represent dissipative processes across the EDL. We suggest that the
introduced model incorporates the possible elements necessary to obtaining a clear understanding
of the involved sensor processes and could be extracted from the experimental spectra. The detail
physical interpretation of baseline EIS circuit model is shown in Figure 4.4 (a) and can be also
identified by changing the concentration of the NaCl electrolyte. The diameter of the semicircle
appeared at the higher frequencies is particularly the point of interest because it has been the
subject of various conflicting interpretation.[*69-1631 As shown in Figure 4.4 (b), it is evident that
the size of the semicircle decreases with an increase in the concentration of NaCl and eventually
vanishes when the concentration reaches 10mM. This observation suggests there is a strong
correlation between the appearance of semicircle and the conductivity of the electrolyte. Further
simplification of the suggested R-C model is possible in specific situations, e.g., at higher
electrolyte concentrations, where a simpler circuit with only two resistors (Re + Rsand Rint) along
with the Cepy is relevant, etc. The Rs extracted from Figure 4.4 (b) is illustrated in Figure 4.4 (c).
The increase in conductivity of NaCl leads to decrease in size of Rs, shrinking the diameter of

semicircle and thereby removing the C. and Warburg element from model at [NaCl] of ~102 M.
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Re and Rs can be represented single resistor as Rs ~ Re. The similar circuit model and interpretation
have previously reported in recent EIS EDL studies. 160163

Based on the hypothesis that the optimal packing would correspond to the minimal value
of the CepL and maximal sensitivity, we conducted two sets of experiments across (i) a range of
PBASE concentrations added to the graphene, from 0.1 nM to 100 mM: Figure 4.5 (a), followed
by (ii) a range of Ap concentrations, from 10 nM to 100 pM, added to the graphene - PBASE
moiety: Figure 4.5 (b). Several incubation times for both PBASE and Ap were attempted, and an
optimized time of 30 minutes was chosen based on AFM-based structural studies, as will be

explained later, i.e., in the context of Figure 4.7.
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Figure 4. 5 (a) The estimated CepL as a function of the PBASE concentration placed on the
graphene surface of the FET. The top inset represents the corresponding EIS circuit model and the
bottom inset indicates a schematic of the pyrene group of the PBASE attachment to the graphene.
(b) The extracted CepL, after Ap (in the range of 10 nM to 100 pM) was incubated for 30 minutes
to cross-link with the PBASE - at specific concentration levels. The inset is the relevant equivalent
circuit model representing the series addition of the bare graphene capacitance: Cgraph, With the
additional capacitance from the added PBASE and Ap: Cpease and Cap, respectively.

It was observed in the former case, that the estimated CepL was approximately constant at

~4.3 pF/cm?, with added PBASE concentrations in the range of 0.1 nM to 1 uM - over four orders
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of magnitude. It may be inferred that in this range, that the immobilized PBASE does not have a
noticeable effect on the EDL. However, as the PBASE concentration was further increased, from
1 uM to 10 mM, the Cep. decreases to ~3.5 pF/cm?, with no further changes at larger
concentrations. The saturation of the capacitance at low (/high) concentrations could be due to the
inadequate (/sufficient) coverage of the graphene surface by the PBASE. A new circuit model was
invoked to explain the observed phenomena, where the Cep. at higher PBASE concentration was
represented through a series combination of the capacitance arising from the added PBASE, i.e.,
Crasase along with Cgyraph. At low (/high) PBASE concentration, there would be a high (/low) Cgraph,
and the CepL would tend to the capacitance related to the PBASE (/graphene). Indeed, the observed
value of ~3.5 pF/cm? is in accord with the expected value measured on the basal plane of
graphene.[*641651 |n the range of PBASE concentrations between 1 uM and 10 mM, both the Cpease

along with Cgraph Needs to be considered (see Figure 4.6 for more details).
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Figure 4. 6 (a) Nyquist plot for the graphene FET immobilized with PBASE concentration of 10
mM, 100 uM, and 1 uM for 30 minutes. The inset shows a magnified view of the impedance
spectra at high frequency. (b) The variation of the solution resistance: Rs, and the electrode
resistance: Re, with PBASE concentration.
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The EIS related Nyquist plot from the graphene FET immobilized with various PBASE
concentrations were measured and are shown in Figure 4.6 (a). The extracted Rs and Re are plotted
as a function of the PBASE concentration in Figure 4.6 (b). It was seen that the GFET immobilized
with 0.1 nM of PBASE has the largest value of Rs ~ 12 kQ/cm?, close to that of the DMF solvent
(with Rs of 11.4 ~ 18.9 kQ/cm? corresponding to the reported range of 1.6 ~ 2.6 pQ* cm* [168),
Such an aspect suggests that with PBASE concentrations lower than 1 uM, the characteristics are
effectively comparable to DMF, and hence may be considered as dilute solutions. However, with
increasing PBASE concentration the Rs decreases, e.g., to ~ 2 kQ/cm? at a concentration of 10 mM.
A corresponding decrease of the Re was observed with increasing PBASE concentrations: Figure
4.6 (b). It was previously indicated that the immobilization of PBASE on the graphene surface
enhances graphene conductivity, due to (i) enhanced carrier concentration, through doping from
PBASE linker constituentst*¢” and (ii) appearance of new states around the conduction band edge
of the graphene due to charge transfer.[*68l

