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ABSTRACT OF THE DISSERTATION

Coupling Two-dimensional Materials with Solid-State Ionics for Programmable Electronics

Sungjoon Lee

Doctor of Philosophy in Materials Science and Engineering

University of California, Los Angeles, 2019

Professor Yu Huang, Chair

Diodes and transistors represent the fundamental device building blocks for modern semiconductor
electronics. Two-dimensional (2D) semiconductors have drawn considerable recent interest for
their atomically thin channel and electrostatically tunable device characteristics. However, unlike
three-dimensional (3D) semiconductors in which the selective impurity doping can be readily used
for controlling the charge carrier type/concentration and realizing functional diodes and transistors,
the impurity doping in 2D semiconductors has been challenging due to the limited physical space
in the atomically thin lattice for incorporating impurity dopants. To date, the carrier type is usually
determined by its intrinsic defects of a given 2D semiconductor and hardly tunable for specific

device functions. The creation of diodes or complementary transistor circuits is typically achieved

il



by physical assembly of two distinct 2D semiconductors with intrinsically opposite carrier types.
In this dissertation, the development of novel solid-state ionic doping approaches is reported and
investigated with which a new class of programmable devices are created to enable 2D diodes,
transistors and complementary inverters with tunable carrier type and device polarity. In the first
part, by using organic-inorganic halide perovskite materials (methylammonium lead iodide,
CH3NH3PbI3) as a solid-state ionic doping agent, a 2D field-effect transistor can be transformed
to reversibly switchable diodes and transistors. The perovskite layer not only provides effective
doping effects to semiconductor channels, but also greatly enhances the optical absorption of the
2D transistors. In the next chapter, superionic silver iodide (Agl) is employed as a solid-state ionic
dopant to show that few-layer WSe: field-effect transistors can be reversibly transformed into
transistors with switchable polarity or diodes with near-unity ideality factors which stably operate
at room temperature. Furthermore, complementary logic gates including inverter, NAND and
NOR gates are constructed by integrating innately identical transistors. Lastly, it is demonstrated
that programmed functions can be erased by thermal or irradiation excitation in a triggerable

manner, creating a transient electronic system attractive for protecting vital information.
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Chapter 1. Introduction and Objectives

Diodes and transistors are essential to modern electronics and optoelectronics. As the evolution
of silicon-based transistors is approaching its technological limits', considerable efforts have been
devoted worldwide to seeking alternative materials® and technologies® in order to extend the range
of silicon electronics and their functions. The emerging two-dimensional (2D) materials, including
graphene and transition-metal dichalcogenides (TMDs), feature an atomically thin geometry* with
superior immunity to short-channel effects® along with other unique attributes such as high
flexibility® 7, exceptional mechanical strength®, excellent transparency’ and broad spectrum
tunability!'%13. However, unlike three-dimensional (3D) semiconductors in which the carrier type
and carrier concentration can be easily controlled by impurity doping for realizing functional

14

devices'®, it has been a continual challenge to rationally control the carrier type in 2D

semiconductors due to the inherent difficulties in incorporating sufficient impurity dopants in the

115

atomically thin lattices without seriously degrading their structural'® and electronic properties'®.

To date, the carrier type of a given 2D semiconductor is often determined by its intrinsic defects

1921 or complementary transistor circuits®?

with limited tunability!”- '8, Therefore, creating diodes
is usually built by heterogeneously combining two distinct 2D semiconductors with intrinsically
opposite carrier types or by applying an external electric field to electrostatically tune the carrier
transport in split-gate field-effect transistor (FET)?**26. Although the split-gate configurations
somewhat address the poor tunability of 2D semiconductors, the introduction of additional
terminals greatly complicates device design, particularly at the circuit level, and the requirement

of a continuous voltage supply due to its high volatility also complicates its practical

implementation.



d27—29 130

Recently, ionic liqui or ionic gel’” induced doping has been applied to 2D semiconductors
to create diodes®!>*2. In this configuration, split gates are no longer needed to realize a diode, but,
instead, the positive and negative ions in ionic liquids can electrostatically modulate the carrier
density in devices. However, ionic liquids or gel polymer electrolytes can only be applied to the
entire sample and are fundamentally incompatible with solid-state electronic device applications.
Moreover, such ionic liquid-induced diodes can only be non-volatile at cryogenic temperatures by

freezing the ion motion?!, which still does not resolve the volatility issue for split-gate induced

doping.

In this dissertation, to achieve highly controllable, non-invasive and stable doping to 2D
semiconductors, a new class of electrostatic doping approach is developed and investigated thereby
creating programmable, erasable and reprogrammable 2D diodes, transistors and complementary
logic gates. Solid-state ionic conductors, in which electric current is delivered by charged atoms™,
are selected as unique candidates for electrostatic dopants. To couple solid-state ionic materials
with inorganic 2D semiconductors and enable the out-of-the-box device functions, a few
significant challenges must be addressed. First, it needs to hold established device structures in
fully solid-state conditions for better compatibility with conventional electronics. Second, thermal
stability must be secured. The programmed device should be able to robustly function at room
temperature. Third, once set up, it should retain the desired functions without continuing
manipulation (or supply additional voltage). Lastly, the ability to erase and reprogram the device
function could enable unconventional transient electronics. In this context, two solid-state ionic

materials, organic-inorganic halide perovskite (methylammonium lead iodide, CH3NH;3Pbl3) and

superionic silver iodide (Agl), are selected as electrostatic doping agents for 2D semiconductors.
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Chapter 2. Electrostatic Doping Effects of Organic-Inorganic Perovskite on Two-

Dimensional Semiconductors
2.1. Introduction

Electrostatic doping has been widely used in low-dimensional materials, including carbon
nanotube, graphene and atomically thin TMDs!"!2. The traditional doping method involving
insertion of alien atoms may damage the lattice of these materials and affect the carrier transport
in low-dimensional materials. A well-adopted method to control the carrier density and the
dominant type of carrier is by applying an electric field to semiconducting channel materials in
FETs with split-gates embedded and floated within gate dielectrics. With field-effect induced
doping, the fundamental junction properties can be examined and reconfigured without both
physical and chemical modification of low-dimensional materials. Even though the split-gate
designs provide a well-controlled junction and effective carrier doping, such devices usually
require complicated fabrication process and operating procedure. Recently, ionic liquid induced
doping has been applied to single-layer WSe> to create p-n junction, which allows circularly
polarized emission to be generated due to strong spin-valley coupling® 8. In this configuration, split
gates are no longer needed to realize a p-n junction, instead, the positive and negative ions in ionic
liquid can electrostatically modulate the carrier density in WSe, FETs. By electrically poling the
ionic liquid at room temperature, the positive and negative ion accumulate at two ends of the device
and induce n-type and p-type regions in WSe», thus creating a p-n junction. Such a p-n junction
can be further stabilized at low temperature by freezing the ion motion to keep the status of the
device® 8. However, the ionic liquid can only be applied to entire sample and its liquid form is less
convenient to solid-state electronic device applications. Here a novel electrostatic doping strategy

for 2D materials is proposed in which organic-inorganic halide perovskite (methylammonium lead
7



iodide, CH3NH;3Pbl3) is employed as a solid-state ionic conductor to facilitate the electrostatic
doping and the formation of switchable diodes and transistors on 2D semiconductor FETs through
solid-state electrical poling process. Moreover, unlike ionic liquid, the well-defined shape of ionic
solid offers a local control of the doping in 2D semiconductors, enabling diverse designs of solid-

state electronic and optoelectronic devices.

Recently, methylammonium lead iodide perovskite (CH3NH3Pbls) has attracted intensive
interests for its potential for solar cell applications'>*. On the other hand, this type of perovskite
is an ionic solid composed of organic cations, metal cations and halide anions. It has been reported
that the ion migration in the perovskite may occur under applied electric field, which is also
considered as one of the origins causing large hysteresis in voltage-dependent photocurrent®>2°,
For example, a switchable photovoltaic effect was reported from CH3NH3Pbl; solar cell*®. They
have created a switchable p-i-n junction on CH3NH;3PbI; both in lateral and vertical directions by
poling the perovskite materials with electric fields, resulting in the observation of both switchable
open-circuit voltage (Voc) and short-circuit current (Jsc). It is suggested that the migration of
positively charged ions and negatively charged ions could induce n-type and p-type regions in the
perovskite, respectively. Such ion migration could eventually lead to ion accumulation under
applied electric field similar to the effect with ionic liquid® 8. Although ion migration is undesired
and considered one main challenge that contributes to the insufficient stability in perovskite
devices, the disadvantage can be turned into advantage in a different point of view. In this chapter,
the heterostructure of two different kinds of materials, CH;3NH3Pbls and TMDs, is introduced to
investigate the ionic doping effect on TMDs by CH3NH3Pbl; perovskite!® 3!, Electronic properties

of 2D semiconductor channels could be locally modified either to n-type and p-type regions by

CH3NH3PbIs perovskite serving as a non-covalent doping agent. With well-defined geometry of

8



the perovskite ionic solid, the semiconductor channel of the FETs can be partially modified. The
resulting functional heterostructures which enables the extension of design capability can be
created. Such controllable doping effect can also be used to enhance optoelectronic properties of
TMD-based devices or even create a switchable p-n junction, thereby facilitating the extraction of

photo-generated carriers due to strong built-in electric field.