We next report on the further modulation of capacitance when the T30695 Ap was added
to specific amount of PBASE, i.e., 1 uM, 100 uM, and 10mM, placed on the graphene surface.
The chosen concentrations correspond to those at which the Cep. tends to that of the Cpgase, Cgraph,
and of an intermediate value, respectively. The consequent measurement of the Cept, is shown in
Figure 4.5 (b). Here, two major trends were observed, subsequent to Ap addition in the range of
10 nM to 100 uM: (i) a steady decrease in Cep. from ~4.3 uF/cm? to ~2.9 pF/cm? with a PBASE
concentration of 1 pM, (ii) a minimum in the Cep. at a PBASE concentration of 100 uM and 10
mM. Given that the CepL would be inversely proportional to the effective thickness of the layer
related to the influence of the bioreceptors immobilized onto the graphene surface®®l, the decline

in Cepc in (i) may be attributed to an increasing thickness from the attached Ap and serves as an
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indicator of the surface coverage. The influence of the added Ap on reducing CepL was then
considered through the series addition of another capacitor, i.e., Cap, to the Cgraph and Cppase, as
indicated in the inset to Figure 4.5 (b). The appearance of the minimum in the Cep. in (ii) could
be linked to the surface distribution and coverage of the Ap onto the PBASE/graphene. There is,
for instance, the likelihood of Ap interaction arising from the self-complementary nature of Ap
sequences™®, through which there would be a deficit (/excess) charge in the presence (/absence)
of interaction/s. Given the area of the placed graphene (~0.001 cm?) and the size of the pyrene
group of PBASE (with a carbon-carbon distance ~140 pm{™), the number of ester groups (with
[PBASE] > 10 mM) available to bind with the Ap may be estimated to be ~ 3 x 10!, assuming
adjacency of the pyrene groups. With Ap concentrations of 100 nM, there would be ~6 x 10! Ap
molecules in 10 pL, providing an adequate number for binding with PBASE. Considering that the
T30695 Ap is composed of 16 nucleotides and that the persistence length could be ~ 0.8 nm*71]
Ap aggregation would be expected. Such aspects were sought to be understood by a direct
examination and imaging of the graphene surface, e.g., through atomic force microscopy (AFM).
Figure 4.7 indicates the related micrographs for 100 nM Ap functionalized graphene surfaces,

obtained for three representative times of Ap incubation.
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Figure 4. 7 AFM imaging of graphene surface covered with 100 nM Ap, after (a) 8 minutes, (b)
30 minutes, and (c) 120 minutes. A schematic of the inferred coverage is indicated on the left of
each image. In (a), the h represents the PBASE unlinked graphene surface. The height profiles
correspond to the line trace shown in the AFM images. (d) The RMS roughness variation as a
function of the Ap incubation time, decreases from ~1.4 nm to a minimum of ~ 0.9 nm at ~ 30 min
of incubation, following which there is a further increase to ~1.5 nm, at larger incubation time.

A comparison of the graphene surface incubated with Ap for three representative times is
indicated: Figure 4.7 (a): 8 minutes, Figure 4.7 (b): 30 minutes, and Figure 4.7 (c): 120 minutes.
The rationale for the choice of the times was related to the sensitivity of the device as will be
explained further, say, with reference to Figure 4.13. A more uniform coverage, with a roughness
of ~ 0.9 nm, was obtained in the case of 30 minutes of incubation time. In contrast, graphene
surfaces incubated with the Ap for shorter (/longer) times, cf. Figure 4.7 (a) and (c), exhibit more

clustered distribution of the Ap with higher surface RMS roughness: Figure 4.7 (d) (also see

Figure 4.8 and 4.9).
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Figure 4. 8 AFM imaging (over a 5 um x5 pm area) for the (a) 8 minutes Ap incubated graphene
surface, and (b) corresponding image with height scale in the range of -2.50 nm to -4.00 nm,
indicating the possibility of spaces, gaps, or holes on the surface — see Figure 4.7, on the surface.
The red circle indicates the spot with the possibility of missing PBASE linker/s. (c) and (d)
represent the AFM images for an Ap incubation of 30 minutes and 120 minutes, respectively.

Detailed AFM imaging was performed on the fully functionalized surfaces, consisting of
graphene — PBASE linker- aptamer (Ap) ensemble. Figure 4.8 yields insight related to the
distribution of the ensemble on the surface, as a function of Ap incubation time. The presence of
gaps or unfilled spaces on the surface is seen in Figure 4.8 (a), indicating a surface roughness span
in the range of — 5 nm (indicating the gaps on the surface) to + 5 nm (indicating the height above
the surface). When the scale of measurement is restricted to the range of -2.5 nm to -4.0 nm, the
gaps may be better observed as in the red circle of Figure 4.8 (b), with an Ap incubation time of
~ 8 minutes. The size of the gaps is reduced with increasing incubation time, i.e., at both (c) 30

minutes, and (d) 120 minutes. While the former situation corresponds to optimal coverage, the
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latter was considered to be a result of Ap agglomeration — see Figure 4.7 (c) in the main text.
Correspondingly, the root mean square (RMS) roughness, which provides a measure of surface
smoothness, is modulated — as indicated in Figure 4.7 (d) of the main text, as well as in Figure

4.9.
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Figure 4. 9 AFM imaging (over a 1 um x1 um area) for the (a) bare graphene, (b) PBASE attached
graphene, and subsequently with the Ap incubated for (c) 8 minutes, (d) 30 minutes, and (e) 120
minutes. The corresponding height profile and RMS roughness are shown.

The higher resolution AFM images, through scans over a 1 um x1 um area, of graphene,
graphene surface functionalized with PBASE, and Ap with various incubation time are shown
along with corresponding height profiles and RMS roughness in Figure 4.9. The RMS roughness
for bare graphene (of ~ 0.68 nm: Figure 4.9 (a)) is reduced through the PBASE addition (to ~ 0.36

nm: Figure 4.9 (b)). While the lowest roughness (of ~ 0.52 nm) was obtained with subsequent Ap

incubation time of 30 minutes: Figure 4.9 (d), an increased roughness was seen at smaller
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incubation times of 8 minutes (of ~ 0.70 nm: Figure 4.9 (c)) as well as at larger incubation times
of 120 minutes (of ~ 0.92 nm: Figure 4.9 (e)) - due to the non-uniform coverage with gaps or Ap
clustering, respectively.

Generally, the roughness of the bare graphene is reduced subsequent to PBASE
addition.*"2171 |t was further observed that Ap adsorption occurs preferentially in the vicinity of
defects, e.g., grain boundariesi*™, wrinkles!”™ and vacancies!*’®l, on the graphene, and
subsequently spreads across the surface. Such clustering, as manifested through a larger RMS
roughness, could prompt the steric hindrance and degrade the binding affinity of Ap. The minimum
in the net Cep of ~ 2.3 pF/cm?, on the graphene sensing surface, with a PBASE and added Ap
concentration of 10 mM and 100 nM, respectively: Figure 4.5 (b), may then be interpreted in
terms of a balance between high binding affinity of the Ap with the Pb?* analyte vs. adequate
surface density of the linker — Ap moiety, while avoiding steric hindrance issues. Based on the
hypothesis that the corresponding minimum charge state would be the most sensitive for further
analyte charge detection, it was decided to use related concentrations of PBASE and Ap as a basis

for the detection of Pb?* analytes.
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4.5 The LoD dependency of GFET aptasensor with varying Ap incubation condition

4.5.1 The correlation between sensor LoD and higher Ap concentrations (~10 uM)
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Figure 4. 10 (a) The variation of the lss-Vg characteristics as a function of the preparation of the
GFET for Pb?* detection, comparing (i) pristine graphene, with the characteristic after (ii)
attachment of the PBASE linker onto the graphene: purple, followed by (iii) addition of the Ap
(10 uM): blue, and then (iv) ethanolamine (EA) addition: green. (b) The change in the lgs-Vg
characteristics as a function of Pb?* concentration ([Pb?*]) in the range of 100 aM to 100 nM. The
(Vg)min is termed the Dirac voltage (Vb). (¢) The change in the Vp with [Pb?*]. (d) The determined
charge carrier density no: red triangles, and the hole mobility (u): black open circles, as a function
of the estimated [Pb?*].

Given the extreme responsivity of the graphene surface, it is important to first monitor the
variation of the Vp arising just from the preparation of the GFET towards Pb?* detection: Figure
4.10 (a). We outline the related modulations of the electrical signals. In sequence, (i) a positive

shift of Vp ~ 0.25 V was observed after attaching the PBASE linker onto the graphene, due to the
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positive charge transfer from the PBASE to the graphene 771, (ii) the addition of the Ap (10 puM,
diluted in 1X PBS: phosphate buffered saline solution) induced an opposite/negative Vp shift of ~
- 0.1 V after 30 minutes (min) of incubation!*®, and (iii) finally, the EA addition yields again a
negative Vp shift of ~ - 0.1 V. The net Vp change, just due to the preparation, is ~ 0.05 V, and sets
a baseline for subsequent measurement related to Pb?* addition. The electrical measurements were
performed after ~ 10 min of incubation with various concentrations of Pb?* (from 1 fM upwards:
Figure 4.10 (b)) in aqueous electrolyte background — prepared through mixing Pb(NO3). with DI
water. The saturation of the AVp with [Pb?*] > 1 nM: Figure 4.10 (c), indicates that the majority
of the attached Ap has combined with the added Pb?*. Different [Pb?*] yield proportional amounts

of the APG and could be correlated to the magnitude of the AVp.
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Figure 4. 11 (a) Measured C+ of the GFET as a function of the Vg, (b) The variation of the C+ (at
Vg =0) under at AC frequency. The inset represents the deployed capacitance model.

A continuous AVp shift to a more positive value with increasing [Pb?*] was observed:
Figure 4.10 (b) and (c). Such variation was understood in terms of increased p-doping of the

graphene channel induced via the APG formation.5217%1 We quantify the extent of the related
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positive charge (/hole) induction, through a [Pb?*] accrual induced carrier density (no). 82282 The
no was parameterized through the product of a total capacitance (Ct) and the AVp, through:

ny = CT (AVD) (2)

e

The Cr (total capacitance) estimation was done by a Capacitance Bridge (AH 2700, Andeen
Hagerling) with an ac voltage excitation of ~ 30 mV. The source and drain were grounded and the
Cr was measured between the connected source and drain pads of the graphene channel with
respect to the gate probe, as a function of the (a) Vg, as well as (b) ac voltage frequency: Figure.
4.11. As a function of the Vg (at 80 Hz), a U-shaped capacitance characteristic in Figure 4.11 (a)
indicates a change of Cq at different gate induced carrier density (ng). The Ct as a function of
frequency (AC frequency of 50 Hz, 80 Hz, 160 Hz, 500 Hz, 800 Hz and 1 kHz.), see Figure 4.11
(b). A cut-off frequency at ~200 Hz was observed, below which there is a plateauing of the Cr at
~2 uF/cm?. The carrier (/hole) mobility () in the graphene was then estimated from the following

relation [180-182];