2.2. Experimental section
Preparation of 2D materials

Graphene was originally obtained by micromechanical exfoliation of layer after layer from
naturally occurring graphite®2. This strategy has also been applied to many other 2D materials such
as WSe: and h-BN that are found in 3D stacked forms, from both naturally occurring minerals and
artificially synthesized bulk crystals (Figure 1). Typically, this mechanical exfoliation approach

yields the highest-quality material, which is ideally suited for fundamental studies.
van der Waals heterostructure assembly

Once the atomically thin layers are attained from the mechanical exfoliation, it is necessary to
assemble them into the desired stacking order to create the desired van der Waals heterostructure.
A microscope stage equipped with micromanipulators is crucial in both wet and dry transfer
methods to properly align the micrometer-scale flakes. The first step of assembly is mechanical
exfoliation of a 2D bulk material onto an existing substrate. A second 2D material can then be dry
exfoliated using a sacrificial polymer such as poly(methyl methacrylate) (PMMA) or

poly(propylene carbonate)) (PPC). The flake with the polymer is then transferred onto a



transparent stamp (e.g. poly(dimethyl siloxane) (PDMS)) that is positioned using the
micromanipulators into the desired location and orientation (with respect to the first flake) under
the objective lens, and lowered down until the two flakes make contact to form the van der Waals
heterostructure. Although the polymer can be directly dissolved to achieve the desired two-layer
structure, residue left on top of the surface hinders further stacking, which is only useful for simple
two-layer structures or as the last stacked layer. To achieve complex multilayer stacking without
polymer residue between individual layers, more advanced peel-off and pick-up methods have
been developed®. A major advantage of these alignment transfer techniques is their independence
from the materials being transferred, as long as they are stable and robust enough to endure the
process. Using this exfoliation and restacking approach, complex van der Waals heterostructure
are easily created with atomically sharp interfaces. It is conceivable that air-sensitive (e.g. black

phosphorus) could be transferred using this approach in inert environments.
Preparation of precursor of CH3NH3PbIs: lead iodide (Pbl2)

CH3NH;3PbIz can be converted from layered lead iodide (Pblz). During the conversion, the
crystal structure of Pbl, undergoes the structural rearrangement as the organic cations are inserted
into the interstice of corner sharing Pbls octahedra®>. Pbl thin flake was obtained by mechanical
exfoliation of the bulk Pbl; crystal. To obtain the bulk Pbl> crystal, commercial Pbl, powder of
0.4 g in 100 ml deionized water at 100 °C. The solution is fully stirred at 100 °C and slowly cooled
down to room temperature. Due to much lower solubility of Pbl, in water at room temperature, the
crystal starts precipitating and growing during the cooling down process. Once the solution
reached to room temperature, the solution was poured into a crystallizing dish and its clear solution

was removed by pipette. Then, the precipitated crystals were further dried in oven.
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Fabrication of Pbl2/WSez2 FETSs

To fabricate WSe:> field-effect transistors, single-layer of WSe> samples were first exfoliated
on an oxygen plasma treated 300 nm SiO2/Si substrate. The device pattern is defined by electron-
beam lithography, followed by pattern development in [PA/water (7:3 volume ratio) and Au
deposition (30 nm) in an electron-beam evaporator for defining contact electrodes of WSe> FETs.
On the other hand, for the FETs in which a pair of graphene flakes are used as drain and source
contacts, the graphene flakes are laminated on WSe: followed by Pbl transfer. In this case, Cr/Au
(20 nm/80 nm) are adopted for the contact with graphene electrodes and the PMMA/metal is lifted
off in chloroform for 10 minutes. Using conventional adhesive tape method, thinner Pbl crystals
(several nanometer to single layer) can be easily obtained from the resulted bulk crystals due to its

inherent layered structural characteristic.
CH:3NH3PbIs vapor conversion from precursor Pbl2

After Pbl, transfer process, the PMMA polymer medium is dissolved in chloroform for 10
minutes. The Pbl sitting on a prepared WSe: can further be converted into CH3NH3Pbl; using
vapor phase intercalation process®”. In the conversion process, the sample was placed at the
downstream of a quartz furnace tube in which a sapphire boat contained CH3NH3I powder near
the center of tube furnace. By heating up to 130 °C, the CH3NH3I vapor carried by argon gas was
brought to the sample sitting at the downstream. The reaction time could take around 1 to 3 hours
for the Pbl to be fully converted into CH3NH3Pblz. A sample before and after conversion process
showed a stark color change (Figure 2). The photoluminescence (PL) spectrum taken from an
identical spot shows the advent of the clear peak at 760 nm after conversion, demonstrating a

successful conversion to CH3;NH3PbI; (ref. '®) (Figure 3). To ensure the stability of the devices,
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another separately prepared hexagonal boron nitride (h-BN) is used to cover the entire area of

perovskite after conversion process.
Device characterization

The electrical and low temperature measurements were both carried out in commercial probe
station (Lakeshore, TTP4) equipped with a 532 nm wide-field laser (Coherent, 532-100). The
electrical measurement was conducted with precision source/measurement unit (Agilent, B2902A).
The photoluminescence spectra were taken with a commercial confocal micro-Raman system
(Horiba LABHR) excited by Ar-ion laser (488 nm) with an excitation power ~3.8 uW. The
photocurrent map was conducted in the same system by monitoring the current under the
irradiation of focused laser (488 nm, < 300 nW) while moving the stage within a specified area.

The AFM images were taken from Bruker Dimension 5000 Icon scanning probe microscope.

2.3. Results and discussion
Thermal stability of h-BN encapsulated CH3:NH3PbI3

CH3NH3PbIz perovskite has attracted considerable interest for its high-efficiency, low-cost
solar cells, but is currently plagued by its poor environmental and thermal stability. To aid the
development of robust devices, we investigated the microscopic degradation pathways of
CH3NH3Pbl; microplates®®. We employed h-BN thin flakes as the encapsulation layer on
CH3NH;PbI; surface and fabricated a h-BN/CH3NH3PblIs/h-BN heterostructure (Figure 4a-c). We
conducted in situ characterization of the h-BN/CH3NH;3Pbls/h-BN heterostructure in vacuum at

358 K. We demonstrated that encapsulated h-BN showed considerably improved thermal stability.
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In particular, no obvious structural change is observed after 30 min of continuous heating at 358
K (Figure 5), in stark contrast to the rapid emergence of the trigonal phase within 1 min and the
complete transformation to trigonal Pbl, within 7 min of the same thermal treatment for the non-

encapsulated tetragonal perovskites®’.
As-fabricated doping effect of CH3:NH3PbI3 on WSez2 FETs

To elucidate the doping effect introduced by ionic solid, FETs based on single-layer WSe>
were adopted due to their ambipolarity which could facilitate the observation of both n-type and
p-type doping effect. To investigate the ion doping effect and delineate the contribution from WSe>
and CH3NH;3Pbl;, we have fabricated FETs with CH3NH;3;Pbl;/WSe; stacked structure, and
CH3NH;3Pblz with h-BN encapsulation, respectively (Figure 6b). Additionally, the same WSe»
FET itself was also studied for comparison before integration with CH3NH3Pbls (Figure 6a).
Electrical transport studies of the pristine WSe> FET showed a typical ambipolarity with slight p-
doping (Figure 7a). After CH3NH3PbI; integration (Figure 6c¢), the CH3NH3Pbls/WSe> FETs
showed strong p-type doping effect with the drain-source current increased by 2-5 orders of
magnitude (Figure 7c). It is important to note that the current in CH3NH;3Pbl; semiconductor
channel (without WSe) is essentially at the baseline of our measurement resolution, which 4-5
orders of magnitude smaller than that in the CH3NH3Pbls/WSe> FETs, which implies that the
CH3NH;PbI3 itself does not directly contribute to charge transport but only serves as a doping
agent to dramatically increase carrier density and conductivity in WSe>. By comparing the device
current measured under illumination and dark conditions in transfer curves (Ips-Vps at Vps =5 V),
we obtained photocurrent (Ipn = light - ldark) for both the CH3NH3Pblz (Iphperov) FET and the
CH3NH;3Pbls/WSez (Iphhybria) FET (Figure 7, b and ¢). We found that Ipn hybrid 1s more than 4 orders

of magnitude larger than Ipnperov at Vg =-40 V, and more than 3 orders of magnitude larger when
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Ve = 40 V, implying that the CH3NH3Pbl3/WSe, channel can be much more efficient that

CH3NH3PbI3 itself in terms of photo-carrier extraction.

Partial ionic doping effect on CH3NH3PbIs/MoS:2 FETs

Unlike ionic liquid doping, the solid-state ionic conductors allow more flexible designs for
solid-state electronic devices. For example, by partially covering the channel in MoS, FET with
CH3NH3PblIs, it is possible to partially modify the electronic properties of MoS: channel
(intrinsically n-type semiconductor), and turn it into p-type characteristics thereby creating p-n
junction like device. To contrast the doping effect by CH3NH3Pblz, we fabricate a single-layer
MoS: FET on a (3-aminopropyl)triethoxysilane (APTES) treated SiO2/Si substrate which provides
extra n-doping to MoS: device. The bare singl-layer MoS, FET was initially highly n-doped by
APTES-treated substrate as shown in the transfer curve with a rather negative threshold voltage
beyond -60 V (Figure 8c). A layer of CH3NH3Pbls was then integrated with prepared MoS, FET
and partially covered the MoS» semiconductor channel (Figure 8b). With CH3NH3Pbls integration,
the device showed a drastic reduction in drain-source current with the threshold shift back to nearly
0 V, which can be attributed to partial p-doping induced by CH3NH3Pbl3 at room temperature
(Figure 8c). It is noted that this is consistent with the observation from WSe> FET. With partially
p-doped region, the single-layer MoS, FET showed an apparent diode behavior (Figure 9d). The
positively biased condition (Vps = 5 V) has a larger ON-current and gate response than the
negatively biased one (Vps = -5 V) (Figure 9c). This can be attributed to the difference of channel
conductivity in these two distinct regions (CH3NH3PbI;/MoS; and bare MoS;). Under positive bias
voltage, the device current was controlled by the injected electrons from B electrode (grounded)
to A electrode (Figure 9a). At the junction of bare MoS; and CH3NH;3Pbl3/MoS», the electron is

injected from the intrinsic region to the doped region of MoS> in which the intrinsic part can easily
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be modulated by gate electric field, thus the output current can be modulated by changing the gate
voltages (Figure 9c and d). On the other hand, under negatively biased voltage, the output current
was controlled by electron injection from the p-doped region to the intrinsic part of MoS,. Due to
less available carriers and ionic screening effect induced by CH3NH3Pbl; in p-doped region, the
output current is much smaller and less affected by the gate modulation, therefore asymmetric
output characteristics were both observed (Figure 9¢ and d). In this case, we showed that ionic
solid provides a more flexible way to dope the semiconductor channel of 2D materials than ionic

liquid, which could also facilitate the design of 2D material-based electronic applications.