L/W L/W Vis

eUNtot

2 1
(&) 0 =) ot

Rcnanner =

(3)

The Rchannel 1S the resistance of the graphene channel, with L (= 500 pm) and W (= 200 pm)

as the channel length and width. The (C+/e)(Vg-Vb)=ng is the gate induced carrier density at
different Vg with respect to the Vb, and nwt (= \/ng? + n,?) is a net carrier density™. The

variation of the AVp with [Pb?*] is shown in Figure 4.10 (c), and the estimated x and no is shown

in Figure 4.10 (d). It was observed that higher [Pb?*] leads to increasing no from ~ 2 x 10'? cm™
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to ~ 14 x 102 cm2and an associated decreased u from ~740 cm?/Vs to ~ 320 cm?/Vs, arising from
the additional scattering of the carriers on the graphene surface due to APG formation.

To further understand the observed response, we probed the binding affinity of APG to the
graphene, deploying the Hills-Langmuir model.[*® Here, the AVp is a function of the [Pb?'],

through the relation:

[pp2+]"
K[ +[Pb2+]h +B ()

AV, =A
The A is the maximum AVp response, presumably obtained when all Ap binding sites are

occupied. The B is a fit to the lowest expected AVp as for a blank sample (GFET without [Pb?*]).

The Kq is an equilibrium constant (= %) related to the APG formation, i.e., with respect to

the equilibrium:
[Ap] + [Pb**] = [APG] ()
The square brackets indicate the respective concentrations. When the Kq equals the [Pb?*],
the Ap on graphene surface is half occupied by Pb?*. The h is a coefficient related to the mutual
interaction as manifested through a defined cooperativity 181, It was observed that the A in Eqn.
(4), was increased with a longer incubation time, representing higher response, as also seen through
an increased AVp with higher [Pb?*]: see inset to Figure 4.12 (a) - due to a larger [APG] on the

graphene surface.
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Figure 4. 12 (a) The change in the Vp (4Vp) with [Pb?*], as a function of the Ap incubation time.
A Hills-Langmuir model (with parameters listed in the inset) incorporating the influence of the Ap
incubation times, i.e., at 30 min: red, 2 h: , and 4 h: blue, was used for modeling the
associated Ap occupation and the binding kinetics. An LoD of ~ 61 fM; ~ 7 pM and ~ 5 nM, were
obtained respectively. The error bars were obtained through measurements on four devices tested
at each concentration. (b) The determination of the LoB (Limit of Blank) and LoD (Limit of
Detection) for [Pb?*] with respect to the (4Vp) for 30 min Ap incubation. (c) The variation of the
transconductance (gm) with respect to the Vg, for different Ap incubation times. (d) The Raman
spectrum (normalized to maximum intensity) of the surface of pristine graphene compared to that
on the graphene surface subsequent to 30 mins, 2 h, and 4 h of Ap incubation. The shift of the 2D
peak of graphene with increased Ap addition shifted to higher wavenumber indicative of p-type
doping. The intensity of the G band (Ig) and D band (Ip) also increased with Ap incubation due to
the doping (e). The ratio between 2D band intensity (l2p) and I steadily decreased with longer Ap
incubation time.

The fit value of h for all incubation times was less than 1, indicating negative cooperativity
arising from (i) the increasingly impeded binding of the Ap to the Pb?*, due to proximate APG

formation, as well as (ii) increased Pb?* repulsion by induced positive charge carrier density from
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the APG. [*84 At higher immobilized [Ap] on graphene, induced through longer incubation time,

the no increases as more charges from the Ap are involved. As seen in the inset to Figure 4.12 (a),

the h was reduced from 0.59 to 0.47 with increased incubation time — from ~ 30 mins to ~ 4 h.
The plots of AVp vs Pb?* concentration: Figure 4.12 (a), indicate the necessity for considering

the LoD and sensor response. A limit of blank (LoB) and an LoD, as a function of Ap incubation

time, was estimated through the relations [*8, also see Figure 4.12 (b).

AVD,B + 164‘50-3 = AVD,LOB — LoB

(6)
AVD,LOB + 16450—D = AVD,LOD — LOD

Here, the AV, and oB represents the average and standard deviation of the AVp
measurements of GFET on blank samples, i.e., with no Pb?* analyte and only with deionized water.
The aspect that 90% of the measurements would be accounted for is indicated through the 1.64505
value correspondent to a standard normal distribution.™! For example, with 30 mins Ap
incubation, we obtained, from the fits in Figure 4.12(a), that AV, 5z = 0.030 V and &g of 0.0073
V. The determined LoB is 16.2 fM - corresponding to the AVp,og = 0.042 V. Subsequently, the
LoD was determined from the oo (= 0.0085 V) per the standard deviation of responses relative to
the lowest [Pb?*] detectable (~ 1 fM). With an estimated AVpop of 0.057 V, the LoD was

estimated at 61 fM.
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Table 4. 1 The determined Limit of Detection (LoD) as a function of the Ap incubation time