Gate-controlled ionic doping effect on CH3:NH3PbI3/WSez FETs

The above studies clearly demonstrate the ionic doping can easily tailor the charge transport
properties in 2D semiconductors. It is thus possible to use an applied voltage to control the ion
migration, and selectively accumulate either positive or negative charges at the interface of
CH3NH;3PbIz and 2D semiconductor channel. We have examined the possibility to directly create
a carrier type-switchable FET in CH3NH3Pbl;/WSez FETs. As an ionic solid with migrating ion
species, the ions in CH3NH3Pbl; can be polarized with electric field, thereby facilitating
conceivable ion migration which could induce n-type or p-type doping in underlying materials
such as WSe> through accumulation of positively or negatively charged ions, respectively. To
facilitate a type-switchable doping effect of CH3;NH3;Pbl;, CH3NH3;Pblz/WSe> FETs were
fabricated on a APTES-treated SiO»/Si substrate which provides n-doping to the WSe> channel.
The transfer curve of the as-fabricated CH3NH3Pblz/WSe, FET showed p-type characteristics
under dark condition at 77 K (Figure 10b). To examine the poling effect, a large back-gate bias
voltage was applied against initial non-poling status. To facilitate ion migration in CH3NH3Pbl3

layer, the substrate was heated up to 400 K. After 5 minutes of electrical poling at 400 K, the
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substrate was cooled down to 77 K. The back-gate bias voltage was continuously applied during
this cooling process to ensure that the ion migration is suppressed at low temperature thereby the
frozen ions stay in place. During the negative poling process (Vg = -60 V), the positive ions are
supposed to migrate to the interface between CH3NH3Pbl; and WSe., while negative ions should
move away from the interface (Figure 10a). After negative poling, the transfer curve switched from
p-type to n-type, showing that a completely opposite type of carrier dominates in the
CH3NH3Pbl3/WSe> semiconductor channel (Figure 10b). To highlight the controllability of this
vertically poled doping effect, a positive back-gate bias voltage (Vg = +60 V) has been applied to
the same device following the identical poling procedure as we previously performed with the
negative poling. The results indicate that the type of majority carrier returned from n-type to its
original p-type characteristics after the positive vertical poling process. This gate bias voltage-
induced switching behavior has demonstrated that the carrier type of semiconductor in
CH3NH3Pbls/WSez FETs could be controlled by the reversible ion migration in CH3NH3Pbl;

perovskite.

Drain-controlled ionic doping effect on CH3NH3PbIs/WSe2 FETSs

Taking a step further, in this session, a switchable p-n junction in CH3NH3Pbls/WSe> FETs
has been examined based on the knowledge from the gate-controlled doping effect (Figure 10).
Similar to vertical poling process, mobile ions in CH3NH3Pbl; perovskite can be polarized by
electric field (here, not gate but drain-source voltage), thereby facilitating ion migration which
could result in doping effect on underlying 2D semiconducting channel through ion accumulation

on both ends.
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Transfer and output curves of pristine single-layer WSe> FETs show that the device is in OFF-
state and no current was detected even under light excitation (Figure 11). At Vo =0 V, the single-
layer WSe> FET was in OFF-state where no output current was observed even under light
excitation (Figure 11b). A 6-um long channel of the CH3NH3Pbl3/WSe, FET with h-BN top
encapsulation was fabricated (Figure 12a). The output curves show an asymmetric behavior as
well as a small open-circuit voltage (Voc) ~ 30 mV under 532-nm laser excitation (Figure 12b).
This initial polarity might be due to a slight poling effect by an applied voltage at the A electrode
with the B electrode (grounded) during transfer curve measurement. To highlight the effect of
mobile ion poling, negative ions are supposed to migrate to B electrode while the positive ions
should migrate to A electrode (Figure 13a). After negative poling process, the output curves
showed a completely opposite diode behavior compared to original condition in which the turn-on
voltage becomes negative (Figure 13b). In addition, Voc = -0.78 V was extracted under 532-nm
laser excitation from the output curve, which represents the highest Voc ever achieved in single-

layer WSe> or other 2D semiconductor-based p-n junction devices.

To examine the controllability of this p-n junction formation, we have applied a positive bias
voltage (Vps =+10 V) to the same device at 400 K followed by the same cool down process as we
previously used for negative poling (Figure 14a). The output characteristics indicated that Voc is
switched to +0.75 V under 532-nm laser illumination, which is very close to the previous result (-
0.78 V) achieved by the negative poling process (Figure 14b). Such highly consistent and
switchable diode behaviors demonstrate that the polarity of the CH;NH3Pbls/WSe: diode is indeed

governed by the controllable ion migration.

To elucidate the photocurrent contribution in the CH3NH3Pbls/WSe> FET-based diode, we

have examined the poling effect in both the CH3NH3Pblz/WSe> device and the CH3NH3Pbls only
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device. During poling process, the voltage was continuously applied to both A and C electrodes
with the B electrode grounded. It is noted that the CH3NH3Pblz;/WSe> diode showed prominent
rectification behavior under dark and laser excitation conditions in the output characteristics, while
the CH3NH;3Pblz only device showed negligible current and diode behavior under dark condition
(Figure 15, a and b). This has demonstrated that the device current and diode behavior are mainly
contributed by the WSe> channel instead of the CH3NH3Pbls. The CH3NH3Pbls here is acting more

like a sensitizer and a tunable doping agent rather than a conducting channel.
Optoelectronic property of CH3:NH3PbI3/WSe: diodes

In order to estimate the performance of the CH3NH3Pbl;/WSe, FETs, the time-domain
photocurrent with zero bias voltage was measured (Figure 16, a and b). A zero-biased photocurrent,
Iphnybria ~83.3 pA was obtained. Moreover, the external quantum efficiency (EQE) was further

extracted by the formula:

EQE = ((hiubrid) 2, (1)

Plaser

where Paser 1s the total effective power of incident photons, 4, ¢ and e are Planck’s constant, the
speed of light and electron charge, respectively. The extracted EQE of 84.3% at 532 nm is much
higher than previously reported EQE of 0.2% at 522 nm in WSe> FET with split-gate defined p-n
junction. Such strong enhancement could be due to strong optical absorption and long minority
carrier diffusion distance in CH3NH;3Pbls, which can ensure the photo-generated carriers to reach
the n-type region and p-type region in the atomically thin WSe> p-n junctions thereby enhancing

the photoresponse of WSe:.

Enhanced performance in graphene-contacted CH3:NH3PbI3/WSe: device
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The above studies have clearly demonstrated that a switchable p-n junction can be created by
selectively poling the CH3NH;3Pbls layer. However, a single metal contact does not normally make
optimized contacts to both n-type and p-type WSe> at the same time, thus one of the contacts could
always be non-ideal and form a Schottky barrier to compromise the p-n diode effect. Therefore, to
create a switchable junction with optimized diode characteristics, it is desired to have a tunable
contact that can make excellent contacts to both n-type and p-type materials. Graphene has been
recently demonstrated to be a promising contact material for MoS> FETs due to its tunable work
functions which eliminate the contact barrier between graphene and MoS; as the device is in the
ON state®8. To further improve the performance of CH;NH3Pbls/WSe; diode, we have investigated
the device performance by using graphene as tunable electrical contacts. Unlike metal-based
electrode, the work function of graphene can be tuned by not only gate bias voltage but also
accumulated ions during the poling process, resulting in gate-tunable and preferable p-type (n-type)

electrical contacts for p-type (n-type) region of WSe; channel.

The graphene-contacted device showed similar switchable p-n junction formation to the metal-
contacted devices after the poling process (Figure 17, a and b). The device showed much larger
gate tenability than the metal-contacted device, which may be due to effective work function
modulation in graphene (Figure 19, a and b). In addition, the Ips-Vps curves under laser excitation
exhibit a wide gate-tunable Voc from 30 mV to 1.08 V after positive poling process (Figure 18a).
On the other hand, the negatively poled device also showed a tunable Voc from 0 to -0.96 V along
with a widely tunable EQE from 2.7 to 91.3% (Figure 18b), demonstrating that the tunable
graphene contact compared to metal electrodes allows more efficient extraction of photo-generated
carriers as well as offering more tenability to better optoelectronic properties of the devices. It is

important to note that the Voc of ~1.0 V represents the highest Voc ever achieved in WSe> or 2D
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semiconductor, highlighting the excellent diode characteristics achieved in such ion-doped p-n

junctions.

Room temperature volatility of programmed functions driven by CH3NH3PbIs ionic solids

In order to understand performance stability of the programmed p-n junction, the temperature
of the sample was raised to 298 K, 350 K and 400 K. The measured Voc decreased from -0.80 V
(at 77 K) to -0.50 V (at 298 K), -0.35 V (at 350 K) and -0.30 V (at 400 K), indicating that the
mobile ions in CH3NH3Pbls tend to be redistributed at high temperature and eliminate the internal
electric field established at the junction (Figure 20). Moreover, this volatility was consistent with
FET after the positive poling process which is a diode with opposite polarity. The Voc dropped
from +0.75 V to +0.60 V after heating up the sample stage to room temperature (Figure 21), which

is similar to what we observed in the negatively poling (Voc =-0.50 V at 298 K).

2.4. Conclusion

The CH3NH3Pbls/WSe, FETs have been demonstrated to have an enhanced photoresponse
because of greatly improved optical absorption with CH3NH3Pbl; absorber. We have further
employed CH3NH3PbI; as an efficient p-doping agent on MoS» and a controllable doping source
on WSe, as well as demonstrating either a type-switchable FET or a switchable diode in the
CH3NH;3Pbl3/WSe» device by vertical or lateral electrical poling process, respectively. In the diode,
it delivered a large Voc up to 0.78 V with an EQE of 84.29% at 532 nm. Moreover, the hybrid
device with graphene as electrical contact showed improved and gate-tunable optoelectronic
properties with a Voc up to 1.08 V under 532-nm laser excitation. Lastly, a widely tunable EQE

from 2.7 to 91.3% has been achieved. With the ionic solid induced doping in 2D materials, we
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could explore more intriguing electronic and optoelectronic properties of 2D materials with a much
simpler device design as well as the enhanced optoelectronic properties with an ionic light absorber

or emitter.

2.5. Figures and legends

Figure 1. Preparation of 2D materials on SiO2/Si wafer by mechanical exfoliation. a, graphene
flake exfoliated from bulk graphite. b, exfoliated tungsten diselenide (WSe») flake. ¢, exfoliated

hexagonal boron nitride (h-BN) flake. Scale bar, 20 pm.