Incubation AVpp o8 AVb LB LoB ) AVb Lop LoD
time

30 min 0.030 V 0.0073V 0.042V 16.2 fM 0.0085 V 0.057V 61.1 fM
2h 0.022 vV 0.0168 V 0.050 V 0.6 pM 0.0150 V 0.074V 7.3pM
4h 0.063 V 0.0139V 0.086 V 0.9 nM 0.0163V 0.113V 5.5nM

Similarly, the LoB and the LoD was determined for the measurements on the GFET with 2 h,
and 4 h of Ap incubation time (Table 4.1), and correlated to a Kg of 10.5 nM and 1.0 uM,
respectively. The change in the immobilized [Ap] — through the Kq - from pM to uM, indicates an
effective increase in the interaction of the Ap with the PBASE on graphene, presumably due to
diffusional limitations.

A higher LoD with longer Ap incubation time, i.e., larger immobilized [Ap], could be
attributed to a decrease in x, and correlated to the FET device transconductance8l: gn =al4s/0Vy
(ata given Vgs). For example, with 30 mins, 2 h and 4 h incubation at different Vq: Figure 4.12 (c),
we observed a higher gm (with a maximum ~ 130 pS) in the case of 30 min, while the maximum
Om reduces for 2 h and 4 h incubation (with a maximum ~ 90 uS and ~ 50 uS, respectively). The u
obtained through Eqn. (3), yielded a lower (/higher) value of 514 (/820) cm?/Vs with Ap incubation
time of 4 (/0.5) h, respectively. The decrease in u may be associated with an increased no at higher
immobilized [Ap]. Since maximal sensing response may be reached when GFET is operated at
maximal gm (872871 a higher x with a higher gm would be critical in optimizing the LoD.

Further investigation of carrier doping was done through Raman spectroscopy (at 532 nm,
Renishaw inVia) on the pristine graphene and then on graphene with the immobilized Ap at
different incubation times (30 min, 2 h, and 4 h): Figure 4.12 (d). It was observed that the 2D peak
of graphene with the Ap shifted to higher wavenumber (from ~ 2660 cm™ to ~ 2667 cm™),

indicative of hole doping 1818 The intensity of the G band (Ig) and D band (Ip) also increased
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with Ap incubation as related to an increased no %91, The ratio between 2D band intensity (l2p)
and Ig decreases from ~ 2.9 to ~ 1.5 with the addition of the Ap as well as longer incubation time:

Figure 4.12 (e).

4.5.2 The correlation between sensor LoD and optimized Ap concentrations (~100 nM)

a) b)
140 T T T T 0.6 e B e R
A K.GM) B() n
| 10 0531 720 008 046 -2
1201 o0 100nM 0245 042 003 048 %
" - . - : T"Ap 100 uM
044 1M 012 337 001 036 " 4
< 100 b
= g
= %Q 0.3 { i
Q E
=~ 801 T g
0.2 - z’ Ap 100 nM
';, §""
60 - -SRI S
0.1 O T J
igii 33 Ap 10 nM
g9 .37
40 T T T T 0.0 T ; T T T T T T T T T
0.0 02 04 0.6 10" 10" 10"  10M 10° 107 10°
c) Vgs (V) d) Pb?* concentration (M)
@ Ap concentration 100 nM
10_15 T T T T T 10_15 T T T |p T T T
0.18
0.15 °‘-.
404 3 ] E 1014 3 ° 012] o 3
S 009
~* 006 .
310—13_ * E 310—13_ 003 " E
< = = ° 000 N
1012 4 4 10124 OO T e s %0 R0 0 4
Y Ap incubation time (min)
10114 3 101 3 Ap Ap Ap E
@ Ap incubation 30 min sparse uniform cluster
% previous work 1 1
1010 . . . . . 1010 A r —— . . :
10° 108 107 10© 10 104 103 0 20 40 60 80 100 120
Ap concentration (M) Ap incubation time (min)

Figure 4. 13 (a) The lgs-Vg characteristics as a function of the added Pb?*, i.e., the [Pb?"], in the
range of 100 aM to 100 nM under a fixed Ap addition of 100 nM. (b) The change in the Dirac
voltage: AVp, as a function of the [Pb?*] with various Ap additions, all incubated for 30 minutes;
the measured data were fit to the Hill-Langmuir model, as represented through the dashed line/s.
The inset represents the fitting parameters related to the Hills - Langmuir model. (¢c) The estimated
LoD as a function of the added Ap concentration, at a fixed incubation time of 30 minutes. (d) the
Ap incubation time, at a fixed concentration of 100 nM. The inset is the recorded variation of the
Vp, at an Ap concentration of 100 nM, plotted as a function of the incubation time.
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The details related to the results of the detection of the amount of Pb?*, i.e., the [Pb?*], at
the optimized PBASE and Ap concentrations of 10 mM and 100 nM, respectively are indicated in
Figure 4.13. We first indicate, in Figure 4.13 (a), the recorded changes in the l¢s-Vq characteristics
from the addition of Pb?* (indicated in the top inset in the range of 100 aM to 100 nM) under such
fixed PBASE and Ap concentrations. An increase in the Vp was observed due to Pb?* addition and
consequent APG (Ap-Pb?*-G-quadruplex) formation. In this context, it was indicated that the APG
leads to a conformational variation favoring the negatively charged Ap to be closer to the GFET
surface, subsequently inducing positive charge carriers (/holes: h*) into the graphene channel of
the FET.[141'148’149]