Figure 2. Optical images of vapor conversion from Pbl: to CH:NH3Pbls. a, The Pblx flake
(inside white dotted line) was transferred on top of the prepared 2D materials. b, The Pbl, flake

was converted into CH3NH;3Pbls. Scale bar, 20 pm.
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Figure 3. Conversion of exfoliated Pbl: flake into CH3NH3PblIs. a,b, The optical images of an
exfoliated Pbl; flake before and after conversion process. Inset: Atomic force microscopy (AFM)
images of the area marked by black boxes in the optical images. Scale bar, 500 nm. ¢, The
sectional height profile extracted from black and red dotted lines from the insets of (a) and (b),
showing increased thickness of the identical sample after the vapor conversion. d,
Photoluminescence (PL) spectra taken from black and red spots shown in insets (optical images).
A prominent emission peak at 1.63 eV was observed after the conversion demonstrating that Pbl>

was completely converted to CH3NH;3PbI;.
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Figure 4. h-BN/CH3NH:3PbIs/h-BN heterostructure and fabrication process. a, Schematic
illustrations of fabrication process of the heterostructure. b, Schematic illustration of h-
BN/CH3NH;3PblI3/h-BN heterostructure. ¢, Optical image of the heterostructure on in situ TEM

grid (silicon nitride).
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Figure 5. in situ TEM measurements of CH3NH3Pblz with h-BN surface protection.
CH3NH;3PbIz with h-BN surface protection showed robust thermal stability. The thermal energy
(85 °C in vacuum) has not affected the crystalline structure of the CH3NH3Pbl; in 30 min of

heating. Scale bar, 2 nm™'.
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Figure 6. Structural configurations of single-layer WSe2, CH3:NH3Pbl; and
CH:NH;3PbIs/WSe:z FETs. a, Optical image of as-fabricated single-layer WSe> FET device. A, C
electrodes were used for drain electrode and B electrode was used for source electrode which was
grounded. Scale bar, 10 pum. b, Optical image taken after CH3NH;3Pblz integration and h-BN
encapsulation. The white dashed lines frame the position of single-layer WSe>. ¢, Schematic

illustration of a CH3NH;3;Pbl3/WSe; FET.
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Figure 7. Device properties of single-layer WSe2, CH3NH3PblIs and CH3NH3PblIs/WSe2 FETs.
a, Transfer characteristics of WSe> only FET measured under light illumination and dark. b,
Transfer characteristics of CH3NH3Pbl; only FET measured under light illumination and dark. c,
Transfer characteristics of CH3NH3Pblz/WSe> FET measured under light illumination and dark.

All the measurements were conducted under Vps =5 V.
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Figure 8. Doping effect of CH3:NH3PbIs in a CH3NH3PbIs/MoS:2 device. a,b, Optical images of
a single-layer MoS, FET (a) and the FET with CH3NH;3Pbl; on top (b). Scale bar, 10 um. c,
Logarithmic plot of transfer characteristics measured at room temperature (black and red lines)

and low temperature (blue line).
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Figure 9. Device properties of a partially doped MoS: FET. a, Schematic illustration of a
partially doped MoS: FET. A electrode was used as drain electrode and B electrode was used as
source electrode which was grounded. b, Optical image of a single-layer MoS> FET partially
covered by a CH3NH3Pbl; flake. A electrode was used as drain electrode and B electrode was used
as source electrode. Scale bar, 10 um. ¢, Negatively (Vps = -5 V) and positively (Vps =5 V) biased
transfer curves measured under dark condition at 77 K. d, Output characteristics measured at room
temperature, showing larger gate tunability at positive bias voltages (0 < Vg < 60 V). Inset: the
diode-like characteristics in (d) showed distinct contrast compared to the same device without

CH3NH;3Pblz measured before integration.
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Figure 10. Gate-controlled ionic doping in CH3:NH3PbI3/WSe2 FET. a, Schematic illustration
of vertical negative poling process in a CH3NH3Pbl;/WSe> FET. b, Transfer curves after positive
(black line) and negative (red line) back-gate poling process measured at V'ps =5 V. All the

curves were measured under dark condition at 77 K.
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Figure 11. Device properties of a single-layer WSe2 FET before CH3NH3PbI3 integration. a,
Optical image of a single-layer WSe> FET. b, Output characteristics of the device shown in (a)
measured under light illumination (red line) and dark (black line). Inset: Transfer characteristics

of the corresponding device.
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Figure 12. Characteristics of as-fabricated CH3NH3PblI3/WSe: FET. a, Schematic illustration
and optical image of CH3NH3Pbls/WSe; FETs. Scale bar, 10 um. b, Output characteristics of the
FET before poling process measured under 532-nm laser illumination and dark conditions. All the

measurements were measured at 77 K after poling processes.
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Figure 13. Negatively poled CH3NH3PbI3/WSe: FET-based diode. a, Schematic illustration of
non-uniform negative poling process. During the application of negative bias voltage, cations in
the CH3NH3Pblz flake are supposed to be accumulated near the biased electrode. b, Output
characteristics of the FET after the negative poling process measured under 532-nm laser

illumination and dark conditions. All the measurements were conducted at 77 K.
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Figure 14. Positively poled CH3:NH3PblI3/WSe2 FET-based diode. a, Schematic illustration of
non-uniform positive poling process. During the application of positive bias voltage, cations in the
CH3NH;3PbI; flake are supposed to be pushed away and accumulated near the grounded electrode.
b, Output characteristics of the FET after the positive poling process measured under 532-nm laser
illumination and dark conditions, demonstrating that previous negative Voc was changed to

positive one. All the measurements were conducted at 77 K.
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Figure 15. Comparison between the negatively poled CH3NH3PbIz/WSe2 FET and
CH:NHsPbIs only FET. a, Output characteristics of CH3NH3PbIz/WSez FET and CH3NH;3Pbls
FET measured after negative poling process under dark condition. b, Output characteristics of
CH3NH;3Pblz/WSe: FET and CH3NH3Pblz FET measured after negative poling process under 532-

nm laser illumination. The diode behaviors were prominent with WSe> layer.
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Figure 16. Time-domain photoresponse of CH3:NH3PbI3/WSe2 FET after negative poling
process (Vps = -10 V). a, Time-domain photoresponse was measured with 532-nm laser
illumination with a chopping frequency of 7 Hz. b, Photocurrent change at the time scale in the
red box in (a), which was estimated from the mean value of the current steps during ON and OFF

states under Vps =0 V.
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Figure 17. Gate tunable and switchable p-n junction in graphene-contacted
CH:3NH:PbI3/WSe: FET. a, Schematic illustration and optical image of a graphene-contacted
CH3NH;3Pblz/WSe: FET. The black and red dashed lines frame the position of graphene and WSe,
respectively. Scale bar, 10 um. b, Semi-logarithmic plot of gate-dependent output curves measured
after negative poling process under dark (left panel) and 532-nm laser illumination (right panel) at

77 K.
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Figure 18. Optoelectronic properties of gate tunable graphene-contacted CH3:NH3PbI3/WSe:

FET. a, Open-circuit voltage (Voc) extracted from the /ps-Vps curves of the diode measured after
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positive (black) and negative (red) poling process. b, External quantum efficiency (EQE) extracted
from the gate-dependent short circuit current (/sc) measured under 532-nm laser illumination after

negative poling process.
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Figure 19. Enhanced gate-tunable photovoltaic effect with graphene contacts. a, Gate-
dependent output curves of a negatively poled CH3NH3Pblz with Cr/Au metal contacts. b,
Comparison of gate-dependent Voc in the negatively poled CH3NH3Pblz diode with metal contact

(black line) and graphene contact (red line).
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Figure 20. Thermal stability of the negatively poled CH3NH3PbIs/WSe2 FET-based diode.
Output characteristics of a negatively poled CH3NH3Pbl;/WSe; diode were measured under 532-
nm laser illumination and dark conditions. As the temperature of sample stage increased from 77
K to 400 K, the open-circuit voltage (Voc) decreased from -0.80 V to -0.30 V. The sequential

process steps are indicated by yellow arrows.
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Figure 21. Thermal stability of programmed functions of the positively poled
CH:3NH:PbI3/WSe: FET-based diode. The Voc decreased from 0.75 V (at 77 K) to 0.60 V (at

298 K). The sequential process steps are indicated by yellow arrows.
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Chapter 3. Electrostatic Doping Effects of Silver Iodide on Two-Dimensional Semiconductor
3.1. Introduction

In previous chapter, we showed that positive and negative ions in the organic-inorganic hybrid
perovskite (CH3NH3Pbl3) can electrostatically modulate the carrier density in ambipolar WSe>
devices to realize a diode. Although somewhat enhancing compatibility with solid-state electronic
device applications, such solid-state perovskite-induced diodes can only be non-volatile at
cryogenic temperature by freezing the ion motion, which still does not resolve the volatility issue

for split-gate induced doping (Figure 20 and Figure 21).

In general, to enable programmable and stable operating logic functions, three critical factors
must be considered: (i) the temperature used for programming device functions; (ii) the operating
temperature; and (iii) functional stability at the operating temperature. Furthermore, for integrated
circuit (IC) applications, the typical operating condition and thermal budget of the ICs should also
be considered. According to the guideline from the Intel’s CPU product', most CPUs experience
an operating temperature under 100 °C (typically 45 to 70 °C during normal operation). For
programming temperature, although most ICs have a typical front-end of line (FEOL) processing
tolerance of 550 °C (ref. %) and back-end of line (BEOL) processing tolerance of 440 °C (ref. %),
the maximum programming temperature is limited by the glass transition temperature 7 of the

typical commercial plastic package (~175 °C) (ref. %).