The change in the Vp, i.e., the AVp, as a function of the [Pb?'] is plotted in Figure 4.13 (b),
at the optimal Ap concentration of 100 nM as well as at 10 nM and 100 uM, for comparison. For
understanding the related variation, the binding kinetics between the Pb?* and the Ap was
considered through a fit of the AVp variation through a Hill-Langmuir (H-L) model*®l, of the

form:

[Pb2+]n

AVp =4 KI+[Pb2+]n

+ B (7

Here, A is the maximum response obtained when all the Ap-binding sites are fully occupied, K¢ is
an equilibrium constant related to APG formation from interaction between the Ap and the Pb?*, n
is the Hills coefficient related to the cooperativity of binding interaction[*®l and B is a parameter
related to the lowest expected AV}, for a blank sample, i.e., analyte in the absence of Pb?*. We
carefully estimated the metrics for sensor sensitivity, such as the limit of blank (LoB) and LoD
based on the following relations:[*&!

AVp iank + 1.6450p1ank = AVp 1op <> LOB

AVD,LOB + 16450—D = AVD,LOD Ad LOD (8)

87



Here, AVp piank and opqny indicate the average and standard deviation of AV, measured through
the FET on blank samples, respectively and oy, is the standard deviation of the response measured
when the lowest detectable [Pb?'], i.e., ~100 aM, as in Figure 4.13 (a). Consequently, an LoD of
~ 7 fM was estimated when the FET was functionalized with an Ap concentration of 100 nM. The
sensor response approaches saturation at [Pb]?* > 100 nM, suggesting that most of the added Pb?*
could be now bound to the available Ap sites — indicating an optimized state of sensing. There is
now limited availability of the binding sites for the Pb?* onto the Ap. The fitting parameters used
for the estimation of the LoB and LoD are indicated in Table 4.2 as well as in Figure 4.13 (b)
inset.

Table 4. 2 The estimated LoB (Limit of Blank) and LoD (Limit of Detection) as a function of
added Ap concentration, with the Ap incubated for 30 minutes.

conce':‘tpration AVpp g8 AVp,Lo8 LoB op AVp LoD LoD
10 nM 0.012V 0.0061 V 0.022 V 11 fM 0.012V 0.041V 200 fM
100 nM 0.028 V 0.0055 V 0.037V 0.73 fM 0.010V 0.054V 7.0fM
100 uM 0.079V 0.0063 V 0.089 Vv 0.21 pM 0.012V 0.11V 2.3 pM

The change of LoD as a function of the added Ap concentration is indicated in Figure 4.13
(c). The remarkable aspect is that the LoD corresponds to the lowest possible value, per the
theoretical arguments indicated in Figure 4.1 (a). At alternate Ap concentrations, say of 10 nM
and 10 uM, the LoD is much larger at ~200 fM and ~ 61 fM, respectively. Further, the kinetic
aspects related to achieving the minimum possible LoD were investigated through changing Ap
incubation time at optimized Ap concentration of 100 nM. It was found, for instance, that the
magnitude of Vp diminishes over time prior to reaching a constant value (see inset to Figure 4.13

(d)). Consequently, three distinct times, i.e., 8 minutes, 30 minutes, and 120 minutes, were chosen
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as representative, conforming to sparse, uniform, and clustered distribution of the Ap on the
graphene surface, respectively. The change of LoD as a function of varying incubation time:
Figure 4.13 (d), was estimated from the H-L model, and it was observed that the LoD was related
to the incubation time, with a minimal value achieved at ~ 30 minutes while Ap incubation time of

8, and 120 minutes yields LoD of ~ 150 fM and 4.0 pM, respectively (see Figure 4.14 and Table

4.3).
- —
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- 120 min
05 120 mins 0.503 354 0.03 060 o .. “

8 min 0.116 3.46 0.01 0.53 }" {
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Figure 4. 14 The variation of DVp, as a function of [Pb?*] at various Ap incubation times, with the
data fit to the Hill-Langmuir model (dashed line).

Table 4. 3 Calculated LoB and LoD as a function of the Ap incubation time, with Ap concentration
of 100 nM.

Ap incubation

time AVD,B OB AVDp,LoB LoB 7)) AVb,LoD LoD
8 min 0.012 0.0033 0.017 14 fM 0.0069 0.028 150 fM
120 min 0.029 0.0053 0.038 490 fM 0.012 0.058 4.0 pM
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Such a time may be correlated to the uniform coverage of the PBASE linker — Ap moiety,
as indicated previously through Figure 4.8 (b). At smaller (/larger) times, inadequate (/excess) Ap
is placed onto the graphene surface — both cases yielding lower likelihood of Pb?* ions in the
analyte interacting and binding with the Ap linked to the sensing channel. Indeed, with increased

incubation time, Ap crowding could lead to steric hindrance degrading the binding efficiency.
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Figure 4. 15 (a) The AVp measured from 100 nM of ions, e.g., Ca2*, Co?", Fe**, and AI**, that may
confound the detection of the chosen Pb?* analyte. The threshold AVp (AVp, thresh.) represents the
lower AVp limit of the GFET aptasensor that can distinctly identify the presence of Pb?* (b) AVp,
Thresh. Overlaid on the variation of AVp as a function of [Pb?*], fitted with the H-L model in inset.
The optimized GFET aptasensor can specifically discriminate between Pb?* and other ions, when
the electrolyte concentration > 100 fM. (c) The comparison of LoD and corresponding specificity
reported from Pb?* specific biosensor with T30695 Ap.

Concomitant with the record low LoD, the specificity of the optimized sensor towards
Pb?*over other ions that may be present in typical Pb?* containing solutions*®>%1 e.g., Ca?",
Co?*, Fe*3, and AI**, was evaluated. Here, the AVp obtained by adding alternate ion-containing
nitrates, over a range of concentrations, was observed. A threshold AVp of ~ 0.1 V (= AVp, Thresh)
was obtained with ~ 100 nM of Ca?* ions: Figure 4.15 (a), with smaller AVp for other ions.
Through superposing the AVp, thresh. Value over the H-L plot, as in Figure 4.15 (b), it was inferred

that the chosen T30695 Ap would not be able to specifically discriminate between Pb?* at the 100
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fM level with Ca?* ions simultaneously present at the 100 nM level, at the chosen AVp, Thresh. The
obtained specificity is several orders of magnitude better compared to previous reports, as
indicated in Figure 4.15 (c), and attributed to (i) proper choice of the Ap, along with (ii) enhanced
AGpind,ap and AGnet, as discussed in the context of Eqn. (1) and Figure 4.1 (a). Further enhancement
in specificity could be obtained through improved AGpindap by Ap designt®>1%71 e g., through
reducing the stability of G-quadruplex formation by other ions,[19-2011

Our work has achieved the best possible sensitivity, consistent with thermodynamic
predictions, for the detection of a specific analyte, such as the Pb?*. It has been demonstrated that
the optimal selection of an analyte specific Ap — with the highest binding energy, coupled with its
organized placement onto the linker-graphene moiety, is critical. Through seminal measurements
of the electrical double layer capacitance (CepL) and associated modeling, it was shown that
achieving a minimum CepL is integral to the highest sensitivity and provides a metric for
optimizing biosensor performance for any analyte. The maximization of the charge sensing
modality from the analyte while reducing parasitic electrical contributions is consequently
achieved. The proof of success of proper Ap selection as well as Cep. minimum monitoring is the
record LoD of ~ 7 fM, coupled with unprecedented sensitivity of ~ 100 nM - both orders of
magnitude better compared to extant reports in literature. The kinetic considerations related to
biomolecule sensing were investigated and it was concluded that the incubation time may be
considered an appropriate parameter — the value of which may be inferred through both atomic
force microscopy as well as through the current-voltage variation in the FET. Future work should
focus on probing the influence of the inevitable intrinsic as well as extrinsic defects in the sensing
layer of the FET on the linker-analyte interface, through related electrical as well as structural

characterization, on modulating the sensor performance.
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Conclusion and Future Work
5.1 Summary

In this presented thesis research, we have investigated both electrical and sensing
application of the oxide and graphene transistors, respectively. The development of high-
performance p-type oxide semiconductors will help to resolve the current challenges faced in
unipolar application of oxide semiconductor and could also open up the new application in
ambipolar-TFT based CMOS inverters that can be used for developing a novel logic circuit. For
display TFT applications, high performance p-channel oxide-TFT could potentially have more
advantages in comparison to the p-channel LTPS-TFT (e.g. low-cost of production due to avoiding
utilization of excimer laser) that is used for state-of-arts display TFT. The development of high-
performance p-type oxide transistor requires the comprehensive study of defect termination
methods to suppress the high subgap defects, which hinder the device modulation and make device
to exhibit poor performance. The hydrogen annealing effectively terminated the V, that
contributed to the high subgap defects in p-type oxide SnO, improving the p-channel device
performance as well as opening a new opportunity for ambipolar device applications.

For Pb?* detection, it is expected that the development of GFET sensor could solve the
issues regarded to the high-cost and non-specific binding involved in the conventional methods of
the Pb?" detection (e.g. ICP-MS) and commercially available Pb?" detecting home-Kits,
respectively. The theoretical limit of LoD in our proposed GFET aptasensor based on the
thermodynamics involved in the Ap-linker—channel material was explored. The proper
optimization of the sensor interface (e.g. Ap concentrations and the incubation time) achieved the

record LoD and specificity in femtomolar range, matching to our proposed thermodynamic
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prediction based on the interaction among Ap-linker—channel material. In addition, the future
approaches needed to reach the ultimate single molecule detection is discussed.

The summary of the presented dissertation on developing oxide semiconductor and
graphene transistor for electrical and sensing application can be listed as follow:

In Chapter 2. p-channel SnO-TFT was developed by PLD and NH3 hydrogen annealing.
Thermal annealing in hydrogen ambient using a pure NHz at 360 °C offers good TFT
characteristics with the saturation mobilities of ~1.4-1.8 cm? V™! and an on-to-off current ratio
of ~10° because of the hydrogen termination of the subgap hole trap originating from Vo.
Computational device and material analysis revealed that TFT operation is significantly influenced
by a near-VB donor-like defect, primarily originating from an V,. Hydrogen can effectively
terminate the Vo, by forming Sn—H bonds. Although the current device performance is not yet
satisfactory and relatively behind the performance of a-IGZO n-channel TFTs, a complementary
inverter consisting of p-channel SnO and n-channel a-1GZO TFTs demonstrated a maximum
voltage gain of about 50. This achievement marks an important advancement toward the
development of cost-effective next-generation oxide electronics.