Because of these temperature constraints, the devices need to be programmed below 175 °C
(ref. 7%) and also retain the programmed functions at temperature up to 100 °C (ref. !). This requires
a large change in ionic conductance within a rather narrow temperature window (100-175 °C) to
ensure efficient programming and stable operation. This combination is difficult to achieve with
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ionic liquids/solids in which the ion movement is governed by thermal activation process,

following the Arrhenius relationship:
Oion = Ae~Fa/ksT (1)

where g;,,, 1s the ionic conductivity, A is the pre-exponential factor, E, is the activation energy,
kg is the Boltzmann constant and 7 is the absolute temperature. With Arrhenius behavior, the ionic
conductance in ionic liquids/solids is fundamentally determined by the activation energy and
temperature. Thus, the values are either too low to allow sufficient programmability at a reasonable
temperature (due to large activation energy) or too high to ensure stable operation of the
programmed function at room temperature. It is thus fundamentally challenging to use
conventional ionic liquids/solids to simultaneously achieve the programmability and operation
stability within the narrow temperature window identified here. In this regard, no previous
approaches (mobile ion in glass, typical superionics or ionic liquids) can satisfy these requirements

for typical IC operation conditions (Figure 22) as detailed below.
The mobile Na* in soda-lime glass

Soda-lime glass is one of the typical ionic solids which has an ion activation energy E, =
1.654 eV (ref. °) and shows very low ionic conductivity even at the maximum thermal budget of
typical back-end packaging (175 °C) (Figure 22, green line). Such a low ionic conductivity would
require impractically long times for programming the desired logic functions. To achieve the ionic
conductivity comparable to superionic Agl at 147 °C (~1 S/cm), the soda-lime glass needs to be
heated to 935 °C (AT =910 °C) far above thermal budget of plastic packaging (maximum 175 °C)
(ref. %) or even the typical FEOL processing tolerance (maximum 550 °C) (ref. ) and BEOL

processing tolerance (maximum 400 °C) (ref. 3).
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LaF3 and diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide

(DEME-TFSI)

Typical superionic solids (e.g. LaF3) and ionic liquids (e.g. DEME-TFSI) often possess too
high of an ionic conductance®?® to maintain an ionic doping layer without the constant presence of
an electric field at reasonable operating conditions (Figure 22, black and blue line). Additionally,
because of their low activation energy (0.1-0.5 eV), it is fundamentally challenging to achieve a
sufficient ionic conductance ratio within the required temperature window. For example, the ionic
conductivity of LaF3 at 160 “C (~4.35 S/cm) is only ~50 times higher than that of room temperature
(~0.09 S/cm) (ref. °) (Figure 22). Based on the Arrhenius equation, to achieve the ionic
conductance ratio >10°, superionic LaF3 needs to be heated from room temperature to about 369
°C (AT = 344 °C) far above the maximum thermal budget of typical plastic-encapsulated devices
(175 °C). It is also noted that the conductance ratio of 10° is practically not achievable since LaF3

will melt before achieving ~10* S/cm.

To bypass such limitations, superionic solids with a sharp solid-state phase transition are
attractive candidates for achieving a large change in ionic conductance within the narrow
temperature window that is necessary to obtain efficient programmability at moderate temperature
and operational stability at room temperature. Unlike ionic liquids, the superionic solids offer a
local control of the doping on 2D materials that is critical for diverse designs for solid-state
electronics. Among superionic solids, silver iodide (Agl) is particularly desirable for its unique
superionic phase transition behavior'®. At room temperature, it adopts a beta-polymorph (B-Agl)
and behaviors as an insulating dielectric. Upon reaching 147 °C, it transits into the alpha-
polymorph (a-Agl), also known as the superionic conduction phase, with a sharp increase in ionic

conductance by >10° (ref. '°). Overall, an ionic conductance ratio greater than five-order of
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magnitude can be achieved from room temperature to switching temperature at 147 °C. Such a
solid-state superionic phase transition and the associated sharp change in ionic conductance,
occurring in the right temperature window, is well suited for ensuring the efficient

programmability and stable operation of the programmed functions.

In this chapter, we mainly focus on a solid-state non-volatile doping approach to 2D
semiconductors adopting the phase transition of superionic Agl. The atomically thin 2D
semiconductor channel ensures efficient coupling with superionics to induce dynamically
switchable, non-volatile n-type or p-type doping, producing a new class of reversibly
programmable devices that can function as transistor or diodes with tunable carrier type and device
polarity. We constructed functional 2D complementary logic gates including inverters, NAND and

NOR gates, demonstrating a promising pathway to 2D complementary logic circuits.

3.2. Experimental section

Fabrication of WSe: field-effect transistor

The sacrificial Si02/Si wafers were first cleaned with oxygen plasma for 5 minutes. A pair of
few-layer graphene flakes, a single-/few-layer WSe: flake, and a few-layer h-BN flake were
mechanically exfoliated on top of the pre-cleaned SiO2/Si wafer. Another few-layer h-BN flake
for the top h-BN dielectric were mechanically exfoliated on poly(methylmethacrylate) (PMMA)
layer which was located on top of a polydimethylsiloxane (PDMS) stamp. The h-BN on the
PMMA/PDMS stamp was used to sequentially pick up the prepared graphene and WSe; flakes.
The resulting h-BN/graphene-WSe»-graphene stack on the PMMA/PDMS stamp was then

transferred to the few-layer h-BN prepared on the SiO2/Si wafer to construct the final h-
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BN/graphene-WSe;-graphene/h-BN stack. The PMMA windows for electrodes were defined
through standard electron-beam lithography on the previously transferred PMMA layer. The
samples were then immersed in IPA/water (7:3) solution for 40 seconds, followed by reactive ion
etching with CF4/O, (100/20 mTorr; 200 W) for 20 seconds (Technics MicroRIE 800). Cr/Au
(20/50 nm) metals made edge-contact with the graphene flakes by high-vacuum electron-beam

evaporator.

Fabrication and transfer process of Agl microplate

We first prepared a series of 50-nm thick Ag metal microplates on Si0»/Si substrate with an
atomically flat surface by using standard electron-beam lithography and high-vacuum electron-
beam evaporation. lodine vapor conversion process was executed by placing the Ag microplates
into a sealed glass vial where 0.1 g of solid iodine was contained. The Ag microplates were
iodized in the dark at room temperature and under ambient pressure for 24 hours (Figure 23). To
avoid possible Ag oxidation, the whole conversion steps were conducted in a nitrogen-filled

glove box with low oxygen level lower than 0.1 ppm.

Next, a hexamethyldisilazane (HMDS) layer was applied to functionalize the entire wafer.
The wafer was placed with HMDS in a sealed glass container at 120 °C inside oven for 10
minutes. After taken out from the oven, the wafer was cooled down for 10 minutes, followed by
isopropyl alcohol (IPA) rinse. PMMA layer was then spin-coated on the whole wafer. The
PMMA layer with the Agl microplates can thus be physically peeled off together from the
substrate using a PDMS stamp. The Agl microplates on the PMMA/PDMS stamp were then

transferred and laminated on the channel of the prefabricated WSez FETs.

Device poling process and characterization
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To facilitate ion migration in Agl microplates, the devices were placed on the heating stage
of the commercial probe station (Lakeshore, TTP4) and heated to 425 K. After 10 minutes of
applying potentials either by Vps or Vg, the devices were cooled down to room temperature
(300 K). The magnitude of the applied potentials for uniform poling by Vs was 60 V. For non-
uniform poling by Vps, 1 V/um was applied along with channel lengths. The poling potentials
were continuously applied during cooling process to ensure that Ag”™ mobility is suppressed
below the superionic transition point (420 K) of Agl, thereby the poled Ag" are fixed in desired
locations. Both back-gate and drain-source poling processes and electrical measurements were
carried out in the probe station equipped with 532-nm wide field laser (Coherent, 532-100). The
electrical measurement data were obtained by a precision source/measure unit (Agilent, B2902A)
and a computer-controlled analogue-to-digital converter. The structural analyses of Ag and Agl
were carried out by X-ray diffraction (XRD) with Panalytical X Pert Pro X-ray. Electrochemical
impedance spectroscopy was measured using a Bio-Logic VMP-3 Potentiostat. AC impedance
was measured using a 10 mV amplitude in the frequency range between 1 MHz and 100 mHz.
Pasted silver electrodes were used to make contacts. Ionic conductivity measurements were
carried out from 25 to 160 °C to observe a phase transition from the B-Agl to the a-Agl phase.
The cross-sectional structure of Agl/WSe FET was prepared by focused ion beam (FIB) with
NOVA 600 SEM/FIB System, and characterized by transmission electron microscopy (TEM)

with Titan S/TEM.

3.3. Results and discussion

Characterization of Agl/WSe2 FET's
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To elucidate the doping effect induced by Agl, WSe> is selected as a model system for its
excellent electronic properties'! and intrinsic ambipolarity'? for better visualization of both the p-
and n-type doping effects. Graphene with tunable work functions is used as the source drain
contacts to ensure low barrier contacts for either p- or n-doped WSe> channels'®. Because the direct
deposition of Ag atoms involves bombardment of high-energy atomic clusters that could alter
underlying WSe; characteristics (Figure 24), we utilized physical lamination (or van der Waals
integration)'* of a Agl microplate to ensure proper device function (Figure 25). Specifically, Agl
microplates were first fabricated on a sacrificial substrate by a standard lithography and Ag
deposition process, followed by a vapor phase iodine conversion process'®. The crystallographic
structure of the formed Agl microplates was characterized by X-ray diffraction (XRD) and
confirmed the complete transformation of Ag into Agl (Figure 26). The Agl microplates were then
mechanically peeled from the substrate and physically laminated onto a WSe2 FET with a pair of

graphene electrodes on top of highly doped (p™) silicon covered with 290-nm SiO».

The graphene-WSe-graphene FET was encapsulated within few-layer hexagonal boron nitride
(h-BN). Top h-BN served as a protective layer for integration of Agl on top. With direct deposition
of Ag on a WSe: semiconductor channel followed by iodine vapor conversion, the output current
of WSez FET cannot be measured, which might be attributed to possible damage on the channel
during Agl crystallization of Ag atoms planted by high energy of electron beam evaporation

(Figure 27).

Moreover, the top h-BN prevents WSe> from directly reacting with Agl after lamination
(Figure 28)!¢ while the bottom h-BN minimizes scattering effects'” ¥ from the trapping states on
Si02 surface. This results in an overall device structure of: Agl/h-BN/graphene-WSex-graphene/h-

BN on a SiO»/Si substrate with a pair of graphene flakes forming electrical contacts with the WSe:
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channel (Figure 29a). The channel length of a typical device was about 6 um and covered with
Agl microplate (Figure 29b). The cross-sectional transmission electron microscopy (TEM) image
of the transferred Agl/WSe> FET junction showed atomically sharp and clean interface with no
apparent defects or disorder (Figure 29¢)!’. Measurements of the temperature-dependent ionic
conductivity of the fabricated Agl microplate clearly showed a sharp increase of ionic conductivity
by nearly three orders of magnitude upon reaching 147 °C (Figure 22 and Figure 30)'°, clearly

demonstrating a robust superionic phase transition.

Type-switchable WSez2 FETs programmed by silver iodide

Next, we examined the feasibility of creating carrier type-switchable FETs by applying vertical
poling through the back-gate terminal. The programmability of our Agl/WSe: devices is achieved
by exploiting the unique superionic phase transition in Agl. In the superionic conduction phase,
Ag" can be polarized with a negative gate electric field*’. The Ag" selectively accumulate near the
WSe; interface and become immobilized at a temperature below 147 °C (ref. '°). The accumulated
Ag" induce an electrostatic field to increase electron concentration in WSe (ref. '), producing an
n-channel FET (Figure 31a). In contrast, a positive poling voltage produces an Ag'-deficient
interface, resulting in a hole doping effect and a p-channel FET (Figure 31b). The transfer curve
(Ips-VBG) of the as-fabricated Agl/WSe> FET showed clear ambipolar characteristics with the
charge neutral point close to zero gate voltage, which is similar to that of WSe> FET (Figure 32a).

This behavior suggests there is minimal extrinsic doping in the fully encapsulated devices'”.

As expected, the transfer curve was shifted from ambipolar to n-type behavior after the
negative back-gate poling process (Figure 32b, red line), confirming that electrons become the

dominant carrier type with an on/off current ratio exceeding 10°. It is important to note that, by
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being physically isolated by the upper h-BN dielectric (Figure 29¢), the Agl microplate does not
directly contribute to the charge transport of the FET but only provides the electrostatic doping

effect to modulate the dominant carrier type and concentration.

To highlight the ability to control the doping effect, the identical device underwent a positive
back-gate poling process against the previous n-programmed state. The transfer curve showed that
the majority carrier type completely switched to holes (Figure 32b). This experiment demonstrates
that a carrier type-switchable transistor can be realized by reversible Ag" migration in Agl crystal
through vertical poling. The standard output characteristics (/ps-Vps) further confirmed n-type
(Figure 32c) and p-type (Figure 32d) transistor characteristics after negative and positive vertical
poling processes, respectively. It is also noted that single-layer WSe> devices showed similar
behavior with that of the few-layer devices (Figure 33, a and b), demonstrating that there is no
apparent distinction in the doping effects either on single- or few-layer WSe>. The qualitatively
similar gate tunability in single- or few-layer 2D transistors has been consistently observed in
previous literature??.

Polarity-switchable WSe: diodes programmed by Agl microplate

Beyond uniform doping in the semiconducting channel by vertical potentials, non-uniform
doping can be achievable through lateral electric fields*. In this case, the drain-source electrodes
are used to polarize the superionic solid. The migration of Ag" in the superionic conduction phase
is facilitated by the drain-source potential (Vps), which creates a charge imbalance along the
channel length. The resulting ionic profile provides opposite doping effects at both ends of the
underlying WSe; channel®. During a positive lateral poling process, Ag" are accumulated near the
grounded electrode (Figure 34a). In this process, one side of the channel near the biased electrode

experiences a net negative electrostatic potential, achieving p-type doping, while the opposite side
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close to the grounded electrode experiences a net positive potential and becomes electron doped.
Together, this process produces a forward biased p-n diode. Furthermore, negative V'ps poling
produces a forward biased n-p diode (Figure 34b). After the positive lateral poling process,
rectifying output characteristics showed a positive turn-on voltage and high output current above
the turn-on voltage (Figure 35a)**. To emphasize the switchable doping effect, the lateral poling
process was repeated on the identical device, but with negative Vps. The resulting diode exhibited

the rectification behavior with opposite polarity, showing a negative turn-on voltage and high

output current in the negative bias regime (Figure 35b)**.

The experimental output curves of both diodes were fitted to the Shockley equation for

quantitative analyses®>2°. For a diode, the current dependence can be written as:

= [e Xp (V IRS) 1] + (V IRS )

RSH

where the pre-exponential factor /s is the reverse saturation current and V't = kg7/q defines the
thermal voltage; the Boltzmann constant is kg, temperature is 7 and the electron charge is q. The
empirical parameters n, Rs and Rsy are introduced in the Shockley equation to fit the experimental
data; these are the ideality factor n, series resistance Rs and shunt resistance Rsu. The extracted
ideality factors were n = 1.19 with Rs = 5.4 MQ and n = 1.20 with Rs = 7.2 MQ for positively
(Figure 36a) and negatively poled diodes (Figure 36b), respectively, with the rectification ratio of
10° for both diodes. Compared to the previously reported values from TMD-based diodes®? >+ 27-
30, the ideality factors obtained here are among the closest to that of an ideal diode (n = 1) (Table
1). Such consistent ideality factors between positively and negatively poled diodes demonstrate

that, regardless of the poling directions, the device retained its rectifying performance and the

rectifying behavior resulted from the dynamic poling process rather than intrinsic non-
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asymmetrical contacts. The small differences in the Rs values are most likely due to the contact
and series resistance of the atomically thin channel®!. Moreover, we note that the current outputs
from the diodes showed apparent gate-tunability (Figure 35, a and b)?®. Interestingly, the positive
gate potentials promoted the charge transport for both types of diodes, which could be attributed
to less efficient doping (or large contact barrier) by Agl for the n-doped WSe, channel. This

behavior suggests that the n-doped side may be dominating the on-state resistance.

These programmed diodes can also function as effective photodiodes. With 532-nm wide field
laser illumination, a positively poled photodiode delivered an open-circuit voltage (Voc) of +0.52
V (Figure 37a). After the negative lateral poling process, the photodiode showed a Voc of -0.41 V

(Figure 37b), demonstrating that the polarity is programmable by the poling process.
Stability of programmed function

To further support the room-temperature stability of programmed functions, retention
performance of the diode was also investigated (Figure 38). The output currents measured at
certain periods of time after programming showed the stable rectification behavior over the
experimental time scale, suggesting that the large ionic conductance switch associated with the
sharp superionic phase transition in Agl effectively addresses volatility issue in typical ionic
dopants to ensure highly stable operation at room temperature.

Application: Logic gates

Our findings show that coupling of 2D semiconductors and the superionic conductor, Agl,
offers programmable FETs with non-volatile characteristics for either p- or n-type dopants
depending on the direction of potentials. Such switchable FETs allow a flexible integration of
multiple transistors to create complex logic functions with a single type of devices through proper
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ion manipulation. We demonstrated a digital logic inverter by connecting two innately identical
FETs (Figure 39a) and poling them with opposite gate potentials to create p- and n-type transistors
with enhancement-mode characteristics (Figure 40). The digital logic inverters showed the voltage
transfer characteristics with consistent logic inversion function (Figure 39, a and b). The voltage
gain (~2.8) we obtained was clearly larger than unity, sufficient for integrated logic circuits with
multiple cascaded inverters. We also tested more complicated logic functions achieved by
connecting 4 identical Agl/WSe; FETs, configuring either a logic NAND or NOR gate depending
on how each FET is poled: 2 FETs as NMOS and 2 FETs as PMOS. The NAND logic functions
were successfully observed from Vina, Ving and Vour (Figure 41, a and b)*. Furthermore, the
logic NAND gate can be reconfigured into a logic NOR gate by poling the FETSs in the opposite
direction and exchanging V'pp with GND (Figure 42, a and b).

Scalability to smaller dimension

Together, by integrating switchable superionic solids with atomically thin 2D semiconductors,
our design allows independent programming with minimum crosstalk to make logic integration
possible. Additionally, the scalability to smaller dimension is important for modern electronic
devices. The Debye screening length in the solid-state superionic conductor should represent the
ultimate limit of the scalability, which is dependent upon the dielectric constant and the
concentration of charge carriers in the material®>*. Since most typical superionic conductors (e.g.
a-Agl) feature high concentration of mobile ions and high dielectric constant, the Debye length is
usually rather small (~1 nm) (ref. 3 3). On the other hand, the state-of-the-art extreme ultraviolet
(EUV) lithography in the semiconductor industry may produce structures down to 5 nm (ref. 3¢).
Therefore, the Debye length (~1 nm) that limits the doping profile for 2D materials is likely not

the dictating factor in scaling to the smaller dimension.

52



3.4. Conclusion

This study not only addresses the current technological challenges in controlling the carrier doping
in 2D semiconductors, but also opens a pathway to a new generation of devices that can be
dynamically programmed, stably operated at room temperature, erased or reprogrammed with
distinct functions on demand (Table 2). This integration of switchable superionic solid with 2D
semiconductors could also lead to a new direction for future electronics by taking full advantage
of atomically thin 2D materials and superionics to achieve efficient coupling between electron
transport and ionic transport, which could enable novel devices for unconventional computing,

information storage and advanced solid-state neuromorphic circuits®’.
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3.5. Figures, tables and legends
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Figure 22. Comparison of ionic conductivity of Agl, LaF3 (ref.°), DEME-TFSI (ref. *®), and

soda-lime glass® for programmable logic functions. According to the guideline from the Intel’s

CPU product!, most CPUs experience an operating temperature under 100 °C (typically 45 to 70

°C during normal operation). The maximum programming temperature is limited by the glass

transition temperature T, of the typical commercial plastic package (~175 °C) (ref. #). With these

temperature constraints, the devices need to be programmed below 175 °C and stably operate at

temperature up to 100 “C. This requires a large ionic conductance switching within a rather narrow

temperature window (100-175 °C) to ensure efficient program and stable operation. The ionic

conduction in superionic solid (LaF3), ionic liquid (DEME-TFSI) or soda-lime glass is typically

governed by thermal activation and the Arrhenius law, and it is fundamentally challenging to
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achieve a sufficiently large switch of the ionic conductance within a narrow enough temperature
window (100-175 °C). The ionic conductance of these materials is either too high to allow stable
operation at room temperature or too low to allow efficient program within the thermal budget of
typical ICs. In contrast, the Agl features a unique solid-state superionic phase transition at 147 °C
with a very sharp large ionic conductance switch that is critical for efficient programming at a

moderate temperature and stable logic operation at room temperature.