In Chapter 3, ambipolar SnO-TFT was developed by controlling the back-channel subgap
defects in SnO. The understanding of device operation mode in SnO is crucial to both improving
the device performance and expanding the application of oxide semiconductor. It was found that
back-channel subgap defects that involve deep donor-like and deep acceptor-like states control the
device operation modes of SnO-TFT. High-density defects remove the ambipolarity from SnO-
TFT and make the device to only operate in p-channel mode. ALD Al>Oz passivation effectively
reduces these defects and produces good ambipolar SnO-TFTs with mobility of ~ 1.2 cm? V1s™,

and n-channel mobility of ~ 0.03 cm? V! s, respectively. The complementary-like inverter is
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fabricated using two identical ambipolar SnO-TFTs and exhibits the voltage gain of ~ 64.1 and ~
48.8 for the first and third quadrants, respectively. The presented study gives insight into the
potential usage of oxide semiconductors in novel ambipolar-TFT based CMOS inverters.

In Chapter 4, a highly sensitive and specific Pb?* detecting GFET aptasensor was designed
and developed by considering the kinetic characteristics of the graphene FET surface — PBASE
linker — Ap bioreceptor. The binding energy between the 1) channel surface and linker 2) linker
and bioreceptor, and 3) bioreceptor and target analyte was considered for the thermodynamic
prediction for sensor performance. The sensitivity was probed in terms of optimal packing of the
ensemble, through a minimal charge state/capacitance point of view (EIS) and atomic force
microscopy (AFM). The effect of the optimization of Ap distribution on graphene surface was
explored by determining LoD obtained from Hills model fit of the measurement of the electrical
current (I) — voltage (V) characteristics. 1-V measurement indicated that the higher Ap incubation
time and concentration will lead to the degradation of the binding affinity of Ap toward the analyte
due to the steric hinderance as observed from EIS and AFM. Through the fine tuning of the linker
and receptor interaction with the sensing surface, a record limit of detection (~7 fm) as well as
specificity (~100 fm) in the femtomolar range and in excellent accord with thermodynamic
prediction, was observed. Our presented work provides a new perspective in advancing biosensor

technology, aiming for the ultimate goal of single molecule detection.
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5.2 Future Work

5.2.1. Nanosheet p-type oxide semiconductor and optimization of SnO-TFT (Ch.2 and
Ch.3)

The channel thickness of the SnO in the presented studies (Chapter 2 and 3) is in the range
of 7~ 14 nm because SnO is deposited by the conventional physical vapor deposition (PVD)
method e.g. PLD. Utilizing PVD method typically leading to deposition of electrically inactive
incubation layer with a few nm thicknesses due to the nature of the three-dimensional island
growth. To grow the ultrathin oxide material, a new strategy such as a liquid-metal printing method
could be used to fabricate the SnO-TFT and oxide-TFT based CMOS inverter circuit with
thickness of SnO thin film ~ 1 nm. Several studies have successfully synthesized atomically thin
metal oxide film e.g. Ga203, HfO2, and Gd.03.2%?1 A liquid-metal printing method is a cost and
energy-efficient method that could potentially extend its usage to large-scale electronics depending
on the size of liquid-metal area.

The optimization of SnO-TFT could be done by adapting double-gate structure and high k
dielectric. With sufficiently thin channel and gate oxide layers, the strong coupling of the biases
applied to the two gates will allow efficient modulation of the channel potential in comparison to
single gate structure?®, leading to improvement in device parameter such as s-value. The device
optimization can be integrated with development of nanosheet thin film to advance the current

performance of SnO-TFT to the next level.
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5.2.2. Developing the sensor toward single molecule analyte detection (Ch.4)

The presented research suggested how the role of thermodynamic involved in channel —
linker — bioreceptor could be used to determine the sensing sensitivity and specificity. Therefore,
enhancing the AGpet is the key to improve the performance of the sensor LoD approach toward the
single molecule analyte detection. The presented study revealed that the estimated 4Gnet required
to reach single molecule detection is ~ 2740 kJ/mol, which require the improvement of AGnet
components AGpind, ap, AGap-pease, and AGpease-graphene. FOT instance, the recent study indicated that
AGpgase-graphene COuld improve from ~105 to ~251kJ/mol by adapting pyrene maleimide (Pymal)
as a linker-graphene instead of commonly used PBASE.[* |t is expected that the increasing the
number of pi-stacking of aromatic molecules on graphene surface improves the overall stability of
the system.[*52l Likewise, further enhancement in specificity could be also done through
improvement in AGying, ap by careful Ap design, e.g, through reducing the stability of G-quadruplex
formation by other ions.

Besides the taking advantage of the thermodynamics involved with sensing components, it
is important to explore the influence of the intrinsic and extrinsic defects in the sensing layer. It
was reported that the curved deformation morphology (micro- and nano-meter scale) of the sensing
layer (e.g. graphene) can modulate the Debye length.[?%] Increasing Debye length in ionic solution
would lead to the decrease of the screening of the DNA/RNA molecules, contributing to the
enhancement of sensitivity as compared to flat and unmodified graphene.?®!l In addition, the
change of the electrical bandgap in vicinity of the deformed graphene region could potentially
change the local conductivity as well, leading to enhanced sensitivity. Therefore, careful control
of the deformation of graphene sensing layer could be incorporated with the design of the sensor

for single molecule detection.
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