Figure 23. Optical image of a Agl microplate. After evaporation of 50-nm Ag on Si02/Si, the

sample was converted to Agl with iodine vapor. Scale bar, 10 pm.
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Figure 24. Sequential transfer characteristics of Agl/WSe2 FET with van der Waals
integration and direct deposition of Agl. /ps-Vgg transfer curves and corresponding optical
images of WSez FET (1), WSe> FET with van der Waals-laminated Agl (2), WSe> FET after the
removal of the previously laminated Agl (3), and WSez FET with deposited Agl by electron-beam
evaporator (4). All the measurements were conducted at room temperature in dark. WSe> FET
without Agl microplate showed clear ambipolar behavior. Agl microplate was then laminated on
the WSe> FET by using van der Waals integration. The resulting Agl/WSe> FET remained its
ambipolarity. After the removal of the Agl, the transfer curve of WSe> FET showed minimal
changes from its initial ambipolarity. Ag metal was then deposited on the identical location of the
previously laminated Agl by using high-vacuum electron-beam evaporator, followed by vapor
phase iodine conversion process. The resulting Agl/WSe»> FET did not possess the innate
ambipolar, but showed p-type characteristics, demonstrating that typical metal deposition

processes could alter intrinsic properties of underlying 2D materials (scale bar, 20 pm).
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Figure 25. Schematic illustrations of van der Waals integration of Agl. The sequential process

of Agl/WSe: FET fabrication by van der Waals integration is shown by Agl on sacrificial Si0,/Si

substrate (1), peeling-off (2), alignment to a target (3) and lamination on WSe> FET (4).
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Figure 26. X-ray diffraction (XRD) patterns of the fabricated Ag and Agl. XRD patterns of
Agl thin film (red) showed multiple peaks with no strong Ag peak at around 38°, whereas the peak
appeared in the Ag pattern (blue) suggesting the complete conversion from Ag to Agl. JCPDS data
of Ag (No. 87-0719) (orange) and B-Agl (No. 09-0374) (black) are presented for comparison at

the bottom of the plot. All the measurements were conducted at room temperature in dark.
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Figure 27. Deposition and conversion of Agl directly on WSe: semiconductor channel
without top h-BN protective layer. a, Optical image of WSe> FET without Agl layer. b, Optical
image of Agl/WSe> FET in which Agl was directly deposited on prepared WSe> FET. ¢, Output
characteristics of as-fabricated WSe> FET on Si0»/Si substrate shown in (a), showing p-doped
behavior. d, Output characteristic of the Agl/WSe> FET shown in (b), showing no output current

after direct deposition and conversion of Agl top layer. Scale bar, 10 um.
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Figure 28. Encapsulation effect by the top h-BN dielectric. /ps-Vsc transfer characteristics of
WSe> FET without top h-BN dielectric (graphene-WSe»-graphene/h-BN) (orange), Agl/WSez FET
without top h-BN dielectric (Agl/graphene-WSe»-graphene/h-BN) on the 1st measurement (red),
and on the 2nd measurement (black), collected right after the 1st measurement. The WSe, FET
without top h-BN dielectric and Agl microplate showed clear ambipolarity. After lamination of
Agl microplate on the WSe: channel, the transfer curves of the Agl/WSe> FET were shifted to p-
type characteristics with an increase in current by more than one order of the magnitude. Compared
to the top h-BN encapsulated Agl/WSe> FET, the direct contact between Agl and WSe> could
induce irreversible chemical reactions and alter the intrinsic properties of WSe.. All the

measurements were conducted under Vps =1 V at room temperature in dark.
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Figure 29. Illustrations of the WSe: FET integrated with a Agl microplate. a, Schematic
illustration of the Agl/h-BN/graphene-WSez-graphene/h-BN device structure on a SiO/Si
substrate. b, False-colored microscope image of the device. Scale bar, 10 um. ¢, False-colored
cross-sectional TEM image of the transferred Agl microplate on top of the channel of WSe> FET

encapsulated in h-BN dielectrics. Scale bar, 5 nm.
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Figure 30. Temperature-dependent ionic conductivity of the fabricated Agl. Ionic

conductivity (oion) of the fabricated Agl was measured with increasing temperatures. Upon
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reaching the superionic transition point (420 K), the ionic conductivity showed a sharp increase
by about three orders of magnitude. Compared to other ionic conductors with gradual conductivity
increase as temperature reaches their melting point, the sharp transition of Agl is essential for

stably operating devices with programmable characteristics.

Figure 31. Gate-terminal poling process and resulting uniform doping effects. a, Schematic
illustrations of negative back-gate poling process that enriches a net positive potential (Ag" rich)
at Agl/h-BN interface thereby the positive electrostatic fields driven by Ag" induce n-doping effect
on underlying WSe> semiconductor layer. b, Schematic illustrations of positive back-gate poling
process that enriches a net negative potential (Ag" deficient) at Agl/h-BN interface thereby the
negative electrostatic fields driven by I" induce p-doping effect on underlying WSe; semiconductor

layer.
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—— WSe, FET —— Positively poled

Figure 32. Uniform doping effects and resulting type-switchable WSe2 FETs programmed
by Agl. a, Ips-Vps transfer curves of the WSe> FET before (black line) and after (blue line) Agl
lamination. b, Ips-VBg transfer curves after vertical poling process with negative (Vg =-60 V, red
line) and positive (Vs = +60 V, blue line) back-gate voltages. Inset: Schematic illustrations of
resulting ionic charge distribution. ¢, Ips-Vps curves after negative back-gate poling process,
showing n-channel FET characteristics. Inset: Schematic illustration of resulting ionic charge
distribution. d, /ps-Vps curves after positive back-gate poling process, showing p-channel FET
characteristics. Inset: Schematic illustration of resulting ionic charge distribution. All the

measurements were conducted at room temperature in dark.
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Figure 33. Single-layer WSe: devices programmed by Agl. a, Ips-V'ps output curves after lateral
poling process with negative (red line) and positive (blue line) drain-source voltages. b, Ips-Vsg
transfer curves after vertical poling process with negative (red line) and positive (blue line) back-

gate voltages. All the measurements were conducted at room temperature in dark.
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Figure 34. Drain/Source terminal poling process and resulting non-uniform doping effects.
a, Schematic illustrations of negative drain-terminal poling process that enriches a net positive

potential (Ag" rich) at Agl/h-BN interface near grounded source electrode thereby the positive
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electrostatic fields driven by Ag" induce n-doping effect on the underlying WSe, semiconductor
layer. On the other side near the biased drain electrode, a net negative potential (Ag" deficient)
induces p-doping effect to the underlying WSe> semiconductor layer. b, Schematic illustrations of
positive drain-terminal poling process that enriches a net positive potential (Ag" rich) at Agl/h-BN
interface near biased drain electrode thereby the positive electrostatic fields driven by Ag" induce
n-doping effect on the underlying WSe> semiconductor layer. On the other side near the grounded
source electrode, a net positive potential (Ag" rich) induces n-doping effect to the underlying WSe»

semiconductor layer.
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Figure 35. Non-uniform doping effect and the resulting polarity-switchable WSe2 diode
programmed by Agl. a, Output characteristics of the Agl/WSe> FET after lateral non-uniform
poling process with positive Vps = 1 V/um. Inset: Schematic illustration of resulting ionic charge
profile. b, Output characteristics of the Agl/WSe> FET after lateral non-uniform poling process

with negative Vps = -1 V/um. Inset: Schematic illustration of resulting ionic charge profile.

64



-7
a10 n=1.19
Rg =5.4 MQ
<10%}
"o
.____D
10-11
-13 \
10 -0.5 0.0 0.5

VDS (V)

Figure 36. Derivation of diode ideality factors by fitting the measured data with Shockley
equation. a,b, Semi-logarithmic plots of Ips-¥ps output curves with the Shockley equation fittings
of positively poled (a) and negatively poled (b) diodes represented by data points (open circles)

and fitted curves (red).
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Table 1. Comparison of the ideality factors of 2D-TMD semiconductor-based diodes. Data
are from this work and references. N/A, not applicable/reported.

Device Feature
Structure 2D materials Thickness  Ideality factor (r)  Reference
Agl-coupled WSe: few-layer 1.19 Present work
Stacked GaTe/MoS» few-/few-layer  1.75 27
heterojunction o MoS:  I/few-layer  1.20-1.30 28
BP/MoS; few-/1-layer 2.70 30
MoS2/WSe> few-/few-layer N/A 39
Split-gated WSe: few-layer N/A 32
WSe» 1-layer 1.90 24
WSe» 1-layer 1.83 22
WSe» 1-layer 2.60 29
Ionic liquid  MoS; bi-/few-layer N/A 21
gated WSe> 1-layer N/A 23
MoS» 1-layer N/A 40
MoS» 1-layer N/A 41
Gel polymer g 1-layer N/A 42
-gated
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Figure 37. WSe: photodiodes programmed by Agl. a, Ips-Vps curves of the WSe> diode after
lateral poling process with positive Vps. b, Ips-Vps curves of the WSe: diode after lateral poling
process with negative Vps. All the measurements were conducted under 532-nm laser illumination

(20 W/m?) at room temperature.
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Figure 38. Retention performance of the WSe2 diode programmed by Agl. Steady-state
forward current (red circle) and reverse current (blue circle) of the positively poled Agl/WSe>
diode were measured at the certain periods of time after programming. The output currents showed
the stable status within experimental time scale (72 hours). All the measurements were conducted

at room temperature in dark.
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Figure 39. Logic digital inverter integrated by two identical Agl/WSe2 FETs. a, Circuit
diagram of the inverter integrated with two Agl/WSe> FETs. b, Transfer characteristics of the
inverter operated at power supply Vpp = 0.5, 1.0, 1.5, 2.0 and 2.5 V. Inset: Output signal gain of

the inverter extracted from the plot. All the measurements were conducted at room temperature.
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Figure 40. Ips-Vsc curves of NMOS and PMOS for logic gates. Transfer curves of Agl/WSe»
FETs after negative (for NMOS) (red) and positive (for PMOS) (blue) uniform poling process,
showing enhancement-mode characteristics. All the measurements were conducted at room

temperature in dark.
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Figure 41. Logic NAND gate integrated by four identical Agl/WSe2 FETs. a, Circuit diagram
of NAND gate. b, Output voltage of logic NAND gate, at four typical input states, separated by
blue dashed vertical lines, with a power supply of Vpp = 1 V. GND, ground; BG, back gate; ‘0’,

low binary output state; ‘1°, high binary output state. All the measurements were conducted at

room temperature.
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Figure 42. Logic NOR gate integrated by four identical Agl/WSe2 FETs. a, Circuit diagram
of NOR gate. b, Output voltage of logic NOR gate, at four typical input states, separated by blue
dashed vertical lines, with a power supply of V'bp = 1 V. GND, ground; BG, back gate; ‘0’, low

binary output state; ‘1°, high binary output state. All the measurements were conducted at room

temperature.
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Table 2. Comparison of functional features among 2D-TMD devices.

Device structure

Features
Agl- Stacked . Semi-split lonic liquid
coupled  heterojunction Split-gated -gated -gated
. No
Complete transistor-type Yes No Yes Yes
switching (programmability) (partial)
, , No
Complete diode-polarity Yes No Yes Yes
switching (programmability) (partial)
Non-volatile programmed Yes Yes No Yes Yes
functions without bias
Non-volatile programmed
functions at room Yes Yes Yes Yes No
temperature
Solid-state compatibility Yes Yes Yes Yes No
References Present  27,28,30,39  24,29,32 22 21, 23, 40, 41
work
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CHAPTER 4. Programmable Devices for Transient Electronics
4.1. Introduction

Transient electronics is an emerging technology, which refers to fully functional and complete
electronic system that can be made non-functional and/or physically destroyed on demand or when
prearranged conditions are met!. An electronic system that dysfunctions itself at the termination
stage is a precious resource for the protection of the vital information contained in the system?.
The idea of building transience into critical electronic system is not new but calls for new thinking"
3. In electronic industry where a next generation of electronic systems has been to make them more
durable, an ‘excellent’ system requires the components that have long life spans more than a
century. Thus, a new development paradigm is needed to manage the transient electronic
technology. One way to accomplish transience is to develop transient version of each electronic
component and combine them to build up electronic systems. Notable recent examples are
electronic circuits fabricated on water soluble organic substrate with dissolvable metals®, in which
transience was made possible under water. On the other hand, more highly integrated and complex
technologies related to active components, such as transistors and diodes, are more difficult to
make transient while being reliable during operation. It is possible to fabricate transient versions
of active components by introducing defects in semiconductor crystals which shorten its service
life. Alternatively, current durable components can be replaced to less durable ones. However,
both approaches have limitation in device performance and are hard to replace the current active
components in integrated circuits. The best expected active components in near terms, therefore,
should be made both with critical parts that are made transient and commercial-off-the-shelf

performance.
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In this chapter, we showed that the programmed functions of solid-state superionic-induced
doping can be erased by environmental cues such as temperature or ultraviolet (UV) irradiation,

thus defining a new type of transient electronics that can be nonfunctional on demand.

4.2. Experimental section

We have investigated the transient properties of the Agl/WSe, FET under different
environmental conditions. Thermal excitation and UV irradiation were used to demonstrate the

ability of the FET to function as a transient electronic device (Figure 43).

Transience triggered by temperature

To activate the transience of the device, a Agl/WSe: FET device was first non-uniformly poled
to program the positively poled diode (Figure 35a). After stabilization of programmed function at
room temperature, the FET-based photodiode was illuminated under 532-nm laser to measure Voc

at increasing temperatures from 300 K to 430 K.

Transience activated by UV

To observe the transience of the device, the prepared positively poled diode was illuminated
by 254-nm UV lamp for specific time period. After each exposure to UV, the output characteristics
of the diode were measured to observe the change in the reverse biased output currents (Vps <0

V).

4.3. Results and discussion
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The Voc of the positively poled diode remained stable with increasing temperature. Upon
reaching the superionic transition temperature, the Voc rapidly dropped to zero (Figure 44 and
Figure 45). The lost built-in potential is attributed to the high mobility of Ag® in the superionic
state (Figure 22)°, thereby losing its imbalanced ionic distribution which is necessary for creating

lateral p- and n- regions to form p-n diodes.

We also showed that the diode function can be erased by weak UV irradiation with 245-nm
lamp (5 W/m?). After the positive lateral poling, the diode was exposed to the UV lamp at room
temperature. As the exposure time increases, the device lost its rectifying characteristics as a rapid
increase occurred in the reverse current (Figure 46). This response could be attributed to the
reduction of ionic silver to metallic silver induced by irradiation®. The temperature or UV
dependent decrease in device functionality demonstrates that Agl/WSez FET could be a potential

candidate for transient electronic applications?.

4.4. Conclusion

The controllable removal of device functions upon specific external trigger could portend a
new generation of devices that are dynamically programmed, stably operated at room temperature,
and then erased or reprogrammed with distinct functions. The prospect of such transient electronics
are of considerable interest for protecting sensitive information contained in various electronic

systems.

78



4.5. Figures and legends

Triggers
Programmed Erased

Figure 43. Transient electronics. Schematic illustrations of how transience of Agl/WSe> diodes
is being activated by external triggers. The programmed diode (left) loses its built-in potential

(right) either by UV irradiation (top center) or thermal excitation (bottom center).
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Figure 44. Temperature-triggerable transient property of the Agl/WSe: diode. a, Schematic
illustration of the diode on heating plate on which the temperature of the Agl/WSe: diode can be
controlled. b, The change of Voc with increasing temperatures showed a sudden drop upon

reaching the superionic transition temperature of Agl.

79



10°

Temperature (K) =

——300 — 370
—— 310 —— 380
——320 —— 390
330 —— 400 /
340 —— 410

350 —— 420 /.,

10 05 00 05 10
Vos (V)

Figure 45. Thermal transience of the positively poled Agl/WSe: photodiode. Semi-logarithmic
plot of Ips-Vps output curves of the positively poled photodiode with increasing temperature from
300 to 430 K (10 K step) under 532-nm laser illumination. The Vocs were maintained at around
0.5 V at temperature between 300 K and 410 K but showed a sharp decrease above 420 K. Beyond
this point, the photodiodes lost its built-in potentials, suggesting a rapid ion movement in the

superionic phase to reach an equilibrium.

80



UV lamp
exposure (min)

0 3
—1 —5
—2 —10

0.0

Figure 46. Ultraviolet-triggerable transient property of the Agl/WSe: diode. a, Schematic
illustration of the diode under 254-nm UV lamp (5 W/m?). b, The reverse output current of the
positively poled diode increased over time under the lamp, indicating a loss of its rectifying

behavior. All the measurements were conducted at room temperature.
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Chapter 5. Conclusion

Here I have presented a novel solid-state electrostatic doping approach to control the carrier
concentration of 2D semiconductors. With this doping method, electronic properties of 2D
semiconductors can be effectively tuned without degradation of their intrinsically excellent carrier
transport and atomically thin 2D semiconductor crystal lattice. To demonstrate the solid-state ionic
doping method, CH3NH3Pbl3 perovskite microplates have used to electrostatically dope 2D
semiconductors such as single-/few-layer WSe> and MoS>. The CH3NH;Pbl; perovskite
microplates were laminated on top of WSe> and MoS» semicondutor channels by which the FETs
showed large p-doping effects compared to those of the FETs without the perovskite microplates.
This CH3NH3Pblz perovskite is also well-known for low activation energy of its mobile ion
components, which makes it possible to build up the charge distribution along with channel length
or channel thickness inside the perovskite microplate by applying electrical poling voltages
through drain terminal or back-gate terminal, respectively. After uniform poling process, an
ambipolar CH3NH3Pbls/WSe FET was reversibly switched either to n- or p-channel FETs
dependent on electrical poling directions, demonstrating that mobile ions and their accumulation
can electrostatically convert the major carrier type of the FETs. Moreover, with non-uniform
poling process, an ambipolar CH3NH3Pbls/WSe FET became polarity switchable diodes, which
delivered a large Voc up to 0.78 V. Because of the excellent optoelectronic properties of the
CH3NH;PbIz perovskite doping agent, the device can also become a photodiode, showing EQE
of 84.29% at 532 nm. Furthermore, the performance of the device can be improved by adopting
Fermi-level tunable graphene as drain/source electrodes with which the device showed an
enhanced Voc up to 1.08 V under 532-nm laser excitation and a widely tunable EQE from 2.7 to

91.3%.
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Based on the solid-state CH3NH3Pbl; perovskite doping study, a superionic solid with a sharp
solid-state phase transition was considered as an attractive candidate for achieving non-volatility
of programmed functions at room temperature. Among superionic solids, Agl is particularly
desirable for its unique superionic phase transition behavior where it transits from dielectric B-Agl
into conductive a-Agl upon reaching 147 °C also known as superionic conduction phase with a
sharp increase in ionic conductance by three orders of magnitude. After uniform poling process on
an ambipolar Agl/WSe> FET, the transfer curves were reversibly shifted from ambipolar to n- or
p-type behaviors dependent on the sign of back-gate voltages, confirming that the dominant carrier
type of WSe: semiconductor channel can be effectively changed by the accumulation of mobile
ions at the Agl/h-BN interface. Moreover, non-uniform doping can be achievable through
drain/source electric fields to become polarity switchable diodes. These programmed diodes can
also function as effective photodiodes with a Voc up to 0.52 V. Unlike other ionic dopants
including the CH3NH3Pbl; perovskite and ionic liquids, the retention performance of the diode
showed outstanding operational stability at room temperature. The output currents measured at
certain periods of time after programming showed the stable recitification behavior at room
temerpature over the experimnetal time scale, suggesting that the large ionic conductance switch
associated with the sharp superionic phase transition in Agl effectively addresses volatility issue.
Our findings also demonstrated that multiple ambipolar Agl/WSe> FETs can be combined to
fabricate complementary logic gates including inverter, NAND and NOR gates. Lastly, the
programmed diode function can be erased by weak UV irradiation. The diodes lost its rectification
characteristics as the reduction of ionic silver to metallic silver induce by the irradiation. These
controllable removal of device functions upon specific environmental triggers are of considerable

interest for protecting vital information in electronic systems.
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